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The nonlinear element of a Chua circuit is called Chua’s diode. It is important to
make a Chua’s diode with cheap and easy-to-find components. In this study, a circuit

Received: that consists of an n-type JFET fed by a Schottky diode bridge and a resistor is used
May 18, 2021 to make a Chua’s diode. Such components are inexpensive off-the shelves
Accepted: components. 1N5819 Schottky diodes and an n-type JFET BF245B are used in this
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study. Piecewise-linear Chua’s diode parameters are calculated using the circuit
elements. The Chua’s circuit with the suggested Chua’s diode is simulated with
Simulink to see whether it shows chaotic behavior or not. After the verification of its

Keywords: chaotic behavior with simulations, experiments are also performed to show the
Chua circuit: circuit’s chaotic behavior. The experimental results deviate from the simulation
Chua’s dio dé' results. The reason has been diagnosed as the tolerances of the circuit parameters.
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SCHOTTKY KOPRU DiYOT iLE BESLENEN JFET TiPi MOSFET KULLANILARAK

YAPILAN CHUA DEVRESI
Makale Bilgileri Oz
Makale Tarihgesi: Chua devresinde kullanilan dogrusal olmayan devre elemanina Chua diyodu denir.

Chua diyotunun kolay bulunabilir ve ucuz devre elemanlari ile yapilmasi dnemlidir.

Gelis: Bu caligmada, bir Chua diyotu yapmak i¢in bir Schottky diyot kdpriisiinden beslenen
18 Mayi1s 2021 n-tipi JFET ve bir direngten olusan bir devre kullanilmis ve bununla bir Chua devresi
Kabul: yaptlmistir. Bu devre elemanlart hem ucuzdur, hem de kolayca bulunabilirler.
9 Aralik 2021 1N5819 Schottky diyotlar ve bir n-kanall: JFET olan BF245B devrenin yapiminda

Anahtar Kelimeler:
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kaotik osilatorler;
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kullanilmustir. Pargali dogrusal Chua diyodunun parametreleri, devre elemanlarinin
parametreleri kulla nilarak hesaplanmistir. Onerilen Chua diyotlu Chua devresinin
kaotik davranis gosterip gostermedigini gérmek icin Simulink ile simiile edilmistir.
Kaotik davranigin simiilasyonlarla dogrulanmasinin ardindan, devrenin kaotik
davranmigim1 gostermek icin deneyler de yapilmistir. Deneysel sonuglar simiilasyon
sonuglarindan sapmaktadir. Bunun sebebinin devre parametrelerinin toleranslari
oldugu anlagilmistir.
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1. Introduction

Chaos has been discovered in 1963 (Lorenz 1963,
Lorenz 1963). The output of deterministic chaotic
systems is quite dependent on its initial conditions
(Lorenz 1972). The first circuit, which shows such a
chaotic behavior, is called the Chua circuit after its
inventor. It is pretty famous and commonly used in
chaotic studies (Matsumoto 1984, Madan 1993, Chua
1992, Haken 1975, Knobloch 1981, Hemati 1994). The
Chua circuit employs a nonlinear circuit element called
the Chua’s diode (Chua 1999, Recai 2010, Chua 2007).
The Chua’s diode must be locally active (Chua 2005).
There are various types of Chua’s diodes in literature
(Zhong 1994, O'Donoghue et.al, 2005, Muthuswamy
2010, Yener etal 2014, Kennedy 1992, Yesil 2019,
Arena etal. 1995, Khibnik et.al 1993). Different
Chua’s diodes result in different chaotic dynamics
(Zhong 1994, O'Donoghue et.al, 2005, Muthuswamy
2010, Yener et.al 2014, Kennedy 1992, Yesil 2019,
Arena et.al. 1995, Khibnik et.al 1993, Dana et.al. 2005,
Yamaglt et.al. 2011). Some of Chua’s diodes employ
ordinary diodes and negative resistor circuits to obtain
a piece-vice linear characteristic (Matsumoto 1984,
Madan 1993, Chua 1999, Recai 2010, Chua 2007, Chua
2005, Zhong 1994, 2005,
Muthuswamy 2010, Yener et.al 2014, Kennedy 1992,
Yesil 2019, Arena et.al. 1995, Khibnik et.al 1993, Dana
et.al. 2005, Yamagli et.al. 2011, Chua et.al. 1983, Sedra
etal. 1998, Xu etal. 2015). The voltage-current
characteristic of a JFET Mosfet for a constant bias is
well-known (Sedra 1998).
characteristic is pretty similar to the piecewise linear
(PWL) Chua’s diode characteristic (Matsumoto 1984,
Chua 1992, Arena et.al. 1995) and it can be used to

O'Donoghue  et.al,

In our opinion, the

make a Chua’s diode by combining it with a negative
resistor circuit. Here, in this study, it is suggested that a
JFET type Mosfet can be used to replace one of the
resistors in the negative resistor circuit to make a
Chua’s diode and, therefore, a Chua’s circuit is made

with it. The suggested Chua’s diode is made with off-

the shelves and cheap elements such as a JFET type
Mosfet and Schottky diodes. The JFET parameters and
other circuit element parameters are used to calculate
the desired Chua’s circuit equation parameters. The
circuit behavior is examined using simulations in
Simulink™ toolbox of Matlab™.

The remainder of this paper is organized as follows.
The Chua’s circuit, the Chua’s diode, and its PWL
function are briefly told in the second section. A Chua’s
diode based on an n type JFET, a resistor, and a
Schottky diode bridge is introduced in the third section.
Its simulations are given in the fourth section. Its
experimental results are given in the fifth section. The

conclusions are given in the final section.

2. The Chua Circuit, The Chua’s Diode, And Its

Piecewise-Linear (Pwl) Function

There are different types of Chua’s diodes (Matsumoto
1984, Madan et.al. 1993, Chua 1999, Yamagh et.al.
2011, Chua 1983). The Chua’s circuit is shown in
Figure 1. It consists of two capacitors, an inductor, a
resistor, and a nonlinear circuit element called Chua’s
diode. The state-equations for the Chua’s circuit is

given as follows:

dv, (t
C, V;t( )61, -+, )0, 0)

dv, (t) :
C,— =G(v, (1) -, ©)+i (t) "
LB

where Ve (t), Ve, (t), and i, (t) are the circuit state

variables, t is time. C,,C,,L, and G 2% are the

parameters of the circuit elements.
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Figure 1. The Chua circuit (Matsumoto 1984).

The Chua’s diode is made using a negative resistor
(NRr) circuit and nonlinear circuit elements such as
diodes (Matsumoto 1984, Madan 1993, Chua 1999,
Recai 2010, Chua 2007, Khibnik 1993, Yamach 2011,
Chua 1983). Three different Chua’s diode topologies
are given as examples shown in Figure 2. A piecewise-
linear (PWL) Chua’s diode characteristic is commonly
used in Chua’s circuit (Matsumoto 1984, Madan 1993,
Chua 1999, Recai 2010, Chua 2007, Khibnik 1993,
Yamagh 2011, Chua 1983). and the characteristic used in
(Kennedy 1992) is shown in Figure 3. g(v, . )Iis the

piecewise-linear function of the Chua’s diode
(Kennedy 1992) and it is defined by:

m, —m,
g (Vneg) = mOVneg + %( Vneg + BP ‘ - Vneg - BP ‘) (2)

where Vneg is the Chua’s diode voltage and B, is the

breaking point voltage, m, and m, are the slopes

shown in Figure 3.

The Chua’s diode current is given as

Ineg = g(vneg) = MoVpeqg + @(lvneg + BPl -

|Uneg - BP |) (3)

N

| -
M > .
i |
R R
R R1
+ + + AW W
vt vt
L b 5 b 3
g [ COR G p—— v M
c2 Gl [ Y 44 A
Wi Wi
L ow i om
T re N T N
- - — Ro Ry
N,
0 —_—

Figure 2. Three examples of the Chua’s diodes
taken from a) (Matsumoto 1984), b) (Kennedy
1992), and ¢) (Xu 2015).
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Figure 3. Three-segment piecewise-linear (PWL)
v-i characteristic of the Chua’s Circuit (Kennedy

1992).

mo and m; parameters given in Eq. (3), which are the
tangents of the PWL characteristic, are shown in Figure

3. Eq. (3) can also be written as the PWL function:

MV +M —m, Jif Vieg < BP

myV. if —Bp<v,_<Bp (4

neg neg —

MV, + My —m, Jif —BP <V,

9(Vieg) =
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3. A Chua’s Diode Made with A Schottky Diode
Bridge-Fed Jfet

An opamp-based negative resistor circuit is shown in
Figure 4.a. The nonlinear circuit part of the Chua’s
diode, which consists of a Schottky diode bridge
feeding an n-type JFET connected in parallel with an
LTI resistor Ry, used in this study is shown in Figure
4.b. R; of the negative resistor is replaced with the
nonlinear circuit to obtain a new type of Chua’s diode
as shown in Figure 4.c. Chua’s circuit with this
component is shown in Figure 4.d. Usage of the
Schottky diodes is preferred due to their low threshold
around 0.2-0.3 volt. The
Schottky diode bridge is used to obtain the odd voltage-

voltage, which is
current characteristic shown in Figure 3, i.e. the
voltage-current characteristic appears at the input of the
Schottky diode bridge when excited with a low

frequency signal.
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Figure 4. a) The opamp-based negative resistor

circuit, b) The nonlinear circuit to replace R1,

c¢) The modified negative resistor circuit or the new
Chua’s diode studied in this paper,

d) The modified Chua’s circuit with the Chua’s diode
studied in this paper.

4. Calculation of The Desired Parameters of the
New Chua’s Diode

The formulas necessary to calculate the desired
parameters of the new Chua’s diode, using meand mj,
are given in this section. The PWL Chua’s diode
characteristic and its slopes m, and m; are shown in
Figure 3. Considering both Figure 3 and Figure 5, the
circuit parameters needed to obtain chaos can be
calculated as follows.

Considering the JFET current equation:

2
I, = K((vGS Vi Vo ~(Ves ) 12) ®)
The JFET saturation current is

Isat = Gsatvsat =G VDssat (6)

sat
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where | is the saturation current, Gsa is the saturated
conductance of the JFET for Vv =0Volt and
Vps =Vas — V5o and Vissat =Vas — Vi

The following must be true:

Vose = B, (7
Using the saturated conductance of the JFET and its

parallel resistor value, the following tangent parameters

can be obtained as

m, =—1/R, )
and
m, =—Gy, —1/R, )

respectively. Rp is the resistance of the resistor which

is connected in parallel to the JFET to have a slope
other than zero in the saturation region of the JFET.

Then, the negative resistor resistance can be found as

Rieg = —R:Ryp /R, (10)
The negative resistor current is calculated as
Inerg = 7R2Vneg /(RsRAB) (11)

where R, is the input resistance of the diode bridge

shown in Figure 4.c.
If R,=R3 is chosen, the Chua’s diode current becomes

equal to the negative of the diode bridge input current:
Ineg = g(vneg) = MyVUpeyg + @(lvneg + BPl -

|Uneg - BPD = _Vneg/RAB (12)

5. Selection of Components of the New Chua’s

Diode

Table 1. Parameters of the Circuit Components

(Kennedy 1992).
R 1400 Ohm
C: 5.56e-9 Farad
C 50e-9 Farad
L 7.14e-3 Henry
Rp 2000 Ohm

The scaling of Chua’s circuit is explained in (Kennedy
1992). The Chua’s circuit parameters and the PWL

characteristic parameters taken from (Kennedy 1992)

given in Tables 1 and 2 respectively are used in this

study.
Table 2. Chua’s diode’s scaling values (Kennedy
1992).
m, -0.5e-3 S
m, -0.8e-3 S
B, 6 Volt

The PWL characteristic of the Chua diode taken from
(Kennedy 1992) is shown in Figure 5.
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Figure 5. The PWL characteristic reproduced from
(Kennedy 1992).

An n-type JFET BF245B is chosen for the Chua’s
circuit due to its low current specification and its
availability. Its characteristic is shown in Figure 6. The
breaking point voltage BP is around 2.2 Volt for the
in Figure 6. The 1N5819

Schottky diode is chosen for the full-wave rectifier

characteristic shown

bridge and its characteristic is shown in Figure 7. The
equivalent characteristic of the JFET and the resistor R,
connected in parallel is shown in Figure 8. Using the
1N5819 Schottky diode bridge, the even function
characteristic given in Figure 9 is obtained. However,
even though, Schottky diode threshold is low, it still
does exist and produces a dead zone as seen in Figure
9. 1N5819 Schottky voltage drop produces a dead zone
in their equivalent characteristic since they are used

together. Not to change the characteristic of the Chua
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diode with the voltage applied across the gate and

source nodes, We let v, =0 Volt. When v, >V, -V,

or the BF245B JFET is under saturation region, the n-
type JFET current becomes almost constant as shown
in Figure 6. It has some slope but it is not enough to
obtain chaotic behavior. However, due to the PWL

characteristic of the Chua’s diode, a higher slope (m, )

is needed. It can be obtained by placing a resistor (Rp)
in parallel with the n-type JFET as shown in Figure 4.
The conductance of the resistor should be chosen less
than the JFET’s in the linear and knee region. Its value

is calculated as
Rp=-1/m¢=1/0.5e-3=2000 Ohm (13)

The voltage-current characteristic seen from inputs of
1N5819 Schottky diode bridge with 0.2 Volt threshold
voltage feeding the BF245B JFET for Vgs=0 Volt is
shown in Figure 9. The current-voltage characteristic of
the negative resistor circuit given in Figure 4 is shown
in Figure 10. A power opamp Opa544, which is usually
used as an audio amplifier, is chosen so that it could
the circuit

supply the currents required with

components.
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Figure 6. Vps-1p characteristic of BF245B JFET

obtained experimentally.
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Figure 7. 1N5819 Schottky diode characteristic
(Alldatasheet (15.05.2021))
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Figure 8. a) Resistor R, characteristic shown in red,
b) The BF245B JFET characteristic for Ves=0 Volt
shown in blue, and ¢) Their combined characteristic

shown in green.
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Figure 9. The voltage-current characteristic of Rp
connected in parallel with 1N5819 Schottky diode
bridge feeding the BF245B JFET for Vgs=0 Volt.
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Figure 10. The current-voltage characteristic of the

negative resistor circuit given in Figure 4.
6. Simulations

The Chua circuit is simulated in Simulink toolbox of
MATLAB. Its block diagram is shown in Figure 11. Its
time-domain waveforms are shown in Figure 12. Its
phase portraits are given in Figure 13. The simulated
waveforms in Figures 12 and 13 demonstrate chaotic
behavior and strange attractors. Since the strange
attractors in Figures 12 and 13 are chaotic, they
exhibit sensitive dependence on initial conditions.
Therefore, any two arbitrarily near alternative initial
points on an attractor, after various numbers of
iterations, lead to points that are arbitrarily far apart

subjecting to the limits of the attractor.
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Figure 11. The Simulink block diagram of the system.

Vel (V)
o N

w P\M || fk Jﬂ

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

time(s)
(@)
25
2t | l

Ve2(V)
o
o [6,]

T

.2.50 OA(J‘01 0.(;02 0.0‘03 0.604 “(:nOleO(z) OAC;06 0.(;07 0,0‘08 0.(;09 0.01
(b)
0.01} n F 1
| 1 | ‘ ” ‘ M HU m \H ‘HH Hm |
] M L M ! w W

L‘
H\ w ‘ “

-0.005

MI

\\“ )

iL(A)
(f::;

u
‘\ | uu \

-0.01 [
0.015 . . . . . . . . .
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
time(s)
(©

Figure 12. The circuit waveforms:
a) Va vs. t, b) Veavs. t,and ¢) i vs. t.
Those points, after various other numbers of iterations,
lead to points that are arbitrarily near together. As
shown in Figures 12 and 13, the simulated circuit with
the chaotic attractors is globally stable yet locally
unstable. This means that once some sequences have

entered any of the attractors, nearby points deviate from
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one another but never go away from the attractor. The
phase portrait of the circuit is also plotted in three
dimensions as shown in Figure 14. The suggested
Chua’s diode and the Chua circuit made with it perform
well as shown with the simulations due to the existence

of the strange attractors.
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Figure 13. Phase portraits of the circuit:
a) Ve VS. Ve, b) i vs. Ve, and ¢) i vs. Ve
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Figure 14. Phase portrait of the circuit drawn in three

dimensions.
7. Experimental Results

The circuit is assembled on a board and its experimental
waveforms are acquired and shown in Figures 15. The
waveforms show chaotic behavior and the double scroll
and strange attractors can be seen in Figure 15.
However, due to JFET, Schottky diode, and resistor
tolerances, the simulated and experimental waveforms
do not resemble each other. The effect of the tolerances
on the circuit waveforms and their behavior may be

inspected in a future study.

25
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Figure 15. @) Va1 vs. t, b) V2 vs. t, €) V2 Vs, Ver
8. Conclusions

In literature, Chua’s circuit has been made using
different types of Chua’s diodes. In this paper, it has
been shown that a Chua diode can be made using n-type
JETs and Schottky diodes. The combined characteristic
of the elements is quite similar to the PWL Chua’s
diode characteristic. The formulas necessary to
calculate the desired parameters of the new Chua’s
diode, m, and my, are given for chaotic behavior of the
circuit and circuit parameters. The circuit can be used
to examine chaos in research and education purposes.
The effect of the tolerances on the circuit waveforms
and their behavior may be examined in a future study.
As a future work, we also suggest that the circuit can
also be modified to tune parameters of the Chua’s diode
using Ves voltage of the JFET to obtain different

chaotic behavior.
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