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A Design of CMOS Chua-Type Analog Chaos CII‘CUIt
Based on a Signal Flow Graph
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SUMMARY This paper presents a design of CMOS Chua-
type analog chaos circuit by using a signal-flow-graph (SFG)
method. In this circuit, the transmittance of a nonlinear element
is realized by an OTA with a feedback resistor, and other linear
elements are realized by op-amp based circuits. The proposed
circuit is insensitive to the finite admittance of OTA’s and to the
parasitics of resistors except a feedback resistor in the nonlinear
element. The performance and chaotic behavior of the proposed
circuit are confirmed by SPICE simulations.
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1. Introduction

A Chua’s circuit is the most typical chaos circuit and
is the simplest autonomous electronic circuit generat-
ing chaotic signals[1]. Therefore, a Chua’s circuit has
become a favorite tool for analytical, numerical, and
experimental studies of chaotic phenomena.

In the past design of chaos circuits, discrete ana-
log elements have been used as their building blocks.
Recently, there has been a strong motive for on-chip
chaos signal generation in the field of communications
and signal processing systems[2]—[4]. For this reason,
several attempts have already been made for the mono-
lithic IC realization of a chaos circuit. Among those,
Chua’s circuits have been realized by using operational
transconductance amplifier’s (OTA’s)[5] and CMOS
technologies [6]. However, all of these continuous-
time Chua’s circuits have been realized being based on
circuit-element simulations.

In this paper, we realize a CMOS Chua-type ana-
log chaos circuit by using a signal flow graph (SFG)
method. In this circuit, a nonlinear element is realized
by an CMOS OTA with a feedback resistor, and other
linear elements are realized by CMOS op-amp based
circuits. Since every terminal of these elements is con-
nected to the voltage source or the virtual ground, the
proposed circuit is insensitive to finite admittance of
OTA'’s and to the parasitics of resistors except for a feed-
back resistor composed of the nonlinear element. This
1s advantageous to practical applications. The perfor-
mance and chaotic behavior of the proposed circuit are
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confirmed by SPICE simulations. A strange attractor
like “double scroll” is obtained from the simulation re-
sults.

2. Proposed CMOS Chua-Type Circuit
2.1 Circuit Dynamics and Structure

The dynamics of the typical Chua’s circuit[1] can be
rewritten as
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where Vi1 and Voo are the voltage across the capacitors
C1 and C2, respectively, and g(V) is the DC transfer
characteristic of the nonlinear element.

The SFG of the Chua’s circuit can be derived di-
rectly from Eq.(1). The resulting SFG is shown in
Fig.1. If we introduce a capacitor C3 defined by C3
= L/R?, we can realize all integrators in Fig. 1 by us-
ing conventional op-amp based RC-active integrators.
The RC-active realization of a Chua-type circuit based
on the SFG in Fig.1 is shown in Fig.2. This circuit
is composed of a nonlinear conductor (NLC) block,
an inductor block, two capacitor blocks, two inverter
blocks, and other four resisters.

In this realization, the NLC block realizes the DC
transfer characteristic like the shape of Chua diode’s
I-V characteristic. The NLC block is realized by a
typical source-coupled pair type CMOS OTA with a
feedback resistor ro. The inductor block and the capac-
itor blocks are realized by using CMOS op-amp based
RC-active integrators.

2.2 Design

Here, we will show the design of each building block
of the proposed Chua-type circuit. We first consider the
NLC block. We assume that the OTA is an NMOS
source-coupled pair loaded with a PMOS current mir-
ror shown in Fig.3. For simplicity, assume that each
MOSFET obeys a square-law model. Then, the DC
transfer characteristic of the OTA is given by
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Fig. 1  Signal flow graph representation of a Chua’s circuit.
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Fig. 2  Circuit structure of the proposed CMOS Chua-type cir-
cuit.
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where K is the conductance coefficient of NMOS tran-
sistors of the source-coupled pair, V;, is the differential

)

input voltage (é V. — V_), I, is the output current,
and Igg is the DC bias current of the OTA.

When G,,, denotes the small-signal conductance of
an OTA, the small-signal transfer conductance g. of the
NLC block in Fig. 3 is given by the following approxi-

mation,
1 /T
V_Gm+_a fOl‘ H/zn |< ﬁ i
To K
ge = (3)
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where G, 2 (8Iout/OVin). Therefore, the output cur-
rent Iy of the NLC block is Iy¢ = g.Vnc. Note that
the slops of the DC transfer characteristics of the NLC
block are determined by the feedback resistor rg and the
bias current Igg of the OTA as Eq. (3).

3. Simulations

For the proposed Chua-type circuit, the OTA was given
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Fig. 3 Circuit diagram and symbol of nonlinear conductor
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Fig. 4 Circuit diagram of the CMOS op-amp.
Table 1 Device dimensions of MOSFET’s in the OTA.
ML, M2 | PMOS | W=6um L=5um AD=lépm
AS=12.5pm PD=9.8 um PS=10pm
M3 NMOS | W=5um L=5um AD=9.4pm
AS=12pm PD=9.8 um PS=9.4pm
M4 NMOS | W=545um L=5m AD=94pm
AS=12pm PD=9.8 um PS=9.4um
M35 NMOS | W=6um L=5um AD=12.5pm
AS=12pm PD=0.8 um PS=9.8 um
M6 NMOS | W=6pm L=5pm AD=12.5pm
AS=12pm PD=10pm PS=9.8 um

by a typical source-coupled pair type CMOS OTA
shown in Fig. 3, and the op-amp was given by a typi-
cal CMOS op-amp shown in Fig. 4. SPICE simulations
were performed under the condition that the power sup-
plies of the op-amp’s and the OTA are Vpp=4V and
Vgs=—4V, the bias current Isg of the OTA is 100 A,
and the bias current Igg of the op-amp’s was 50 4 A. The
device dimensions of the MOSFET’s in the OTA and
the op-amp are shown in Tables 1 and 2, respectively.
The model parameters of the MOSFET’s are shown in
Table 3. The proposed circuit is assumed to be designed
by a standard 0.8 um CMOS process.

The solid line in Fig.5 shows the simulated DC
transfer characteristic of the NLC block in Fig. 3. Here,
the feedback resistor ro chose 20k§2 since the range
of the differencial input voltage of the NLC block
that is the oscillation amplitude of the proposed cir-
cuit is limited to the extent of =1 V. The negative-slope
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Table 2 Device dimensions of the MOSFET’s in the op-amp.

M1 PMOS | W=6pum L=10pm AD=156pm
AS=108pm PD=46 ym PS=36 um
M2, M8 | PMOS | W=6um L=10pum AD=186pm
AS=228pm PD=56 ym PS=64um
M3, M4 | NMOS | W=10pum L=10um AD=164pm
AS=50pm PD=42pym PS=7pm
M5, M7 | NMOS | W=6um L=5um AD=48pm
AS=156pm PD=16 um PS=46 um
M6 NMOS | W=10pum L=5um AD=164pm
AS=50pm PD=42pm PS=7um
M9 NMOS | W=6um L=10pm AD=48pm

AS=156pm PD=16 um PS=46 um
W=6um L=14um AD=48pm
AS=156pm PD=16 ym PS=46 um

MI10 NMOS

Mil1 PMOS | W=6um L=5um AD=186pm
AS=228pm PD=>56 um PS=64 um
Mi2 NMOS | W=6um L=5um AD=156pm

AS=156pm PD=46 ym PS=46 um

Table 3 Model parameters of MOSFET’s.

Parameters | l NMOS PMOS
VIO [V] 0.935538 —0.387519
NSUB [cm™3] 2.0x10115 4.0x10116
KP [A/V?] 40.286680x10~6 | 14.388100x 106
uo [cm2/Vs] 700 250
CJ [F/m?] 2.0x1072 2.5%1072
CISW [F/m] 7.0%x1077 1.0x1077
CGSO [F/m] 3.5x10~10 3.5x10~10
CGDO [F/m] 3.5%10710 3.5x10710
CGBO [F/m] 1.75x1072 1.75%107°
NSS  [em~—2] 1.0x10%11 4.0x10%10
NFS  [em~2] 1.0x10+11 4.0x10+10
TOX  [m] 6.0x10—8 6.0x10~8
XJ [m] 6.0x10~7 6.0x1077
LD [m] 3.0x10~7 3.0x10~7
NEFF 5 5

Table 4 Simulation condition.

0 ~ 10ms
Time step ceiling value 1 ps
Vo1=0, Vo =0

Range of analysis

Initial values

characteristic curve is piecewise-linear approximated as
the broken line in Fig.5, where slopes at the end re-
gions mp and the middle region m; are —22.930uS
and —58.275 uS, respectively, and the breakpoint B, is
+0.7 V.

Table 4 shows the simulation condition for the
transient analysis. In this simulation, capacitors C'1
and C3 were variable parameters, and the other ele-
ment’s values were fixed to C2=1.1nF, R=22k(, and
T0 =20k0.

The simulation results of the proposed Chua-type
circuit are shown in Figs.6-9. Figure 6 shows the
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Fig.5 Typical DC transfer characteristics of the nonlinear con-
ductor block (obtained when rq =20k<).
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Fig. 6 A waveform of Vo1 obtained for C1=122 pF and C3=
100 pF.
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Fig.7 A double-scroll-type strange attractor obtained for C1=
122 pF and C3=100pF.

time waveform of V51, and Fig.7 shows the obtained 3-
dimentional double-scroll-type strange attractor when
C1=122pF and C3=100pF (these values are given

by a=9.016 and =11, where a 2 C2/C1 and § 2
C2/C3, and see Refs.[1],[7] for details). Figure §
shows the result of the spectrum analysis of V1 shown
in Fig. 6 using the fast furier transform (FFT) with the
sampling frequency of 1 MHz. In this figure, the spec-
trum analysis exhibits 1/f° (§ denotes a positive con-
stant) type characteristic at frequencies lower than about
100 kHz. On the other hand, the spectrum is flat at fre-
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Fig. 8 The result of the spectrum analysis of V1 shown in
Fig. 6 using the FFT with the sampling frequency of 1 MHz.
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Fig. 9 Bifurcation diagram of the proposed circuit.

quencies greater than 100kHz.

Figure 9 shows the bifurcation diagram of the pro-
posed citcuit. In Fig. 9, the proposed circuit can observe
a periodic attractor in area (I), a spiral attractor in area
(), a double-scroll-type strange attractor in area 3), (3,
and (9), a window attractor in area (@) and (§), and a pe-
riodic attractor distinct from area (D, in area (8). These
kinds of attractors have been proved to exist in the con-
ventional Chua’s circuit based on the ideal Chua diode.

4. Conclusion

Conventional analog chaos circuits, which have been
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designed being based on a circuit-element simulation
method, have a disadvantage that they are sensitive to
the parasitics of the resistors and to the finite admittance
of the OTA’s. The proposed CMOS Chua-type chaos
circuit design is based on an SFG method. The pro-
posed circuit is insensitive to those nonidealities except
for a feedback resistor in the NLC block. In addition,
the circuit is realizable using only a single OTA along
with op-amp based RC-active integrators. It should be
also emphasized that the superior frequency character-
istic of the OTA is effectively utilized since the output
of the OTA is virtually grounded.

In the proposed design, the resistors R’s have a
same value. The slopes of the DC transfer character-
istic of the NLC block are determined by the 7y and
Igs of the OTA. Further, the proposed design is com-
patible with the design of the conventional SFG-based
RC-active filters. These facts are other advantages for
the implementation into the IC form with a standard
analog CMOS IC filter technology. Hence, the pro-
posed SFG-based chaos circuit design will be a useful
building block for chaos application IC’s.
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