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Abstract – Chaotic tags and sensors can be conveniently 

made using simple chaotic circuits of reduced 

complexity that can compete with tags and sensors 

based on a combination of capacitance-, inductance-, or 

resistance-to-voltage converters and additional 

microcontrollers. The design of such devices is 

exemplified and details of the design discussed.  
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I.  INTRODUCTION 

Value-to-frequency converters are commonly used 
for sensing, where ‘value’ may represent capacitance 
[1], [2], inductance [3], or resistance. A direct 
generalization of these devices consists of chaotic 
oscillators with the nonlinear dynamics (operation) 
dependent on the value of a sensing element, with the 
sensing part being an ambient-dependent capacitor, 
inductor, or resistor. Nonlinear dynamic systems in 
sensing have been introduced in relation with various 
applications including distance measurement [4], [5], 
conductivity and conductive titrimetry [6], frequency 
discrimination [7], blood glucose noninvasive 
measurement [8],  artificial retinas and basic image 
pattern recognition [9], metal detectors [10,11], and dc 
voltage detectors [12]. Sensors able to transmit data 
using the signal generated by the nonlinear dynamics 
were reported in [13]. 

We discuss sensors where the sensing element can 
be capacitive, resistive, or inductive and can be easily 
made in a thin configuration suitable for tag and for 
wearable sensors. A single chaotic sensing circuit is 
presented that can fit a large range of applications; the 
circuit generalizes and builds on the scheme 
introduced in [6, 14]. The presented design of the 
sensors can be relatively easy trimmed to operate as a 
RF tag fitting an available frequency (124, 125, and 
135 kHz, or 13.56 MHz [15]).  

In Section II, the principles of chaotic sensors are 
introduced; in Section III we present the design 
principles and an example; Section IV addresses the 
issue of information extraction from the chaotic signal; 
applications are discussed in Section V, while in 
Section VI we discuss the results and conclude the 
paper. 

II. PRINCIPLES AND LIMITS OF THE CHAOTIC 

SENSORS 

Chaotic sensors are essentially parameter 
(resistance, capacitance, or inductance) to voltage 

converters of a specific type, based on parameter-
controlled variable frequency and variable waveform 
oscillators. Chaotic circuits for chaotic sensors behave 
for some values of the measured variable as periodic 
oscillators. The difference between the chaotic sensors 
and common oscillating sensors is that the former take 
advantage of the chaotic behavior to boost their 
sensitivity and multi-parameter sensing capability. 

Chaotic systems in general and chaotic sensors as a 
particular case of chaotic systems are driven by 
differential equations that are nonlinear and of order 
three or higher. The operation of chaotic systems is 
well-known to be highly sensitive to the values of the 
parameters of the system, with very small changes of 
the parameter values producing huge changes in the 
operation, especially when the parameter values are 
close to the bifurcation points [16]. Maintaining 
constant values for all the parameters of a system 
except the ones that serve as sensing parameters the 
entire system response will depend on the selected 
sensing parameter or parameters. Several conditions 
consisting in regions in the parameter space can be 
monitored using this technique [17]. This makes 
chaotic systems most suitable for multi-sensing 
applications. However, the high sensitivity is also a 
drawback when the values of some parameters are 
difficult to control. As an example, the chaotic circuits 
tend to be very sensitive to the change of the power 
supply and to the temperature of the circuit; therefore, 
these parameters have to be well controlled and 
possibly compensated. However, the compensation of 
the chaotic circuit is more difficult than for a static 
(i.e., non-chaotic) nonlinear sensor.  

One of the disadvantages of the chaotic sensors 
and other applied chaotic systems is that they may 
have a slow response because of a long transitory 
regime before entering in the “steady-state” nonlinear 
dynamic regime. This is a limit also known for – and 
inherited from – periodic oscillators. For performing a 
measurement with a chaotic sensor after the value of 
the measured parameter changes, the sensor has to 
stabilize, that is, it has to go through the transitory 
dynamic regime and enter its “steady-state” dynamic 
regime. The duration of the transitory regimes may 
vary from very short, of a few periods of a linear 
oscillator and a few quasi-periods of the nonlinear 
system representing the chaotic sensor, to tens of 
milliseconds. 

For understanding the difference between common 
parameter-to-frequency converters and chaotic 
parameter-to-waveform converters, one should 20
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consider that the former produce (typically) a 
sinusoidal or a rectangular wave with frequency 
proportional with the parameter; the latter ones 
produce a complex waveform that changes when the 
parameter changes. In the frequency domain, common 
sinusoidal parameter-to-frequency converters have a 
singleton at a frequency corresponding to the 
parameter value. Chaotic parameter-to-waveform 
sensors have a complex frequency spectrum which 
changes when the parameter changes. Because the 
oscillator is nonlinear, the waveform is complex, rich 
in harmonics even when the oscillation is non-chaotic. 
The spectral peaks may be almost as high as the 
maximal peak. In addition, typically there are spectral 
components at frequencies lower than the frequency of 
the main component. 

III. SENSOR DESIGN  

Once the appropriate sensing element (capacitance, 
inductance, or resistance) is chosen for the application, 
the design of the chaotic sensor starts with the choice 
of a suitable chaotic circuit. The sensor circuit 
exemplified in this paper is a variant of the one used in 
[7, 8]. It consists of two operational amplifiers in a 
loop that also contains series capacitors and an RLC 
circuit (L1,C3,R6) in parallel with another capacitor 
(C2); the load of one of the amplifiers is the resonant 
circuit (L2, C4), see Fig. 1. The choice of the 
operation amplifier is not random:  the amplifier 
internal poles play a major role in chaotic behavior of 
the circuit, as they contribute to establishing the order 
of the differential equation governing the circuit. In 
addition, the poles and zeros due to parasitic circuit 
elements and the slew rate and the nonlinearities of the 
amplifiers play an essential role in the nonlinear 
behavior of the circuit, as is the case with LT1797. 
The amplifier should support the entire frequency 
spectrum required by the nonlinear dynamic operation, 
as dictated by the solutions of the nonlinear 
differential equations of the circuit. The sensing circuit 
element is the capacitor C1. The circuit behaves as an 
almost sinusoidal oscillator with the values in the 
scheme for values of C1 between 0.01 nF and 5 nF 
and for values larger tha about 100 nF. The interval of 
values of C1 where the operation of the circuit is 
chaotic is roughly between 0.3 nF and 0.4 nF, for 
power supply of ±5V. Because of the low value of R1, 
the amplifier U1 works with output currents close to 
the short-circuit condition, which may be an issue with 
some chips. 

 
Figure 1.  Scheme of the sensing chaotic oscillator. The sensing 
element in the examples in the text is C1. In sensor applications,  

C1 may be an interdigital capacitor printed on a plastic or textile 

support.  

Several other elements of the circuit can be used as 
a second sensor, for example C4, L4, or R1. 
Supplementary notch filters are used to remove 
undesired components from the spectrum of the signal 
generated by the chaotic system. The removed 
undesired components represent spectral peaks related 
to the main cycle duration of the chaotic attractor; their 
removal is improves the sensitivity of the sensor and 
cleans the spectrum of the components close to the 
124 or 135 kHz used in RFID technology, when the 
sensor is to be used as a self-emitting RF tag. The 
notch filters and the signal amplifier are in Fig. 2. 

The sensing element capacitor C1 can be split 
between a fixed capacitor of 100 to 250 pf and a 
sensing capacitor; the latter can be printed on a paper 
label or on cloth. A basic version of the circuit used in 
this paper is analyzed in [14] and is demonstrated and 
pictured in [6].  

 
Figure 2.  Notch filters are used to remove undesired spectral 

components in the signal generated by the chaotic oscillator. 

     

Figure 3.  Almost sinusoidal operation for C1= 0.1 nF. 

        

Figure 4.  Transition to chaotic regime, at C1=0.15 nF. 

C1=280 nF     

   

C1=280 nF 

C1=340 nF C1=340 nF 

C1=0.380 nF  C1=0.380 nF 

Figure 5.  Examples of spectra and waveforms for various C 

values. 

 



 

When C1 value is far from the intervals where the 
operation is chaotic, the circuit operates as an almost 
sinusoidal oscillator; the periodic operation is 
exemplified in Fig. 3, for the circuit in Fig. 1 with 
C1=0.1 nF (Vc is at the output of the amplifier U1; Vd 
is on the capacitor in the output resonant circuit). 
When the value of C1 is increased to 1.5 nF, the 
circuit is still periodical, but the generated waveform 
has a wider spectrum (Fig. 4). As the value of the 
capacitive sensor C1 further increases, the system 
enters in various chaotic regimes, see Fig. 5. 

IV. CONVERTING THE CHAOTIC ATTRACTOR AND 

CHAOTIC OPERATION INTO A SCALAR OUTPUT  

In common sensors, the input (measured) 
parameter is converting into another scalar parameter, 
for example measured resistance (as a proxy for 
temperature, pressure, or stress), into an output 
voltage. This simple type of mapping is also desired 
for chaotic sensors, but may be difficult to achieve. 
One can look at chaotic sensors from several 
perspectives, as parameter (or vector) to waveform 
converter, as parameter to frequency spectrum 
converter, as parameter to attractor converter, or 
simply as parameter to parameter (scalar) converter, 
where the second parameter may be, e.g., a voltage. 

There are several ways of converting (mapping) 
the input to a useful output in chaotic sensors. These 
ways involve time-domain conversion, frequency-
domain, or other similar intermediate ways. In the time 
domain, the rectified waveform average value can be 
used. In the frequency domain, the amplitude of a 
specified harmonic may be monitored. More 
elaboratedly, the chaotic attractor may be 
characterized by one of its parameters in the phase 
space, as in [17]. These conversion manners are 
explained next. 

a. Rectified output signal as a proxy of the 
measured   value. This method requires the 
rectification (half-wave may be more sensitive than 
full-wave rectification, depending on the specifics of 
the waveform, i.e., the attractor) and the integration of 
the rectified waveform for a long enough time. The 
integration time should be considerably longer than 
the period of the main spectral component, because the 
spectrum may be rich in low-frequency components. 

b. Spectral component presence (spectrum 
matching) as an indicator of attaining a specified 
value of the measured variable. Because the spectrum 
of the signal is heavily dependent on the measured 
parameter, the occurrence of a specific spectral 
component(s) can indicate that the specified valued 
was reached. 

c. Waveform matching for detection of attainment 
of a specified value. This method is useful when a 
specific value of the measured variable has to be 
detected in applications such as threshold level 
detection in a container, or when checking that a 
capacitive label has not been tampered in security 
applications. Waveform matching requires more 
complex circuitry and a template waveform to 
compare with.  

d) Attractor matching. The method was explained 
in [17]. 

 

 

Figure 6.  Block diagram for converting the cahotic oscillation 

output in a scalar output 

 
Figure 7.  Scalar output obtained by half-wave rectification and 

integration, see inlay (after 30 ms). 

The first method is illustrated in Fig. 6, which 
shows that the chaotic circuit can detect minute (<5 pF 
at 425 pF) changes in the circuit; that makes them 
suitable for sensitive sensing. The single-polarity 
rectifier-integrator method has its own drawbacks: the 
integration results are stable after long integration time 
(about 30 ms in this case). 

V. APPLICATIONS: TAGS 

The design refers to sensors that are suitable to 
develop passive or active tag-sensors. A self-signaling, 
level threshold sensor is a direct application of the 
described circuit. The application is based on sensing 
the level through the change in capacitance (C1), 
where C1 is an interdigital capacitor on a label 
positioned at the desired level on a vessel (assuming 
that the vessel wall is a dielectric with low permittivity 
and that the liquid or powder in the vessel has high 
permittivity). The configuration of C1 should be 
trimmed such that before the fluid attains the desired 
level, the value of C1 is less than 420 pF, increasing 
above 425 pF when the level is attained (see Fig. 7). 
When the sensor is power wired (connected in a 
system by wires), a rectifier and integrator are used 
and the voltage jump at the output of the integrator is 
detected and sent as output. 

With small changes, the sensor can operate as a 
passive or active emitting tag. The operation of the 
chaotic circuit may be powered by local batteries or by 
an RF-reader. When used in passive mode, a specific 
requirement is that the chaotic regime has to be 
attained during the small lapse of time when the RF 
reader operates – a few tens of ms (typically charge 
time is 25 to 100 ms); the requirement is satisfied, as 
the chaotic operation starts after less than 20 ms (worst 
case). In this type of application, the output of U11 in 
Fig. 2 is connected to an antenna (135 kHz). 

   
Figure 8.  Tuned at C1=0.430 nF (left) and detuning at 420 nF 

(right). 
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Alternatively, a piezoelectric generator (135 kHz) 
may be used for signaling through ultrasound at close 
distance that the level was reached. The amplitude of 
the spectral components around 135 kHz change more 
than 60dB around C1=0.43 nF (Fig. 8); that change 
can be detected at short distances. A two-stage second 
order BPF was used to add an extra 30 dB. 

VI. DISCUSSION AND CONCLUSIONS 

While a single circuit was discussed in this study, 
there are other suitable circuits that can fit the 
presented applications, for example the circuits 
described in [17], [18]. 

The presented results and design methods are 
relatively easy to employ in a variety of applications, 
ranging from industrial to medical. When designing 
with chaotic sensors one has, however, to consider 
their disadvantages, including the need of a stable and 
precise power supply (in most cases), high temperature 
sensitivity, and indirect determination of the measured 
value and more complex circuits to extract the 
measured value. Even for simpler applications such as 
level threshold detection, the disadvantages persist.  

Further research is needed to develop sensors with 
the antenna or a capacitor loading the antenna 
performing as the sensing element. Such chaotic 
circuit whose operation is strongly dependent on the 
antenna or on the value of a capacitor loading the 
antenna could be more sensitive and at the same time 
lower cost. Application of the proposed solution to 
tampering detection [19, 20] and other uses described 
in [21] seems also promising. 
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