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Introduction

In the last one hundred years, the behavior of chaotic systems has been analyzed
mainly from theoretical point of view [1]�[14]. In electrical engineering, the intensive
study of chaotic phenomenon was started at the end of 1980s [15]. Since them, an
appropriate mathematical terminology to describe the chaotic phenomenon, and tools
for the analysis of chaotic systems and circuits have been developed and the physical
explanation of the chaotic behavior has been found. A lot of case-studies have been
performed to describe the behavior of chaotic systems and circuits.

Chaotic circuits and systems are deterministic dynamical systems which are op-
erating in the unstable region from the conventional engineering point of view. The
operation in unstable region is a necessary but not a su�cient condition to be satis�ed
if a chaotic behavior has to be achieved. In spite of the fact that the chaotic signals
are generated by deterministic circuitry, they look like a random signal in the time
domain, and their spectrum is very similar to that of a band-limited white noise. How-
ever, the chaotic signals are bounded and they can be generated in any frequency band
and at any power level with very simple circuitry. They can be generated by either
conventional circuits (e.g. chaotic analog phase-locked loop) or circuits developed for
this purpose (e.g. Chua's circuit) [16]�[25].

Although the notion of chaotic behavior in nonlinear dynamical systems has been
discovered in mathematics more than one hundred years ago, in the �eld of engi-
neering this phenomenon was misinterpreted as noise or it was described as �strange
phenomenon� which should be avoided.

By contrast, today scientists from many disciplines have recognized the bene�ts of
chaotic systems and try to exploit their particular properties. Today, the challenge
from �how to avoid� the chaotic behavior has been changed to �how to control� or to
�how to exploit� it.

These systems evolves in a random-like, but well-de�ned, fashion. Due to the non-
periodicity characterizing the chaotic system evolution in the time domain, chaotic
signals has broad-band �noise-like� spectrum in the frequency domain. Two trajectories
started from almost identical initial conditions diverge and soon become uncorrelated.
This property of the chaotic systems is called sensitive dependence on initial conditions
and gives rise to long-term unpredictability.

Since the discovery of the chaotic phenomenon, a lot of research e�orts have been
done to �nd engineering applications which exploit the above mentioned properties
of these systems. Many promising possible applications have been identi�ed; among
which the most important are: (i) measurement systems, (ii) random number genera-
tion and (iii) telecommunications engineering.

This thesis is focused on a potential application area of chaotic signal, namely: on
digital communications using chaotic carriers.
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Chaotic communication systems

The observation by Pecora and Carroll [26] that two chaotic systems could be synchro-
nized has generated tremendous interest in transmitting information from one location
to another using a chaotic signal.

Since then, over the past ten years many di�erent modulation schemes have been
proposed for chaotic communications [27]�[32].

Application area of chaotic communication systems

There are many radio data communications applications where the conventional nar-
rowband systems fail to operate. For example, if the telecommunications have to be
established in a multipath environment (see mobile radio communications, indoor ra-
dio or wireless local area network) or in an industrial environment where huge spikes
disturb the radio channel, or if the radio channel is not time-invariant then the conven-
tional narrowband radio systems cannot be used. The frequency hopping and direct
sequence spread spectrum techniques o�er a solution to these problems [33]. However,
those techniques require a complex circuitry, the synchronization of spreading codes
has to be achieved and maintained at the receiver and due to the complex system
con�guration these systems have a high power consumption.

The chaotic communications, a brand new approach, o�ers an alternative solution
to these problems. In chaotic communications, the digital information to be trans-
mitted is mapped directly to chaotic, i.e., to inherently wideband signals. Then these
wideband chaotic signals are transmitted via the telecommunications channel. Since
chaotic signals are wideband signals, the chaotic telecommunications systems are not
sensitive to the multipath propagation and due to the low spectral density of trans-
mitted signal they do not cause interference in the narrowband systems operating in
the same frequency band. Due to its simple circuitry, the chaotic telecommunications
technique o�ers a cheap alternative to conventional spread spectrum communications.

Special properties of chaotic communication systems

The chaotic modulation schemes di�er from the conventional ones because the chaotic
signals have no amplitude, phase or frequency, consequently the ideas of conventional
modulation schemes cannot be applied directly. Furthermore, the elements of signal
set are not �xed waveforms, they are continuously changing even if the same bit is
transmitted repeatedly.

Since robust chaotic synchronization technique is not yet available, chaotic basis
functions cannot be recovered at the receiver. In order to overcome this problem, dif-
ferentially coherent demodulation is used in the built chaotic communications systems.

Each parameter determined from the chaotic sample functions varies from sample
function to sample function due to the nonperiodic property of the chaotic signal and
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the �nite length of sample functions transmitted through the channel. In contrast to
conventional communications systems where periodic signals are used, the parameter
required for the decision can only be estimated, even in the noise-free case [34, 35].
The variance of estimation is in�uenced by both the channel noise and the chaotic
signal. This problem is called the estimation problem and is present in most of the
chaotic communication scheme.

For a given noise level, the variance of estimation can be reduced by increasing the
estimation time, i.e. the bit duration.

DCSK and FM-DCSK modulation schemes

The Di�erential Chaos Shift Keying (DCSK) [30] modulation maps each information
bit into two chaotic waveforms of �nite length. The �rst waveform is called reference
signal while the second one carries the information. When a bit �1� is to be transmitted
then the reference and information bearing signals are the same, while for a bit �0,� the
information bearing signal is an inverse of the reference. The di�erentially coherent
receiver determines the correlation between the two waveforms and the decision is done
based on the sign of correlation.

Hence the di�erentially coherent DCSK eliminates the synchronization problem,
but the estimation problem still exists.

The estimation problem can be eliminated by the application of an auxiliary fre-
quency modulation, since the instantaneous power of an FM signal does not depend on
the modulating signal. In an FM-DCSK [32] modulator, the chaotic signal is fed into
an FM modulator and the FM signal modulated by the chaotic signal is the input to
the DCSK modulator. Like in DCSK, the information to be transmitted is carried by
the correlation of the two waveforms, consequently the information can be recovered
at the receiver by a di�erentially coherent detector. At the receiver there is no need
for an FM demodulator, the detection is performed by a direct correlation of the two
waveforms.

Cleaning noisy chaotic signals

In chaotic communications, the level of additive noise corrupting chaotic signal car-
rying the information has to be reduced. In this case the linear �ltering cannot be
used because the chaotic signal is a wideband signal, so its spectrum overlaps with the
noise spectrum. The knowledge of dynamics of chaotic system makes possible that
standard optimization techniques known from the adaptive signal processing can be
used for noise reduction.

In order to achieve such a goal, the noise reduction problem is considered as an
optimization problem, where a cost function is minimized with respect to the estimated
or enhanced orbit m̂. The deterministic nature of chaotic system used to generate m
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is exploited during the design of cost function, i.e., the mapping mn+1 = f(mn) is a
priory known at the receiver. Namely, the cost function is the linear combination of
two terms, where the

• �rst term, C1(·), ensures that the global shape of the estimated orbit is close to
the received signal according to an Euclidean or a correlation distance;

• second term involves the dynamical nature of the system using the deterministic
relationship existing between the consecutive points of the orbits.

Hence, the cost function is

C(m̂, r) = (1− Γ)C1(m̂, r) + ΓC2(m̂) (1)

To �nd the optimum of (1), Lee and Williams proposed two iterative methods [36].

Goals

The noise performance of di�erentially coherent DCSK and FM-DCSK schemes are a
few dB behind that of the conventional ones in additive white Gaussian noise channels.
Hence, any improvement in the noise performance of DCSK/FM-DCSK has a great
importance.

The goal of this thesis is to �nd suitable noise performance improvement methods
for these systems and to give design rules for the transmitter part of the FM-DCSK
system1.

1The design rules for an FM-DCSK receiver has been elaborated by Gábor Kis in the framework of an
Open LTR Esprit Project #31103 called INSPECT and �nanced by the European Commission. His results
are presented in [37].
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Claims

I. Noise reduction in a DCSK modulation scheme.

The results given in this claim have been presented in the following publications:
[sp3, sp4, sp6, sp17, sp19, sp21, sp22, sp23, sp26, sp30, sp32]. The detailed description
and the elaboration of Claim I is given in Chapter 2 of the thesis.

Claim I/1: I have related Methods I and II proposed by Lee and Williams to the
standard gradient descent algorithm. I have shown that both methods
are closely related to the standard gradient method.

I have shown that Methods I and II proposed by Lee and Williams [36] are closely
related to the standard gradient method. Numerical experiments support these theo-
retical conclusions.

I have shown analytically that Method I is close to a gradient method with a
varying step size of:

µ(i) =
Km1

(i−1)(m̂, r)

2
.

However, Method I di�ers from the gradient method because the iteration scheme
contains an extra term. This additional term degrades the performance of the algo-
rithm by preventing it to reach the desired minimum of the cost function.

I have shown analytically that Method II is the standard gradient descent algorithm
with a varying step size of:

µ =
Km2

2(1 + L1 + L2)
.

Claim I/2: I have elaborated new detector con�gurations for DCSK modulation
scheme which exploit noise reduction.

To include the noise reduction algorithm described above in a DCSK receiver, the
structure of the DCSK demodulator has to be changed. Hence, I have elaborated new
detector con�gurations for DCSK modulation scheme which exploit noise reduction.

I have elaborated the �rst modi�ed receiver structure, where only the reference
part of the received signal is cleaned. In this structure, the received noisy information-
bearing signal vector is correlated with the enhanced reference signal.

The reference part of the received signal does not depend on the transmitted bit.
Rather, it is always equal to the actual output of the chaos generator. This is why this
receiver structure can be used regardless of the properties of chaotic signal generator.

I have elaborated the second modi�ed receiver structure which enhance both the
reference and information-bearing parts of the transmitted signal using the same cost
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function. I have shown that the improvement in noise performance of this receiver
structure is better than that of the �rst modi�ed receiver structure. However, this
solution can be used only if the mapping which generates the chaotic signal is an odd
function.

Claim I/3: I have introduced an adequate computationally e�cient performance
measure for the noise reduction algorithms which can be used in
chaotic communications schemes.

Of the performance measures proposed to date, the so-called �dynamic error� and
�true error� approaches are used exclusively to characterize the noise reduction meth-
ods. However, the relationship between these performance measures and the noise
performance of a chaotic communication system is not known. In particular, a reduc-
tion in the dynamical error does not necessarily yield an improvement in the BER
since even if the enhanced signal matches perfectly with the dynamics of chaotic sig-
nal generator its waveform may di�er completely from the one which was radiated by
the transmitter. A second disadvantage is that these quantities cannot be measured
directly in a physical system.

Determination of the Bit Error Rate (BER) by computer simulation requires a very
long simulation time. This is why we would like to predict the e�ectiveness of noise
reduction schemes without determining the BER.

Based on the above consideration I have de�ned a better, application-directed
performance measure for the noise reduction schemes which is the variance of the
observation signal.

I have shown that to improve the BER, the noise reduction technique must reduce
the variance of the observation signal.

Claim I/4: I have analyzed the performance of noise reduction methods used in
DCSK modulation scheme.

I have shown that a threshold e�ect exists, namely if Eb/N0 is below a certain
threshold then the noise reduction techniques cannot improve the noise performance.
Beyond this threshold, a slight performance improvement can be achieved.

I have shown that the noise reduction methods tolerate a parameter mismatch even
if it is as high as 3%. However, the parameter mismatch reduces the e�ectiveness of
noise reduction.

II. Elaboration of enhanced FM-DCSK systems.

If the di�erentially coherent detector con�guration is used then the drawback of
DCSK and FM-DCSK modulation schemes compared to conventional ones is that ev-
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ery information bit is transmitted by two sample functions. Consequently, the bit rate
is halved and the transmitted energy per bit is doubled compared to the conventional
binary modulation schemes where every sample function represents one bit.

I have proposed and analyzed enhanced versions of DCSK/FM-DCSK systems.
In these enhanced modulation schemes one reference chip is used to transmit N

information-bearing chips contrary to the original di�erentially coherent DCSK/FM-
DCSK where each reference chip is followed only by one information-bearing chip.

The methods presented in this claim can be applied to both the DCSK and the
FM-DCSK systems. For brevity only the enhanced FM-DCSK systems are discussed
here.

The results given in this claim have been presented in the following publications:
[sp1, sp5, sp7, sp11, sp15, sp20, sp29, sp33]. The detailed description and the elabo-
ration of Claim II is given in Chapter 3 of the thesis.

Claim II/1: Elaboration of the FM-DCSK/S modulation scheme.

I have introduced an enhanced version of FM-DCSK system (called FM-DCSK/S)
in which one reference chip is used to transmit N information-bearing chips. In this
enhanced FM-DCSK system the bit energy and the bit duration of the original FM-
DCSK system are reduced by a factor of 2N/(N + 1). I have de�ned two receiver
architectures for the enhanced FM-DCSK system.

To perform the detection of an FM-DCSK/S signal, at least N observation signals
are required. However, the �rst receiver structure generates N(N + 1) observation
signals instead of N ones. The redundancy is exploited to improve further the noise
performance of FM-DCSK and elaborate the FM-DCSK/SP and FM-DCSK/ST mod-
ulation schemes.

The second receiver structure has the same complexity as the original FM-DCSK
receiver. I have shown that in order to use this receiver con�guration the coding of
the bits to be transmitted have to be changed from NRZ to RZ.

For AWGN channel, I have elaborated an expression in analytical form for the noise
performance and the noise performance bound of the enhanced FM-DCSK system:

BER =
1

22BT N
N+1

exp
(
− EbN

N0(N + 1)

) 2BT N
N+1−1∑

i=0

(
EbN

N0(N+1)

)i

i!
×

2BT N
N+1−1∑

j=i

1
2j

(
j + 2BT N

N+1 − 1
j − i

)

(2)

The noise performance of the FM-DCSK/S system proposed by me is 1.6 dB better
for N = 9 than that of the original FM-DCSK system at BER=10−3. I have shown
that this noise performance improvement is preserved for JTC PCS multipath indoor
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radio channels.

Claim II/2: I have shown that the absolute value of the observation signal char-
acterizes the probability of correct decision.

I have analyzed the statistical property of the observation signals in the enhanced
FM-DCSK systems and I have shown that in the original and enhanced FM-DCSK
systems the absolute value of observation signal can be used as a measure of the
probability of correct decision. I have given an analytical expression for the probability
of correct decision

P̂C(zk,l) =
1

1 + e−2|zk,l|µ̂/σ̂2 (3)

where zk,l denotes the observation signal obtained from the correlation between the
kth and lth chip, i.e., zk,l = r̃k(t) ? r̃l(t). µ̂ and σ̂2 denotes the estimated mean and
standard deviation of the observation signal.

Claim II/3: Elaboration of the FM-DCSK/AV receiver.

I have elaborated an averaging technique for the enhanced FM-DCSK receiver in
which the reference chip is estimated from the noisy received chips:

r̂0(t) =
1

N + 1

{
r̃0(t) +

N∑

l=1

2[P̂C(z0,l)− 0.5]sign(z0,l)r̃l(t)

}
. (4)

The noise reduction given by (4) works e�ciently only if the modulation is removed
correctly from the noisy incoming signal. If the estimation of the modulation deter-
mined by sign(z0,l) is wrong then that term corrupts the e�ciency of noise reduction
instead of improving it.

To alleviate this problem, I have introduced a scalar weighting factor 2[P̂C(z0,l)−0.5]

which depends on the probability of wrong decisions made by the sign(·) function.
I have shown that the noise performance of this method tends toward a coherent

antipodal Chaos Shift Keying modulation scheme, where perfect synchronization is
assumed. The noise performance of this method is 3.9 dB better than that of the
original FM-DCSK.

Claim II/4: I have introduced the observation graph and based on this graph I
have elaborated the FM-DCSK/SP receiver.

I have introduced two non-redundant error correction techniques exploiting combi-
natorial optimization methods known from the graph theory. During the optimization
process I have exploited that property of the enhanced FM-DCSK system that every
chip is transmitted (N + 1) times. Furthermore, I used the analytical expression on
the correctness of a decision to �nd the optimum decision strategy.
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For a block of one reference and N information bearing chips, I have de�ned the
observation graph in which the (N + 1) vertices represents the received chips, while
the (N +1)N/2 edges which connects these vertices represents the elements of the ob-
servation vector, i.e., zk,l. A weight giving the probability of correctness of correlation
is associated to each edge.

Hence, in this graph vertex �0� represent the reference chip, while vertex �l� stands
for the lth information chip. Edge (k, l) which connects vertex k with vertex l repre-
sents the correlation between r̃k(t) and r̃l(t), i.e., the element zk,l of the observation
vector.

Based on the shortest path algorithm I have elaborated a receiver con�guration
for the enhanced FM-DCSK system. I have shown that this receiver has the best
noise performance, but it requires much more computational e�ort than that of the
minimum cost spanning tree method.

I have de�ned the weight associated to the edges of the graph as:

wk,l = − log
[
P̂C(zk,l)

]
.

The noise performance of this method is 4.4 dB better than that of the original
FM-DCSK.

Claim II/5: Elaboration of the FM-DCSK/ST receiver.

Based on the minimum cost spanning tree algorithm I have introduced a receiver
con�guration for the enhanced FM-DCSK system. This system is the best in term of
computation e�ort and o�ers a noise performance that is almost the same as that of
the shortest path algorithm.

I have de�ned the weight associated to the edges of the graph as:

wk,l =
1

|zk,l|+ ε
.

The noise performance of this method is 4 dB better than that of the original
FM-DCSK/S.

III. I have elaborated design rules for the transmitter part of the IN-
SPECT FM-DCSK radio system and I have determined the opti-
mum system parameters for the transmitter.

The results given in this claim have been presented in the following publications:
[sp1, sp2, sp7, sp8, sp9, sp10, sp12, sp13, sp14, sp24, sp25, sp27, sp28, sp31, sp34].
The detailed description and the elaboration of Claim III is given in Chapter 4 of the
thesis.

Claim III/1: Transformation of the FM-DCSK transmitter.
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I have transformed the FM-DCSK transmitter to a low-frequency FM-DCSK mod-
ulator and an IF/RF subsystem. The advantage of this new transmitter architecture
is that most of its components can be implemented using of-the-shelf IC such as DDS
(from Analog Devices) and super-heterodyne WLAN chipset (from Intersil). Hence,
only a part of the low-frequency FM-DCSK modulator had to be implemented by
CNM using mostly low-frequency digital circuits.

Claim III/2: I have shown that if the ratio of the clock rate of the chaos generator
and the gain of the FM modulator is close to an integer then spikes
appear in the radiated signal spectrum.

Claim III/3: I have determined the optimum system parameters for the INSPECT
FM-DCSK transmitter.

I have analyzed the e�ect of the main system parameters, such as the chip rate,
the bit duration and the bandwidth of the transmitted signal on the overall system
performance. Assuming a WLAN environment I have determined the optimum system
parameters for the INSPECT FM-DCSK transmitter.

The parameters of the INSPECT FM-DCSK transmitter are given Table 1.

Modulation scheme FM-DCSK
Architecture super heterodyne
Center frequency 2.4 GHz ISM band
RF bandwidth 17 MHz
Data rate 500 kbit/s
Center frequency of the low-frequency FM-DCSK modulator 36 MHz
Chip rate 20 MHz
Gain of the FM modulator 7.8 MHz/V
Resolution of the chaotic signal generator 10 bits

Table 1: Parameters of the INSPECT FM-DCSK transmitter.

Implemented FM-DCSK Transmitter

In 1997, an Esprit Open Long Term Research Project, �nanced by the European
Commission, entitled �Innovative Signal Processing Exploiting Chaotic Dynamics�
(INSPECT), project number 31103 was started. The project has been carried out
as a collaboration among seven European universities and it was successfully �nished
in 2001.
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The aim of the INSPECT project was to develop chaotic nonlinear dynamical solu-
tions for applications in digital communications and signal processing which are com-
petitive with current technology in terms of simplicity, cost-e�ectiveness, and design
�exibility.

Prototype hardware was developed to demonstrate proof-of-concept and to facili-
tate technology transfer to industry, i.e., a prototype FM-DCSK radio communications
system has been constructed and characterized.

In the framework of this project, based on the design rules developed in Chapter 4
of the thesis, Centro Nacional de Microelectrónica (CNM) realized a custom made
integrated circuit for the low-frequency FM-DCSK modulator. The micro-photograph
of this IC is shown in Fig. 1.

In parallel with this work Helsinki University of Technology (HUT) also imple-
mented an FM-DCSK transmitter using FPGA and the PRISM chipset. The photo-
graph of this transmitter is shown in Fig. 2.

Please note that the results presented in Chapter 4 gives the design rules only for
the transmitter shown in Fig. 1. The design rules for the transmitter shown in Fig. 2
di�ers slightly from those presented in Chapter 4.

Figure 1: Micro photograph of the low-frequency FM-DCSK modem realized by CNM (IC
part no: IMSE_125FMDCSK)
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Figure 2: FM-DCSK realized by HUT using the Prism chipset.
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