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Introduction
The phenomenon of chaos emerging in deterministic nonlinear dynamical systems is a type of
random-like behavior, without showing any regularity at rst observation. However, a detailed
analysis of a chaotic signal or time series analysis of a chaotic sequence shows that the chaotic
signals follow the dynamics of the system.
The well-known steady-state behaviors of a dynamical system are the equilibrium, periodic,
and quasi-periodic states. From a practical point of view chaos is a bounded signal generated
by a nonlinear, usually low-order, deterministic system, which does not belong to any of the
steady-state behaviors given above [PC89].
Chaotic systems are usually characterized by their sensitive dependence on initial conditions,
which is dened as follows. Let J be an interval, and suppose that f : J → J . Then f has sensitive
dependence on initial conditions at x, if there is an ² > 0, such that for each δ > 0, there is a y in
J and a positive integer n such that

|x − y| < δ

and

|f [n] (x) − f [n] (y)| > ²

From a practical point of view, this means that two trajectories emerging from dierent initial
conditions diverge and become uncorrelated even if the initial conditions are arbitrarily close to
each other.
Other important properties of chaotic signals and systems exploited in engineering are [PC89,
Che99]:

• Sensitive dependence on the parameter values. Consider two chaotic systems with almost
identical parameters. Then two trajectories emerging from the same initial conditions diverge
even if the parameter mismatch between the two systems is arbitrarily small.
• The consequence of these two properties is that the behavior of chaotic systems can be
predicted only for a short time period.
• Trajectories and output signals of chaotic systems are bounded.
• Power spectral density of a chaotic signal covers a wide frequency band.
• The average, average power, and power spectral density of a chaotic signal are time-invariant.
• Chaotic signals can be generated by simple circuits in arbitrary frequency band and at
arbitrary power level.
The chaotic signals can be used in communications as carriers transmitting the digital information
and as spreading codes in spread spectrum communications. The basic idea of chaotic modulation
schemes is that the information to be transmitted is mapped directly to a wide-band chaotic
signal. Consequently, a new type of spread spectrum systems having low complexity can be
implemented using chaotic communications systems. Because of the wide-band property of the
transmitted chaotic signal, these systems are not sensitive to the frequency-selective fading caused
by multipath propagation.

Objectives of the research
In the past few years the research done in the eld of chaotic communications has studied the
following possible applications:

• secure communications systems using chaos;
• application of chaotic signals as spreading codes in conventional spread spectrum communications systems;
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• analog and digital chaotic modulation schemes.
At the beginning the research in the eld of modulation schemes considered only the coherent
analog and digital modulation schemes. As a result, a large number of techniques have been proposed for chaotic synchronization [CP91, CO93, Has95, SCC97, WC94] which is a type of chaotic
carrier recovery. However, the analysis of synchronization techniques showed that the methods
developed are very sensitive to channel noise, parameter mismatch, and signal distortion caused
by the communication channel [CY00]. Because of the sensitivity of chaotic synchronization, various techniques have been proposed in which there are no need for synchronization to perform the
communication [ASG00, KKC97, KKC98, KK00, STV00].
The digital chaotic modulation schemes can be divided into three categories:
[1] Modulation schemes developed using heuristic arguments which cannot be treated with the
theory of conventional communications systems. These techniques include, for example, the
inverse system approach [FHS96] and chaotic masking [ea92].
[2] Methods in which the exact knowledge of the chaotic system generating the transmitted
signal is used to perform the demodulation. In this case the information on the dynamics of
chaotic system is exploited [HS00, MF00, Sch98].
[3] Modulation techniques in which the digital information to be transmitted is mapped directly
to chaotic basis functions. An example of these methods is chaotic switching [KKJK02]
which is a special type of chaos shift keying [DKH93] modulation.
The modulation schemes developed in a heuristic manner have been analyzed by means of simulations. The results of these simulations have shown that the noise performance of these systems
lags far behind that of conventional modulation schemes.
The methods exploiting the dynamics of chaotic system may have better noise performance
than the previous techniques. However, even a small improvement in noise performance requires
a much more complex detector conguration.
Those techniques in which the information is mapped directly to chaotic basis functions show
similarity to conventional modulation schemes. The noise performance of these schemes can be
determined exploiting this analogy.
Considering a chronological order, digital modulation schemes using chaotic basis functions
were proposed as follows. The rst scheme with a coherent receiver called chaos shift keying
(CSK) was introduced in 1992 [PCK+ 92]. Many other chaotic digital modulation schemes based on
heuristic recognitions were proposed in the following years [FHS96, HGO93, SK95, WC93, Yan95].
A survey of the state of the art was presented at IEEE ISCAS conference in 1995 [Has95]. The
rst chaotic modulation scheme developed using communications approach was the dierential
chaos shift keying (DCSK) technique published by Kolumbán and Vizvári in 1996 [KVSA96]. The
optimized version of this scheme is the frequency-modulated dierential chaos shift keying (FMDCSK) modulation scheme [KKJK98]. Since then, the methods of communication theory [KKC97,
KKC98, KK00] and statistical analysis [ASG00, STV00, AGS98, SGK+ 00] have been applied
to chaotic digital modulation schemes, culminating in the development of chaotic counterparts
for conventional modulation schemes, and a theoretical classication and an understanding of
correlator-based chaotic modulation schemes [Kol00]. The state of the art has been summarized
in three publications [KKJK02, Ken00, KRS00].
The most important properties of chaotic communication systems are as follows. Chaotic
communications systems can be used in indoor radio environments and wireless local area networks
(WLAN), where the main problem is the selective fading caused by multipath propagation and
not the thermal noise of the receiver. This problem can be solved by spreading the spectrum of
the signal over a wide frequency band.

4

In chaotic modulation schemes the digital information to be transmitted is mapped to a wideband chaotic signal in such a way that the bandwidth of transmitted signal is much larger than
the bit rate. In this sense chaotic communications is a special type of spread spectrum systems.
The main advantages of chaotic communication systems are:

• Since chaotic signals can be generated by simple circuits in any frequency band and at
arbitrary power levels, a low-cost and low-complexity spread spectrum system can be implemented by means of chaotic modulation schemes.
• FM-DCSK modulation scheme does not require a linear channel.
• FM-DCSK system can transmit pure 0 and 1 sequences, i.e., there is no need for scrambler
circuit.
• Similarly to conventional spread spectrum systems, chaotic communications systems can
operate in presence of frequency selective fading caused by multipath propagation because
the transmitted modulated signal is spread over a wide frequency band.
• Due to the low power spectral density of transmitted signal, chaotic communications systems
cause low level of interference in other narrow-band systems sharing the same frequency band.
Consequently, low-cost spread spectrum systems can be implemented using chaotic modulation
schemes. The price of low cost is that chaotic communications systems have several disadvantages:

• Since robust chaotic synchronization technique is not yet available, chaotic basis functions
cannot be recovered at the receiver. In order to overcome this problem, dierentially coherent
demodulation technique is used in the built chaotic communications systems. The application
of this technique oers a very robust demodulator but it has no processing gain and has a
bit worse noise performance.
• Another problem arises due to the fact that chaotic signals of nite duration are not orthogonal: the chaotic communication systems in the original form cannot oer multiple access
capability. However, a limited multiple access capability can be achieved by exploiting the
orthogonality of Walsh functions.
To summarize the main properties of chaotic communications systems, we claim that chaotic
modulation schemes oer a robust, low-cost, and low-complexity spread spectrum system which
can oer limited services compared to conventional SS systems.
The importance of research done in the eld of chaotic communications was recognized by
the U.S. Army Research Oce (ARO). Because of the importance of this research eld, the
launch of a Multidisciplinary University Research Initiative (MURI) was proposed by U.S. ARO
[LZC96, dig98]. This project was started in 1998.
Meantime, an Esprit Open FET project entitled Innovative Signal Processing Exploiting
Chaotic Dynamics (INSPECT) nanced by European Commission was launched in 1997 [inn01].
The aim of this project was to nd applications of chaos in communications and watermarking. Research groups of seven European universities were collaborating in the INSPECT Project
towards the following goals

• Application of chaotic sequences as spreading codes in conventional spread spectrum communications systems;
• Design and implementation of a chaotic digital communication system;
• Application of chaotic signals for watermarking of digital pictures.
Budapest University of Technology and Economics was represented in the INSPECT Project by
the Chaotic Systems Team of the Department of Measurement and Information Systems. As a
member of this team, I was working towards the PhD degree in the framework of INSPECT and
OTKA T020522/1996 projects. The duty of our team was the
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• Development of the modulation scheme;
• Determination of theoretical noise performance;
• Elaboration of the optimum transmitter and receiver structures for the prototype chaotic
radio system;
• System level design of the radio;
• Development of an ultra fast chaotic communications system simulator. The simulator has
been also used in the design of integrated circuits for the prototype radio system.
The project was completed successfully in 2001. We have proposed the FM-DCSK modulation
scheme for implementation and determined the structure of the transmitter and receiver. Based
on our system level design and simulation, a prototype wireless local area network (WLAN) FMDCSK radio was built by the Helsinki University of Technology, which operates in the 2.4-GHz
Industrial Scientic and Medical (ISM) band. The custom-made integrated circuit for the FMDCSK modulator was designed and implemented by the research group of Centro Nacional de
Microelectrónica (Seville).
Of the duties of our team in the INSPECT Project, I was responsible for the

• Development of multilevel and multiple access capable FM-DCSK systems;
• Determination of low-pass equivalent model of possible modulation schemes, of which the
implemented scheme has been chosen;
• Development of a fast simulator based on the low-pass equivalent model for the analysis of
the dierent modulation schemes;
• Detailed analysis of FM-DCSK modulation scheme: the bit error rate (BER) was to be determined for dierent propagation conditions including AWGN channel and various multipath
environments;
• Elaboration of the receiver structure to be implemented and determination of the receiver
parameters.
Since my research was related to the these tasks of the Project, the main goals of my PhD
studies were as follows. My rst aim was the development multilevel and multiple access FMDCSK schemes because these services are required in wireless local area networks. At the time
of the determination of the modulation scheme to be implemented, no theoretical results on the
noise performance of chaotic modulation schemes were available. The comparative analysis of
dierent schemes had to be performed by means of simulations. Therefore my second goal was the
implementation of a fast simulator which can be used to calculate the bit error rate. To reduce the
simulation time I had to derive the complex low-pass equivalent model of the chaotic modulation
schemes. Using the simulator I had to analyze the selected FM-DCSK scheme in propagation
conditions that are typical in indoor radio environments and wireless local area networks. I
have determined the eect of receiver parameters on the BER; taken into account the maximum
implementation loss and the receiver complexity, I have chosen the system parameters for the
implemented receiver.
I have completed my PhD studies at the Department of Measurement and Information Systems
of BUTE. During the analysis of chaotic communications systems I encountered many problems of
signal processing which also appear in measurement. To solve these problems I used the textbook
of measurement edited by Prof. Schnell and written by the members of BUTE-DMIS [Sch94],
in particular, the chapters on measurement data processing [Dob94] and signal analyzers [Kol94]
were of great help.
One main application of chaotic communications is the indoor radio systems, where the main
problem is the selective fading similar to mobile communications. Therefore during the analysis
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of chaotic communications systems I used the results of Prof. Pap (Department of Telecommunications) achieved in the eld of mobile communications [Pap99].
I have surveyed the main properties of conventional modulation schemes before I analyzed
chaotic ones. To do this I used dierent books including the one written by Prof. Frigyes (Department of Broadband Infocommunication Systems) which discusses the theoretical and practical
aspects of digital microwave transmission [FSV80].
In my PhD studies I used the results of my advisor, Géza Kolumbán, in the eld of chaotic
communications. Since the FM-DCSK modulation scheme [Kol02] invented by him has been used
in the implementation of the INSPECT radio system, I mostly analyzed this scheme in my work. In
the FM-DCSK modulator the basis functions are generated by combining a frequency-modulated
chaotic waveform with the rst two Walsh functions. These basis functions are orthonormal. The
demodulation at the receiver is performed by a dierentially coherent detector, i.e., it is based on
the sign of the correlation between the two segments of transmitted signal. The bit error rate of
FM-DCSK is expressed as [Kol00]:
³ ´i
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¶ BT
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where the energy per bit and the power spectral density of channel noise are denoted by Eb and
N0 , respectively. The RF bandwidth and bit duration are given by 2B and T , respectively. I used
(1) to derive a number of theoretical results in my work.
Another important approach which I used in my research was the Fourier analyzer concept
[KLS03] introduced for chaotic communications. Starting from this description I derived the
energy detector conguration for the FM-DCSK scheme. The Fourier analyzer concept is based
on the fact that the detector observes the received signal over the nite interval (0, T ], i.e., for the
length of the bit duration. Consequently, the transmitted signal can be transformed to a periodic
signal with period T by repeating the signal. If the Fourier coecients of basis functions are not
accurately known at the receiver, then the demodulation can be performed only by a noncoherent
detector. This can be done by using the generalized maximum likelihood (GML) decision rule. In
this case the demodulation is performed by determining the energies of received signal measured
in the subspaces of each basis functions. The decision is made in favor of that symbol which
subspace receives the greatest energy.

Methods used
Although the chaotic signals are generated by deterministic systems, their behavior can be predicted only for short run due to their sensitive dependence on initial conditions. Therefore I used
the stochastic signal model introduced in the literature to analyze chaotic signals [Sch94].
I calculated the expected value, variance, autocorrelation and cross-correlation functions of
chaotic signals using the stochastic signal model. Theoretically, the cross-correlation of two chaotic
signals started from dierent initial conditions is zero. However, nite-length chaotic signals are
only approximately uncorrelated.
In binary FM-DCSK known from the literature, the orthogonality is ensured by the combination of chaotic signals and the rst two Walsh functions [Kol02]. I used this approach to develop
multilevel and multiple access capable FM-DCSK systems. I proposed an orthonormal signal set
of M elements by combining the chaotic signal with the rst M Walsh functions, i.e., by extending
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the FM-DCSK modulation to a larger signal set. This signal set can be used for the implementation of an M -ary modulation scheme or a multiple access scheme having M/2 binary channels.
Due to the orthogonality of basis functions, the BER is not degraded by increasing M provided
that all users are synchronized.
I have shown that in the multiple access FM-DCSK systems that exploit the orthogonality of
chaotic signals, the BER is degraded by increasing the number of users.
Modulation schemes can be analyzed by determining the observation signal, i.e., the input
signal of the decision device. Thus, their bit error rate can be derived [Hay94]. I analyzed the
multilevel and multiple access capable FM-DCSK systems using this approach. I have derived the
expression for the observation signal and compared it to that of binary and single-user FM-DCSK.
I have analyzed the terms of observation signals and shown that for certain parameter settings
the observation signals of binary single-user and multiple access capable FM-DCSK systems are
equivalent. Since the BER is known for single-user binary FM-DCSK, I could determine the bit
error rate of multilevel and multiple access capable FM-DCSK systems based on this equivalence.
I have analyzed the dierent chaotic modulation schemes by means of simulations. If the
simulation is performed directly in the RF band then the sampling frequency of simulations has to
be extremely high. The simulation time can be reduced by using the complex low-pass equivalent
model of the modulation schemes. In this model each RF signal is represented by its complex
envelope [Ric82]. The low-pass equivalent model contains all the information about the RF system
and its simulation requires much lower sampling frequency.
Since the simulator operates in the discrete time domain, I transformed each block to its
discrete-time equivalent. For example, I determined the discrete-time equivalent of the lters
using the bilinear transformation. I used the additive white Gaussian noise model applied to the
analysis of communications systems. I implemented the simulator in Matlab environment and
wrote the numerically intensive computations in C subroutines.
I have analyzed the implemented FM-DCSK system under multipath propagation conditions
using channel models of indoor radio systems and wireless local area networks. I performed the
simulations by means of the multipath channel models developed by Personal Communication
Services (PCS) Joint Technical Committee (JTC) [PL95].
During the design of the FM-DCSK receiver I determined the values of the parameters such that
I evaluated their eect on the noise performance. I have derived the expression of observation signal
in presence of frequency error and shown that the eect of frequency error on the bit error rate
can be reduced by decreasing the bit duration. I have also determined the variance of observation
signal as a function of the sampling frequency of the correlators and derived an approximate
expression for the bit error rate. During this derivation I approximated the observation signal by
Gaussian distribution. I modeled the eect of quantization by means of the quantization noise
approach known from the literature [Sch94] and derived the approximate expression using this
model.
I veried all the theoretical results by simulations.
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Claims
Claim I: Improved versions of FM-DCSK modulation scheme
The main application of FM-DCSK communication system is the wireless local area networks,
where systems have to oer multiple access capability. In many applications multilevel modulation
schemes are needed to improve the data rate. These problems both can be solved by developing
large orthonormal signal sets.

I/1. I have developed an FM-DCSK signal set exploiting the orthogonality of chaotic signals
and a detector structure to implement a multiple access scheme (Section 4.1 of the thesis,
related publications of the author: [10], [32])
The idea of the method proposed is that the autocorrelation function of chaotic signals decays
rapidly, and two innitely long chaotic signals started from two dierent initial conditions are
orthogonal. Exploiting this fact I developed a signal set having approximately orthogonal elements
by segmenting the transmitted signal.
I have proposed a detector structure for the demodulation of this signal set by modifying the
FM-DCSK receiver. Due to the approximate orthogonality of the elements of the signal set, each
receiver is sensitive to the signal of the corresponding transmitter.
I have derived the bit error rate of the system proposed using (1):
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where the number of users is given by U and the power of the transmitted signal of uth user is
denoted by Psu . I have shown that the disadvantage of this method is that the level of interference
in the channel increases and the bit error rate is degraded when the number of users is increased.

I/2. I have introduced an orthonormal signal set by combining a chaotic signal and Walsh
functions (Section 3.3.1, [6], [40])
Since nite length chaotic signals are only approximately orthogonal, the BER of the system
discussed in the previous point is degraded by increasing U . The two basis functions of binary FMDCSK are exactly orthogonal and the orthogonality in ensured by the rst two Walsh functions.
Therefore I have proposed a set of orthogonal basis functions having M elements, in which the
basis functions are generated by combining a chaotic signal and the rst M Walsh functions. This
set of basis functions can be used to construct either an M -ary multilevel modulation scheme or
a multiple access capable system having U = M/2 binary channels.

I/3. I have developed a coherent detector based on the recovery of chaotic basis functions for
multiple access capable FM-DCSK (Section 4.2.1, [6])
I have proposed a technique for the recovery of orthogonal basis functions in the multiple access
FM-DCSK system. The demodulation is performed by a coherent receiver using the recovered
versions of chaotic basis functions.
I have derived the expression of observation signal and shown that the bit error rate of each
FM-DCSK channel is improved by increasing the number of users. The reason is that the level of
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noise is reduced by averaging performed in the basis function recovery block.

I/4. I have introduced the energy detector conguration for multilevel and multiple access FMDCSK systems (Section 3.3.2, [40])
Using the GML decision rule and the Fourier analyzer concept, I have proposed an energy
detector conguration for the demodulation of FM-DCSK signals. I have shown that in binary
case the bit error rate of energy detector is equal to that of dierentially coherent detector, while
in the M -ary case the energy detector has a better noise performance. The reason of lower BER
in the M -ary case is that the detection is based on a symbol consisting of M bits. Using (1) I
have determined the BER of this detector:
³ ´i
Eb
¶ 2BTX
µ
/M −1
2BT /M −1
X 1 µ j + 2BT /M − 1 ¶
2N0
1
Eb
BER = 2BT /M exp −
(3)
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Claim II: Implementation of a fast simulator for the analysis of chaotic communication systems, determination of the noise performance of FM-DCSK
in indoor radio environments
I have developed a fast system-level simulator to calculate the bit error rate of the FM-DCSK
system implemented in the framework of the INSPECT Project. To speed up the simulator, I have
determined the complex low-pass equivalent models of dierent chaotic communications systems.
The bit error rate is calculated in the simulator in an iterative way. I have derived a theoretical
expression for the block length to be transmitted in one iteration.
Using the simulator I have analyzed the INSPECT FM-DCSK system in detail. I have determined the bit error rate using standard multipath channel models developed for wireless local
area networks and indoor radio environments.

II/1. I have determined the complex low-pass equivalent model of chaotic communications systems (Section 5.1, [3], [4], [7], [22], [29], [30], [31], [41], [42])
Although the low-pass equivalent models of conventional communications systems are known,
these models cannot be applied directly to chaotic systems. The following chaotic modulation schemes known from the literature are considered in the thesis: CSK+AM/DSB-SC,
COOK+AM/DSB-SC, DCSK+AM/DSB-SC, DCSK+FM, and FM-DCSK. Using the analytic
signal approach, I have derived the complex low-pass equivalent models for these modulation
schemes. Since the RF carrier is removed from the model, the simulation time is reduced considerably if these low-pass equivalent models are used.

II/2. I have determined the block length transmitted in one iteration in the simulator (Section
5.2.3, [7], [24], [27], [29], [30], [31])
The bit error rate is calculated in an iterative way in the simulator. Since the chaotic signal
generator subroutine is relatively slow, no new chaotic signal is generated in each iteration, but
the same frequency-modulated chaotic signal is used in each iteration.
The chaotic FM signal transmitted in one iteration has to be long enough to represent an
innitely long signal, i.e., the error in the BER due to the nite length has to be negligible.
The transmitted signal is considered to be long enough if its power spectral density approximates
that of an innitely long signal with a suciently small error. This problem is of importance
in multipath propagation because in this case the bit error rate depends on the shape of the
spectrum.
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I have determined the maximum mean square error of power spectral density estimation for a
frequency-modulated chaotic signal:
µ
¶4
2
∆f
²max =
+ 0.052
(4)
∆f Te
B
where the bandwidth of band-pass lter used in the estimation is denoted by ∆f , and the length of
signal block transmitted in one iteration is given by Te . ∆f depends on the frequency response of
multipath channel, and for indoor channels ∆f ≤ 74.77 kHz. If the maximum of mean square error
is equal to 0.002, then the length of signal to be transmitted in one iteration is Te = 13.375 ms.

II/3. I have determined the bit error rate of FM-DCSK system in WLAN and indoor radio
applications (Section 5.4, [3], [4], [7], [25], [26], [31], [35], [44], [45])
In wireless local area networks and indoor radio systems the main problem of communications
is the frequency-selective fading caused by multipath propagation.
Using the simulator and the channel models developed for WLAN [AB00, HW01], and indoor
radio environments [PL95] by Personal Communication Services (PCS) Joint Technical Committee (JTC), I have evaluated the BER of INSPECT FM-DCSK system under these propagation
conditions.
The average degradation of bit error rate compared to AWGN channel are summarized in the
Table below for worst-case propagation conditions, i.e., when the attenuation of the channel is
larger than 100 dB.
Type of
environment
WLAN
Oce
Residential
Commercial

Average degradation
of bit error rate
4.8 dB
8.3 dB
6.8 dB
9.8 dB

By means of these simulations I have shown that the FM-DCSK radio system is very robust
and it can be applied in WLAN and indoor radio systems.

Claim III: System-level design of the INSPECT FM-DCSK receiver, determination of the main system parameters
The design of the receiver of FM-DCSK radio implemented in the INSPECT Project is discussed here. According to the decision of the INSPECT consortium, the prototype FM-DCSK
radio has been implemented using the PRISM II chipset of Intersil [Int99].
The main problem of the receiver design was how to implement the FM-DCSK demodulator
using PRISM II integrated circuits. I have shown that the FM-DCSK detector can be transformed
to an equivalent detector, which can be implemented using the chipset.
During the design I have determined the main parameters of the receiver. I have examined
the eect of phase- and frequency error on the operation of the receiver. I have determined the
sampling frequency of the correlators and the resolution of A/D converter.

III/1. I have transformed the FM-DCSK detector in such a way that it could be implemented
using PRISM II chipset (Section 6.2, [3], [4], [7], [22], [29], [30], [31], [41], [42])
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PRISM II chipset is used to implement wireless transceivers. The receiver of this chipset is
based on a superheterodyne architecture, which oers a safe solution to the implementation of FMDCSK receiver. The analog part of PRISM II, i.e., the quadrature mixer, provides the quadrature
components of the received signal. The demodulation is performed by using the digitized versions
of these signals.
The theoretical block diagram of FM-DCSK detector consists of a radio-frequency correlator
and a decision circuit. I have transformed this block diagram to that of an equivalent detector and
have shown that the demodulation can be performed using the quadrature components generated
by PRISM II.

III/2. I have determined the eect of phase- and frequency error (Section 6.3.1)
Since the demodulation in FM-DCSK is performed without carrier recovery, the phase- and
frequency error between the oscillators at the transmitter and receiver degrades the noise performance. I have derived the expression of the observation signal as a function of phase- and
frequency error. I have shown that the observation signal depends exclusively on the frequency
error. Furthermore, I have shown that both the observation signal and the bit error rate depend
on ∆ωT , i.e., the eect of frequency error can be reduced by decreasing the bit duration.

III/3. I have determined the sampling frequency of correlators (Section 6.3.2)
An important question of the receiver design is the determination of the sampling frequency
of correlators. I have derived an approximate expression for the bit error rate as a function of the
sampling frequency:
!
Ã
1
Eb fcorr
BER = erfc p
(5)
2
2Var[z]
where the sampling frequency is denoted by fcorr . The variance of observation signal is obtained
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where the autocorrelation functions of the quadrature components of the transmitted signal are
denoted by RsI (h) and RsQ (h). The autocorrelation function of the in-phase component of the
ltered noise is given by RnIf (h). Based on these theoretical results, I have set the sampling
frequency of the correlators to 20 MHz.

III/4. I have determined the resolution of the quantizer (Section 6.3.3, [33], [34])
Since the quadrature components of the received signal are digitized before demodulation,
another important question is the determination of the resolution of the quantizer. I have modeled
the eect of quantization by the quantization noise known from the literature [Kol94]. Based on
this model and using (1), I have derived an approximate expression for the BER of FM-DCSK:
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where

Eb
Eb /N0
=
N0 + N0q
1 + 2(Eb /N0 /T + 2B)/(3 · 4Rr fcorr )

and

Beq =

1 + 2(Eb /N0 /(2BT ) + 1)/(3 · 4Rr )
1/B + 4(Eb /N0 /(2BT ) + 1)/(3 · 4Rr fcorr )

where the resolution of the quantizer is denoted by Rr and the sampling frequency is given by
fcorr . Using these results I have set the resolution of the quantizer to 6 bits.

Practical applications of the results
Most of the results achieved in my PhD studies have been used in the INSPECT Project during
the design and implementation of the chaotic communication system [inn01]. Based on the system
design completed by our group, the FM-DCSK radio system has been built by the research groups
of Helsinki University of Technology and Centro Nacional de Microelectrónica (Seville). The main
parameters of the implemented radio are:

•
•
•
•
•

data rate: 500 kbit/sec;
carrier frequency: 2,474 GHz (ISM frequency band);
total RF bandwidth: 17 MHz;
bit error rate: 10−3 at Eb /N0 =14,5 dB;
superheterodyne architecture.

In FM-DCSK, the transmitted signal is a wide-band signal and the level of power spectral density is
low; therefore this system can be used in indoor radio applications operating in the ISM frequency
bands. Due to its novelty, the FM-DCSK communication system has been patented in 1999
[KKKJ99].
The multilevel and multiple access FM-DCSK systems proposed by me provide a solution to
the requirements emerging in indoor radio systems. The main advantages of the solutions proposed
are that the bit error rate is reduced by increasing the number of levels and users. Furthermore,
the improved versions of the modulator and demodulator blocks can be implemented easily.
The low-pass equivalent models of dierent chaotic modulation schemes have been used directly
in the implemented simulator. Due to the application of these models, the simulator developed is
very fast; it operates with a speed of 500 bit/sec using a normal PC.
The simulator played an important role in each stage of the Project. When the modulation
scheme to be implemented was selected, the dierent schemes were analyzed and compared using simulations. The FM-DCSK system selected for implementation was analyzed by means of
simulations for dierent parameter values under various propagation conditions. The parameters
of the implemented system have been determined based on simulations and theoretical results.
There were no theoretical results available for the multipath performance; therefore I have shown
by simulations that the FM-DCSK system is very robust and can be used in indoor radio environments. A modied version of the simulator was used in the INSPECT Project to test the
integrated circuit developed by the research group of CNM. The simulation results have been
veried by measurements performed on the implemented radio system.
The design of the FM-DCSK receiver and the determination of the main parameters are presented in the third part of the thesis. The radio receiver has been implemented using the architecture and parameter values proposed in the thesis. The radio-frequency circuits, i.e., the RF
mixer and the quadrature IF mixer, have been implemented using the ICs of Intersil PRISM II
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chipset. The channel lter operating at IF is implemented by a surface acoustic wave lter. The
demodulation performed after the analog-to-digital conversion is done by two digital correlators
implemented by FPGA device. The values of sampling frequency and resolution determined in
the thesis have been used in the implemented circuits.
The receiver designed in the thesis has been built by the research group of Helsinki University
of Technology led by Prof. Veikko Porra; the photo of the receiver is shown in Fig. 1. The
operation of the built FM-DCSK radio has been demonstrated at ECCTD conference in 2001.

Figure 1: The receiver of FM-DCSK radio system implemented by Helsinki University of Technology.
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