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Abstract—Radio communications via channels already occu- Il. THEORETICAL PERFORMANCE BOUND OF

pied by conventional telecommunication systems can be ebta CHAOS-BASED COMMUNICATION
lished only by Ultra-WideBand (UWB) radio where the spectrun . L . ..
of transmitted signal covers an ultra-wide frequency band.The In the literature, the type of circuit generating the carie

power spectral density (psd) of transmitted UWB signal is ex used to classify the data communication systems. According
tremely low and does not cause any noticeable interferenca the  to this conventional approach we distinguish sinusoicedel,
conventional telecommunication systems. The paper compe¢ chaos-based and noise-based systems.

the chaos-based and UWB impulse radio systems and shows that ; : : : ;
chaotic carriers can be usedpfor the imp?/ementation of UWB However, if the theoretically attainable BER is considered
radio. then the conventional approach cannot be used. Instead, a

signal processing approach has to be used where two types
. INTRODUCTION of carriers are distinguished: communication with (i) fixed
o . ) (ii) continuously varying waveforms [1].
Chaoup S|gnals are u!tra.—W|deband signals that can bg 9€N1n the first approach, each symbol is mapped into a unique
erated with simple circuits in any frequency bands at abjtr 5y fixed waveform. The transmission of identical symbols
power level. The ultra-wideband property of chaotic cagie |eqits in the transmission of a series of identical wavefor

beneficial in indoor and mobile applications where multipatryeefore, this approach is referred to as communicatiah wi
propagation limits the attainable Bit Error Rate (BER). T@yeoq waveforms. The method of generation of waveforms
exploit this feature of chaotic carriers, chaos-basedtaligiis jrelevant, the carrier can be a deterministic signal or a
communication schemes have been developed. Unfortunat@hf, yowed chaotic signal stored in a memory.
the Quality of Service (QoS) achieved by chaos-based sgstem, the second version of waveform communications the
lags behind that of the conventional ones when high data rlgjer is the actual output of a chaotic signal generator,
and a high BER are required. consequently, it is a continuously varying waveform. Even i
Until this time the research efforts have focused on thfe same symbol is transmitted repeatedly, different dbaot

search for an optimum chaos-based modulation scheme, whjlg eforms are radiated. This paper is devoted to this agproa
the channel conditions and application requirements have {ynich is referred to as chaos-based communications.

been considered. However, the correct way to find applinatio |, digital communications, the elements of signal set car-
for chaos-based communications is that first the theoﬂetiq@ing the different symbols pass through the radio channel
performance limit of chaos-based communications and the which they are corrupted by noise, may suffer from dis-
reasons which limit the system performance have to be id&ggtion, interference and multipath. Observing the cotedp
tified. Then those applications have to be collected wheze thng gistorted received waveform for the interval of symbol
disadvantages of chaotic carriers are irrelevant or nétég qyration, the detector decides which message has most likel
Recall, the types of carrier and modulation scheme shoylden transmitted. The priori information, i.e., the knowledge
be always matched to the channel conditions and appllcat@psigna| set is exploited by the detection algorithm to sepp

requirements. channel noise and interference. A rule of thumb: the less the
To find an adequate application for chaotic carriers first thy priori information exploited, the worse the BER. To get

paper surveys the theoretical performance bounds of chaggs theoretically attainable noise and interference seggion

based communication systems, then discusses the apmiicafiapability of a chaos-based system, the maximum amount of

requirements of sensor networks and embedded systems, Bp@inablea priori information has to be determined.
possible applications for chaos-based communicationsllij

the BER performance of the impulse radio, a conventional so- Block diagram of a receiver
lution to UWB radio, and chaos-based communication systemsThe general block diagram of a digital waveform commu-
are compared. nication receiver is shown in Fig. 1. The transmitted signal
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Noi ceived Noi iltered Observati . . . . . . .
onsy receive oisy filtere Thservaioh — words, the signal dimension gives the dimension of Hilbert
signal signal signal or vector X . . X X
P () = sm(t) +n(t) Sm(t) + 7(0) Zm space which is required to represanty signalappearing at the
o % Detector 1} _ detector inputover the observation time intervalhe signal
T . . . .
dimension is obtained as [1]
Channel (selection) I SD = 4BT . (2)
filter A priori in formation
2B on the elements of signal set Note, the signal dimension is independent of the center fre-

guency of telecommunication channel, it is determined gy th

Fig. 1. General block diagram of a digital waveform commatian receiver. product of channel bandwidth and bit duration.

C. Characterization of basis functions

sm(t) is corrupted byn(t) that may be either a white Gaussian A weighted sum of a few basis functions are used in digital

channel noise or an interference. To select the signal to p&nmunications to generate each element of signal set [2].

receivedy () = s (t) +n(t) is fed into a bandpass channel o ) qis functions are assigned by the modulation scheme,
filter of RF bandwidth2B. The observation time period andconsequently they are priori known

channel filter bandwidth are identical to the symbol durmatio According to the Fourier analyzer concept, the received

an_lqhba(rjldmdth ofbtransmlttr? d fs_llgnag resp(_ectg/ely.N signal space is constructed from the observation time derio
_he etector observes t e filtered received signalt) T Tanditis spanned by the the harmonically related
n(t) over the symbol duratiofi and generates the observation

variable z,,; it may be either a random scalar number or a cos(kz—wt) and sin(kz—wt) (3)
random vector. The decision time instants, the symbol chrat

T and the RF bandwidtBB of transmitted signak,,(t) are functions, whereK; < k < K, = K; + Sp/2 — 1.
always known at the receiver. Constantds; and K5 are determined by the lower and upper,
L . respectively, cut-off frequencies of bandpass channekfilt

B. Exact model of detection: The Fourier analyzer concept Let thenth basis functiory! (¢) be projected to the received

The study of detection process requires the definition ofsignal space. Then its image, i.e., its Fourier coefficiames
received signal spade which each signal, either deterministic

T
or random, arising from c_hanrjel filter_may be exactly repre- al, :E/ g% () COS(k2—7Tt)dt,
sented over the observation time period. To get the simplest T Jo ' T 4)
model, a discrete and finite-dimensional signal space nmaist b « _2 T £ si k2—7rt)dt
constructed. LA 97, (t) sin( T at

In the Fourier analyzer concetl] a Hilbert space spanned
by the harmonically relatedos(-) andsin(-) functions is used
to construct the received signal space, the inner produstmf
functions is defined as their cross-correlation evaluatest o p p o ¢ . 2T
the observation time and the norm of a signal is the square 97.(f) = > [O‘nk cos(kt) + o sin(k-st) |- (5)
root of its energy received during the observation time qukbri k=K1

To get a discrete Hilbert space, a periodic signal mukike 77, (¢) in (1), the periodic functiory?., (t) is identical
be constructed from the received noisy and filtered signaith the basis functiog? () over the observation time period.
Tm(t) = S, (t)+7n(t). Since the detector observes the received The upper index; in (5) reflects that the basis functions
signal only over the symbol duration, from the detectiompoi are continuously varying in chaos-based communicatiams. |
of view a periodic signal of perio@ may be constructed usingfixed waveform communication the basis functions are fixed,

Fn(t) = { Fon(1), foro0<t<T B therefore,q is dropped.
Tym Tm(t —CT), otherwise D. Chaos-based communications: An inevitable lossain

where C is an arbitrary nonzero integer. Note that the ap- Priori information
proximation introduced by (1) does not cause any distortion A priori information is exploited by the detection algorithm
from the detection point of view as the periodic sighal,,(t) to suppress the effect of channel noise and interference. Th
coincides with waveforny,,,(t) on the interval0 < ¢t < T  detection may be performed even if only a very limited amount
where the detector observes the signal. of a priori information is available or exploited at the receiver,
The dimension of received signal space has to be determired the less tha priori information, the worse the BER.
next. Figure 1 shows that the waveform observed by theThe sources o# priori information are the basis functions.
detector is a bandpass signal, consequently, the perimgials In the Fourier analyzer concept, the measure of available
defined by (1) is also a bandpass signal. a priori information relates to how precisely the Fourier
By definition, the signal dimension gives the number of hacoefficients of basis functions are known at the receiver.
monically relatedsin(-) andcos(-) functions along which the If a coherent receiver [2] is used in fixed waveform commu-
receiver collects information on the received signal. Ihest nications then the basis functions, i.e., its Fourier coigffits
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By means of the Fourier coefficients, théh basis function is
obtained in the received signal space as
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are exactly known at the receiver. Consequently, thesemgst « The power consumption is essential, a radio node must
offer the best BER over an additive white Gaussian noise operate at least for two years using an AAA-type battery.

(AWGN) channel [2]. o The price must be below USD10.00, consequently,
In the case of chaos-based communications two inevitable CMOS technology has to be used for implementation.
sources of losing priori information exist: The application of RF analog filters should be avoided.

1) Because the behavior of chaotic signals can only be Due to the ultra-low power consumption, low price and
modeled by stochastic signal model, the chaotic basis CMOS technology, only very simple system architecture
functions have no Fourier transform, instead, they have can be used. The application of complex modulation
only power spectral density. Consequently, the phase schemes and the usage of complex quality improvement
information is lost and only the magnitudes of Fourier ~ techniques (see rake receiver as an example) are not
coefficients defined by (4) are available. allowed.

2) The upperindex in (4) indicates that the Fourier coeffi- ¢ The overall network has to work without an infrastructure
cients are random variables. During the development of and it must have a self-organizing and self-healing capa-
detection algorithm, i.e., the receiver design, we can use bility in order to establish and maintain ad-hoc networks
only the mean value of Fourier coefficients to distinguish ~ without any human interaction.
the desired signal from noise and interferences.

Chaos-based communication systems suffer from an in-

evitable loss ira priori information. Consequently, their BER By now, telecommunication engineers have run out of
always lags behind that of the fixed waveform communicatidhe empty radio frequency bands where cheap CMOS radio
systems. If a potential application is searched for the shadransceivers may be implemented. The only way that makes
based systems then such applications should be found wH&@ accommodation of new radio communication systems
the theoretical loss im priori information is less important. Possible is the frequency re-use, where a new radio system
operates over a frequency band that is already occupied by
conventional, mostly narrowband, telecommunicationeyst
To avoid the interference caused in the already existing con
The main conclusion of previous section is that chaos-basashtional systems the spectrum of the new radio system must
communications cannot be used if (i) very low BER and (iipe spread over aunltra-wide frequency band
high data rate are must. As shown in Fig. 2, the Power Spectral Density (psd) of
However, there are many other applications such as wirelgsguivalent Isotropically Radiated Power (EIRP), measured
networking devices of embedded systems or sensor netwovki¢h a resolution of 1 MHz, must be less than -41.3 dBm [6].
[3], [4] where the average data rate is very low, the Qo%o calculate the maximum allowable radiated EIRP we have
is assured by an acknowledgment protocol and the powerconsider that the bandwidths of narrowband and wideband
consumption is one of the main challenges of implementatiadwB systems are 500 MHz and 2 GHz, respectively. The
These systems are referred to as Low Rate-Wireless Persari@®P of UWB systems is extremely low, for the narrowband
and Low Rate-Wireless Local Area Networks (LR-WPAN andnd wideband systems its values are @K and 148uW,
LR-WLAN, respectively) in the literature. WPAN and WLAN respectively.
systems differ in the coverage range, the former is interided
cover an area in which a human being operates (typical range

IV. ULTRA-WIDEBAND RADIO

IIl. POSSIBLE APPLICATIONS OF CHAOSBASED
COMMUNICATIONS COMMUNICATION

goes from 15 m to 30 m, this range is referred to as picocell), ks i
while the latter one covers a microcell where the typicagean sl | Feohaged \
of coverage is about 100 m. E \',j“ \

The most important application-specific requirements of % -50 EfSiindooy ) \‘

LR-WPAN/LR-WLAN applications are as follows: 3 T~ 1\

» These mobile communication systems are used in indoor, g e / : ‘\‘
where the time-variant channel suffers from multipath £ _s0 1097 —613dBm 1
propagation [5]. & H a1 ko y’

« There are no dedicated frequency bands for the users, § -85 ; s ETSIIjandheld
communications has to be established in the ISM fre- > 70 as |/
guency bands or the already occupied frequency bands band ,:' 1.66 GHz
have to be re-used. _78 Y g g I -

« The required average data rate is very low and some o6 & S . RS \
latency time (about 10 ms) can be tolerated. 0 o'

« According to the Standards IEEE 802, these systems Froquency (GHz)

operate with with variable-size packets. . 2. Emission limits for handheld and indoor UWB systenfisveed
« The raw BER is not a big issue because the QoS ti§ the European Technical Standards Institute (ESTI), ethsiurve, and the
assured by an acknowledgment protocol. Federal Communications Commission (FCC, USA), solid ciéle
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The frequency band allocated to the UWB devices go8 Chaos-based UWB radio

from 3.1 GHz to 10.6 GHz. By definition, the UWB transmitter coOK with energy detection and FM-DCSK with TR-based
is an intentional radiator that, at any time instant, has gtocorrelation receiver were proposed for the implenténta
fractional bandwidth greater than 20% or an UWB bandwidiff and were used to build chaos-based data communication

greater than 500 MHz. On the other hand, UWB regulatioRgstems a long time ago. For a survey of chaos-based com-
specify only the maximum emission limit and minimumyynication systems refer to [9].

bandwidth and say nothing about the type of carrier and thej, chaos-based systems the communications is performed

V. COMPARISON OF CHAOSBASED AND IMPULSE RADIOS energy detection approach and the autocorrelation regeive

Since the UWB regulations give only the rule under whictpgether Wi_th its variants, can be used to recover the digita
the assigned frequency band may be accessed, the UWBSSage signal.
carrier may be either (i) an impulse or (ii) chaotic waveformc  performance comparison

A. UWB impulse radio If OOK with energy detection or TR-based autocorrelation

In a strict sense the spectrum of an UWB pulse covefgceivers are used then the same amourzt pfiori informa-
the entire frequency band. Definition of UWB bandwidth antion is exploited in both the chaos-based system and UWB
constraints on radiated UWB signal are shown in Fig. 3. impulse radio. Consequently, the noise performances of the
two solutions are identical.

UWB impulse radio may use another noncoherent modu-
lation scheme, the PPoM with template detection. The noise
performance of PPoM with template detection was evaluated
in [10] and was found that its performance is very close to
or slightly worse than that of the TR-based autocorrelation
receiver.

_Emission mask
-41dBm/MHz

10dB

bandwidth
Mask corner
I

fe fu

20dB

V1. CONCLUSION

Only noncoherent receivers can be used for demodulation
in both UWB impulse radio and chaos-based communication
systems. Therefore, the system performances of the twe solu
tions are almost identical.

The generation of an RF UWB pulse with CMOS circuitry
is a very hard problem. If simple RF chaotic signal genegator

One of the main challenges in UWB impulse radio is th#ill be developed then chaos-based systems will offer a
generation of an UWB pu'se that satisfies the emission md&tter SO|uti0n to the implementation Of UWB Communication
plotted in Fig. 3. Because of their excellent spectral proge SYystems.
the following UWB pulse shapes are considered during the
theoretical investigation: (i) Gaussian pulse [7], (i@duency-
shifted bell-shaped Gaussian pulse [6], (iii) monocyclednd
(iV) doublet pulse [7] Signal Processingvol. 24, no. 5, pp. 451-474, September/October 2005.

After having generated a modulated UWB pulse satisfyind2] S. Haykin, Communication System3rd ed. Wiley, 1994.
the emission mask, an optimum UWB receiver has to b ] M. Haenggi, Wireless Sensor Networksl|EEE Circuits and

3.1GHz It

Fig. 3. Definition of UWB bandwidth and constraints on raeétUWB
signal in the frequency domainf;, and fy denote the lower and upper,
respectively, cut-off frequencies.
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