UWB Radio: A Real Chance for Application of Chaotic Communications

Géza Kolumlan' and Tanas Kébesz

tDepartment of Measurement and Information Systems, Bugd&jpreversity of Technology and Economics
H-1521 Budapest Pf. 91, Hungary
Email: kolumban@mit.bme.hu, tomkrebesz@gmail.com

Abstract—For lack of empty radio bands, ultra-widebandvarying even if the same information bit is transmitted re-
(UWB) radio that allows the reuse of already occupied frequencgeatedly.
bands is the only solution to accommodate new wireless data For the sake of simplicity, only binary systems are con-
communication services. The recovery of the very short angidered here. Two classes of modulations exist in UWB ra-
extremely wideband wavelets used in UWB radio is not feasidio, namely, one information bit may be mapped to (i) one
ble. This is why noncoherent demodulation techniques have tar (ii) two wavelets.
be used. Introducing a general model for the noncoherent UWB
modulation schemes the paper evaluates and compares the ndsk. Structure of modulated UWB signals
performances of the noncoherent pulse polarity modulation and pjodulation schemes using one wavelet

the transmitted reference system. Closed-form expressions ¥Re structure of UWB modulations using one wavelet is
given for the noise performance of both modulation schemes. A%‘hown in Fig. 1, where(t) denotes the wavelet having an
though the former requires a deterministic carrier, the TR SySteglrbitrary waveformT, is the wavelet duration artgs is

may use either deterministic or chaotic wavelets. the pulse positioning in a pulse biiyn. The pulse bin de-
notes the time elapsed between two consecutive wavelets,
its duty is to prevent intersymbol interference in a multi-
path channel. Pulse positioning, amplitude and polarity of

Frequency band allocated to UWB radio extends frorf# Wavelet may be varied in accordance with the modula-
3.1 GHz to 10.6 GHz. Since conventional narrowband sy$lon- Since the pulse polarity modulatiorffers the best
tems have been operating in that frequency band, the pow@ise performance, only the pulse polarity modulation is
transmitted in a 1-MHz bandwidth is limited to -41.3 dBm.considered here.

The bandwidth of transmitted UWB signal must exceed 9(1)
500 MHz. —

Since the recovery of UWB wavelets is not feasible, t
the following noncoherent UWB modulations schemes are
considered here: (i) noncoherent pulse polarity modutatio
where a frequency-shifted bell-shaped Gaussian wavelet is Thin
transmitted, (i) TR system with deterministic wavelets,
and (i) frequency-modulated chaos-shift keying (FM-Figure 1: Structure of UWB modulation using one wavelet.
DCSK) modulation scheme.

: . Modulation schemes using two wavelets
The noise performance of noncoherent chaotic comm

nication schemes lags behind that of coherent conventio#glth'ts). c_as;ce two yvavellt_art]s, ?alledhc_:hlps, are used toftransm|t
systems. Since coherent communications cannot be impfé?ﬁ ;th'n ormat:jon. € .'rSttr(]: |.pfservet§ as a reterence,
mented in UWB application, the advantage of conventiondl '€ the Second one carries the information.

systems over the chaotic ones is lost. Furthermore, in UWBhThe sf[rugturetof modul;:ed signal I'STSh(.)Wth ';'.g' 2,

application extremely wideband carriers are required an‘é\! ertg 9(®) dir'll'o >esTan arbi :ﬁwdw?ves ?h IS ti ¢ 'FfJ

low cost transceivers featuring extremely low power conUration anci = Ten gIVEs the delay between the reter-
gee and the information bearing chips. The best noise per-

sumption are needed. These requirements may be fulfill . ) ; :
with chaotic systems. This is why UWB radidfers a real ormance is achieved by the antipodal modulation scheme,
: where the information bearing wavelet is equal to the de-

chance for the application of chaotic communications. : :
PP layed reference one for bit “1,” and to the inverted and

delayed reference wavelet for bit “0.” This modulation
2. Modulation schemes scheme is frequently referred to as transmitted reference
(TR) system.

The digital information to be transmitted is mapped to The unique feature of a TR radio system is that the ref-
wideband wavelets of very short duration in UWB radioerence chip is not recovered at the receiver but it is trans-
The wavelets have a fixed waveform in impulse radio [linitted via the same telecommunication channel as the in-
and they are chaotic signals in chaotic UWB radio [2]. Ifformation bearing chip. This solution makes the TR radio
the latter, the shape of transmitted wavelets is contirljyoussystem very robust against the linear and nonlinear channel

1. Introduction

tpas Tch




gt = AT) for bit 1" istic wavelets are shown in the time domain for the band-

_I ¢ widths of 500 MHz and 2 GHz in Fig. 3. Although the du-
E‘J ration of wavelets is infinite, their power decreases rapidl
AT f--t as a function of time, consequently, a finite wavelet dura-
—g(t — AT) for bit "0” tion may be defined.
Thm

Figure 2: Structure of modulation using two wavelets.

Amplitude

distortions, but it has a serious drawback: both the refer-
ence and information bearing chips are corrupted by the
channel noise. The noisy reference chip results in a noise
performance degradation.

The fact that the reference chip is transmitted via the
same telecommunication channel is generally considered
as a disadvantage, since it is considered only as a loss in
transmitted energy per bit. This statement is valid if an
AWGN channel is considered. However, the real channels T
of channel distoron, the moduiatod carier has fo be aog SU1E 3 Bellshaped Gaussian pulse with 00 Mz (up-

X ' . . . Eer trace) and 2 GHz (lower trace) RF bandwidths.
related with a reference signal distorted in the same mah-
ner as the modulated carrier to get the best system perfor- \wg radio with chaotic wavelet
mance. A correlation with the original distortion-free-ref
erence results in a performance degradation. Since in a

sys(,jtem bt?]th the reégrtenfe ar:r:j 'r_;fgrmatt';;ebearl;n%Ch'%?gnal is applied to the modulation input of an FM modula-
undergo the same distortion, the SYS G a beter 4, Although in the original version of FM-DCSK the chip

system performance when distortion is present in the ChaHl'JrationTch and delayAT are identical [3], the reference
nel, provided that the loss caused by the noisy referen '

%hd information bearing chips may be separatéd> Ty,

ch!p is less than the gain arsing dL.je 0 the_ perfept cos prevent intersymbol interference (1SI) in UWB applica-
lation of the reference and information bearing chips. Th on. The former assures the maximum data rate. while the

reference chip should be considered as ateSt signal use tRer prevents the intersymbol interference caused by the
measure the actual channel characteristics. Consequen’]%mtipath channel

the TR system may be used even in a time-varying channe
for data communication.

Amplitude

_ll FM-DCSK, the wavelefy(t) is a frequency modulated
s%nal. This signal is generated in such a way that a chaotic

] ] 3. UWB demodulator configurations

2.2. Wavelets used in UWB radio

Wavelets with very short duration and ultra-wide band- The wavelet recovery in UWB radio is not feasible be-
width are used in UWB applications. The bandwidths aréause of the (i) very short pulse duration, (ii) complex
500 MHz and 2 GHz in the narrowband and widebandyavelet waveform and (iii) channel distortion. This is why
respectively, UWB radio systems. Except the maximur@ noncqherent demodu!ation must be used. For the UWB
value of power spectral density and minimum bandwidthnodulation schemes using one and two waveforms, the de-
the UWB radio regulation does not specify the type otection with template signal and the autocorrelation detec
UWB wavelets, either a fixed or a chaotic waveform mayor, respectively, fier the best system performance. Both
be used. of them belong to the class of correlator-based receivers.

UWSB radio with deterministic wavelet
Because of its excellent spectral properties, a frequencg-1. Detection of pulse polarity modulation

shifted bell-shaped Gaussian pulse
In pulse polarity modulation the information is carried

2E, t by the sign of wavelet. Laty(t) = g(t) + n(t) andry(t) =

K7 U eXp(_z_ué)COS@d) @ ) + A(t) denote the received noisy signal before and af-
ter channel filtering, respectively. The channel noise de-

is used as deterministic wavelet, whére 1 and 2 when scribed by its sample function(t) is modeled by a zero-

one or two wavelets, respectively, are used to transmit theean stationary Gaussian process having a uniform two-

information, fc = wc/2r is the center frequenc¥, gives sided power spectral density bf/2. The informatiorby,

the energy per bit, andg is determined by the required may be recovered if;y(t) is correlated by a template signal

bandwidth of UWB wavelet [1]. The shapes of determinp(t) as shown in Figs. 4 and 5. The template signal is a
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windowing and weighting pulse Assume that the received and template signals are
] . aligned perfectly as shown in Fig. 5. Then the non-
o(t) :{ U+, i gti<3 ?) optimum width of template signal is the only source of loss

0, otherwise in E[zy]. Let this loss be expressed by a paramater
wherer is the observation time period. Ezv] = aBs. (5)
Q) Fon (1) Zm b Thetemplate matchingféciency
Channel s
o—=| filter [ - dt Decision} _ _ va- . [Elzl
h(t) circuit &m= Va = E,
o(t) is plotted in Fig. 6 against the width of windowing tem-
Template signal plate function, i.e., energy capture timgfor two different

. . . . .. _RF bandwidths and for a 4-GHz center frequency.
Figure 4: Detection of pulse polarity modulation with a

template signap(t).

Template Matching Efficiency

Figure 6: Template matchingfiency as a function of
the width of template signal. The RF bandwidths of bell-
shaped Gaussian impulses are 2 GHz (dashed curve) and

Figure 5: Noiseless received and template signals. ;
2.5 GHz (solid curve).

Noise performance ___ Figure 6 shows that the demodulator is very sensitive
To get the noise performance, the probability distributioR, he timing error, any timing error reduces the separa-

of observation variable tion of message points in the observation space and, conse-
70 = Fru®p(O)dt = = fg(t) p(t)dt + fﬁ(t) pHdt  (3) quently, results in a considerable performance degradatio
T T The template matchingfleciency also depends on the RF
has to be found, wherg(t) is given by (2). In a well bandwidth, for 2-GHz bandwidth even the signeofz,] is

designed system the channel filter does not distort the rélverted in a certain range of energy capture time. Note,

ceived signal, i.eg(¥) = g(t). this means that the demodulator inverts the received bits.
The observation variables of correlation-based receivers Figure 6 shows that in optimum case the template detec-

have been investigated in [4]. The second term in (3) {®r has about a 3-dB theoretical implementation loss.

a time-invariant linear transformation. Since the channe] The bit error rate of noncoherent pulse polarity modula-

noise is modeled as a stationary zero-mean Gaussian pP(?—n built with template detection is obtained from (3) [5]

Toin

cess, the second term has a Gaussian distribution with zero 1 =N

mean and variandiy/2 [4]. Pe = Eerfc( N N_o)
In (3), the mean of observation variable is given by the

first term

. The noise performance of pulse polarity modulation
Elzm] = ng(t)p(t)dt (4)  built with template detection is shown in Fig. 7 fofigirent
RF bandwidths (BW) and template matchinfi@encies.
. Fgr p(t) = g(t.), Elz] = ‘/E_b However, as shown Note that the energy capture time has a strong influence on
in Fig. 5, there is always a mismaich error betwe_pét) the noise performance, even worse, Figs. 6 shows that if
andg(t). The sources of mismatch are threefold: (i) to %€fhe energy capture time is aboutfg then the demodula-
a simple configurationg(t) is a simple windowing pulse, tion becomes practically impossible.
(ii) there is a alignment error betwegit) and g(t), and

(iii) tthe width.of'windowing template function may alsq 3.2 Autocorrelation TR receiver

deviate from its ideal value. These errors corrupt the noise

performance. Figure 3 shows that the wavelet duration is Due to the special structure of TR signal, the information
less than 3 ns, consequently, even a small timing error rbits may be recovered from the sign of correlation mea-
sults in a large performance degradation. sured between the reference and information bearing chips



0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ wavelets provided that the energy perHitis kept constant
if chaotic wavelets are used.

Note that the noise performance of a TR system depends
on the product of Br, but the delayAT — r > 0 between
the reference and information bearing chips has no influ-
ence on the noise performance. The dependenc&onre2
flects the fact that both the reference and information bear-
ing chips are corrupted by the channel noise.

Bit Error Ratio
=
o
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Figure 7: Noise performance of pulse polarity modulation
built with template detection. Solid curve: BYZ GHz
andey, = 0.69; dotted curve: BW2 GHz andey, = 0.40;
dashed curve: BW500 MHz andey, = 0.35 and dash-

dotted curve: BW:500 MHz andey, = 0.20. 07

Bit Error Ratio
=
o

as shown in Fig. 8. The channel filter is a bandpass filter 10
that determines the noise bandwidth of receiver. The inte-
grator is an integrate-and-dump circuit.

8 10 12 1‘4 1‘6 18

Eb/No[dB]
Figure 9: Noise performance of a TR system built with an
autocorrelation receiver. From left to righB2 is 8.5, 17,
34 and 68.
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4. Conclusions

The noise performances of UWB impulse radio and chaotic

Figure 8: Block diagram of TR autocorrelation receiver. FM-DCSK system have been compared. Figures 7 and 9 show
) ) that these systemdfer a very similar noise performance.
Both noncoherent UWB impulse radio and FM-DCSK

s_ystems belong to_ th_e TR systems, buF in th_e fgrmer Rcknowledgments
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