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Performance Evaluation of FM-DCSK Modulation in
Multipath Environments

Michael Peter Kennedyellow, IEEE Géza KolumbanSenior Member, IEEEG&bor Kis Student Member, IEEE
and Zoltan JakéStudent Member, IEEE

Abstract—Kolumban [1] has shown that, under specified con- multipath channels is determined. The data of the multipath

ditions, the noise performance of frequency-modulated differen- channel used in our simulations correspond to a typical wireless
tial chaos shift keying (FM-DCSK) in a single-ray additive white local area network (WLAN) application.

Gaussian noise (AWGN) channel is independent of the shape of the S . .
underlying waveform. This paper discusses the qualitative features The Personal Communication System Joint Technical

of the FM-DCSK system and characterizes the performance of this Committee (PCS JTC) has developed comprehensive channel
system in standard reference multipath channels. models for simulating the multipath performance of radio sys-
Index Terms—Chaotic communications, chaotic modulation, Fems for !ndoor gppllgatlons; models qre avaylable for typical
low-pass equivalent model, multipath performance. indoor office, residential, and commercial environments [5]. In
Section V-D, we present results for the multipath performance
of FM-DCSK in these propagation environments.
I. INTRODUCTION

N CHAOTIC communications systems, the digital informa-  1l. SPECTRUM OFTRANSMITTED FM-DCSK SGNAL
tion to be transmitted is mapped to inherently wide-band sig—In the FM-DCSK modulation scheme, the binary informa-

nals. In this sense, these systems offer a novel solution to sprﬁgg to be transmitted is mapped to a wide-band signal. The

spzﬁtr:um ﬁommunl_catlonsf. f K haotic digit bjectives of spreading the transmitted signal are twofold: to
d |0?g eh noise per (_)rn:ance Oddqun ch_?o 'é 9%y ercome the multipath propagation problem and to reduce the
modulation SChemes In single-ray adaitive white LaussIgh, o miiteq power spectral density in order to minimize inter-

noise (AWGN) channels [2] lags behmq that of conventlon?érence with other radio communications in the same frequency
modulation schemes based on periodic waveforms, the PELnd

formance degradation of chaotic modulation schemes is les
under certain propagation conditions where coherent recepti

is impossible. In particular, frequency-modulated dif'ferentiq#1
chaos shift keying (FM-DCSK) [3], [4] offers robustnesjs:

against multipath and channel imperfections. ulator to generate a wide-band RF band-pass signal with con-

The object|v§ of this paper is to provide a detaﬂed perfoE'tant power; DCSK modulation is then applied to this wide-band
mance evaluation of the FM-DCSK system in multipath env, Signal

ronments. We focus on a particular FM-DCSK system, whic Let the chaotic spreading signal be generated by a dis-

has been developed in the framework of a long term resea@i&te_time chaottic circuit, which is sampled with perifig,.

pr(_)lfﬁCt sponséor;ad by thet_Europfean C?an\}lméscs;g’gl ianal Throughout this work, we consider an implementation of the
e spectral properties of an - signal arg. .. ulli shift map:

first discussed, and then the characteristic features of the
FM-DCSK system are identified. Next, the noise performance 2[(k + 1) Taip] = 22[kTpip] mod 1.
of FM-DCSK is evaluated.
One of the most important potential applications of The output of the chaotic signal generator is offsett.5
FM-DCSK is in data communications over multipath channely. (to have zero mean), scaled by 2 (to lie ii[V,1V]), and
A tapped delay line model of a multipath channel is introducegliantized to ten bits (corresponding to 1024 different levels).
and the qualitative and quantitative behavior of FM-DCSK iThe quantized signal is converted into the continuous-time do-
main by a zero-order hold circuit, as shown in Fig. 1, whEre
Manuscript received December 20, 1999; revised September 5, 2000. T%%nOteS the F"t dur‘?"tlon' The h‘?'d tlme_ is determined bytie
work was supported in part by the Hungarian—French Intergovernmental Srate. In our simulations, the chip rate is 20 MHz.
T Cooperation Program 1999-2000 under Contract NP-1856/98 and ContractThe output of the zero-order hold circuit is a piecewise con-
F29/98, and by the European Commission under the Open LTR initiative, Esririt h i | which d i This si i
Project 31103-INSPECT, inuous chaotic signal, which we denotesy¢). This signal is

M. P. Kennedy is with the Department of Microelectronic Engineering, Uniapplied to the input of an FM modulator, whose outp(t) is
versity College, Cork, Ireland. defined by

G. Kolumban, G. Kis, and Z. Jaké are with the Department of Measurement
and Information Systems, Budapest University of Technology and Economics,

1
H-1521 Budapest, Hungary. — X
Publisher Item Identifier S 1057-7122(00)10642-7. y(t) = A cos <27r [f otk /0 m(7) dTD

Shis section shows how FM-DCSK signals can be generated.

e FM-DCSK technique spreads the RF signal to be trans-
itted and reduces its average power spectral density. In an
M-DCSK modulator, a chaotic signal is fed into an FM mod-

1057-7122/00$10.00 © 2000 IEEE
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Fig. 1. Block diagram of FM-DCSK transmitter including the zero-order hold circuit.

=110

where A, andf. denote the amplitude and center frequency of
the FM modulator output, respectively, whitg is the gain of
modulator. In our simulationsd. = 1V, f. = 36 MHz, and
ky = 7.8 MHz/V. 1301

The modulator gairk; has been chosen such that the RF —
bandwidth of the FM-DCSK signal is 17 MHz when the chip 8-140r
rate is 20 MHz. This corresponds to the channel allocation of
the IEEE 802.11 WLAN standard. :

Simulated spectra of the chaotic FM modulator output and [PV S
the FM-DCSK signal are plotted in Fig. 2 for the FM-DCSK : : 5 : 5 :
transmitter. The digital information to be transmitted is modeled L R e
by a random binary sequence. Frequency [ Hz) x10’

To illustrate the relationship between the bit duration and (a)
the skirt of the FM-DCSK signal, Fig. 2(b) shows spectra for
T = 2 ps andT = 16 us. Inspecting Fig. 2(b), we conclude -0
that by choosing appropriate values for the chip rate and peak
frequency deviation of the FM modulator, DCSK modulation
does not cause periodic components in the spectrum, but it does
increase the skirt considerably.

To minimize interference with other radio channels, the
power generated outside the 17 MHz RF bandwidth has to be
kept as low as possible. The skirt can be lowered by increasing
the bit duration, but increasing reduces the attainable data
rate and degrades the noise performance [1]. Alternatively, the
unwanted skirt can be suppressed, without reducing the data -170—— s s
rate, by means of a band-pass filter at the transmitter. Frequenoy [ Hz] x107

In the FM-DCSK system, the instantaneous frequency of the (b)
transmitted signal is constant only for a very short time interval
(the chip time). Thus, the transmitted energy is never concefly. 2. output spectra of the (a) FM and (b) DCSK modulators in an
trated about a certain frequency; rather, it is spread contirftM-DCSK systemT is set to 2us and 16us to illustrate the effect of bit
ously over the entire RF channel bandwidth. If this signal irfluration on the height of the skirts.
terferes with a narrow-band radio channel in the same band,
then it simply increases the background “noise level,” and so @1 FM-DCSK system can still be determined analytically only
duces the quality of that channel, but it does not interrupt it. IA the simplest case of a single-ray AWGN channel [2], where an
this respect, the spectral properties of the FM-DCSK system #flgal channel filter is used. Determination of the system perfor-
qualitatively similar to those of a direct sequence (DS) spre&nce under various propagation conditions and for nonideal
spectrum system. If the power spectral density of the FM-DCS¥/stem and circuit parameters, and the support of circuit and
system remains under the noise floor of the other narrow-bagidosystem development all require a comparative performance

users then its presence may not even be noticed. evaluation by computer simulation.
The block diagram of a differentially coherent FM-DCSK RF

system is shown in Fig. 3, wherg is the observation signal,
andr(t) andz(¢) denote the input and output of the FM-DCSK
Chaotic communications systems present several challendemodulator, respectively. The FM-DCSK signal is mixed up
for the system developer. Most importantly, theoretical resulis 2.4 GHz for operation in the 2.4 GHz ISM band. The mod-
for the noise performance of FM-DCSK have only recently bedator's RF outputs(¢) is therefore centered at 2.4 GHz. The
come available [1]. Even with these results, the performancesyfstem performance can be evaluated by computer simulation

-120

-150

Ill. TOOLS FORSYSTEM PERFORMANCEEVALUATION
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Fig. 3. Block diagram of an FM-DCSK RF system.
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Fig. 4. Low-pass equivalent model of the FM-DCSK chaotic communications system in Fig. 3.

directly in the RF domain, or a low-frequency equivalent modsignal, which bit was most likely transmitted. When wrong de-
can be developed [6]. cisions are made, bit errors occur. The quality of a digital com-
Figure 4 shows the low-pass equivalent of the FM-DCSK Rfunications system is characterized by the bit error rate (BER)
system shown in Fig. 3. The details of the transformation can isbich quantifies the average number of bit errors for specified
found in [6]. In the figure, each signal is replaced by its compleshannel conditions.
envelope; the indexesand@ denote the in-phase and quadra- In this section, the noise performance of FM-DCSK is com-
ture components of the complex envelopes [2]. The complex grared with that of FSK and GFSK, assuming a linear band-pass
velope of the channel noise is denotedi§§) = n;(t)+jng(t) channel with AWGN and using a tenth-order channel filter. The
and the complex impulse response of the channel filter is givehannel model, including multipath effects, is shown in Fig. 5.
by i(t) = h(t) + jho(t). To minimize the simulation time, In this section, only a single-ray channel is considered; the ef-
channel selection is performed by a zero-phase channel filtects of multipath on the performance of FM-DCSK will be dis-
[7] for which hg(t) = 0. The attenuation of the telecommuni-cussed in Section V.
cations channel is denoted IBy. . ]
Note that the low-pass equivalent model gives directly tHe Relationship Between SNR and BER
relationship between the two low-pass signad&) and (%) To characterize the performance of a digital communications
which are needed in the simulation. The carrier frequency hesheme, one must determine the BER as a function of the ratio
been removed completely and only slowly-varying low-passf the signal energy per hif;, to the noise spectral density,.
signals appear in the equivalent model so simulation time kwever, in a physical system, the signal to noise ratio (SNR),

minimized. rather thanZ, /Ny, can be measured. Knowing the total band-
Channel models for specific simulations will be discussed imidth of the RF channel selection filt@3 and the bit duration
Sections IV and V. T, the SNR at the input of the demodulator can be related to
E, /Ny as follows:
- P';i na
IV. NOISE PERFORMANCE OFFM-DCSK SNR = g. 1
In a digital communications system, the analog sample func- nowse
. ) ) . : E, 1
tions carrying the information pass through a telecommunica- =N 3BT (1)
0

tions channel, in which they are corrupted by noise and may also
suffer from distortion and multipath effects. The demodulator A digital communications system is typically expected to per-
must decide, on the basis of the corrupted and distorted receif@an with a BER of less tham0~3. In many applications, such

Authorized licensed use limited to: UNIVERSITY COLLEGE CORK. Downloaded on April 27,2010 at 16:24:32 UTC from IEEE Xplore. Restrictions apply.
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Fig. 5. Model of AWGN RF channel including the effects of multipath. '
10.50 5 20 25

1E°b/No[dB1]5
as a wireless local area network, the SNR may be as low as
; Fig. 6. Noise performance of noncoherent FSK (dashed curve), FM-DCSK
0 dB in the worst case [8], [9]. and GFSK modulation schemes. For FM-DCSK both the theoretical (solid
curve) and simulated ¢” marks) results are plotted. For GFSK the

B. Noise Performance in an AWGN Channel performance is given for two modulation indicgs:= 0.31 (dash-dot curve)
and3 = 0.22 (dotted curve).

An analytical expression for the noise performance of the
continuous-time FM-DCSK modulation scheme in a linear
AWGN channel and assuming an ideal band-pass channel®
filter has recently been derived [1]. If a real channel filter is
used, then the noise performance in the AWGN channel model
becomes slightly worse, as shown in Fig. 6, where the BER
is plotted as a function of2, /N, for the following system
parameters: bit duratioh = 2 ;s and RF channel bandwidth
2B = 17 MHz. These parameters have been selected to obtain V. OPERATION IN A MULTIPATH ENVIRONMENT
a WLAN System W|th a data rate Of 500 kb/S and W|th IEEE In many app"cations Such as WLAN, mob"e Communica_

802.11-compliant channel spacing. tions, and indoor radio, the received signal contains components
For a givenE, /N, the required SNR at the demodulatofyhich have traveled from the transmitter to the receiver via mul-
input can be calculated from (1). For comparison, the noise pgpie propagation paths with differing delays; this phenomenon
formance of the noncoherent frequency shift keying (FSK) [23 calledmultipath propagatiorj2], [10].
and Gaussian FSK [8] modulation schemes are also plotted |n|'he Components arriving via different propagation paths
Fig. 6. may add destructively, resulting in deep frequency-selective
Note that the noise performance of these modulation schemgging. Conventional narrow-band systems fail catastrophically
is much worse than that of coherent binary phase shift keyiffga multipath-related null defined below, coincides with the
(BPSK) or coherent FSK modulation (see [2], for examplegarrier frequency.
However, recall that FM-DCSK is suitable for special appli- |n the applications mentioned above, the distance between the
cations such as WLAN and industrial applications, indoQransmitter and receiver is relatively short, i.e., the attenuation of
radio, and mobile communications, where the synchronizatigile telecommunications channel is moderate. The effect which
requirements of coherent demodulators cannot be satisfigghits the performance of communications in such an environ-
where the transmitted power spectral density must be low ggent is not the additive channel (thermal) noi§g, but deep
avoid interfering with other telecommunications Systems, a%quency-se|ective fad|ng caused by mu|t|path propaga‘[ion_ In
where multipath propagation and industrial disturbances limi{ese applications, the most important system parameter is the
the performance of a telecommunications system. In th9§&1sitivity to multipath.
applications, the noise performance is an important, but by norigure 6 shows that the noise performance of FM-DCSK in
means the most important, system parameter. Other properfiegngle-path AWGN channel is better than that of GFSK, but it
of the modulation scheme, such as robustness to changghuch worse than that of coherent modulation schemes. How-
nonidealities, are more significant. ever, FM-DCSK has potentially lower sensitivity to multipath,
In these applications, FM-DCSK has many advantages. pecause the demodulation is performed without carrier synchro-

» The demodulation is performed without carrier synchrazization and the transmitted signal is a wide-band signal which
nization. cannot be completely canceled by a multipath-related null.

* Itis not sensitive to the particular waveform transmitted, This section first evaluates the performance degradation of
so there is no need for complicated control circuitry ithe FM-DCSK modulation scheme by computer simulation for
the chaotic signal generator to keep the parameters of the simplest case where two propagation paths are present with
chaotic signal constant in the presence of temperature vami excess delay of 75 ns. This excess delay, i.e., the difference
ations, aging, etc. between the propagation times along the two paths, is typical

» Because both the reference and information-bearing pdlids office buildings in WLAN applications [8].
of the FM-DCSK signal pass through the same telecom- A more sophisticated and comprehensive model for the simu-
munication channel, it is not sensitive to channel distotation of radio propagation in different mobile applications has
tion. been recommended by the PCS JTC [5]. In Section V-D, the

It can operate over a time-varying channel if the variations
in the channel parameters are negligible over half the bit
duration.

« It can transmit pure “0” and “1” sequences, i.e., there is no
need for a scrambler circuit.

Authorized licensed use limited to: UNIVERSITY COLLEGE CORK. Downloaded on April 27,2010 at 16:24:32 UTC from IEEE Xplore. Restrictions apply.
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multipath performance of FM-DCSK is evaluated for the mosse-(t) © ; ; """ *
important indoor applications including office, residential, ant
. . Delay Delay Delay
commercial environments. T T, Tn
A. Model of Multipath Channel k1 »-v(? ks o_—(? ky o—»?
The tapped delay line model of a time-invariant multipatt
radio channel havingv propagation paths is shown in Fig. 7. > —— srec(t)

The radiated power is split and travels along Meaths, each

of which is characterized by a delﬁy and gainkl’ wherel = Fig. 7. Tapped delay line model of an RF multipath radio channel.

1,2,..., N.
If a narrow-band telecommunications system is considered, 10—
then in the worst case two paths exist and the two received sig- s
nals cancel each other completely at the carrier frequency of
ie., -5f
F-10f
I
Atw, = (2n+ 1), n=0,123,... g '
< -20r
whereAr = 15 — 17 denotes the excess delay of the second -25
path. -30}
Let the two-ray multipath channel be characterized by its fre- -ast
guency response shown in Fig. 8. Note that the multipath-related 40 57 Y E— YT 74
nulls, where the attenuation becomes infinitely large, appear at Frequency [ Hz] x10°

Fig. 8. Magnitude of frequency response of a two-ray multipath channel.
2n+1
oAT n=0123.. @ B. Qualitative Behavior of FM-DCSK in a Two-Ray Multipath
Channel
Let the bandwidth of fading be defined as the frequency ranger

over which the attenuation of the multipath channel is greater llustrate the effect of the two-ray multipath channel on
than 10 dB. Then, the bandwidth of multipath fading can phne received signal, Fig. 9 shows the spectra of the transmitted

expressed as and received signals of the FM-DCSK systemfos 2 us and
RF bandwidti2 B = 17 MHz, whenA7 = 75 ns. The two pos-

0.1 sible extreme cases are shown in the figure; in the first case, the

Afoun & N (3) multipath-related null coincides with the center frequency of the
FM-DCSK signal, while in the second case the two nulls appear

Equations (2) and (3) show that the center frequencies of tgnmetrically about the center frequency. Due to the rounded
multipath-related nulls, the distances between them, and thgf@pe of the FM-DCSK spectrum, the loss in the received energy
bandwidths, are determined lyr; a shorter excess delay acPer bit £, is almost the same in both cases. We expect, there-

fn'u,ll =

centuates the problem. fore, that the multipath performance of FM-DCSK experiences
In WLAN applications, the typical values afr are 91 ns for low sensitivity to the relative positions of the center frequency
large warehouses and 75 ns for office buildings [8]Af = and the multipath-related nulls.

75 ns, then the distance between two adjacent multipath-relatedt follows from the frequency response of the two-ray mul-

nulls is 13.33 MHz. In the case of the three IEEE 802.11-corfiPath channel shown in Fig. 8 that the required RF bandwidth

pliant telecommunications channels in the 2.4-GHz ISM bafd an FM-DCSK transmission depends on the worst case ex-

[8], if off-the-shelf channel selection filters are used, then tHess delayAr to be considered in a given application. A shorter

RF bandwidth of the FM-DCSK signal should be 17 MHz. Thigelay requires larger transmission bandwidth. This effect can be

means that at most two multipath-related nulls may appearS@en clearly in Fig. 10, wheu has been reduced from 75 to

any of the three channels. 25 ns. In this case, if the multipath-related null coincides with
Equation (2) shows that the frequencies of the multipath-réie center frequency of the FM-DCSK signal then almost the

lated nulls are determined by the excess delayof the second €ntire energy per bit is lost, resulting in a very poor BER.

path. The number of multipath-related nulls appearing in a . ) )

WLAN channel and their positions relative to the FM-DCSK: Quantitative Behavior of FM-DCSK in a Two-Ray

center frequency also depend on the exact valukmofin areal  Multipath Channel

application,Ar may vary, thus changing the frequencies of the Fig. 8 shows qualitatively why conventional narrow-band

multipath-related nulls. To quantify this effect in the followingsystems can fail catastrophically to operate over a multipath

but using the same multipath channel for every simulation, tkbannel. Due to high attenuation appearing about the multi-

excess delay of the second path is kept constant, but the cepth-related nulls, the SNR becomes extremely low at the input

frequency of the FM-DCSK signal is varied. of the receiver. Consequently, the demodulator cannot operate.

Authorized licensed use limited to: UNIVERSITY COLLEGE CORK. Downloaded on April 27,2010 at 16:24:32 UTC from IEEE Xplore. Restrictions apply.
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e

%% 24 2.45
Frequency [Hz } x10°

Fig. 10. The transmitted (solid curve) and received (dashed curve) spectra of
an FM-DCSK system if the excess delay of the second path is 25 ns.

Bit Error Ratio
S

(b)

0 5 1gb/N [dB1]5 20 25
0

Fig. 9. The transmitted (solid curve) and received (dashed curve) spectra

of an FM-DCSK system (a) when the center frequency of the FM-DCS

signal coincides with a multipath-related null and (b) when two nulls appe

symmetrically about the center frequency.

Eg. 11. Performance degradation caused by two-ray multipath propagation in
an FM-DCSK system. To change the relative positions of the multipath-related
nulls, the center frequency of the FM-DCSK transmission was varied from
2.4 GHz to 2.412 GHz in steps of 2 MHz. For comparison, the noise perfor-

The situation becomes even worse if a carrier recovery circfjghce of FM-DCSK without multipath (solid curve with” marks) is also
is used because a typical carrier recovery circuit, such asa""
phase-locked loop, cannot synchronize with the carrier unless
the input signal level exceeds a certain threshold. If a bit error rate ofl0—2 is required, then the average loss due
In the FM-DCSK system, the power of the radiated signal t®& multipath is only 4.8 dB and the variation in the loss is less
spread over a wide frequency range. The appearance of a ntindn 1.2 dB. These results confirm our conjectures in 1997 [11]
tipath-related null means that part of the transmitted powerasd 1998 [12] that the FM-DCSK modulation scheme could out-
lost but the system still operates. Of course, the lower SNRarform conventional narrow-band modulation schemes under
the input of the demodulator results in a worse BER. The spegmlor propagation conditions.
feature of FM-DCSK that it does not use carrier synchronization 2) Degradation due to Multipath with Unequal Attenuation
to perform the demodulation makes it even more robust again$t Both Paths: Figure 11 shows the system performance
multipath. achieved when two propagation paths exist and both of them
1) Degradation due to Multipath with Equal Attenuation ofuffer equal attenuation. The degradation in system perfor-
Both Paths: The performance degradation of the FM-DCSHKnance is less if the attenuations of the two paths are different;
system due to multipath propagation is shown in Fig. 11, whettds is illustrated in Fig. 12, where the difference between
A7 = 75 ns. The solid curve marked withs shows the noise the attenuations of the two paths is 10 dB. The performance
performance without multipath propagation. To determine thiiegradation has been determined for different FM-DCSK
multipath performance in this example, we assume that thenter frequencies; the dashed and dotted curves correspond to
transmitted signal can propagate via two paths, the gain of edbl best and worst cases, respectively. Under these propagation
path being equal to 0.5. conditions the average performance loss is only 2.5 dB at BER
We noted above that the relative positions of the multipath-re- 103,
lated nulls and the center frequency of the FM-DCSK signal 3) Performance Degradation in terms of Bandwidthihe
might influence the multipath performance. This effect is agpandwidth of the transmitted FM-DCSK signal has the strongest
parent in Fig. 11, where the model of the multipath channeifluence on the multipath performance of the system. This ef-
was fixed, as shown in Fig. 7, but the center frequency of tifiect is illustrated in Fig. 13, which shows the worst case per-
FM-DCSK signal was varied from 2.4 to 2.412 GHz in steps dobrmance degradation in the FM-DCSK system when the RF
2 MHz. bandwidth is reduced to 8 MHz. The attenuations along the two

Authorized licensed use limited to: UNIVERSITY COLLEGE CORK. Downloaded on April 27,2010 at 16:24:32 UTC from IEEE Xplore. Restrictions apply.
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Fig. 13. Worst-case performance degradation caused by two-ray multipath
Fig. 12. Performance degradation of FM-DCSK due to multipath propagatipnopagation in an FM-DCSK system when the RF bandwidth is reduced to 8
when the attenuation of one propagation path is 10 dB higher than that of elz (dashed curve with+" marks). For comparison, the noise performance
other. The dashed and dotted curves correspond to the best and worst casédyl-DCSK with 8 MHz RF bandwidth and without multipath is also shown
respectively. For comparison, the noise performance of FM-DCSK witho(golid curve with “x” marks).
multipath (solid curve with %" marks) is also shown.

—

propagation paths are the same, the multipath-related nulls co-
incide with the center frequency of the FM-DCSK signal, and
A7 = 75 ns. The performance degradation is about 7.5 dB at
BER = 10~2. Recall that it was 4.8 dB when the bandwidth of
the FM-DCSK signal was set to 17 MHz. As expected, the re-
duced bandwidth results in poorer system performance.

D. Quantitative Behavior of the FM-DCSK in PCS JTC
Channels

o

Probability of Selecting Channel A, B, C

PL; PL,

The PCS Joint Technical Committee has recommended a Channel Attenuation [dB]

comprehensive multipath channel model to check and compare

the performance of personal communications and mobite. 14. Probabilities of selecting channel profilés B andC' as a function
telecommunications Systems in both indoor and outdog‘rchanna attenuation in the JTC multipath channel model.

applications [5]. In indoor applications, considered here,

channel models have been developed for office, residential a3@gre details on the JTC multipath channel model are given in
commercial environments. [5].

Each channel profile is given by the tapped delay line model1) Performance Degradation in Office AredEM-DCSK
shown in Fig. 7. To describe the various propagation conditionsmmunications systems are potentially suitable for applica-
three different channel profiles, denoted by chanrgl®, and  tions in indoor office areas, for example, to implement wireless
C, are given for each area. The JTC model assumes that kbeal area networks. The excess delays and attenuations of each
channel profile and the channel attenuation are correlated, an@ in channel profilest, B andC, are given in Table II.
provides a statistical procedure for selecting the channel profilesf the attenuation of the radio channel is less than 60 dB (see
as a function of attenuation. Table 1) then only channel profild, i.e., a three-ray multipath

Let the probabilities of selecting channel profilds B, and channel, has to be considered. The performance degradation of
C be denoted by’(A), P(B), andP(C), respectively. In the FM-DCSK in this channel is shown in Fig. 15. The dashed and
JTC recommendation, these probabilities are given as a functiash-dot curves show the best and worst results, respectively, as
of channel attenuation. the FM-DCSK center frequency is varied. The average loss in

The piecewise-linear curves that relate the probability of ssystem performance is 5.8 dB at BER10~2.
lecting a particular channel profile to the channel attenuation areThe propagation conditions in channdksand C are much
shown in Fig. 14. In addition to the probabiliti€¥ A), P(B), worse. To illustrate this effect, the frequency response of
andP(C), the curves are characterized by two paramdtdrs  channel profileC is shown in Fig. 16. Note that due to its
andP L. which correspond to the channel attenuation at the twoany propagation paths with widespread excess delays and
breakpoints of the piecewise-linear curves. Note that the prolbagh attenuation, the channel has a large attenuation over the
bilities P(A), P(B), andP(C) for a given attenuation are givenwhole FM-DCSK frequency band; it also suffers from many
by the distance between the bounding curves. multipath-related nulls.

Fig. 14 shows, in a qualitative manner, the selection of In the worst case, the attenuation of the radio channel is
channel profile probabilities. The exact values of the fivgreater than 100 dB and channel profilds B, and C have
parameterd®(A), P(B), P(C), PL{, and PL, are given in to be considered with probabilities of 50%, 45%, and 5%,
Table | for the indoor office, residential and commercial areasespectively, in the simulations, as shown in Table I. The
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TABLE | !
PARAMETERS OF THEJTC MULTIPATH CHANNEL MODELS FORINDOOR '51\‘{\4\’ [\ ﬂﬂ N\ 4 nn /ﬂ
OFFICE, RESIDENTIAL AND COMMERCIAL AREAS -10 v v “ \ 1 ” \{1 v
=151 1 1 1
Area | P(A) P(B) P(C)| PL; PL b A v .
(%) (%) (%) | (B) (dB) NN | |
Office 50 45 5 60 100 sl ‘
Residential 60 35 5 50 75 o
Commercial | 50 45 5 60 100 A
-40
-45¢
TABLE ” "5,4 2405 241 2.4F1rgqu§r.22”H22.4]25 243 2.435)(:);4

EXCESSDELAYS AND ATTENUATIONS OF THETAPS IN THE THREE CHANNEL
PROFILESRECOMMENDED FOR THEINDOOR OFFICE AREA BY THE PCS DINT

TECHNICAL COMMITTEE Fig. 16. Magnitude of the frequency response of channel profitiefined by

the JTC recommendation for an indoor office area.

Channel A Channel B Channel C
Excess Relative Excess Relative Excess Relative 10°
Tap | Delay Attenuation | Delay Attenuation | Delay Attenuation S e
(nsec) (dB) (nsec) (dB) (nsec) (dB) *
1 0 0 0 0 0 0 10"
2 50 -3.6 50 -1.6 100 -0.9 °
3 100 -7.2 150 -4.7 150 -14 cg .
4 325 -10.1 500 2.6 g
5 550 -17.1 550 -5.0 [
6 700 -21.7 1,125 -1.2 B
7 1,650 -10.0 *
8 2,375 -21.7
10_40 5; 10 15 20 25 30
Eb/No([dB])
10°
Fig. 17. Worst-case performance degradation in an FM-DCSK system when
the channel attenuation exceeds 100 dB in the indoor office application. For
107 comparison, the noise performance without multipath (solid curve with “
R marks) is also plotted.
g
§10%
w TABLE 1l
& EXCESSDELAYS AND ATTENUATIONS OF THETAPS IN THE THREE CHANNEL
10° PROFILES RECOMMENDED FOR THEINDOOR RESIDENTIAL AREA BY
THE PCS DINT TECHNICAL COMMITTEE
107 Channel A Channel B Channel C
0 s /N0 ( da‘]‘" 20 25 Excess  Relative [ Excess Relative | Excess  Relative
Tap | Delay Attenuation | Delay Attenuation | Delay Attenuation
Fig. 15. Performance degradation in an FM-DCSK system caused by chan (nsec) (dB) (nsec) (4B) {nsec) (dB)
profile A in the indoor office application. The dashed and dash-dot curves shc 1 0 0 0 0 0 4.6
the best and worst results when the FM-DCSK center frequency is varied. F 2 50 -9.4 50 2.9 50 0
comparison, the noise performance without multipath (solid curve with “ 3 100 -18.9 100 -5.8 150 4.3
marks) is also plotted. 4 150 -8.7 225 -6.5
5 200 -11.6 400 -3.0
6 250 -14.5 525 -15.2
performance degradation of an FM-DCSK system in this env ? ggg ‘;g-g 750 217

ronment is shown in Fig. 17. The dashed, dash-dot, and dottew
curves correspond to different FM-DCSK center frequencies:
b2.4 GHz, 2.41 GHz, and 2.42 GHz, respectively. Note that thiee FM-DCSK center frequency is varied. The average loss in
average loss in system performance is only 11.2 dB at BEgstem performance is only 10.5 dB at BER10~3, even in

= 1073, even in this worst case situation. this worst case situation.

2) Performance Degradation in Residential Are@he in- 3) Performance Degradation in Commercial Aredhe
door residential area is another possible application envirahird potential application environment for FM-DCSK for
ment for FM-DCSK communications systems. The excess dehich a JTC channel model has been developed is the indoor
lays and attenuations for the taps in channel profile®3, and commercial area. The excess delays and attenuations for each
C are given in Table Il tap are given in Table IV.

Table | shows that, in the worst case, the channel attenuatiorin the worst case, the attenuation of the radio channel exceeds
becomes greater that 75 dB and channel profile®3, andC 100 dB. Usage of channel profiles B, andC have to be con-
have to be considered with probabilities of 60%, 35%, and 5%idered with probabilities of 50%, 45%, and 5%, respectively, as
respectively. The performance degradation of an FM-DCSifven in Table I. The performance degradation of an FM-DCSK
system in this environment is shown in Fig. 18. The dashed asygbtem in this environment is shown in Fig. 19. The dashed and
dash-dot curves give the best and worst noise performancedash-dot curves show the best and worst result as the FM-DCSK
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10° 10°
107" 10
2 2
& &
- R
§10 510
& &
= =
o o N
N
\
107" 107 .
«
4| 4
10 .
0 5 10 25 30 R 5 10 25 30

15 20 15 20
Eb/No[dB} Eb/No[dB]
Fig. 18. Best- (dashed) and worst-case (dotted) performance degradafiin 19. Worst-case performance degradation in an FM-DCSK system when
in an FM-DCSK system when the channel attenuation exceeds 75 dB in the channel attenuation exceeds 100 dB in the indoor commercial application.
indoor residential application. For comparison, the noise performance with@r comparison, the noise performance without multipath (solid curve with “

multipath (solid curve with %” marks) is also plotted. marks) is also plotted.
TABLE IV - "
EXCESSDELAYS AND ATTENUATIONS OF THETAPS IN THE THREE CHANNEL * At p_resent'_only a Very limited CDMA Capablllty can be
PROFILES RECOMMENDED FOR THEINDOOR COMMERCIAL AREA BY achieved with the FM-DCSK modulation scheme [13].
THE PCS DINT TECHNICAL COMMITTEE In this paper, we have evaluated the performance of the
Channdl A Channel B Channe C FM-DCSK modulation scheme for different _propagatlon
Excess  Relative | Excess  Relative | Excess  Relative conditions. Because the shape of the transmitted spectrum
Tap | Delay Attenuation | Delay Attenuation | Delay Attenuation  has the strongest influence on the multipath performance and
- (“%ec) (d(f’) ("‘Bec) (-iBe) (nsoec) (df) interference caused to other radio channels, we have first
9 50 29 50 0 50 04 analyzed in detail the shapes of the spectra observed at different
3 | 100 5.8 150 -4.3 250 6.0 points in the FM-DCSK modulator.
4] 150 8.7 225 -65 300 25 Due to the wide-band property of chaotic basis functions,
5 | 200 -11.6 400 -3.0 550 45 ;
6 595 152 800 192 FM-DCSK offers excellent multipath performance. We have de-
7 750 -21.7 2,050 -17.0 termined by simulation the performance of an FM-DCSK radio
8 2,675 -100 system which has been designed for a WLAN application and

which operates in the 2.4 GHz ISM frequency band with an
center frequency is varied. The average loss in system perfésEE 802.11-compliant channel spacing. Our results show that
mance is 11.0 dB at BER 10~2 in this worst case situation. FM-DCSK performs extremely well over a radio channel suf-
fering from multipath attenuation. If two propagation paths with
VI. SUMMARY equal attenuation are presefit; > 75 ns, and the bandwidth of
. . . . . the FM-DCSK signal is 17 MHz, then the average performance
.In chaot|c_modulat|on sphemes, the.transm!tted S|gna[ 'Ss is less than 5 dB for FM-DCSK. We re-emphasize that con-
wide-band signal. The objectives of using a wide-band sig ntional narrow-band systems fail catastrophically under these
onditions.

as the carrier are twofold: 1) to overcome the multipath propa;
gation problem, and 2) to reduce the transmitted power spectr he PCS JTC has developed comprehensive channel models
for simulating multipath performance in indoor applications.

density in order to avoid interfering with other radio communi:
Eztlglnzé)ll nt.?:]sfcffgsfé:;iogitfomT:;'ﬁ\athqut%ﬁséems off¥18dels are available for the indoor office, residential, and com-
v dtl P pectru unications. mercial environments. In Section V-D, we have quantified the
é.]ltipath performance of FM-DCSK in these reference prop-

Of the chaotic modulation schemes published to da
ation environments. The average loss in FM-DCSK system

FM-DCSK offers the best robustness against multipath a
channel imperfections. Although FM-DCSK belongs to tiﬁerformance varied from 5.8 to 11.2 dB in these applications.
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