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Abstract— The performance of the noncoherent differ-duration, the transmitted signal,, is
ential chaos-shift keying (DCSK) communication system

over a multipath fading channel with delay spread is evalu-s,;, — { Zk ]]z - 22(§ - i)ﬁ + 1’ e gl - 1)
ated. Analytical expressions of the bit error rates are de- 1Tk~ =@-1)f+1,---,25 )
rived under the assumption of an independent Rayleigh

fading two-ray channel model. Analytical and simulate here23 is the spreading factor.

results are presented and compared. The multipath perfor—In studying spread spectrum wireless communication

mance of the DCSK system is also compared with that yster_ns, a qommonly used channel mod(_al |s_t!tn£ ray
the coherent chaos-shift-keying (CSK) system. ayleigh fading channel modd], as shown in Fig. 2. Us-

ing the discrete-time baseband equivalent model, the butpu
of the channel is represented as

1. Introduction output= a5, + aask_r (2)

The performance of chaos-based digital communicationherea; anda- are independent and Rayleigh distributed
systems under an additive white Gaussian noise (AWGN§ndom variables; is the time delay between two rays, and

environment has been thoroughly studied [1]-[4]. How- bio1Zhp—r k=20—1)B+1,---,20—1)B+7
ever, the multipath performance analysis and data for Thr k=2(l—1)8+71+1,---, (2l —1)3
chaos-based communication systems are generally unavaf=" = | z._, k=2l -1)p+1,---, 20— 1)B+T
able. The earliest study of multipath performance of birg—p-r k= -1)F+7+1,---,218.

chaos-based communication systems was performed by the receiver, a correlation-based detection is used, as
Kolumban and Kis [5] for the frequency-modulated differ-spown in Fig. 1. After going through the two-ray Rayleigh

ential chaos-shift-keying (FM-DCSK) system. Their studyaging channel, the signal received by the receiver (ice., i
was simulation-based and each path in the two-ray chanqﬁjt to the correlator) is given by

model was assumed an ideal constant gain value. In prac-

tice, however, each path suffers from random fading, which Tk = 18k + Q28K + & 3)
ShOl’;Id be dgl)ll incdorporated iFGEhe c?anr(ljelhmode][ 31 Rev_vheregk is AWGN with mean equal to zero and variance
cently, Mandal and Banerjee [6] analyzed the performan SR - . :
of the differential chaos-shift-keying (DCSK) system ove(rf;/ gu t(; 3?f)lfdtﬁremcgotrrr];t:tsyr\?va(i)clht:;egcij\?;sg/n variable is

a channel with Rayleigh fading or Ricean fading. How-

ever, the multipath time delay has not been considered. In 213

a spread spectrum communication system such as DCSK¢jt = Z TETk—3

is necessary to model the effects of multipath delay spread k=(21—1)B+1

as well as fading. In this paper we evaluate the perfor- (20-1)8+7

mance of the DCSK system over a practical multipath fad- _— Z (arbizr_p + aoty_r + &)

ing channel, incorporating multipath fading for each path k=(21—1)8+41

and the effects of delay spread. Results will be compared X (x5 + agby 1Tk 251 + Er_p)
with the benchmark data obtained earlier for the coherent 218

chaos-shift-keying (CSK) system [7]. + Z (c1bizi_p + cobiz_p_r + Ex)

k=(2l-1)B+7+1

2. System Model x(1@p—p + 2Tk g7 + Er—p)-(4)

Then, thelth decoded symbol is determined according to
Fig. 1 shows the block diagram of the DCSK commuthe following rule:

nication system. Th&h transmitted symbol is denoted by i
b;, which is either+1 or —1, and we assume thatl and b = { +1 !f a=0 (5)
—1 occur with equal probabilities. During tHéh symbol —1 ifa <0.
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Figure 1: Block diagram of the DCSK communication system.
3. Analysisof Bit Error Performance Input Ja
1M
In the following analysis we assume that the multipath S | Y Output
time delay is much shorter than the bit duration, ilex; S ’

T < 2. With such an assumption, the inter-symbol inter- b

ference (ISI) is negligible compared with the interference
within each symbol due to multipath time delay. Also, (4)

may be approximated as Figure 2: Two-ray Rayleigh fading channel model.
218
c = Z (albl.%‘k_g + agblxk_g_T + fk) E{Bl(a1,a2,bi = +1)} = E{C|(a1,02,by = +1)}
k=(21-1)+1 = 0
x(a12p—p + a2tp—p—r +Erp). (6) var{Al(ar, a2,b = +1)} = (a1 + az)Bvar{z}}
. : - B =+1)} = (of +a3)BE{z7} N
For large3 and a given chaotic map (e.g., logistic map), we var{Bl(en; az,br = +1)} (1a1 + a2)BB{wi}No
have 21 var{C|(a1, az,b; = +1)} = ZﬂNg
Z Tk pTh—pr 0. @) cov{A, B|(ai,a2,b; =+1)} = coyB,C
k=(21—1)B+1 (o, a2, b0 = +1)}
= CcoWA,C
Thus,¢; may be simplified as (o1, 2, by = +1)}
213 218 =0
a ~ > afbiai g+ Y. adbii_s . where B]and vaf] represent the expectation and variance
k=(20-1)3+1 k=(2l—1)8+1 operators, respectively, and ¢&v Y] denotes the covari-
213 ance ofX andY. Then, we have
+ 1 Trp—g + olp_g_r)(Ex + bi&r_
k-@;ml( e oo )G NG8) e 0 an b= 11} = el +0DE(R) (@)
2153 var{c/|(a1, a0, by = +1)} = B(af +2a§)vgr{wi}2
+ Z Ekér—p + q(o‘l + a3)E{z} } No
k=(21—1)8+1 + —ﬂNg. (9)
= A+B+C 4
The case of sending a symbol 6f 1" may be computed in
where a likewise fashion, i.e.,
218 218
A = Z a%blozi,g + Z Oégblxi,ﬁ,r E{al(ar, az,b0 = —1)} = —E{al(a1, az, by = +1)}
k:(2l2_zﬁ1)ﬁ+1 k=(21-1)F+1 var{c;|(a1, ag, by = —1)} = var{c;|(a1, ag, by = +1)}.
B = Z (12— + otk p_r) (& + bifk_p) Using (8) and (9), and assuming that follows a nor-
k= (21— 1) 341 mal distribution under the given conditions, the conditibn
23 BER may be computed as
C = Z Ekl—p- 1
k=(21-1)+1 BER(a1,02) = gProlc <0l(ar, az,b = +1))
1
Assuming “+1” is transmitted (i.el; = —+1), the fol- + 5 Prolc; 2 0l(e, a2, b = ~1))
lowing statistics are easily obtained B lerfc q 2(at + ad)var{z2}
E{A|(ar,az,bi = +1)} = (oi + a3)BE{xk} S22 (a3 + a3)2BE* {23}
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shows the effect off on the BER performance. Here, we
(03 +ad)By | (F + a})°E}

setE,/Ny = 25dBandr = 2. From the figure we can
see that BER increases with This is because for a fixed

whereE; is the bit energy and is represented by Ey/No, the noise power increases withand the degrada-
tion due to the increased noise power will overwhelm any
E, =2pE {(:ck)Q} (10) gain in symbol detection that might have resulted when
is large. In Fig. 4, the calculated and simulated BERs are
and erf¢y) = = fwoo e~ d. plotted for@ = 50.
I the logistic map is used, we have Ya?} = 1/8, .The gﬁect_off on the BER performance is shown in
E{a2} = 1/2, and E|g. 5, in which E, /Ny = 25 dB, andg = 50. The
figure shows that when s large, the numerical results do
1 (af + a3) not agree with the simulated ones. This is because in the
BER(a1,02) = gerfc ( [m derivation of the BER (12), we have assumed that the multi-

=

4N, 26N2 ] -

and hence ISI can be neglected. Under this assumption the
@@+ adB | (3 +ad) . "

numerical BER result is independentafHowever, in the
simulations, ISl is present and it increases withThere-
re, asr increases, ISl increases and the simulated BER
teriorates. Fortunately, in most practical applicagjdime
conditionT <« 24 holds, such that neglecting the ISl is jus-
1 4 28 -1 tifiable. For example, in typical wireless local area networ
BER(ay, ) = Eerfc<<_ + _2) ) = BER(v) (W!_AI\_I) applications, the time d_elayls some tens of ns,
MW W which is very small compared with the duration of a trans-
mitted symbol [5].
wherey, = £:(af +a3) = 71 +72, 71 = %2ai, and  The coherent CSK system, being a generic form of
Yo = ]’f,—gag. Denotingy: = E{m} = %E{a%} and chaos-based digital communication systems, may serve as
Yo = E{y2} = %E{ag}, the probability density function @ benchmark system for comparison [7]. Fig. 6 shows the

) path time delay is much less than the bit duratior 23)

For largeg, the first term within the bracket in the above
expression may be neglected. Thus, the conditional BE
may be simplified as

of v, may be computed as simulated results of the BER performance of the coherent
CSK as well as the noncoherent DCSK over the AWGN

?—ge‘”b/ﬂ E{ai} =E{a3} channel and the two-ray Rayleigh fading channel. In the

Flw) = M 2-ray Rayleigh fading case, we assume that the average

power gain of the second path is 3 dB below that of the first
path. Under an AWGN channel, the coherent CSK system

(11)  performs much better compared with DCSK. In a two-ray
Finally, the BER can be obtained by averaging the condfading environment, the performance of the coherent CSK

1 /5y oy /A
S (e o/ M1 _ e "/h/"/z) E{a?};&E{a%}.

tional BER, i.e., system degrades dramatically [7] but for the noncoherent
oo DCSK, the performance degradation is much less severe.
BER= / BER() f (7s)ds.- (12) Thus, the advantage of the coherent CSK system over the

0 DCSK system diminishes. The same observation is made

This formula will be used in the next section for evaluatWhenE,/No is large (say> 21 dB). This fact also verifies
ing the bit error performance of the system under differeftolumban’s conclusion that the DCSK system can be used
channel conditions. Clearly, as the form of (12) does ndtven under poor channel propagation conditions [8].
permit a closed-form solution, we have to resort to a nu-

merical integration procedure for finding the BERs. 5. Conclusions

4. Results We have studied the multipath performance of the non-
coherent DCSK system based on a two-ray Rayleigh fading
We consider three cases corresponding to different pafhodel. Results from this study show that the DCSK sys-
gain ratios and a fixed path delay. tem can perform better than the coherent CSK system and
Case I: The two paths have identical average power gainachieve a reasonable BER in a multipath environment.
Case Il: The average power gain of the second path is 3 dB

below that of the first path. Acknowledgment
Case lll: The average power gain of the second path is
10 dB below that of the first path. This work was supported by the Hong Kong Research

Numerical calculation of the BERs as well as computeGrants Council under a competitive earmarked research
simulation of the BERs are performed. In particular, Fig. rant (Number PolyU5137/02E).
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Figure 3: BER performance of the DCSK system ovef'9ure 5: BER performance of the DCSK system over
a two-ray Rayleigh fading channel (BER versgjswith a two-ray Rayleigh fading channel (BER verstswith
Ey/N, = 25dBandr = 2. Ey/No = 25dBj = 50.
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Figure 4: BER performance of the DCSK system oveFigure 6: Simulated results of the BER performance of the

a two-ray Rayleigh fading channel, with = 50 and coherent CSK and noncoherent DCSK systems.
T = 2.
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