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Abstract—In this paperf], we propose a novel cooperative existing MA-DCSK systems, cooperative communication (CC)

scheme to enhance the performance of multiple-access (MA)technique has never been applied, for which the cooperative

differential-chaos-shift-keying (DCSK) systems. We proide the ; ; ;
bit-error-rate (BER) performance and throughput analyses for mTth?hq developed iri[5]L16] is not alppllcable.t. h f
the new system with a decode-and-forward (DF) protocol over !N tIS paper, we propose a novel cooperative scheme Tor

Nakagami-m fading channels. Our simulated results not only the MA-DCSK systems, forming a MA-DCSK-CC system,
show that this system significantly improves the BER per- to improve the performance of communications. We analyze
formance as compared to the existing DCSK non-cooperative the bit-error-rate (BER) performance and the throughput of

(DCSK-NC) system and the multiple-input multiple-output ) i} :
DCSK (MIMO-DCSK) system, but also verify the theoretical the new system under a decode-and-forward (DF) relaying

analyses. Furthermore, we show that the throughput of this Protocol over Nakagami fading channels. Both theoreti-
system approximately equals that of the DCSK-NC system, bht cal analyses and computer simulations demonstrate that the
of which have prominent improvements over the MIMO-DCSK  proposed system has significant performance improvement
system. We thus believe that the proposed system can be a goodn comparison with the DCSK non-cooperative (DCSK-NC)
framework for chaos-modulation-based wireless communidéons. system and the MIMO-DCSK system. Moreover, we show that
the throughput of the proposed system is almost the same as
. INTRODUCTION that of the DCSK-NC system, superior to that of the MIMO-

In wireless communication applications, such as Wireleg)sCSK system.

personal area networks (WPAN) and sensor networks (WSN),

multipath fading is a major factor that deteriorates theligua

of information transmission. As a spread-spectrum modula- Overview of MA-DCSK System

tion, differential chaos shift keying (DCSK) offers a preimig

solution to mitigate the effect of fading in such systefds [1] FO' @ /N-user MA-DCSK system, the orthogonal Walsh
The DCSK communication system can be easily implé;-Ode sequences are a_dopted to eliminate mterfe_rence among

mented in hardware since it can work without synchronizatid!Sers (i-., there is no interference among users if Walele co

nor channel estimation but requiring only frame and symbbi Used) 8] In such a system, th¥-order Walsh code is

rate samplings, which makes it very promising in WPAN ang€fined to accommodat¥ users, where

WSN applicatiolns[UZ]. In_recent years, some variants of the Wan s Wan

DCSK modulation technique have been proposed [3], [4]. Wan = < Wons  —Wonos >7 n=12

Aiming to further overcome the signal fading arising from

multipath propagation, cooperative diversity has beerigghp in which 2" = 2N and Wy = W; = 1.

to the conventional DCSK system to construct a two-userEach DCSK modulated signal includegv sub-segments.

cooperative DCSK system]|[5].][6]. Let 8 denote the length of each carrier segment (i.e., sub-
Another desirable application of DCSK is to be comspreading factor). Then, the global spreading factor id kép

bined with multiple-access (MA) techniques. Recently,rgda 2N 3. Thelth transmitted signal of th&'th user is given by

amount of research work have been devoted to MA-DCSK

systems|([7],[[B]. In particular, the Walsh code has been used,. , — Z?N_l Wk .5 C (t _jl) . 0<t<T (2

to ensure the orthogonality of DCSK channéls [8], so that the j=0 ’ 2N

interference among different users can be avoided.lIn @], t

multiply-antenna relay was adopted in the MA-DCSK syste

(i.e., MIMO-DCSK system) to increase the robustness agai

signal fading. However, to the best of our knowledge, in al

Il. SYSTEM MODEL

@)

whereb, = {0,1} represents théh transmitted symboky; ;

rF(]-Jpresents théi, j)th element of the2N-order Walsh code,

dc(t) represents the chaotic carrier.

At the receiver, we assume perfect timing synchronization
1This work was supported by China NSF under Grants 61001agz34 and utilize the generalized maximum likelihood (GML) detec

and 61271241, tor [10] to demodulate the received signals.
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Fig. 2. Cooperative scheme of thé-user MA-DCSK-CC system.

B. MA-DC-CC System

wherem; > 0.5 denotes the fading factor of théh path,(;
equalsE(a}), andT'(-) is the Gamma function. For ease of
analysis, assume that the channels possess an uniform scale
parameter, i.e.{); (2 = Qo = --- = Qp = Q) andmy

(m1 = mg = --- = my = m) are kept constant for all path-
components. Also, assume that the receiver can capture all
paths power, .3, O = Y1 E(a?) = 1.

IIl. PERFORMANCEANALYSES

In this section, the BER performance and throughput of
the proposed MA-DCSK-CC system are analyzed over a
Nakagamimn fading channel. To simplify the analysis, assum-
ing that the energy per bit of each user is constant, dengted b
Ey, and the energy is allocated uniformly to every transmissio
phase. Moreover, we assume that the time dejais much
shorter than the bit duratiorR § 575 > 7, whereT; is the
sampling period) such that the inter-symbol interferenae c
be ignored. Also, the equal-gain combiner (EGC) is employed

The full-duplex system model is shown in F{g@. 1. Refer@t the receiver for easy implementation.
ring to this figure, the transmission period is divided intQ BER Performance

two phases, namelyst phase and2nd phase.
phase, theKth (K = 1 ~ N) user Ux broadcasts its

messageX i (t) to other terminals. In thend phaseUxk

helps the remaindeN — 1 to forward their messages. Us
ing the DF protocol Uk transmits the reconstructed sig-

X1 (t), X (8), -

nals, i.e. FXL(t

XN (1) =

Z,#K X, (t) (Xi(t) is the reconstructed signal ofx (1)),

to the destination if it decodes correctly; otherwise, ihegns
idling. Based on the above description, the cooperativerseh
of the system is illustrated in Fidl 2. According to such a

scheme, the received signals are expressed as

N
ric(t) = Y, Hek ® X)) + Zc (1) (3)
N
rp(t) = Zk Hip @ Xi(t) + Zp(t) (4)
B0 = Z (o e X, 50 + 750 ©)

Here, the superscripts “1” and “2” denote thst phase and
the 2nd phase, respectivelyK,k] = 1 ~ N; ® denotes

convolution; 1. (t) represents the received signalsiat in

the 1st phase while}, (t) (i = 1,2) represents the receivedwhere BER(y) and f(v) are the conditional BER and PDF
signals at destination in theh phase;Z;(t) and Zj,(t) are  of the received SNR. SpecificalZER(7) is given by [11]

white Gaussian noise random varlables (RV) Wlth zero mean
and varianceNy/2; Hy i, Hi p, and Hg p are the channel

impulse responses of link$, — Uy, U — D, andUx — D,
respectively, which can be represented as

=3,

whereq; and7; are the attenuation and time delay of thie

alé t—Tl (6)

In thelst

Here, we derive the BER expression Gf; in the N-user
MA-DCSK system, since all users in such a scenario have
the same error performance. Létp, dsr, drp denote the
“distance from source to destination €5 D), source to relay
(S — R) and relay to destination (R> D) links, respectively;
hencedsp : dsgr : drp represents the geometric positions of
all terminals. The path loss of a (S D) link is defined by
PLgp =1/d%p.

The total BER under the DF protocol is described as

BERcc-pr = BERsr-BERsp+(1-BERgsg)-BERp (8)

whereBERsr, BERsp, andBER, denote the BERs at the
relay receiver with the signal from source, at the destimati
receiver with the signal from source, and at the destination
receiver with all signals from source and relays, respeltiv

Let v denote the received signal-to-noise ratio (SNR) of
a link. Then, the BER of such a link can be obtained by
averaging the conditional BER of, as follows:

pER - | T BER()f(7)dy (©)

BER(y) = %erfc([j (1 + 257)_2]> (10)

To obtain the explicit expressions &fERsr, BERsp and
BERp. We firstly need to deduce the PDF of received SNRs

of the three links:f (vsgr), f(vsp) and f(vrp)-
In the 1st phase, the received SNR of link-S Ry (i.e.,

path, respectively, and is the number of multipaths. More- /- — U, k # K) can be written as

over, the attenuation; follows a Nakagamin, distribution,

with the probability density function (PDF) given by

my

2
flau) (@) = T(my) (ﬁz

my
) z?™ Lexp (—%12) @)

L L
VSR, = 21:1 = (Ey/No)(2d3R,) 21:1 af  (11)

where F, is the bit energy (the energy consumed in fls
phase isF}, /2), andy; is the instantaneous SNR of thé path.



It is well known that the square of a Nakagamidistributed  Substituting [ID) and(16) int¢](9) yields
RV follows a gamma distribution, denoted &&m,2/m),

with the PDF as follows: BERp = / BER(yp)f(vp)dvp (18)
m—1_—z/(/m) 0
f(z) = IQe—m, x>0 (12) Similarly, with the help of [ZD) (the conditional BER expres
(©/m)mL(m) sions of different links are identicalBERsr and BERgp
Based on the Nakagamiy-distributed RVa;, we obtain the can be calculated by substituting {13) add](14) inid (9),
PDF.Of'n, asy :.ﬁa? ~ G(my, %). Hence, respectively, giving
~vsg is further derived aslf[9] oo
) BERse— [ BEROsn)/Gsu)dise  (19)
YSR, ~ G ZL mp —Eb El:l L 0
k =1 ’ 2N0d2$Rk Zlel mi

(13) BERs, = /0 T BER(vs0)f(vsp)dysp  (20)

=G (mL, 2152{;%[‘; > = G(z1,11)

F Finally, by combining [(IB),[(19)[(20), andl(8), the BER of
Here,m; = m, dgp, = d%p, v1 andy, are used as short-handthe proposed system, i. 8ERcc-pr, is formulated.
notations formL and (E,/No)/(2mLdzy, ), respectively. As
the N — 1 relays decode the received signal independently, tﬁe Throughput
equivalent received SNR of link S; R equalsysr, , namely, Assume that the normalized throughput is defined as the
YSR = VSR, average number of successfully received bits/symbols afte

Likewise, the received SNR of link S» D is expressed by error detection in each transmission period (a5 in [13])sge

quently, the throughput is a decreasing function of the BER.

L
By 2 Ey/No > Based on such a definition, the normalized throughput of the
= ~G | mL,———— | = G(x2,1 S ’
15D 2Nod% ;al (m 2mLd% (2, 32) proposed system is given by
(14)

=1—-BERcc- 21
where z5; and y, are short-hand notations foml and fee compr 1)
(Eb/No)/(2de25D). respectively. Also, the normalized throughput of the MA-DCSK-NC system

Moreover, in the2nd phase, one can get the distribuf8] and MIMO-DCSK system[[9] are as follows:
tion of the received SNR of linkRy — D as vgr,p ~

=1—-BERnc- 22

G(mL, %), whereds, , = d%,. Adopting the nN(jV ) NC-DF (22)
R;. D .

EGC methodyrp is readily obtained through combining all TIMIMO =~ (1 — BERmmo-pr) (23)

N — 1 received SNR at the destination receiver, resulting in )
where the BER expressions of the DCSK-NC system,

YRD :Zi\;K YD ~ G ((N— 1)??%&%) i.e., BERxc_pr, and the MIMO-DCSK system, i.e.,
— G(x3,13) " BERMmmMvo-_Dpr, are shown i_nIIB] a_nd[[9], respec_:tively. One
’ (15) should note thatN — 1)/N in @23) is the pormallzed factor_
where 23 and y; are short-hand notations fdtN — 1)mL because one of th&/ users never transmits any message in
and (E,/No)/(2(N — 1)mLd2,,), respectively. Afterwards, the MIMO-DCSK system. Thus[(23) reduces #omio ~
the total received SNR at destination with all signals frorh— BERmmio-pr if N is enough large.

source and relays can be representedy@s= vsp + YrD- IV. SIMULATION RESULTS

Thus, th ding PDF be f lated 12 . : .
us, the corresponding can be formulatedby [12] Here, we provide some simulation results for the proposed

zotxgz—1 /y
v e~ YD/v2

> if yo = ys3 system. All the simulations were performeddiruser MA sys-
f(yp) = yz': ir(“tw?’) ' (16) tems (V = 4) over Nakagami fading channels with parameters
~Pti=lo=vp/y )
OZ?iO (—EI’YIJE(er')fol 0) if Y2 7& Y3 m =2, L =2, (Tl,TQ) = (O,Ts), anddSD : dSR : dRD =
2)Y0

_ 1:1:1. The sub-spreading factgt = 32, such that the bit
Here, the parameters for the caseyof# ys are subjected to guration is much larger than the time delay, i&\, 3T > 7.

773 " As assumed, the transmission energy per bit of each user is
¢= Hk:Z(yO/yk) ' kept constant.
€1 = 1 Zi“ i i=0,1,2, - For comparison, we also consider two existing MA-DCSK
LT L=y TS T systems, namely the DCSK-NC system and the MIMO-DCSK
3 . 3 . 17 . -
2 = Zk—Q 2e(1 = yo/yr) /] j=1,2,--- (17) system. Fig[B and Fid] 4 present the BER performance and
= throughput of the these three systems. One can observe from
p= Z xE >0 Fig.[3 that the DCSK-CC system and the DCSK-NC system
B ,k:32 are the best-performing one and the worst-performing one,
Yo = miny_p(y) respectively. At a BER o2 x 105, one can also observe that

where&, = 1. the DCSK-CC system has a gain abdow?2 dB and 0.4 dB
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the DF protocol over Nakagami- fading channels, which
agree with the simulation results almost perfectly. Corimgar
with the existing DCSK-NC and MIMO-DCSK systems, the
proposed system not only shows excellent BER performance
but also possesses satisfactory throughput. Thereforengm

the three systems, the new DCSK-CC system can provide
the best possible balance between the BER performance and
the throughput. We believe that the proposed system is very

suitable for low-power and low-cost WPAN applications.
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