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Abstract— In this paper, we study network—coded cooperative relay, and one destination. We propose a novel cooperative
diversity (NCCD) systems comprising multiple sources, oneelay, maximum-ratio combining (C—-MRC) scheme at the destina-
and one destination. The relay detects the packets receivdtbm  tjgn, which guarantees full diversity for all sources evethe
all sources and performs Galois field network coding. We propse  5n_ideal detection at the relay is taken into account. The p
a simple cooperative maximum-—ratio combining scheme for ta posed C-MRC scheme may be viewed as a generalization of

destination which is shown to achieve the maximum diversity . .
gain of the system. Furthermore, we provide a mathematical a similar scheme that was proposed for CD for a single source

framework for the asymptotic analysis of NCCD systems with N [7]. Furthermore, we derive simple and elegant closedrfo

M-ary modulation for high signal-to—noise ratios. Based ontis ~ expressions for the asymptotic symbol and bit error rates of

framework, we derive simple and elegant closed—form expretons NCCD with C-MRC in Rayleigh fading. These closed—form

for the asymptotic symbol and bit error rates which provide expressions give valuable insight into the impact of vasiou

Signiﬁcant InSIght into the impaCt of various S_ystem and chanel System and Channel parameters Such as the number Of sources

paﬁqr?g(teicrnsnonsri)rirlz?;?c?nnCrisagl?sc?:gr?f?rrixrilr?gegcfgl:rr;?:rfogpi(;g and the signal-to—noise ratios (SNRs) of the involved wis!

opti ) .

p?esented analysis and show that large performanceygains ar c_hann.els. For example, our an.alytlclal reSl.Jlts reveal that t

possible by optimizing the power allocation in NCCD systems diversity gain for all source termlnals_|s two irrespectdfghe

based on the developed analytical results. number of sources but the coding gain decreases as the number
of sources increases. The derived error rate expressions ca
also be exploited for various NCCD system optimization

|. INTRODUCTION problems such as optimal power allocation, relay selection
Cooperative diversity (CD) is an effective technique t@nd relay placement.

exploit the spatial diversity offered by wireless relay eed  The remainder of this paper is organized as follows. In

The main drawback of CD schemes is a reduction in throughection Il, the system model for the considered NCCD system

put since the different cooperating terminals use orthafor®s well as some notations and definitions are introduced.

channels for transmission [1]. This throughput reductisn Asymptotic expressions for the symbol error rate (SER) and

most noticeable in CD systems with multiple source ternsinathe bit error rate (BER) are derived in Section Ill. Numer-

since the relays forward the signals received by each souie@ and simulation results are presented in Section IV, and

in a separate time slot or frequency band. conclusions are drawn in Section V.
One effective approach to increase the throughput in multi—
source CD systems is network coding [2]-[5]. The idea of Il. PRELIMINARIES

network coding was originally developed for wired networks In this section, we describe the model for the considered

as an efficient routing technique capable Of. enhancing tRﬁICD system and introduce some notations and definitions.
network throughput [6]. However, network coding also akow

a relay to first encode the packets received by several spurce

before forwarding a single encoded packet to the destimati\- Notations and Definitions

Thus, the relay can simultaneously serve multiple sournds a In this paper[]7, (-\)*, ®{-}, £&.{-}, andI'(-), denote trans-

the network throughput is substantially increased. position, complex conjugation, the real part of a complemnu
The performance of the combination of CD and networker, statistical expectation with respectatpand the Gamma

coding, which is referred to as network—coded CD (NCCDjynction, respectivelyQ(z) £ % f;@ e—t*/2d¢ denotes the

has be studied recently in the literature. In particulag thsayssiang—function. Furthermore, we use the notatiod v
outage capacity and the diversity—multiplexing tradeb#uech 5 jndicate that: andv are asymptotically equivalent, and a
a system was analyzed in [3] and [4], respectively, and ifgnction f(z)is o(g(x)) if lim, o f(z)/g(x) = 0.
outage probability was calculated in [2]. Common to all thes
works is the assumption of error—free source—relay channel
Although this assumption greatly simplifies the analysis & Signal Model
NCCD systems, it may not be valid in practical wireless The considered NCCD system is depicted in Fig. 1 and
networks where detection errors at the relay may be causeddoynprisesN; source terminalss;, 1 < ¢ < N, one relay
fading and noise. We also note that previous work on NCCB, and one destination termind). Transmission from the
has focused on network coding over the Galois field (GF) sburce terminals to the destination terminal is organized i
order two limiting the adopted modulation schemes to binayo hops. The first hop comprises; time slots and each
Furthermore, a general and accurate error rate analysigggivsource terminalS;, 1 < i < Ny, transmits a data packet to
insight into the performance of NCCD systems is not avadlablhe relay and the destination using one time slot. In pdgicu
in the literature. the data symbok; € A is generated at the sourég, where

In this paper, we consider an NCCD system with multiA £ GF(2™) is the GF of ordefM = 2. Data symbok; is
ple sources using generall—ary modulation schemes, onemapped to a transmit symbe} € X with £{|z;|?} = 1 using



2/ 2 N 2/ 2 A 2 2
Piafi/anDi, Vgi = Piagi/anR’i, andy,, = PTahR/anR,

respectively. The corresponding average SNRs are given by

Vi = ‘Piin/O}QLD,i’ Ygi = ‘Pngi/Ur%R,i’ and Yp,R =
PrQg/o2 ., respectively.

Remark 1: Based on the presented signal model, a total of
N, + 1 time slots are required for the transmission of signals
from all sources to the destination. In contrast, a conoeiafi
CD system [1], [7] require2N, time slots since the relay
assists only a single source at a time.

Fig. 1. Block diagram of the considered NCCD system. Solid dashed

lines denote links belonging to first and second hop, resgbet c Equivalent Source—ReIay Channel

Similar to conventional CD [7], it is also convenient for
NCCD to introduce an equivalent channel between the source
terminals and the relay. This will be particularly useful fo

ny - A — X is a one—to—one mapping function fropzh to . . o . X i :
X. The transmit symbols; are transmitted to the relay andthe diversity CO”!b'.”'”g sc.heme n Se_ctlon II-D .and the per
formance analysis in Section IIl. The input of this equivdle

the destination. The signals received by the destinatiah a ; . : .
the relay in the first hop are given by channel is the relay transmit symbol in the absence of noise,

rr 2 px (py'(21) @ - @ py'(vy,)) € X and the output

the mappinge; = px(s;), whereX’ denotes anl/—ary signal
constellation such a&/—ary phase—shift keying{ —PSK) and

rs,p = /P fizi +npi,  1<i<N,, (1) is the actual relay transmit symbatz € X. Defining the
source-relay SNR vectey, £ [Ygys 2 Ygw,) ¥, this channel

and ) is characterized by the equivalent error probabifty.q(v,),
TSR = \/Egi Ti+ MR, L<i <N, (2)  which is the probability that:r # rz. For anM-ary signal

respectively, wherd, is the average transmit power of thta ~ constellation’, the equivalent error probability. oq(v,) is
source, andf; andg; denote the fading gains of thé — D given by P, .q(v,) = BQ(,/207eq(7,)), Wherea and 3 are
and theS; — R channels, respectively. Furthermor€p; two modulation dependent constants (exg= 8 = 1 for
andnr,; denote the additive white Gaussian noise (AWGN3psk) andheq(7,) is the instantaneous SNR associated with

samples at the destination and the relay, respectively. Ti@ equivalent source-relay channel. This equivalent SAIR ¢
variances of these noise samples are denotedrhy. = pe expressed as

E{Inp|*} ando? = £ E{|ng,|*}, respectively.

: 1
Having received the signals;, r the relay performs coher- Yea(Yg) = 5= (Q‘l(Pe_rcq(q/g)/ﬁ))2 . (5)
ent maximum-likelihood (ML) detection to obtain the desstt 2a . )
symbols It can be shown that for sufficiently high SNR (please refer to

X . . . [8] for a proof)y.q(v,) can be accurately approximated as
TRy = argmin{|rs,r — V' F; g: 27}, 1<i<Ns. (3)
' e

’ch(PYg) = min{’Ygla 5 Yan, } (6)
The corresponding detected data symbol is givershy = \We note that sincey,,, 1 < i < N,, is an exponentially
—1/4x ) . . . g _q . .
ty (ZR)- distributed RV with meany,', veq(v,) in (6) is also expo-

The second hop comprises a single time slot. In particulentially distributed with mean; .t = 1/9,, + - +1/gy -
the relay performs network coding and computes the data 4 °

Symbg'SR =5r1®- - ©5p N, Whereg denotes addition in Diversity Combining at the Destination
GF(2™). The relay forwards transmit symbok = px(5r) ) o
to the destination. The signal received at the destinatitheé ~ Due to the possibly erroneous decisions at the relay, the ML

second hopyrp, can be modeled as decision metric at the destination is highly complex and not
amenable to analysis. In order to avoid the problems agsakcia
rrRp =\ PRhR TR + np,R, (4) with the ML metric, we extend the C-MRC scheme proposed

in [7] for conventional CD to NCCD. As will be shown
in Section Ill, the simple C—-MRC scheme achieves the full
diversity of NCCD systems with any number of sources. The
corresponding decision rule is given by

where P is the average transmit power of the relay, is the
fading gain of theR — D channel, ancvp r is the AWGN
at the destination in the second hop having variadf’;(’g:]g-;R =
E{np,r?}. ) )
Throughout this paper we assume independent Rayleigh &p = arg min {m()}, (7
fading for all links of the network. Thus, the fading gains pEAT
fi & ape %, hy & age %, 1 < i < N, and where vectorzp = [ip:...2p,n.]T contains the detected
hr £ ay, "%, are independent Gaussian random variablsgmbols at the destination for all sources, vector =
(RVs) with zero mean and varianc€s, 2 £{|fi|?}, Q, = [Z1...Zn,]7 € XN+ contains trial transmit symbols; € X,
E{lgil*}, 1 < i < N,, and Qg = &{|hr|?}, respectively. 1 < i < N, andm.(Z) is the C-MRC metric. The decoded
Here, the channel amplitudes,, a,,, anday, are positive data symbols are obtained 85 ; = py' (@), 1 <i < N,
real RVs and follow a Rayleigh distribution. Furthermotee t and the C-MRC metric is given by
channel phaseg;,, 0,,, andfy, are uniformly distributed in N. N N
[—n,7) and arejindegpendent from the channel amplitudes. ,, (z) — "~ Irs.0 — /P, [i $i|2+)\R Irrp — /Pr hgr Zr[?
For future reference, we define the instantaneous SNRs Pl 2 o2

np,i ND,R

of the S; — D, S, — R, and R — D links as~;, = - (8)




whereir £ px (u;(l (Z1)®--- @u}l(im)), and A\ is a For derivation of the unconditional PEP, we exploit that for

weighting factor which is defined as any RV A we havePr {A < 0} = 5 fffffj(bA(s)% with
min{yeq(v.), Yr} moment generating function (MGR)a(s) £ Ea{e 2%} and
Ar = — - ) P.oq(v,) = BQ (y/207eq), cf. Subsection II-C. Using these

’”_% relations, we obtain the unconditional PEP from (11) and (12
In order to compute\r, the receiver has to know the SNR ofzg

the weakest source—relay channel. This SNR can be measured
at the relay and then forwarded to the destination over a low— P(x — &) = €5, v, ya,n {P(x— i'l'yf,’yg,’m,n)}

rate feedback link. As mentioned before, the proposed C-MRC ctjoo N
scheme is a generalization of the scheme in [7], which is _ 1 T ;. (s) )| Bl )ﬁ (15)
obtained as a special case fy; = 1, where NCCD reduces C 2nj J fi\8 R\S) =
to conventional CD. c—joo =1
wherec is a small positive constant that lies in the region of
IIl. ASYMPTOTIC PERFORMANCEANALYSIS convergence of the integrand and
In this section, we analyze the asymptotic error rate perfor N N,
mance of the considered NCCD system for high SNRs, i.e., @5 (s) = Eypnpaie lAfl( 3, (16)
VfisVg: — 00, 1 <1i < Ny, andyr — oo. In particular, we A & e(a .
d'ével%p asymptotic closed—form expressions for the (@era Pr(s) = Bils) + (N(zRr)| . Z (@) (17)
pairwise error probability (PEP), SER, and BER. ErEN(=r)
For convenience, we introduce the source—destination SKRre, @5 (2 r; s) and®;(s) are defined in Lemmas 2 and 4 in
vector £ [vf, 77w, |7, the normalized noise sampleshe appendix, respectively.
np; = np,i/onp., 1 < i < Ny, andiip g 2 nD,R/Tnp s Asymptotic_expres_sions for the MGEBfI.(s_), Q5 (ZR; s), _
and noise vecton 2 [fip 1, - ,fip.y..ip.g|T. and @f (s) valid for high SNR are provided in the appendix
' o ' in Lemmas 1, 2, and 4, respectively. With these asymptotic
A. Asymptotic Pairwise Error Probability expressions for the MGFs at hand, an asymptotic result for

: a T N. : the PEPP(x — &) can be calculated based on (15). How-
b Atiseurgcl):?c:ahsazng Blr .??Vf] ]:% g XN\{YaS., tznsmvzlt;i‘d ever, we postpone the derivation of the asymptotic PEP until
dgtected at the destin_atigri thg%EP for the’c:gnsid:z’red Ncggsbsection lll-B, since the computation of the asymptof®P
' pends on the actual valuessofindz, which in turn depend
system can be expressed as . : .
on the considered signal constellatién
P(x — &) = Pr{m.(z) > m.(&)}. (10) For derivation of the SER and BER, the following proposi-
. . ! ) . tion is useful (please refer to [8] for a detailed proof).
It is convenlené’\tlo first obtain thc;e EEP _condltlonedTﬁ_n the Proposition 1: Assume without loss of generality tha, =
mstgrjtyanelogsEP R$f6 Vg YR, @N dt e noise vectat. This Ch Vg = Go 2 1 < i < Ny, andg = Cry, where(y, G,
conartiona can be expressed as and ¢ are finite (positive) constants, which are independent
Pz — &~y vy 7R 1) = of ¥, ang def!ne the diversity gain assomaited with the PEP as
Ggpep = —lims_,o log (P(x — &)) /log(¥). The diversity

[1 = Peeq(vy)] P (z = Z|2R. Y5, Yeq: TR, T0) (11) gain is then given bYG,prp = dpy(x, %), wheredy(z, %)
1 ~ denotes the Hamming distance between data vesioE
—_— Peeq(v4)P Y Yeas VR> 9
" W (zr)|, e%:( )’ (V)P (@ = Bl ¥ s Yewr TR ) [s1,---,sn.,sr)T and3, £ [1,---,5n.,5g]T. Furthermore,
TR TR

wherez and P. .q(v,) have been defined in Subsection (1for all possible pairga, &) we havedy (x, ) = 2.
C. In deriving (11), we have assumed that the erroneous
g € X is a nearest neighbor afz, i.e.,ir € N(zr), where B. Asymptotic SER and BER

set N (zg) contains all nearest neighbors of; in X. This ) .
approximation is well justified fofy,, — co, 1 <i < N,,and  We use a truncated union-bound, where we include only

its accuracy will be confirmed by simulations in Section [V1€arest neighbor error events, to obtain an asymptoticesxpr
The conditional PEPP (& — &|Zr,,Yeq, Yo 1), T € SION for the SER based on the asymptotic PER — ). In

{xr, &g}, can be expressed as particular, a highly accurate approximation for the asotipt
SER of theith source,P?, is given by

P (z — &|TR,7 s Yoas TRy T) ; 1
= Pr{me(x) > me(&)|Tr, ¥ 1+ Yea: TR, M} (12) Pe=am 2, 2 M=) o
xzEXNs TeCi(x)

Ns
=Pr {ZAfz ('ria ji)"'ARAR(IRv jRa jR)<O‘7f7’YCq77R7 n} where

=1

where Ci(m) £ {®|7; € N(w;) U{a;},j # 4,35 € N(x),5 =1,
Ag (i, 3:) 2 |75 (2 — T0) +7p (13) dp(x, &) = 2}. (19)
and In (19), we have only included error events with (x, £) = 2

A S m NA | - 2 since error events witdy (z, ) > 2 yield a higher diversity
r(@r Tr,TR) = [VYR(2R ~IR)J§nD"R7| 9 gain (cf. Proposition 1) and thus, their contribution to the
— W r(Zr —Zr) +np.rI". (14)  asymptotic SER is negligible.



TABLE |
COEFFICIENTSC}Y AND CE( FOR DIFFERENT SIGNAL CONSTELLATIONS

FOR M~PSKAND M—-QAM WE HAVED d = 2sin(3;),

Furthermore, in this caseér = xR is valid and therefore based
on Lemmas 2 and 4 and (17) we ha¥g(s) = 1. Therefore,
using (15) we arrive at

v £ 4(sin(37)? —sin({5)?) AND d = |/ 5,2, RESPECTIVELY etjoo
1 1 C2
p =1y ds — —BPSK
‘ v ‘ C}( ‘ Cg{ ‘ (w o ) 327Tj/7fi’7fl / 83(1 - 8)2 i V1V
: c—joo
BPSK 45445 3 (24)
N fori#4,1 <1< N;,.

8+ -2
M-PSK 5o+

_ VdPtaw 6 Finally, combining (18), (23), and (24) yields (20) for
BPSK. [ |
Remark 2: For Ny = 1 the considered NCCD system
reduces to a CD system with a single decode—and—forward
relay and C-MRC at the destination [7]. Letting, = 1

We are now ready to state our main result. In particular, iR (20), the asymptotic SER for this system can therefore be
the following proposition we use (18) to obtain the asymiptotpptained as

M-QAM | —— 0T Vi | 12 (1 - ﬁ)

SER for BPSK,M—-PSK, andM/—-QAM signal constellations. p e L Cy L Cx (25)
Proposition 2: For an NCCD system withiV, sources the S Y6 \ Ve AR )’

totic SER for théth is given b L . . .
asymptotic or theth source 1s given by which is a new result since the analysis presented in [7]

N N S . . .
o1 21 1 1 reveals only the diversity gain but does not provide a tight

T (C}c > o +C% {Z 7 + ;] >7 (20)  approximation for the asymptotic SER.
fi i=1 9 .7';1 £ B We note that having obtained the asymptotic SER, for Gray
JF

labeling, the asymptotic BER of thi¢h source P} .., can be
where X € {BPSK, M-PSK, M-QAM}, and C3. and C% tightly approximated as 7
are tabulated in Table I. } _ 1 _
Proof: The asymptotic SERP! ., can be calculated by Py =——P: . (26)
using (18) and (19) along with (15). Because of space limita- T logy(M)
tions, we limit the proof to the BPSK case, i.&,= {£1}.
However, a similar approach can be used to obtain the SER for Diversity Gain and Coding Gain
M-PSK, M-QAM, and any other signal constellation. In the |etting 5, = CpA Y = Cu¥ 1 < i < N, and

BPSK case, for a given transmit signal vecigrthe seCi(x) 5, = (g7, where s, C, and (g are finite (positive)
n (19) containsN, elements, i.e.Ci(x) = {Z",...,&"°}, constants, we can express the asymptotic SER atthsource
~l A [~ ~ . . i . .

& £ [#,..., 7 |7, where as P!, = (G ggry) “aser, where G gpp and Gl gpp

N are the diversity gain and the coding gain corresponding to
:Elj = { i J=hI= , 1 <1< N, 1<j<Ns. (21) the asymptotic SER, respectively. Thds, ¢xr and G. qgpr
- zj, otherwise - .4 ¢ .
correspond to the negative asymptotic slope and a relative
In the following, we first obtain the asymptotic PERx — horizontal shift of the SER curve when plotted as a functibn o
;’i;l) for the casd = i before we consider the case . 7 on a double-logarithmic scale, respectively. Based on (20)
Case 1 (= i): Definingd; £ |z; — 74|, we haved; =2, We obtainG ¢pr = 2 and
j =14, andd; = 0, j # i. As a result, from Lemma 1 we _, B
obtain @y, (s) £ e J = i and @y, (s) = 1, j # i, L serldB] = 5log;((r,)

Furthermore, taking into account that for= i we haveip = 51 ol aE 1 2 aE 1 a1 27
—z, based on Lemmas 2 and 4, (15), and (17) we obtain — 920810 { “x chi T & Zc.fj +tCr| ) (@D)
i=1 j=1

/2 c+joo e

i 1 1 L : , . .
Plx —x') = oo / / S0=9) Remark 3: A diversity gain of G, ¢z = 2 is achieved by
IV 5 5 all sources irrespective of the number of sourdgsHowever,
from (27) it is evident that the coding gain is dependent @ th
1 1 ds : . )
x| = T o T o —d6, (22) number of sources, the signal constellatibnand the relative
Veqs(1 — 16sin” 6s%) ~ Yrs(l—s)/ s link qualities¢y,, ¢,., and(g.
where we have used that for BPSK(zz) = {—zr}, o =
p =1, dr(Zr) = —4, anddr = 2 are valid. . V. RESULTS AND SYSTEM OPTIMIZATION
The inner complex integral in (22) can be calculated using | his section, we verify the analytical results derived in
the standard inverse Laplace transform techniques suchqgiion 111 with computer simulations and exploit theseuttss
partial fraction expansion. This yields to optimize the performance of NCCD systems.

c—joo

N,
N | 1 1 9 1
Pla—a') = s (CBPSK Z ) + CBPSK;)’ (23) A Impact of Number of Sources
i i—1 9i R

. ) ) ) In Fig. 2, we show the average BER (average of the BERs
whereCppgy and Cppgy are given in Table I. of all sources) of an NCCD system for different numbers of
Case 2 ( f i): For I # i, from Lemma 1 we have soyrces as a function of for BPSK. ¢y, = ¢, = 1, 1 <

©5,(s) = mrayg; J =6 =l and®y, (s) = 1, otherwise. ; < N ¢z = 1 are assumed, i.e., all links in the network



10°

in [9]. Thus, the optimal power allocation (OPA) problem can
be efficiently solved using standard tools [10].
Results for OPA as a function d¥- /o2 are shown in Fig. 3

1071! =

107 b for an NCCD system with 8—-PSKY, = 2, Q¢ = Qg =1,
Qp, = Q, = 100, Qp = 100, and 02 = = o5, =
107 5 o2 £ o Specifically, we show in Fig. 3 the SERs of

both sourcesS;, i € {1, 2} and the average SER of both
sources, and compare OPA with equal power allocation (EPA),
where P, = P, = Pr = Pr/3. Fig. 3 shows that OPA
improves the average asymptotic SER (i.e., the cost fumctio
] for optimization) by 3.4 dB compared to EPA. The individual
SERs ofS; and S, reveal that OPA improves the SER of

BER

10~

10°

107

107L : oo S1, which has the weaker channel, at the expense of a small
o < 5 G 55 3 % > degradation of the SER of sourse by allocating more power
7 (dB) to S; than to S, (and the relay).

Fig. 2. Average BER vs. SNR of an NCCD system withVs sources and

BPSK. Solid lines with markers: Simulated BER. Dashed liesymptotic

BER [(20), (26)]. V. CONCLUSIONS

In this paper, we studied NCCD with generdl-ary mod-
10° : : : : : : ulation and proposed a simple C-MRC diversity combining

scheme which achieves the maximum diversity of the consid-
ered system even if erroneous decisions at the relay ara take
into account. Assuming independent Rayleigh fading for all
links in the network, we derived closed—form expressions fo
the asymptotic SER and BER of the considered NCCD system.
These simple and elegant expressions provide insight lireo t
impact of various system and channel parameters on perfor-
mance and can be exploited for performance optimization and
system design. Simulation results confirmed the accuracy of
the presented asymptotic SER and BER results and revealed
that optimal power allocation can improve performance by
several decibels.

1 il

5 10 15 Zb 2‘5 36 35 40
Pr/o® (dB) APPENDIX

Fig. 3. SER vs.Pr/o? of an NCCD system with 8-PSK for OPA and [N this appendix, we provide four lemmas. Due to space
EPA. Solid lines with markers: Simulated SER. Dashed lifksymptotic  limitations, we present only sketches of the proofs.
SER [(20)]- Lemma 1: The asymptotic behavior @by, (s), 1 < i < N,

have the same average quality. The analytical results édasfP’ 7. — o is given by

lines) shown in Fig. 2 were obtained with (20) and (26) and 1

are in excellent agreement with the simulation resultsigsol Dy, (s) = B =), (28)
lines with markers) for sufficiently high SNR confirming the ¢ i

accuracy of the approximations made in Section Il and IHor d; £ |z; — %;| # 0 and ®,(s) = 1 for d; = 0.

As expected from the analysis in Section I, a diversityngai Proof: For d; # 0, following the same steps as in [11,
of two is achieved irrespective aV,. However, increasing Section IV.A] for I;(s) £ &,, {e~*2#:(*:)} we obtain

N, causes a horizontal shift of the asymptotic BER and a '

. o0 = 12
performance degradation. 1 1, g elmpil’s
Ip(s) = > st ipi = S (29)
! d3 57y, =2 il ! d?svy,

B. If’er_formance Optimization i ) In particular, (29) can be obtained from [11, Eq. (14)] by
Similar to the case of conventional CD in [9], the asymptoti djusting the notation of [11] to the problem at hadd, (s) =
SER expression in (20) may be used for optimization . {I(s)} can then be calculated by averagiqqsl) with
the NCCD system including optimal power allocation, relayegplect to the Rayleigh distributed R¥p ;| leading to the
selection, and relay placement. Because of space cortstraifyg it in (28). Ford; = 0, ®y,(s) = 1 follows from the
we only briefly discuss the power optimization problem herggsinition of &, (s). -
Considering (20) and the definition of the SNRs,, 7y,, Lemma 2 The asymptotic behavior ofdg (ip;s)=
1 < i < Ny, and#Ag, it is obvious that the average SERS B {ﬁQ (\/W) e—s)\RAR(zR,iR,iR)} ?or 17, _
of all sources is a posynomial in the transmit powdts _“{"2""2 L4 - s given by i
1 < i < N,, and Py [10]. Thus, the problem of optimizing ~~ =~ — %
the transmit powers for minimization of the average SER o L1 [ I}
under a joint transmit power constra@f\[;1 P, + Pr < Pp Op(Zr;s) = ;/0 oo dr(ZR)S + =5
(Pr: maximum transmit power) can be cast into a geometric B a sin 0
program (GP) [10] as was done for conventional CD system#eredr(ir) £ |Tr — 2r|*> — |tr — 2r|%.

d0.  (30)




Proof: We start the proof by using the alternative repre-

/2

sentation of the)—function,Q(z) = £ [J e=o*/sin*049, to

expressdy(Zr;s) as

Proof: Since ApAgr(zr,ig,zr) = Ymdh
+27ﬁ dr R{n} g} With 7., £ min{yeq, 7z}, We conclude
that 7(s) = 1 is valid for dgp = 0. Fordpr # 0 using a similar
approach as in the proof of Lemma 2, we obtain

. B[z |
Bi(omis) = [ 000} 8, (3D = gie
T Jo D,R I(S|nD7R):5nD,R{Z—(2f)' |nD,R|21821Ti(S,9)}, (40)
where i=0
o eq o here;(s,0) = YT1(s,0) + YT2(s,0) with
@(8,9) AL g’yeqﬂR {e—m e—s)\RAR(mR,mR,mR)} ) (32) Wi (S ) z(s ) + 1(3 ) Wi
., o) i1
Using the Taylor series expansieh= Y.~ z*/i! along with T!(s,0) v . T2(s,0) d% l;)g 7 i=1
(9) and (14) in (32) leads to VR dfs 12”“”’? i—0
Feqdp s -
2 51 = 21 21 (41)
D(s,0 's¥t W, (s, 0 33 )
(,6) = ; (21)! Ifp.&l™s (5,9), (33) We therefore arrive at
— i i>1
whereg; £ LU andW; (s, 0) = Wi(s, 0) + (s, 0) with Ti(s,0) = THT (42)
s (e a) im0
d21 oo o ve ?R_S Tea m
Ul(s,0) & B / d%qe—(ﬁﬂeq/%q) Substituting (42) into (40) results in (39) upon averagia@)(
Tea VR 0 over the Rayleigh distributed Rfip r|. [
eq — . . A
% d i o—(r dR(fcR)er'yR/fyR)’ 34 Lemma 4: The asymptotic behavior of®g(s) =
‘/0 ’7R ’7R ( ) g’yeq77R7nD n { 1 _ ﬁQ /2a,ye )] SARAR(IR IR, TR }
2 (s.0) & a2 /oo d%(ﬁ? (T (E ) g +1/7e0) for 44, — 00, 1 <14 < N, yr — oo is given by
@ ﬁcq'ﬁ/R o € (I)C(S) . l/#/Q( 2 B )
></ dypygt e~ (R/AR), (35) & T Jo Yeadgs  Yrdhs(s —1)
Ted b )da (43)
In the following, we find the asymptotic behavior &f (s, 0)  ead (s + sin2 9d2 )
and ¥?(s,6) for yeq, 7r — oo, respectively. We first write ¢, dg # 0, while ®¢(s) = 1 is valid for dg = 0.
(34) as Proof: We first note that®g(s) = I(s) — ®f(zR; s).
2i il For dr # 0 combining (30) and (39) readily results in (43).
U (s,0)=—=% /e (smzeﬂeq”aq)[ — e For dr = 0 from (30) and (39) we obtairbg(s) = 1 —
Yeq VR (dR(ZCR)S + 1/’73) J"T"/Q ﬁsm 0 do = m
. N _ wveq 0
i Z"Yk e(dr(ER)s+1/7R)Veq
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