arXiv:1203.2468v1 [cs.IT] 12 Mar 2012

Diversity, Coding, and Multiplexing Trade—Off of
Network—Coded Cooperative Wireless Networks

Michela lezzi?), Marco Di Renz&, Fabio Graziost
(1) University of L'Aquila, College of Engineering
Department of Electrical and Information Engineering (DJECenter of Excellence of Research DEWS
Via G. Gronchi 18, Nucleo Industriale di Pile, 67100 L'Aauiilltaly
(2) L2S, UMR 8506 CNRS — SUPELEC - Univ Paris—Sud
Laboratory of Signals and Systems (L2S), French Nationaité?efor Scientific Research (CNRS)
Ecole Supérieure &lectricite (SUEELEC), University of Paris—Sud XI (UPS)
3 rue Joliot—Curie, 91192 Gif-sur-Yvette (Paris), France

E—Mail: marco.direnzo@Iss.supelec {michela.iezzi, fabio.graziog@univaq.it

Abstract— In this paper, we study the performance of network— To overcome these limitations, a new technology named
coded cooperative diversity systems with practical commuoa-  Network Coding (NC) has recently been introduced to improve
tion constraints. More specifically, we investigate the irgrplay the network performance [5]-[7]. NC can be broadly defined
between diversity, coding, and multiplexing gain when the elay . . .
nodes do not act as dedicated repeaters, which only forward &S @n ad\_/anced routing or encoding mechanism at the network
data packets transmitted by the sources, but they attempt to layer, which allows network nodes not only to forward bubals
pursue their own interest by forwarding packets which contan to process incoming data packets. Different forms of NCtexis
a network—coded version of received and their own data. We in the literature,e.g, algebraic NC, physical-layer NC, and
provide a very accurate analysis of the Average Bit Error Prdo- Multiple—Input—Multiple—Output (MIMO=) NC, which offer a

ability (ABEP) for two network topologies with three and four . . .
nodes, when practical communication constraintsi.e., erroneous different trade—off between achievable performance arudm

decoding at the relays and fading over all the wireless links Mentation complexity. The interested reader might cor{gjit

are taken into account. Furthermore, diversity and coding @in for a recent survey and comparison of these methods. The
are studied, and advantages and disadvantages of coopemti common feature of all NC approaches is that the network
and binary Network Coding (NC) are highlighted. Our results throughput is improved by allowing some network nodes to

show that the throughput increase introduced by NC is offset bi . . ket hich. after bei ixed
by a loss of diversity and coding gain. It is shown that theres combine many Incoming packets, which, after being mixed,

neither a coding nor a diversity gain for the source node when Need a single wireless resoureey, a time slot or a frequency)
the relays forward a network—coded version of received andreir ~ for their transmission. Thus, NC is considered a potentidl a
own data. Qompared tO' other results available in the literatre, effective enabler to recover the throughput loss expeeénc
the conclusion is that binary NC seems to be more useful when by cooperative/multi-hop networking [3]. Theory and exper
the relay nodes act only on behalf of the source nodes, and don . .
mix their own packets to the received ones. Analytical deriation ments have shown that network—coded gooperat|ve/ muhx—ho
and findings are substantiated through extensive Monte Cad SYyStems can be extremely useful for wireless networks with
simulations. disruptive channel and connectivity conditions [6], [7].

The performance of cooperative/multi-hop networks has
been studied extensively during the last years, seag, [8]—

Cooperative/multi-hop networking has recently emerggtil], and many important conclusions have been drawn about
as a strong candidate technology for many future wireled®e achievable diversity and coding gain over fading chan-
applications [1], [2]. The basic premise of cooperativdtiru nels. On the other hand, the analysis of the performance of
hop communications is to achieve and to exploit the benefitsoperative/multi-hop systems with NC is almost unexpulore
of spatial diversity without requiring each mobile node ® bso far. More specifically, understanding the interplay lestw
equipped with co—located multiple antennas. On the contrathe multiplexing gain introduced by NC and the achievable
each mobile node becomes part of a large distributed army ativersity/coding gain introduced by cooperation is an open
shares its single—antenna (as well as hardware, processidg and challenging research problem, especially when pedctic
energy resources) to help other nodes of the network toxaehieommunication constraints (erroneous decoding and fading
better performance/coverage. However, the efficient ébgplo are taken into account [12]-[14]. Some recent results os thi
tion of cooperative/multi-hop networking is faced by thenatter are [15]-[21]. In particular, [16] and [20] have retg
following challenges [3], [4]: i) due to practical considépns, provided an accurate and closed—form analysis of network—
such as the half—duplex constraint or to avoid interferenceded cooperative/multi-hop systems by estimating both di
caused by simultaneous transmissions, distributed catiper versity and coding gain with realistic source—to—relayksin
needs extra bandwidth resourcesg( time slots or frequen- These papers have highlighted, for some network topologies
cies), which might result in a loss of system throughput; i&nd encoding schemes, the potential benefits of NC to recover
relay nodes are forced to use their own resources to forwdha throughput loss of cooperative/multi-hop networking.
the packets of other nodes, usually without receiving any However, the analysis in [16] and [20] considers the clas-
rewards, except for the fact that the whole system can becosigal scenario where some network nodées.(the relays)
more efficient; and iii) in classical cooperative proto¢dlee operate only on behalf of other network nodes.( the
relay nodes that perform a retransmission on behalf of otrsurces) when forwarding data to a given destination. leroth
nodes must delay their own frames, which has an impact wwrds, the relays are dedicated network elements with no
the latency of the network. data to transmit and, thus, they receive no direct rewanah fro
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Fig. 1. 1-source §), 1-relay ), 1-destination D) network topology. Nodes
S and R have data packets to transmit ©. X¥) — Z denotes that nodeX - :
processes/manipulates the data packet of rigde forward it to nodeZ. Scenarios: @ | 3> |ro>p TOOTOf o 5 p
(a) non—cooperative; (b) cooperativ® @cts as a relay fos5); and (c) network—coded D,RT >D
cooperative R acts as a relay fos and at the same time transmits its own datap

Fig. 2. 1-source §), 2-relay ® andT'), 1-destination D) network topology. Nodes
i . . . i S, R, and T have data packets to transmit 0. Notation: i)X(Y) — Z denotes
cooperation. In this paper, we are interested in studyim®g that nodeX processes/manipulates the data packet of rgdeo forward it to node

inerplay between diversity, coding, and muliplexingrgaf 7 Scerarcs @ ron socperae: ) cooperatiest ! acos ey ey
network—coded cooperative/multi-hop wireless networRemv their own data taD); (d) hybrid network—coded cooperative (acts only as a relay for
the relays have their own data packets to be transmitted t& &hile T acts as a relay fof and at the same time transmits its own data’tp
common destination, and exploit NC to transmit them along

with the packets that have to be relayed on behalf of ttamalyze the MIMO-NC approach, where network decoding
sources. This way, the relays can help the sources withauid demodulation at the final destination are jointly perfed

the need to: i) delay the transmission of their own dat the physical layer, which results in a cross—layer dewpdi
packets; and ii) use specific resources (energy and procesdgorithm [4]. For analytical tractability, we assume tleach
ing) to forward the packets of the sources. Thus, NC camde uses uncoded Binary Phase Shift Keying (BPSK) modu-
potentially avoids throughput and energy loss. Howeves it lation. In those scenarios where NC is exploited, we comside
not clear whether performing NC at the relay nodes ent&inary NC (exclusive OR denoted by) as this provides a
any performanceif. diversity or coding gain) loss with low—complexity design of the relays. Each wireless channel
respect to classical cooperative diversity. The main aim ©f assumed to experience Rayleigh fading. More specifically
this paper is to shed lights on this matter, and to highligttte fading coefficient between two generic nod&s and
the fundamental diversity, coding, and multiplexing tradi¢ Y is denoted byhxy, and it is assumed to be a circular
with realistic communication constraints and binary NChet t symmetric complex Gaussian Random Variable (RV) with
relays. To this end, two network topologies are consideredro mean and variances, per dimension. Fading over
with 3 (1 source, 1 relay, 1 destination) and 4 nodes (1 sourdifferent links is assumed to be i.n.i.d to account for dtifet

2 relays, 1 destination), and the end-to—end Average Bit Fpropagation distances and shadowing effects. The noiseat t
ror Probability (ABEP) over independent but non—identical input of nodeY and related to the transmission from node
distributed (i.n.i.d) Rayleigh fading channels is compuie X to nodeY is denoted bynxy, and it is assumed to be
closed—form. Our results highlight that the throughputéase complex Additive White Gaussian (AWG) with variandg /2
introduced by NC is offset by a loss of the diversity gaimer dimension. Finallynxy at different time—slots or at the
More specifically, it is shown that, when the relays forward imput of different nodes are assumed to be independent and
network—coded version of received and their own data packetientically distributed (i.i.d.).

there is neither a coding nor a diversity gain for the source.

Compared to other results available in the literature [[&])], A. Problem Statement

the conclusion is that binary NC seems to be more useful whenrhe main objective of this paper is to understand the

the relays act on behalf of the sources only, and do not %rformance vs. throughput trade—off provided by NC over
their own packets to the received ones. fading channels. To be more specific, let us consider the 3—
The remainder of this paper is organized as follows. In Segpde scenario in Fil 1. Similar comments apply to the 4-node
tion[lll system model and problem statement are summarizgdenario in Figl 2. We have two nodes &nd R), which have
In Sectior(1ll, the analytical framework to compute the ABERjata to transmit to nodB. In Scenario (a), both nodes perform
is described. In Section 1V, the achievable diversity, 0gdi their transmission td in a selfish mode,e., no cooperation.
and multiplexing gain of various schemes with and withoyf, scenario (b), node® is willing to help nodeS to forward
NC are analyzed and compared. In Secfion V, some numeriggd overheard packet to node. In this case, nodeS acts
results are shown. Finally, SectibnlVI concludes this paperag a “golden user”, and nodB delays the transmission of
its own data packet to help nod&first. In this case, nod&
can take advantage of cooperation to improve its perforemanc
We study two cooperative network topologies with threkelowever, nodeR has to share its transmission energy with
and four nodes, as shown in FIg. 1 and Fiyy. 2, respectivehode S, and it must delay its own transmission: this is the
We consider a Time-Division—Multiple—Access (TDMA) projprice of cooperation. In Scenario (c), node uses NC to
tocol, where all transmissions take place in non—overlagppiavoid the limitations just mentioned. By using NC, noffe
time—slots s denotes the duration of a time—slot). Alsocan avoid to delay its own packet, and it can transmit a coded
we assume the half—duplex constraing., nodes cannot (XOR) version of overheard packet from nofeand its own
transmit and receive at the same time [3]. Furthermore, wacket. The gain is twofold: i) no transmission delay; and ii

II. SYSTEM MODEL AND PROBLEM STATEMENT
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no need to share transmission energy with n§din this case, nodesS and to transmit its own data. More specifically, the
the overall transmission can be completed in two time-slaj& transmitted by nod& is 7 = v/Erm, [1 _9 Z;(ST) ® bT? ,
rather than in three_ time—slots as in Scenario (b). Thus tWﬁerebT is the bit thatl” wants to transmit to nod®. Unlike
network throughput increases. nodeR, nodeT uses full transmission energy, since, with the
The fundamental questions we want to address in this PapRip of NC, it does not need an extra time—slot to forward its
are: i) Is there any performance (diversity/coding gain) 10S$ywn data. The signal received Btis yrp = hrpar +nrp.
with respect to selfish and cooperative scenarios, for this Finally, let us note that the fourth time—slot is not of iretstr
throughput gaif; and ii) In case of performance loss, is thisy the detection process, as the bit transmitted in this-time
only due to erroneous decoding at nofteor is this related o gjot is independent of all the others. So, it can be demoeidlat
NC operations to8 Our closed—form asymptotic analysis Willyithout considering previous received bits. However, teech
provide a clear answer to both questions. Similar questiogs this time—slot to complete the overall communication is

hold for Fig.[2 as well, where we can see that, dependifigportant to assess the network throughput of the system.
on the level of cooperation and NC, the throughput of the

network,i.e., the number of time—slots, is different. C. Detection at Node)

Due to space limitations, we are unable to provide a step—-Upon reception of signalgsp, yrp, and yrp in time—
by—step analysis and derivation for all the scenarios showlot one, two, and three, respectively, noBecan perform
in Fig. [ and Fig[R. However, the analytical development jsint demodulation ofbs and by. As mentioned above)r
very similar for all of them. Thus, for ease of exposition an$ treated independently as the related packet is indepénde
clarity, we have decided to focus our attention on a scenatibthe others. To avoid the analytical intractability andples
only. We have chosen Scenario (d) in Fig. 2, as it is th@entation complexity of the ML—optimum demodulator, we
most general one. So, in the remainder of this paper only thisnsider the sub—optimal, but asymptotically—tight (fagrh
scenario will be analyzed analytically. However, in Setlig] Signal-to—Noise—Ratio, SNR), Cooperative Maximum Ratio
we will summarize the final expression of the ABEP for all th€ombining (C—MRC) detector shown ifl(2) on top of this
scenarios in Fid.J1 and Figl 2, and we will compare achievalpage [16], [22], where: i\g = min {vsr,Yrp}/Yrp and
performance and throughput of all of them. Ar = min{vs7,yrp}/yrp account for the reliability of

. the S—to—R and S—to-1" links, respectively; and iiyyxy =

B. Signal Model |th|2 (Em/Np) with X andY being two generic nodes of
Let us consider Scenario (d) in Figl 2. During the firghe network. The derivation ofi(2) follows the same argursent

time—slot, nodeS broadcasts a BPSK modulated bity = a5 in [16], [22], and it is here omitted to avoid repetitions.
VvE, (1 —-2bg), whereE,, is the average transmitted energy

andbg € {0,1} is the bit emitted byS. The signals received Ill. PERFORMANCEANALYSIS

at nodesR, T, and D are given byysx = hsxzs +nsx,  The aim of this section is to estimate the performance of the
whereX = R, X =T, andX = D, respectively. Similar to detector in[(R), by providing a closed—form expression @f th
[16], [19], [20], the intermediate node’ and T demodulate ABEP for high—SNR. The ABEP of nods and nodeT’, i.efl,

the received bit by using conventional Maximum-Likelihood BEP = Pr { bg £ [,(SD) andABEP = Pr{ by # E,(TD) ,

(ML~) optimum decoding: respectively, can be computed by using the methodology
BCY) = argmin {|ysx _ VFohsx (1 B 253)‘2} @) described in [19, Sec. IV]. In particular, we have:
bge{0,1} 1 1 1 1
1 ~
where X = R and X = T, and (°) and () denote ABEPX < ey béoggobéogzo‘*wpx =8 O

detected/estimated apd trial bit of the hypothesis—detect
problem, respectiver)(SX) is the estimate obs at nodeX. where: i) APEPx (c — &)= APEP (c — &) A (bx, bx ); ii)
During the second ti_rnejs('l%t: node remodulates and for- ¢ = {000, 010,111,101} is the codebook of Scenario (d) in
wards its estimate dfs, i.e., bg ™, to nodeD. The transmitted Fig.[Z, which takes into account forwarding and NC operation
bit is zgp = /E/2 (1 - 25(3}2)). Let us note that nod& performed at nodesk and 7. The generic element of is
uses only half of its available energy to forwatd on behalf €~ [bs, bs, bs & brl; i) card{C} = _4. Is the cardinality of
: . C, i.e, the number of codewordsin C; iv) APEP (c — ¢) is
of node S, as it needs half energy to transmit its own datﬁl1 L ] .
. . . i e Average Pairwise Error Probability (APEP) of the gemeri
during the fourth time—slot. This allows us to consider altot i of codewordse — ~ Tbe be bu bl and
energy constraint, and it guarantees a fair comparison gmaif- R = ler,c2,05] = [bs, bs, bs @ br] _
the scenarios. Similar considerations apply to all theades € = [¢1,¢2,Cs] = [b{?’b%bé:@bT of the codebookj.e,
shown in Fig[d and FigJ2. The signal received at ndtlées the probability of estimating® in (2), when, insteade has
YyrD = hrDTR + NRD. actually been transmitted, and and ¢ are the only two
During the third time-slot, nod&" performs similar op- codewords possibly being transmitted,; and&(bx,bx) =
erations as nodé? in the second time—slot. However, node
T applies binary NC to avoid to use two time—slots to help 1Pr{.} denotes probability.



APEP (¢ = &) = Pr{As < Ac} =Pr{Acs = Az — Ac <0}

@ (R . (R . (R . (R .

= Ehgp.hsr {Pr{Acv‘? <0]b5Y = bs, 5" = bs} br {b(SR) =bs, by = bs}} +Ehgp.hsr {Pr { Acis < 01BYY = bs, b5 # bs} br {b(SH) =bs, by # bs}}

+Engpihsr {Pr{Ac,e <055 #£bg, 507 = bg} Pr{i)(sR’ # b, b0 = bs}} +Bhgphgr {Pr{Ac,e < 0|5 £ bg, 5T bs}Pr {B;R) # b, b7 bs}}
(4)

1-A (bX,EX),whereA(-,-) is the Kronecker delta function, notation (X = R, X = T): i) dy = d if 55 = bg;
- - - iy 7 3(nok) e 7(X)
e, A (bx,bx) — 1if by = by and A (bX,bX) _oif andi)dx =dy " if g #bs.

- _ o ) ) . To computePr{A.z < 0[(-)}, we exploit the Laplace
bx # bx. This function is used to include in the computation, e rsion transform method in [24, Eq. (5)]:
of ABEP x only those APEPs which result in an error for the '

information bit of interestj.e, X =S or X =T [19]. Prides <0/()} = 5 e Mace (10 ®
7j Js5—joo s
A. Computation oAPEP (¢ — ¢) with: ) Ma_ . (5[ () = Enxpy fnxpy {exp (=58e2)| (-)}

From [3), it follows that that ABEP can be estimated iP€ing the (two—sided) Moment Generating Function (MGF) of
APEP (c — &) is available in closed—form, where the averagd® conditional RVA. z. The average is computed over fading
is over fading channel statistics and AWGN. In this sectipa, 9ains and AWGN of all the links(—to-D for X = {5, R, T'};
compute an asymptotically—tight formula f&PEP (c — &), and ii) 4 being a real number such that the contour path of

which is accurate for high—-SNR. integration is in the region of convergence®fa_, (-|-).
From [2), by definition, we havél(4) on top of this page, T&)en,APEP (c =€) can be obtained by substituting] (6)
here: ) Ac = A (bs.bp:bs. b, b () dA; = 0 @), by computing the expectation over fading statistics
where: ) )01 08, P11 s 08 ) an AWGN, and by solving the inverse Laplace transform. In

A (6375T§b37bTvégR);BgT)); i) Ex{-} is the expectation particular, since in this paper we are interested in highRSN
analysis,i.e, E,,/ Ny — oo, an asymptotic expression of the

. L (@) :
operator computed over R\, and iii) = s °b.t‘f’"”.ed by MGF in (B) is needed [24, Eq. (12)]. Due to space constraints,
using the total probability theorem and by conditioning Npg, this paper we cannot provide all the details of the deidvat

possible decoding errors at nodgsand’ [23]. Since demod- As an illustrative example, we provide a brief descriptidn o

ulation outcomes at nodg andT are independent, we haVe:the main steps behind the computation of one addendlin (4).

) Pr{i’(SR) =bs, by = bs} =[-evrsp)] [ -Q(vZisn)i |, particular, we focus our attention on the fourth addend in
i) Pr{6{” = 5,05 #bs} = [1-Q (v2sr)] @ (vE7s7); i) @), which is denoted bAPEP™) (¢ — ). The reason is that
Pr{b{? #bs,05" =bs} = Q(vZisr) [1-Q(v2sr)]; and this term is the most complicated to be computed.

iv) Pr{g,gﬁf) £ bs,BéT) £ bs} = Q(v27sr) Q (VZyst), Where APEP® (c — &) in (@) can pe Writtgn as _showh ial(7) on
Q(z) = (1/\/5) f;-oo exp (—t2/2) dt is the Q-function top of the next page, where: if (-, -) is defined in [(B) on

and these probabilities are due to using BPSK modulatitep of the next page; ii)@ is obtained by using the Craig’s

[23]. From these expressions, it follows that conditioni®n  representation of the Q—function [25]; iy is obtained

decoding errors at nod& and nodel" implies conditioning py averaging over the AWGN WithG (-, -,-) being defined
upon the fading channel gai and hsr. This explains . (o) . .
thpe presence o? the expec%atirf)sr?g% (4).ST P in @ on top of the next page, and_ngc) IS °b“.""”eF’. by_
The next step is the computation of each conditional pro veraging over channel fading and using some simplification
at hold for high—SNR. In particula®, (-), ¥4 (+,-), and

abilty Pr{Ac < 0] ()} 7o this end, a closed-form expres, -,-) are defined in[{10) on top of the next page, where

sion of A. ¢ is needed. This can be obtained by substitutin’\é}Q( 262 ., (Eym/No) for the generic pair of nodeX and
XYy = XY m 0 ~
Y. Note that, forX = Rand X =T, dx # 0< dx # 0.

ysp, Yrp, and yrp in (@), and through some algebraic
manipulations. The final result is as follows: .
P Let us consider the most general case wiith# 0, dg # 0,

Acie =spds +2y/7spdsRe {75p } and dr # 0. Both integrals in the brackets ifi_{10) can be
+Ar (vrpdR + 2VFRDARRe {7} }) ) computed in closed—form with the help of [25, Eqg. (5A.9)].
T Ar (WD&T + 2 77DdrRe {ﬁ;;D}) Thus, APEP(®) (c — ¢) simplifies as follows:

where: i) Re{-} is the real part operator; iif-)* denotes APEP® (0 5 8y = (die. dior)
complex conjugate; iii)j = +/—1 is the imaginary unit; 47spAsrYsTd% A5G dFON
V) ¢xy is the phase of the generic fading gdifvy, i.e, \hereZ, (-,-) is defined in[(IR) on top of the next page.
hxy = |hxy|exp (joxy); V) ky = nkyéxy/VNo IS Some important considerations are worth being made about
the normalized AWGN fpr thg generi&—to-Y link, which A pgpp® (¢ — &) in (). First, we notice that the asymptotic
has zero mean and unit variance; viy = 2(¢; —c1) = pehavior of the APEP is clearly shown, and, for the considlere
2 (bs - bs), drp = 2(é2—c2) = 2(bs—bs), dr = case study, a diversity order equal to three is obtained [8].
2(G3—c3) = 2 [(BS@ET) —(bs @ br)|; and vi) dy = Second, the integral, (-,-) can be computed, either ana-

- N ) lytically or numerically, by using one of the many methods
2 (1 - 2b(sR)) dg, dr =2 [1 -2 (b(ST) ® bT):| dr. Finally, it described in [24]. Finally, we would like to mention that the
is worth noticing that the expression given [d (5) is usefudase study investigated in this sectiae,, APEPW (c =),
whichever the conditioning on the bits estimated at néde is the most complicated addend, as it is the only term inngjvi
and nod€l” are. OnIyJR anddr change for different detection the product of two Q—functions. All the other cases are much
outcomes. To make this aspect more explicit, we use thinpler to be computed, and all integrals similatZig(-, -) in

(11
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“ /f]: L L Pttt {or oz @ e () o (~ i ) f anans T @

1 "Stjoo  pm/2 )2 ds (o) 1 "5+ joo /2 /2 d
) - / / / g(5-,91-,92)(1916192*S © - / W (s) / Wy (s,01)db1 / Uy (s, 02) db2 &
2735 Js_joo Jo 0 s 2735 Js5_joo 0 0 s

F({vxv}, {fixy}) = vspds + 2\/7spdsRe {755} + Ar (VRDGZE%"’]‘) + 2y rpdrRe {ﬁ}w}) + Ar (vTDli(T‘“°k) + 2y/7rpdrRe {ﬁ*TD}) ®)

i _ ) 2, 2 2 VSR o stmok) | 2min{¥sr,YrD} o

G (s,01,02) =E,g {eXP (—SVSDds +s ’YSDds) } EvsrvrD {eXP (‘ sin2 (61) — smin{vsr,YrD} dp +s ~RD dg o
ysT . 3(nok)

* E‘YST"YTD {EXP (7 sin? (92) T {FYST.' FYTD} dT ts

omin{ysr,YrD} - ) }
————dp
YT D

- 7(no. . —_ -1 - 7(no. . —_ -1
W (s) = {g’ygpdés(l — s)] IZS fo Wy (s, 01) = {[”ySR (sd; k) + sin™2 (01))] dr #0 s (s, 02) = {{’YST (sd(T k) +sin~2 (02))} dr #0
5=0 0 dr =0 0 dr =0
(10)

N - 1 S+joo 1 N —1/2 - —1/2
(nok) 3(nok)\ _ _ _5(nok) B  5(nok) )
Ty (A, dFo) = 5 ./ij YR [1 (14 sd5) ] [1 (14 sd3o9) } ds 12)

(12) can be computed in closed—form by using the method tof the non-cooperative scenario, and, in some cases, NC
residues [24, Eq. (6)]. The details of the derivation arettadj might also be harmful. To the best of the authors knowledge,
but final results are summarized and discussed in Seciibn this important behavior has never been reported in the open
technical literature [4]. Similar comments apply to the dda
IV. PERFORMANCE COMPARISON: IS NC USEFUL? network topology. In particular, we notice that noflehas a

versity order that depends on the number of relay nodds tha

i . S dj
o e s S p o g o prom C bt st fonwad e reced packet
polog IH1g Finally, we would like to emphasize that, unlike state—

and Fig[2. For all cases of interest, the methodology desdri ) :

) ; . . of-the—art performance analysis of cooperative netwosks (
in Section[l] is used to compute the ABEP. In partlcular15] [16], [20] for further comments), our analysis encom-
(3) is applied for all possible codewords of the codeboo[(. ' ' ' Y

! . ) : asses a very accurate estimation of the coding gain. This is
The final results are summarized in TaBle I, by assuming, 0F y . . 99
mstrumental to clearly assess diversity and coding trafie—

a fair comparison, the total energy constraint mentioned I amarized in Tablg |
Section[I[-B. Furthermore, since we are interested in high— '
SNR_ analysis, Tablél | sh_ows only the domina_nt terms _in V. NUMERICAL AND SIMULATION RESULTS
3, i.e,, those APEPs having the slowest decaying behavior
as a function ofE,,/Ny — oo [19]. In fact, these terms In this section, we compare the frameworks summarized
determine both diversity and coding gain. The accuracy tf Tablel]l with Monte Carlo simulations. More specifically,
the frameworks shown in Tablé | is validated in Section imulation results are obtained through a brute force imple
through Monte Carlo simulations. mentation of [[2). Some selected curves are shown in[Fig. 3
Important considerations can be drawn from our analys@d Fig[4 for the 3-node and 4-node scenario, respectively.
Let us consider the 3-node network topology. The ABEPOr s_lmpI|C|ty, but without loss of generallty,_ ii.d. fadj is
of Scenario (b) shows that nodg& can exploit distributed con5|dered: We can see that _the frz_imework in Thble | clos_ely
diversity to improve the diversity gain, but the price to pa@veraps with Monte Carlo simulations for high—SNR. This
is a performance degradation for nod& whose ABEP is confirms the accuracy (_)f t_he analyt_|cal derivation in Sectio
worse than in the non—cooperative case, Scenario (a). Il and the theoretical findings SectionlIV.
Very interestingly, we notice that the network—coded sdena
i.e, Scenario (c), is the worst one in terms of performance.
Node S has no gain from cooperation, and the diversity order In this paper, we have studied the performance of network—
is equal to one. Furthermore, and very surprisingly, nod®ded cooperative wireless networks with practical commun
S has the same ABEP as in the non-cooperative case.chtion constraints. A general framework has been proposed,
other words, there is neither power nor diversity gain. Ashich can capture diversity and coding gain, and provides
far as nodeR is concerned, the situation is even worsansightful information about the performance of the system
the ABEP is worse than the non—cooperative case. Also, &kng with the tradeoff and the interplay of cooperation and
notice that this performance penalty depends only in part &iC. Unlike common belief, our analysis has clearly shown
decoding errors on th&—to—R link. In fact, even assuming that using NC might be harmful for the system. In fact, we
Ysr — o0, i.e, no decoding errors at node, the ABEP is have shown that the diversity order is determined only bgé¢ho
worse because of performing NC. In conclusion, unlike [16hodes that act as repeaters and do not network—code their own
[19]-[21] where it shown that NC is beneficial in cooperativeata to the received packets. These results and conclusiens
networks when some nodes act only as relays and have no datlidd for binary modulation and binary NC. Current research
to transmit, Tabl@l | points out that, if the relay nodes héaegrt activity is now concerned with the investigation of wireles
own data to transmit, NC introduces no gain when comparadtworks with non—binary modulation and non—binary NC.

VI. CONCLUSION



TABLE |
ABEP FOR HIGH-SNR (k1 = 0.4853 IS OBTAINED BY COMPUTING TERMS LIKE I4 (&%‘Ok), zi(Tr‘Ok)) IN (L)) BY USING [24, EQ. (10)], AND k2 = (525 + 11\/5) /800).

ABEP3s ABEPR ABEP
3-Node Network (a) (1/4) 750 (1/4)Arp -
3-Node Network (b) (3/8)ﬁ§éﬁggA+[(4547v%)/160]ﬁgéﬁgé (1/2) 7z b -
3-Node Network (c) 1/4) 755 (/9355 + (/D) A5 + (1/DY5D -
4-Node Network (a) (1/4) 755 (1/4) 355 (/4375
4-Node Network (b) (6/8)3spVrpIrp + F1Y5pTsR Y57 (1/2) ¥rb (1/2) 30 b
k2750 sr Ve + k2750 51T RD
4-Node Network (c) 1/4) 755 1/ 355 + /D55 + /DAL | (/D F5H + (/) F57 + (1/9) 3rp
4-Node Network (d) (3/8)§§éigg-+[(45+»v%)/160]ﬁ§éﬁ§é (1/2)7zb (/9757 + /)35,
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Single-Hop Bound
ABEP ~ /4y,
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- ABEPR - Scenario (b)
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Fig. 3. ABEP againstE,, /Ny for the 3—-node network topology in Fifl 1. Solid
lines show the analytical framework and markers show MoraddCsimulations. Setup:
i) i.i.d. fading with 05 = 1; and ii) 79 = 205 (E/No). ABEPs and ABEPR of
Scenario (a) are given by the single—hop bound.

o — ABEF’S - Scenario (b)
10

—o— ABEPR/ABEPT - Scenario (b, d)

ABEP - Scenario (c)
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Fig. 4. ABEP againstE,, /Ny for the 4-node network topology in Fif 2. Solid
lines show the analytical framework and markers show MorgddCsimulations. Setup:
i) i.i.d. fading with o2 = 1; and i) %o = 20 (Es/No). ABEPs, ABEPR, and
ABEP of Scenario (a) are given by the single—hop bound.
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