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Cooperative Communications
With Outage-Optimal Opportunistic Relaying
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Abstract— In this paper, we present simpleopportunistic re-
laying with decode-and-forward (DaF) and amplify-and-forward
(AaF) strategies under an aggregate power constraint. In praic-
ular, we consider distributed relay-selection algorithmsrequiring
only local channel knowledge. We show that opportunistic DaF
relaying is outage-optimal, that is, it is equivalent in outge
behavior to the optimal DaF strategy that employs all potenial
relays. We further show that opportunistic AaF relaying is
outage-optimal among single-relay selection methods andgs
nificantly outperforms an AaF strategy based onequal-power
multiple-relay transmissions with local channel knowledg. These
findings reveal that cooperation offers diversity benefits een
when cooperative relays choose not to transmit but rather cbose
to cooperatively listen; they act aspassive relays and give priority
to the transmission of a single opportunistic relay. Numerg¢al and
simulation results are presented to verify our analysis.

Index Terms— Cooperative diversity, fading relay channel,
outage probability, wireless networks.

|I. INTRODUCTION

TILIZATION of terminals distributed in space can sig-
nificantly improve the performance of wireless networkd

distributedandad-hocnature of cooperative links, as opposed
to codes designed for co-located multiple-input multiple-
output (MIMO) systems [8]-[10]. The need and availability
of global CSI is fundamental in distributed environmentist F
example, additional communication is needed for each relay
to acquire CSl about other relays (as needed in [11]) or fer th
destination to acquire CSI between the source ahdelays
(as needed in [12]). Moreover, the numberuskfulantennas
(distributed relays) for cooperation is generally unkncava
varying. Therefore, coordination among the cooperatindgiso
is needed prior to the use of a specific space-time coding
scheme, typically designed for a fixed number of transmit
antennas. Furthermore, it is often assumed in the litezatur
that the superposition of signals transmitted by sevelayse
is always constructivé

Such assumption requires distributed phased-array tech-
niques (beamforming) and unconventional radios, theraby i
creasing complexity and cost of each transmitter. Finalby,
herentreception of multiple-relay (MR) transmissions requires
acking of carrier-phase differences amas®yeraltransmit-
receive pairs, which increases the cost of the receiver.

[1]-[3]. For example, a pair of neighboring nodes with chelnn
state information (CSI) can cooperativeddgamformtowards
the final destination to increase total capacity [2]. Everem!

CSl is not available or when radio hardware cannot su L : :
PP roach to minimize the requir@doperation overheadnd

beamforming, cooperation between the source and a singfe . it | lize th tential benefits of .
relay provides improved robustness to wireless fading [3]. simuttaneously realize the potential benetlls o C(.)Ot'm. 1a
tween multiple relays. In particular, a simple, disttédal

Basic results for cooperation are presented in [4]-[6] a o . . .
references therein. single-relay selection algorithm was proposed for slowrfgd

Scaling cooperation to more than one relay is still an Opgﬂreless relay channels [19]. This single-relagportunistic
8 lection provides no performance loss from the perspectiv

area of research, despite the recent interest in coopera di " ltilexi i tradeoff dt
communication. One possible approach is the use of dis- Versity=muttiplexing gain tradeott, compared o s
at rely on distributed space—time coding.

tributed space-time coding among participating nodes [, ; . . -
P g gnp pating [ In this paper, we present single-selectioopportunistie—

In practice, such code design is quite difficult due to threelaying with decode-and-forward (DaF) and amplify-and-

Therefore, simplification of radio hardware in cooperative
h diversity setups is important. Antenna selection, inverfte
&l?ssical multiple-antenna communications [14]-[18]pie
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forward (AaF) strategies and analyze their outage proitabil
under an aggregate power constraiffthe motivation behind
imposing the aggregate power constraint is threefold: (i)
transmission power is a network resource that affects bah t
lifetime of the network with battery-operated terminalsl déine
scalability of the network; (ii) regulatory agencies mamili
total transmission power due to the fact that each trangoniss
can causenterferenceto the others in the network; and (iii)
cooperative diversity benefits can be exploited even when
relaysdo nottransmit (and therefore, do not add transmission
energy into the network). We consider botbactive and
proactive relay selection depending on whether the relay
selection is performed after or before the source transomss

1This case includes Gaussian relay channels where propagatefficients
are assumed to be real numbers [13].
2The DaF strategy is also known as regenerative processing.
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Direct communication ‘

X Source transmits N symbols
(no relaying)

Reactive relay selection ‘ Source transmits N/2 symbols D Best relay transmits N/2 symbols

K I{elays

Best relay transmits N/2 symbols

Proactive relay selection D Source transmits N/2 symbols

k Phase [ e Phase IT 5|

Fig. 1. A half-duplex dual-hop communication scenario: slk@rce and destination are blocked or hpeer connection. Opportunistic relay selection can
be performedbroactively before the source transmission reactively after the source transmission. The shaded band indicates vefay selection occurs.

The contributions of this paper are as follows. direct path between the source and destination is blockeshby

« We propose simple opportunistic relaying schemes withtermediate wall, while relays are located at the periplogér
DaF and AaF strategies, which can be performed inthe obstacle (around-the-corner). The relays can comratenic
distributed manner without requiringjobal CSI at each with both endpoints (source and destination). During trst fir
relay or at a central controller in the network, therebkop, the source (without exploiting any CSI) transmig2
reducing the required cooperation overhead. symbols and the relays listen, while during the second hop,

« We show that both reactive and proactive opportunistibe relays forward a version of the received signal using the
DaF relaying are outage-optimal, that is, they are equigame number of symboftsThe channel is assumed to remain
alent in outage behavior to the optimal DaF strategy the@nstant during the two hops (at leaStsymbol coherence
employs all potential relays. time) with Rayleigh fading. We further consider a source

« We show that opportunistic AaF relaying is outagepower constraint
optimal among single-relay selection methods. Addition-
ally, opportunistic AaF significantly outperforms an AaF Psource= (Pt (1)
strategy based oequal-powerMR transmissions, when and an aggregate relay power constraint
only local CSl is available.

« Proactive opportunistic relay selection allows all relays
except a single opportunistic relay, to enter an idle mode
during the source transmission, thereby reducing the ] ]
reception energy cost in the network. vyhereK is the number_ of _relaysPtot is .th(_a total end-to—gnd

These results reveal that relays are useful even when thk§- Source-relay-destination) transmission powWagurce is
do not actively transmit, provided that they adhere to tH8€ transmission power of the sour@®,, k = 1,2,..., K, is
“opportunistic” cooperation rule and give priority to theest” e transmission power of theth relay, andPreiay is the ag-
available relay. The simplicity of our protocol allows imme9regate relay power allocated to the Sgfay = {1,2, ..., K'}
diate implementation in a custom radio hardwre. pf K re!ays. Not_e that if thekth relay does not participate

The remainder of the paper is organized as follows. [A "®laying, P is equal to zero. Also( € (0,1] and

Section II, we present the basic protocols examined in tHi — ¢) € [0,1) denote the fractions of the total end-to-end

work and in Sections Ill and IV, we analyze DaF andpower Pt aI_Ioc_ated to the_ source transmission and overall

AaF strategies, respectively. Finally, conclusions aremin '€lay transmission, respectively. _

Section VI. It should be noted that the optimal power allocation across
the source and relays depends on CSI knowledge and can

K
Prelay = Z Pr = (1 - C) Prot (2)

k=1

Il. MODELS AND PROTOCOLS
Wi id half-dupl dual-h icati 4If the source is allowed to transmit different symbols dgrihe second
€ consider a hali-auplex dual-nop communication Scﬁép, one channel degree of freedom would not be wasted andptaetral

nario in a cluttered environment depicted in Fig. 1, where thefficiency can be improved [4], [20]. However, in this papee, are interested
in finding the optimal strategy for relay transmissions aedde, simplify their
3An implementation example can be found in [19]. operation.
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be Psource # Prelay [21]. However, this is feasible only when a D
global CSI about the whole network (including channel state CTS flac packet
between the relays and destination) is available at theceour T Dy &P
In this work, we do not assume CSI at the source. Furthermore, ) \ ;
optimal power allocation becomes more important when there / \ \
is a good link between the source and final destination. None / \ \
of these conditions are applicable to our study. In fact, our CTS / \
main focus is not just optimal power allocation but a more (9% .d_Z\.\ @ | R
general question of what relays should do optimallg— ’ dt ¢
transmit or not
We now provide the model for the received signal in a link < T

(A — B) between two nodes “A" and “B": _ o _ _ o
Fig. 2. Distributed relay selection: Upon reception of CT& destination,

each relay starts its own timé&¥, with a metric of itsown channel conditions.
The relay with the highest metric will have its timé&r, expire first and
broadcast a flag packet, notifying its availability for sgfey to the rest of
the terminals.

YB = Q\AB TA + N8 (3)

where za is the signal transmitted at the node Aag ~
CN (0,Qa8) is the channel gain between the link A B,
andng ~ CN (0, Np) is the additive white Gaussian noise

(AWGN) at the node B. For each link, letyag £ |aag|? be proportional to a metric depending only on itsvn channel
the instantaneous squared channel strength, which obeysgaims towards sourcles;| and destinationa.p| (see Fig. 2).
exponential distribution with hazard ratgQag, denoted by The timerT}, of the “best” relayb expires first and a flag
~vas ~ T (1/Qag). The probability density function (p.d.f.) of packet with duratiorD; notifies the rest of the network about

Vg is given by its availability”
1 Since all cooperative relaympeteto access the wireless
Pyas () = QO &P (—z/QaB), x2>0. (4) medium according to their own channel conditions, there is a
AB

finite probability thatany two relays have their timer expire

If the node A is the source, theE{|a:A|2} = Psource Within the same time intervalt and transmit their flag packets
Similarly, if the node A is thekth relay, theriE{|a:A|2} = P,. (Fig. 2). In that case, the destination can assess that rnane t
Specifically, for each relay € Sreiay, We designate a link from one relays are possible candidates. Such probability dispen
the source to théth relay by S— k and a link from thekth  on 1) the propagation delayi, 43 from destination to relay%,
relay to the destination by — D. For the links S— k& and 2) propagation delay#2 between the relays, 3) radio listen-to-
k — D, the received average signal-to-noise ratios (SNRgansmit switch timeDs and 4) durationD; of the flag packet
are equal tons, £ QspPsourcd/ No and mxp 2 QpPr/No, When relays cannot listen to each other (the casaidden
respectively’ relay terminals). That probability was analytically cdated

To reduce overhead and simplify protocol implementatiofQr any type of wireless fading statistics in [19] and [232]. |
cooperation is coordinated only evely symbols. As shown was shown that opportunistic relay selection can be comglet
in Fig. 1, we consider two modes of coordination:r@active within a fraction of the channel coherence time. Additional
coordination among DaF relays and (ifpactivecoordination details regarding the above distributed relay selectiatomol
among DaF or AaF relays. In a reactive mode, relays thaithout global CSI and implementation examples with low-
successfully decode the message participate in coopeyatieost radios can be found in [19].
whereas in a proactive mode, specific relays that are sdlecte
prior to the source transmission participate in coopemnatio [1l. DECODEAND-FORWARD RELAYING

Relay selection can be performed without requiring global reactive DaF

CSl at each relay or at a central controller in the networke On . . .
possible approach is to use the method of distributed timersl) Reactive Multiple-Relay DaRin a reactive MR scheme

proposed in [19], where each relay estimates its own instajfith DaF strategy, the_ relays that successfully receive t_he.
taneous channel paths towards the source and the deslinafj?)essagﬁ during dthﬁ first pha}zie r:geniratz_ aﬂg transmit it
This can be accomplished by listening pilot signals tratisai uring tde seconh phase, possi ydt r_ougha Istri gte«r:]mpa
from the source (Ready-To-Send or RTS) and transmitted frdjpie code [7]. The transmissions during the second phase are
the destination (Clear-to-Send or CTS). Upon receiving ,CTgerformed only by a subs@® of X relays, defined by

each relayk then starts a timef;,, whose duration is inversel 1 P
)k F y D4 {k S Srelay5 5 10g2 <1 + C'YSkﬁ) > R} (5)

N

SN (/h 02) denotes a complex circularly symmetric Gaussian disiobut 0 . ]
with meany, and variancer2. Similarly, Ny, (1, &) denotes a complex.- Where R denotes the end-to-end spectral efficiency in bps/Hz.
variate Gaussiaxn distributiﬁn with a rrf]ean vqu(éE (C”‘dand adcovezri;ince In (5), the decoding at relay is assumed to be successful if
matrix 3 € C™>™_ Note that a specific time index is dropped in (3). 1 .

6\We consider a scenario in which the channel gains for allsligke 2 log, (1 + ¢vskPrwt/No) > R, i.e., no outage event happens
statistically independent. In addition, since we considetifferent average
channel gairt {yag } = Qag for each link, the noise variances at all nodes "Note that no explicit time-synchronization protocol isuggd among the
are normalized taVy without loss of generality. Throughout the paper, weelays.
use the term ‘SNR’ to refer to instantaneous SNR. The terrer&ge SNR’ 8d1 is one-way propagation delay am$ includes round-trip propagation
is explicitly used to describe the SNR averaged over thenfpénsemble.  delay.
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during the first phase [3], [7]. Since communication happens 2) Reactive Opportunistic DaFThe following theorem
two half-duplex hops, the required spectral efficiency pgp h establishes the fact that opportunistic DaF relaying iaget

is equal to2R so that the end-to-end spectral efficiencydis optimal, that is, it is equivalent in outage behavior to the
which is comparable to direct non-cooperative commuricati optimal DaF strategy that employs all potential relays.

Let D, C Srelay be a decoding subset withrelays (i.e.,  Theorem 1:For a reactive DaF relaying scheme with the
cardinality|D,| = ¢). Then, we have aggregate power constraint (2), choosing the “best” relay
biact-0ar that maximizes the instantaneous channel strength
Pr{D,} = H Pr{vsi = r1} H Pr{ys; < r1} between the linkg — D for all k¥ € Dy, that is,
1€Dy J¢€De
= H e~ r1/Qsi H (1 _ e—/ﬂ/QSj) (6) bleact-DaF= arg gé%’; YkD (11)
1€Dy j¢Dy

is outage-optimal.
wherex; = <7> /N The outage probability for reactive MR Proof: For any reactive DaF relaying scheme with

transmissions with DaF strategy can be written as the aggregate power constraint (2), the received SNR at the
K destination is upper bounded as
piead (outage = Pr{ outag¢D¢} Pr{D,} (7)
MRber ;; Z %D— < Z (IEI%%X %D)
keD,
where the second summation is over(éjl) different decoding Prot
subsets with exactly successfully decodable relaysn (7), =(1-0 repy TN (12)

the conditional outage probability is given by » o
Therefore, the conditional outage probability in (8) foryan

1 reactive DaF relaying scheme is lower bounded as follows:
Pr{outagang} =Pr {5 log, (1 + Z 7k0%> <R ying

0
kED
. ®) Pr{ outag¢Dg}
_ 1 Prot
with ZKE'D Pre|ay Z Pr {5 1Og2(1 + (1 - C) ]Igéa‘x ’YkDF) < R} (13)
Let {pi (DE)} —1 = {mo}yep, and — H Pr{vip < K2} (14)

A (Dy) = diag (p1 (De) , 02 (De) 5 -, e (De)) - k€De
22R

Then, using Theorem 2 in Appendix A, we obtain the condwherex, = W Since the maximum received SNR
tional outage probabilitfPr { outageD, } as (9), shown at the in (12) and the minimum conditional outage probability ie th
bottom of the page, where(A (D,)) is the number of distinct right-hand side of (13) are achieved by the single oppostimi
diagonal elements ofA (D;), vy (De) > ¢y (De) > relay-selection rule (11), we complete the proof of its geta
- > Q(A(Dy))) (Dr) are the distinct diagonal elements iroptimality. O
decreasing order; (A (Dy)) is the multiplicity of ;) (Dy), Note that (14) states simply that if the “best” relay fails,
and &; ; (A(Dy)) is the (4, j)th characteristic coefficient of then all relays inD, fail because the “best" relay has the
A (Dy) [23]. Combining (6), (7), and (9) gives (10), shown astrongest path,: b between the links: — D for all k €
the bottom of the page. D,. We remark that the minimization of (14) holds for any
power allocation{. For quasi-static fading environments, a
9The equgl_ity in (7) is due to the total probability theorenepdisjoint sets simple method can be devised to select the re|ay with the
D, that partition the sample space. Note that there2&repossible decoding . . L
maximum channel strengtfy: o in a distributed manner

subsets forK relays, includingDy, i.e., the set with no decodable relay'''®” : react-Da
during the first hop of the protocol. similar to the work in [19] and [22].

0(A(Dy)) 7i(A(Dr)) j—1 k
)) 22R _q 922R _q
Pr{ outag¢D,3} Z le Z [ (%%» (DE)) o <_eﬂ<i> (Dz)) ©

Pt ouage = 337 | T[ e/ T (1- /o)

(=0 D, |i€D, Jj&De

0(A(Dy)) 7 (A(De)) j—1 k
Xi-(A(Dg))(2QR—1) ( 22R_1)
- . B 10
X{ Z Z l;) k! @iy (D) P @) (De) (10)

i=1 j=1
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Using (6) and (7) in conjunction with (14) for the op-where W °*) = min {¢ysy, (1 — ¢) yap}-
portunistic relay-selection rule (11), we obtain the oetag In this case, communication through the “best” opportunis-

probability for reactive opportunistic DaF relaying as tic relay fails due to outage when either of the two hops
(reac) (from the source to the best relay or from the best relay to
F Opp-DaF(omage destination) fail. Recall that
K
_r _ K2 —>L 1 1
= e Osi (1 —e QiD) 1-e “Sj) w®F) r ( + > (29)
i) 1) P o

K 92R _ | 1 1 which follows from the fact that the minimum of two in-
= H {1 —exp{— ( + )H dependent exponential random variables (r.v.'s) is again a
k=1 Prot/No \ Qs (1 =€) o exponential rv. with a hazard rate equal to the sum of
(15) the two hazard rates. From (18) and (19), we obtain the

where the last equality follows from the multinomial equali OUtage probability for proactive opportunistic DaF refayi

. . as follows:
(1—abi) = [ [ak (1—by) + (1 — ak)} Poeact (outage
k=1 k=1 p W(DaF) 22R -1
K =rr { bloact-Dar < Ptot/NO }
= ¥ [[a-b) ] @=aj)|. (@6) oar) | 22— 1
=0 8,C{1,...K} |ieS ¢S =P W, < =
e_\‘gd:f } |Li€ESe JESe r {kglgiy K Prot/No }

Note that (15) implies that opportunistic DaF relaying is in ﬁ Pr{W(DaF) _ 92R _ 1}
k

outage only when all of the relays are in outage. In this — e Prot/No

case, no other schemes can communicate reliably atRate X

Hence, the reactive opportunistic DaF relaying is optimal _ H 1~ exp _22R_1 1 N 1

under the aggregate relay power constraint (2) in a sense tha Pt Piot/No \ (s (1 =) Qb '
it minimizes the end-to-end outage probability. (20)

In contrast to our single-relay opportunistic rule, one may
consider selection of the relay that maximizes theerage
forward channel gain among the decoding set (see, e.g., [

It is worth remarking that the outage probability in (20)
reesexactlywith that in (15) for reactive opportunistic relays
with DaF strategy. Since we have shown in the previous sec-

25]): . . o L .
[25]) tion that reactive opportunistic relaying is outage-ogiinthe
bleact.DaF= arg Ign%xE {vkp} proactive opportunistiémax-min” relay selection in (18) is
ebe also outage-optimal. Moreover, proactive coordinati@uiees
T arg M Qo - (17)  a smaller cooperation overhead in reception energy sirice al

relays, except a single opportunistic relay, can enter & id
mode during the first hop of the protocol. Therefore, our
) ) i ) proactive strategy can be viewed as energy-efficient rgutin
. It T“'ght seem that selecting a single rellagfore_mform_a- in the network. In contrast, the reactive schemes require al
ion is transmitted from the source, could potentially fiu relays to receive information during the first hop and themef

degraded performance. On the other hand, selecting a singley o ation overhead in reception energy scales propaitjo
relay for information forwarding simplifies the receiversign with the network size

and the overall network operation, since proactive salacti
is equivalent torouting. In what follows, we show that such

choice on protocol design incurs no performance loss. h ¢ hrel i he sianat
1) Proactive Opportunistic DaFIn proactive opportunistic For the caseo AaF, each relay norma Izes the sign €
Srelay, received during the first phase of the protocol (Fig. 1)

relaying, the “best” relayby ,act.par IS Chosen prior to the i v .
source transmission among a collection/6fpossible candi- and transmitse, = /P, —=%—- during the second phase

dates in a distributed fashion that requires each relay twvknof the protocol. The received signg at the destination after
its own instantaneous signal strength (but not phase) leetwéhe second phase of the protocol can be written as
the links S— k andk — D, for each relayk € Sreiay.*° The

B. Proactive DaF

IV. AMPLIFY-AND-FORWARD RELAYING

« " . .. 7 p = hzs+ np 21
best” relay b sact.pariS Chosen to maximize the minimum of 4 (21)
the weighted channel strengths between the links $ and where
k — D for all k € Srelay:* K
he 2 > P (22)
= = ~ 5 A GskQpD
;roact—DaF: arg kmgx W]gDaF) (18) it Qsi Psource+ No
ESrelay -
with
10Relay selection can be accomplished using a method oftdiséd timers K 9
described in Section Il, without requiring global CSI. 2 _q Pk|OékD| 23
Unstead of the minimum, the harmonic mean of two path sttengtas ot =1+ Z Qsi. Psource+ No ’ ( )

been also considered in [19]. k=1
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g . 0
When conditioned on the channel gains from relays to the des- ° = T
tination {axp } X, the noise parameterp at the destination o single-relay
is found to be a zero-mean complex Gaussian random variable 10"
with varianceN,. From (21), it is easy to find that the mutual :
information for the AaF strategy with relays subject to the . .| " Decode-and-Forward
power constraint (2) is given by 7 {=05K=6" R (equal power)
. P £ ““R=1bps/Hz o
Tur-par = — log, [ 1+ |p|? 528 8. 10°. ... symmetric topology .
MR-AaF = 5 108, + |h| No 5 0
K P 2 8 10° | “opportunistic
1 kz—:l Qs PsourcetNo Qrsk kD Psource :
= —logy ¢ 1+ — e N . IO
2 14 3 o llawol 0 107+
= Qi Psourcet No analysis
n (24) ] o simulation
10° I I i i i
0 4 8 12 16 20 24
A. Opportunistic AaF Pt /Ny (dB)

.From _(24)’ we see tha,t the_ maximum mutgal mformano,qg 3. Outage probability as a function @hot/No for the DaF strategy
with a single-relay selection, i.e., the mutual informatior at the end-to-end spectral efficiendy = 1 bps/Hz in symmetric channels.

opportunistic AaF relaying is ¢ =05 K =6 andQg, = Qp = 1, k = 1,2,...,6. Opportunistic
relaying is compared with reactive equal-power MR transioiss and single-
} relay selection based on the maximum average channelgain,cp, Qxp-

1
Io -AaF — Imax —lo
pp-AaF =TI &2

relay

1+ YSkYkD Psource
Qg + A 4 N
T-ciisk T P YkD 0

relay
(25) such knowledge requires considerable overhead. Therefore

Hence, for opportunistic relaying, the “best” relay,- among the equal-power allocation to the source and the oppotianis

K relays inSeiay is chosen proactively to maximize the mutuaf€ay. I-€..¢ = 0.5 is a natural choice. We further quantify the
information (or to minimize the outage probability) as éotis: Performance difference betwegn= 0.5 and optimal choice
of ¢ that requires global CSI at the transmitter and the relay.

base = arg max W,gAaF) (26) Our results accommodate both symmetric and asymmetric

K€ Srelay topologies for DaF or AaF strategy.
where

W]iAaF): Sk YkD . 27) A. Decode-and-Forward Relaying

ﬁ (1 + nﬁ) Qs + kD Fig. 3 shows the outage probability as a functiorPaf/ Ny

far the DaF strategy witlé relays (¢ = 6) at the end-to-end

Note that individual relays do not need to acquire CSI abo - . . . :
the links of other relays and hence, the opportunistic reIf%geCtral efficiencyf? = 1 bps/Hz in symmetric channels with
h

. e = Mo =1, k = 1,2,...,6. In this figure, we show
26) can also be selected in a distributed manner [19], [22 Sk LTy 2 .
( T)hen using Thearem 3 in Appendix B, we obtain Ehe]Ol[Jta e performance of (i) proactive opportunistic DaF relayin

i - . ?ﬁ) reactive DaF relaying with equal-power MR transmissp
probability for opportunistic AaF relaying as (28), shown %nd (i) reactive DaF relaying via single-relay selecttmsed
the bottom of the page.

on the maximum average channel gaiaxcp, Qrp. Fig. 4
compares the same scenarios in asymmetric channels with
V. NUMERICAL AND SIMULATION RESULTS {Qszc}szl _ {QkD}le = {4.5,0.5,0.4,0.3,0.2,0.1}. Note

In this section, we give numerical examples of the outageat for the symmetric case, single-relay selection baseti®
probability as a function ofPy/Ny with power allocation average channel gains amounts to selecting just one sfidcess
¢ = 0.5. The optimal power allocatiogis feasible, only when relay randomly (since all relays in the decoding suliBet
the source has knowledge of the overall network topology mave the same average channel gain to the destination) and
terms of the average channel gaing, andQp for all par- transmitting with full relaying powerP.y. Note also that
ticipating relaysk € Srelay. However, this is impractical sinceunder limited channel knowledge at each relay, the optimal

Popp-aar(OUtagg = Pr {WlfgiF) < ml}

= Pr{ max ngAaF) < /@1}
kesrelay

K
e 22R _ 1 Q 2
= - - < R = L
Hl1 o /. exp{ - (1+1—< (1+:) Z) QkD}dz]. (28)




BLETSAS et al. COOPERATIVE COMMUNICATIONS WITH OUTAGE-OPTIMAL OPPORTNISTIC RELAYING 7

10°= 10’
-1
10" 10 B
[ R 10'2 ,,,,, il

2 102k Decode-and-Forward =
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& 107°}:;; asymmetric topolo [
%) tiiiin EEEEE %)
N RS S AL ittt £ 10° |
= 5
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107 MR (equal power) 10° i

107} 10° ‘ |

analysis mmetric topology
i o simulation o AN ---opportunistic DaF (K=6, R=1bps/Hz) -
10° ] ] \ \ \ 107 I I i i
0 4 8 12 16 20 24 0.0 0.2 0.4 0.6 0.8 1.0
Piot /Ny (dB) 4

Fig. 4. Outage probability as a function Bt/ Ny for the DaF strategy at Fig. 5. Outage probability as a function of power allocatignfor
the end-to-end spectral efficiendy = 1 bps/Hz in asymmetric channels=  Opportunistic DaF relaying at the end-to-end spectralieffity R = 1 bps/Hz
0.5, K = 6, and {Qg; } | = {Qup}, = {4.5,0.5,0.4,0.3,0.2,0.1}. N symmetric channels whefot/No = 10, 12, 14, 16, 18, and 20 dB.
Opportunistic relaying is compared with reactive equal@oMR transmis- K=6andQg, =Qpp=1,k=1,2,...,6.

sions and single-relay selection based on the maximum geerlaannel gain

maxgep, 2kD- 10

power allocation for MR transmission with DaF strategy is
infeasible and equal power for the decoding suli3gti.e.,
Pr = Preiay/¢ for all k& € D, is a reasonable solution in
reactive DaF relaying.

Both figures show that opportunistic relaying, despite its
simplicity, provides a gain iPy;/Ny on the order of2 dB
relative to MR transmission with DaF strategy. This finding
reveals that cooperative diversity gains do not necegsaril
arise from simultaneous transmissions but instead, eesid
to fading arises from the availability of several potengiaths 10°
towards the destination. It is therefore beneficial to selee
“best” one’? In contrast to singlepportunisticrelay selection,

Outage probability

10°

Figs. 3 and 4 also show that single-relay selection based on g 02 04 0.6 0.8 1.0
averagechannel gains incurs a substantial penalty loss. This ¢

is due to the fact that selecting a relay with average channel

gains removes potential selection diversity benefits. Fig. 6. Outage probability as a function of power allocatignfor

. . A portunistic DaF relaying at the end-to-end spectraliefiy R = 1 bps/Hz
Fig. 5 and Fig. 6 show the performance of opportunistic Dg, asymmetric channels wheRoy/No — 10, 12, 14, 16, 18, and 20 dB.

relaying as a function of for the symmetric and asymmetrick =6 and {Qg,} X, = {4}, = {4.5,0.5,0.4,0.3,0.2,0.1}.
scenarios, respectively. It is shown that= 0.5 is optimal.
This can be verified analytically by differentiating (15)(@0).

We note however that for the general casé)ef # Qip, for compare the performance of (i) opportunistic AaF relay-

any relayk, optimal ¢* will be different from0.5. ing, (ii) AaF relaying with equal-power MR transmissions,
and (iii) AaF relaying with single-relay selection based

B. Amplify-and-Forward Relaying on the maximum average channel QMngs,elayQSk (_or

The outage probability as a function @he/N, for the MaXkeseq (o). Note that for the symmetric case, single-
AaF strategy with6 relays (K = 6) at the end-to-end relay selection based on the average channel gains amounts
spectral efficiencyR = 1 bps/Hz is plotted in Figs. 7 to selecting just one relay randomly (since all relays have
and 8 for the symmetric channelf, = Qw = 1, the same average channel gains towards the source and des-
k = 1,2,...,6) and asymmetric channelg{{s,}X , = tination) and transmitting with full relaying powereiay. For

{QkD}szl = {4.5,0.5,0.4,0.3,0.2,0.1}), respectively. We the asymmetric case st_udled, single-relay se_lect|on bared .
the average channel gains amounts to selecting the relay wit
12The main difficulty here is to have the network as a whole gutioperate  2si, = Qrp = 4.5.
in order to rapidly discover the best path with minimal owatl. Ideas on Both figures reveal significant gains of opportunistic AaF
how such selection can be performed in a distributed maroresiéw fading lavi dto MR L ith AaF Thi
environments can be found in [19], where actual implemantatwith low- relaying compared to transmission wit aF strategysThi

cost radios were demonstrated. is true even for the symmetric scenario, where all relayghav
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Fig. 7. Outage probability as a function &hot/No for the AaF strategy Fig. 8. Outage probability as a function Bot/No for the AaF strategy at
at the end-to-end spectral efficienédy = 1 bps/Hz in symmetric channels. the end-to-end spectral efficiendy = 1 bps/Hz in asymmetric channels =
(=05 K =6,andQg, = Qp = 1, k = 1,2,...,6. Opportunistic 0.5, K = 6, and {Qg;,} &, = {Qup}i, = {4.5,0.5,0.4,0.3,0.2,0.1}.
relaying is compared with equal-power MR transmissionsrandom single-  Opportunistic relaying is compared with equal-power MRhsraissions and
relay selection. single-relay selection based on average channel gains.

0

10

the same average channel gains. For AaF schemes, the mutual
information in (24) involves the vectorial addition of miple Y\
relay terms. This is due to the fact that MR transmitted dgna 10M L4
do not necessarily add constructively at the receiver, and
therefore, their superposition does not increases linewith
the number of relays. Both figures show again that selectingg 10
a relay based on average channel gain removes the potenti
benefits of opportunistic relaying.

Finally, Figs. 9 and 10 show the performance of oppor-
tunistic AaF relaying as a function gffor the symmetric and
asymmetric scenarios, respectively. It is shown that 0.5
is not the optimak*, even for the symmetric scenario. This
is due to the fact that relays also amplify the noise intradiic symmetric topology 3
in the first reception and therefore, it is important at thalfin ‘ ; ;
destination to overcome noise introduced at the relsyvell 0.0 02 0.4 0.6 0.8 1.0
as at the destination. From that perspective, it is preferable ¢
to allocate more power at the opportunistic relay than to the
source. The figures also show that choicelof 0.5 (in the F9- 9 Outage probability as a function of power allocatignfor

. opportunistic AaF relaying at the end-to-end spectraliefiicy R = 1 bps/Hz
absence of network CSlI) incurs a small performance I0Ss iglsymmetric channels wheioi/No = 10, 12, 14, 16, 18, and 20 dB.
a few parts-per-million of the outage probability. Themefo X =6 andQg, = Qip =1, k = 1,2,...,6. The optimal value of is
¢ = 0.5 is a reasonable choice in practice, since it gives"§t eaual to¢” = 0.5 for all values ofProt/No.
near-optimal performance.

b%ility

10°

Outage (B

power allocation between the source and opportunistig/rela
gives a near-optimal performance without requiring global
This paper presentedpportunisticrelaying protocols and CSI.
analyzed outage performance under an aggregate power corRrroactive opportunistic relaying allows all relays, excep
straint. In particular, we proposed simple opportunistigy- single opportunistic relay, to enter an idle mode even dyrin
ing protocols that can be implemented in distributed masmnehe source transmission, which reduces the reception gnerg
without requiring global CSI. We showed that both reactiveost in the network. Therefore, our proactive strategy oan b
and proactive opportunistic DaF relaying are outage-agitimviewed as energy-efficient routing in the network. In costira
We further showed that opportunistic AaF relaying signifithe reactive schemes require all relays to receive infaomat
cantly outperforms AaF strategies based on equal-power MBring the source transmission and consequently, scale the
transmissions, when only local CSl is available. Additihyna reception energy proportionally with the network size. sThi
opportunistic AaF relaying is outage-optimal among singleverhead may not be negligible, especially in battery-afser
relay selection schemes. Finally, we demonstrated thaaleqgterminals.

VI. CONCLUSION
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Outage probability

10'3 k- ;asymmetrlc topology - PP
: fopportumstlc AaF (K= 6 R 1 bps/Hz

0.0 0.2 0.4 0.6
¢

Fig. 10. Outage probability as a function of power allocati¢ for
opportunistic AaF relaying at the end-to-end spectraliefiicy R = 1 bps/Hz
in asymmetric channels wheRwt/No = 10, 12, 14, 16, 18, and 20 dB.
K =6 and {Qg,}X_ | = {Qup}i—, = {4.5,0.5,0.4,0.3,0.2,0.1}. The
optimal value of¢ is not equal to¢* = 0.5 for all values of Piot/No.

Our results reveal that relays in cooperative communinatio
can be viewed not only as active re-transmitters, but also as
distributed sensors of the wireless channel. Cooperatiagy's
can be useful even when they do not transmit, provided that

Using a partial fraction decomposition of (31) with the

characteristic coefficients, we obtain the p.d.f.)6fas

1 o

px (x) = eI D x (yw) dw

2 J_ o
oo

= e’ det (Iy + jwA) ™" dw

Xij(A) [T ue -j
5 35 LT TS

-J
M@) j—1 _—x i
= - X ;i (A) 70 Y xd e/ My, (z)

(32)
wherely denotes theV x N identity matrix andu (z) is the

Heaviside step function.
From (32), we obtain the c.d.f. of as

o(A) 7 (A) —_j -

-3 Y Mty [
Do

=1 j=1

o(A) 7 (A)

:; 3 Xi,j(A>{1—ﬁF<j’£>}

(i)
i

(33)

they cooperativeljisten In that way, cooperation benefits can

be cultivated with simple radio implementation.

APPENDIX
SOME DISTRIBUTIONS INVOLVING EXPONENTIAL
VARIATES
A. A Sum Distribution

Theorem 2 (Sum Distribution)tet Y;, ~ Y (1/puy,), n =
1,2,.

, N, be N statistically independent and not necessarlly r

where the last equality follows from the fact that the sumlbf a

the characteristic coefficients is equal to one [23], Brid, 2)
is the incomplete gamma function defined by

I'(n,z) é/ t" e tdt.
Finally, using the identity [26, eq. (8.352.2)]

(34)

—L 2k L
-1 — ositive integer (35
|dent|caIIy distributed ]\gl .n.i.d.) exponential r.v.’s.h&n, the (n,2) = (n kz_: IR P 9 (35)
p.d.f. of a sumX = 3" " | Y, is given by _ -
yields the desired result (30). O
o(A) 7i(A) *J
Z Z X (A) — — 1)| gI e /1 2 >0 13 et 3 be ann x n Hermitian matrix with the eigenvalues;, o2, . .., on
i=1 j=1 ] in any order,e (%) be the number of distinct eigenvaluesyy > o2y >
(29) ... > 0(o(x)) be the distinct eigenvalues in decreasing order, an®) be
the multiplicity of o(;y. Then, the(s, j)th characteristic coefficient;, ; (%),
where A = diag (p1, pi2, .., un), 0(A) is the number of i = 1,2,...,0(%), j = 1,2,...,7 (%), is defined as a partial fraction
distinct diagonal elements oA, [y > gy > - > (A expansion coefficient oflet (I, + £X)™ " such that
are the distinct diagonal elements in decreasing orgéA) o(®)
is the multiplicity of x(;y, and X; ; (A) is the (i, j)th char- det (I +€2) 7' = [ (1 +€0gy) "
acteristic coefficienbf .A [23].22 The cumulative distribution (:21) -
function (c.d.f.) of X is given b s -
(c.df) ¢ y =3 > X (D) (1+ow)
o(A) Ti(A) j—1 i=1 j=1

S L
B
) (30)

Proof: SinceYy,Ys,...,
dent, the characteristic function (c.f.) &f is

N
dx (w) 2R {eij} = H (1 — gwpn) " (31)
n=1

Yy are statistically indepen-

z > 0. where¢ is a scalar constant such tHat + £X is nonsingular andy; ; (3)

can be determined by

1

X (B) = ——v
i3t o)

d%i.i

x dv®ii (

1+ voy) 7 det (I, + v2)1:|

1
7(i)

v=—

with Wi, j = Ti (E) — 7.
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The following corollaries are two extreme cases of Theand

rem 2, i.e., the cases of all distingt,’s and all equalu,,’s.
Corollary 1: If all of u,'s are distinct p(A) = N and
7i (A) =1 in Theorem 2), then we have

N N /’L -1 efm/‘ui
px () =Y H(l——ﬂ) , >0 (36)
i=1 | j=1 i i
J#i
and
N N ) —1
; Mg

(37)

Proof: When all of u,,’s are distinct, the characteristic

coefficients of4 become [23]

N —1
Xi,l(A)_H<1—ﬁ> , i=1,2,...,N. (398)

j=1 Mg

J#

The proof follows immediately from Theorem 2 and (38).

Corollary 2: If py, = p,n=1,2,...,N (o(A) =1 and
71 (A) = N in Theorem 2), then we have

_ 14 N-1_—=z/
and
N—l1 x k
1 _ ~ [z —x/p
Fx (z) =1 Zk! (ﬂ) e~/ 1> 0. (40)
k=0
Proof: When all of u,,'s are equal, the characteristic
coefficients ofA become [23]
0, j=1,2,....,.N—1
X (A)=<" e 41
173() {17 j=N. (41)

The proof follows immediately from Theorem 2 and (41).

We remark that Corollary 2 agrees with the We||-knOWﬂ_0
fact that a sum ofV i.i.d. exponential r.v.s has a central chi-

squared distribution witlk N degrees of freedom.

B. A Product-Ratio Distribution
Theorem 3 (Product-Ratio Distribution).et

Yi~7T(1/m)
Yy ~ T (1/p2)

be statistically i.n.i.d. exponential r.v.s. Suppose adurct-
ratio X of the form
Y1Ys

X=—F=—  a>0.

, 42
apy + Yo (42)

Then, we have

1 oo
Jm [
HiM2 Jo Z

px (@ p{_x(am—i_Z)_i dz

M1z H2
(43)

1 o
Fy(@)=1- 1 exp{_w _ i}dz (a4)
2 Jo p1z p2
wherez > 0.
Proof: Note that
Y1V,
F =Pr{ ——— <
x (@) r{aul-l-yz_x}

=Ey, {Fxy, (2)}
= Ey, {1 ~exp [_M} }

1Y
L exp{_w _ i}dz (45)
H2 Jo H1z H2
as desired. The p.d.f. of in (43) follows immediately from
differentiating (44) with respect to. O
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