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Aggelos BletsasMember, IEEE Hyundong ShinMember, IEEE and Moe Z. Win,Fellow, IEEE

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 paic-
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 andigs
ni cantly outperforms an AaF strategy based on equal-power
multiple-relay transmissions with local channel knowledg. These
ndings reveal that cooperation offers diversity benets even
when cooperative relays choose not to transmit but rather cbose
to cooperatively listenthey act aspassiverelays and give priority
to the transmission of a single opportunistic relay. Numergcal 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
ni cantly improve the performance of wireless network

[1]-[3]. For example, a pair of neighboring nodes with chelnn

state information (CSI) can cooperativeddgamformtowards
the nal destination to increase total capacity [2]. Evenenh
CSl is not available or when radio hardware cannot supp

beamforming, cooperation between the source and a sin

relay provides improved robustness to wireless fading [

Basic results for cooperation are presented in [4]-[6] al &

references therein.
Scaling cooperation to more than one relay is still an op

area of research, despite the recent interest in coopera
communication. One possible approach is the use of d
tributed space-time coding among participating nodes [f
e

In practice, such code design is quite dif cult due to th
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éracking of carrier-phase differences amaayeraltransmit-

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 environmentst 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 unkncavra
varying. Therefore, coordination among the cooperatindgiso
is needed prior to the use of a specic space-time coding
scheme, typically designed for a xed 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

receive pairs, which increases the cost of the receiver.
Therefore, simpli cation of radio hardware in cooperative
diversity setups is important. Antenna selection, inverfte

&lgssical multiple-antenna communications [14]-[18]pie

roach to minimize the requir@doperation overheadnd
simultaneously realize the potential bene ts of coofiera
gtween multiple relays. In particular, a simple, distrdul
single-relay selection algorithm was proposed for slowrfgd

g}qreless relay channels [19]. This single-relagportunistic

8 lection provides no performance loss from the perspectiv
| diversity—multiplexing gain tradeoff, compared to scies

at rely on distributed space—time coding.

“In this paper, we present single-selectionpportunistie—
relaying with decode-and-forward (DaF) and amplify-and-
forward (AaF) strategies and analyze their outage proibabil
under an aggregate power constraiffthe motivation behind
imposing the aggregate power constraint is threefold: (i)
transmission power is a network resource that affects bath t
lifetime of the network with battery-operated terminalsidéine
scalability of the network; (ii) regulatory agencies mamii
total transmission power due to the fact that each trangoniss
can causenterferenceto the others in the network; and (iii)
cooperative diversity bene ts 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 propagatef cients
are assumed to be real numbers [13].
2The DaF strategy is also known as regenerative processing.
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Direct communication
(no relaying)

Source transmits N symbols ‘

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

Best, relay
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Fig. 1. A half-duplex dual-hop communication scenario: sle@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 periploér
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 trs r
relay or at a central controller in the network, thereblop, the source (without exploiting any CSI) transniits2
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 led$tsymbol 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- p - p )
ally, opportunistic AaF signi cantly outperforms an AaF source™  Ttot
strategy based oequal-powerMR transmissions, when and an aggregate relay power constraint
only local CSl is available.

Proactive opportunistic relay selection allows all relays _ X _
: ot . l:)relay - Pk = (1 ) Pot (2)
except a single opportunistic relay, to enter an idle mode -

during the source transmission, thereby reducing the ] ]

These results reveal that relays are useful even when thk§- Source-relay-destination) transmission PORYbuce IS

do not actively transmit, provided that they adhere to tH8€ transmission power of the sourég, k =1;2,:::;K, is
“opportunistic” cooperation rule and give priority to theest” the transmission power of theth relay, andPreiay is the ag-

available relay. The simplicity of our protocol allows imme 9régate relay power allocated to the Salay = 11,2,:1:;K g
diate implementation in a custom radio hardwre. pf K rel_ays. Not_e that if the&kth relay does not participate
The remainder of the paper is organized as follows. {i rélaying, P is equal to zero. Also, 2 (0;1] and

Section II, we present the basic protocols examined in tHs ) 2 [0;1) denote the fractions of the total end-to-end
work and in Sections Ill and IV, we analyze DaF andpower Piot allocated to the source transmission and overall

AaF strategies, respectively. Finally, conclusions aremiin '€/ay transmission, respectively. _
Section VI. It should be noted that the optimal power allocation across
the source and relays depends on CSI knowledge and can

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 andpeaetral

nario in a cluttered environment depicted in Fig. 1, where thefciency can be improved [4], [20]. However, in this papere are interested
in nding the optimal strategy for relay transmissions amshbe, simplify their
3An implementation example can be found in [19]. operation.
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be Psource 6 Prelay [21]. However, this is feasible only when
global CSI about the whole network (including channel state
between the relays and destination) is available at theceour
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 nal destination. None /
of these conditions are applicable to our study. In fact, our /
main focus is not just optimal power allocation but a more Z_.
general question of what relays should do optimallg— ’
transmit or not '

We now provide the model for the received signal in a link <
(A! B) between two nodes “A" and “B":

\
\

\

\ \
e

Fig. 2. Distributed relay selection: Upon reception of CT& destination,
each relay starts its own tim@&¥; with a metric of itsown channel conditions.
The relay with the highest metric will have its timdy, expire rst and
broadcast a ag packet, notifying its availability for rglag to the rest of
the terminals.

Y8 = aBXat nNp 3

where x5 is the signal transmitted at the node Aag
CN (0; ag) 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, let oz , j agj?> be proportional to a metric depending only on isvn channel
the instantaneous squared channel strength, which obeysgaims towards sourde sj and destinatiof pj (see Fig. 2).
exponential distribution with hazard rafe ag, denoted by The timer T, of the “best” relayb expires rst and a ag
AB (1 = a). The probability density function (p.d.f.) of packet with duratiorD; noti es the rest of the network about

AB IS given by its availability”
1 Since all cooperative relaysompeteto access the wireless
Pa(X)= —exp( x= ag); X O (4) medium according to their own channel conditions, there is a
AB nite probability that any two relays have their timer expire
If the node A is the source, thek ijj2 = Psource Within the same time intervalt and transmit their ag packets

Similarly, if the node A is théth relay, therE ijj2 = Py. (Fig. 2). In that case, the destination can assess that mane t
Speci cally, for each relak 2 Sreiy, We designate a link from one relays are possible candidates. Such probability dispen
the source to thé&th relay by S!'  k and a link from thekth ~ on 1) the propagation delag4; d3 from destination to relay%,
relay to the destination bl ! D. For the links S k and 2) propagation delayd? between the relays, 3) radio listen-to-
k ! D, the received average signal-to-noise ratios (SNRgansmit switch timeDs and 4) duratiorD¢ of the ag packet
are equal t0 s« ,  skPsourcsNo and p , «oPx=Npo, 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 [23]. |
cooperation is coordinated only evelly symbols. As shown was shown that opportunistic relay selection can be comeglet
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 selectiatqmol
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, speci c relays that are salecte
prior to the source transmission participate in coopenatio I1l. 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) Reacitive Multiple-Relay DaRin a reactive MR scheme

proposed in [19], where each relay estimates its own instalith DaF strategy, the relays that successfully receive the

taneous channel paths towards the source and the deslina@%etc'sagr? during dthﬁ rst pha_s;j r(;gene;ated_an% transmit it
This can be accomplished by listening pilot signals tratismi uring the second phase, possibly through a distributedespa

from the source (Ready-To-Send or RTS) and transmitted fr(ﬂwe code [7]. The transmissions during the second phase are
the destination (Clear-to-Send or CTS). Upon receiving ,CTgerformed only by a subsél of K relays, de ned by

each relay then starts a timeF, whose duration is inversel 1
g k Y p, K2Semyizlog, 1+ sz R ()
5CN ; 2 denotes acomplex circularly symmetric Gaussian disiobut ) )
with mean and variance 2. Similarly, Ny (; ) denotes a complemn- WhereR denotes the end-to-end spectral ef ciency in bps/Hz.

variate Gaussian distribution with a mean vecto2 C™ and a covariance |p (5), the decoding at relal is assumed to be successful if

matrix 2 C™ ™. Note that a speci c time index is dropped in (3). 1 - .
K L. . X ! = + =
SWe consider a scenario in which the channel gains for allsliske 2 lng (1 scProt NO) R, I.e., no outage event happens

statistically independent. In addition, since we considetifferent average

channel gairEf azg= ag for each link, the noise variances at all nodes "Note that no explicit time-synchronization protocol isuggd among the
are normalized tdNo without loss of generality. Throughout the paper, weelays.

use the term "SNR' to refer to instantaneous SNR. The tererage SNR' 8d1 is one-way propagation delay amd includes round-trip propagation
is explicitly used to describe the SNR averaged over thenpensemble. delay.
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during the rst phase [3], [7]. Since communication happens 2) Reactive Opportunistic DaFThe following theorem
two half-duplex hops, the required spectral ef ciency peph establishes the fact that opportunistic DaF relaying is.get

is equal to2R so that the end-to-end spectral ef ciencyRs 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 S rely be a decoding subset withrelays (i.e.,  Theorem 1:For a reactive DaF relaying scheme with the
cardinalityjD-j = 7). Then, we have aggregate power constraint (2), choosing the “best” relay
Y Y Beactoar that maximizes the instantaneous channel strength
PriD-g=  Prfs 19 Prfg 19 between the linkk ! D for all k 2 D, that is,
i2D j2D -
= v e 1T s v 1 e 758 (6) Beact.0ar= arg 'IPZ%X kD (11)
i2D - j2D -

is outage-optimal.
where 1 = ZPZ —, - 1he 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
destination is upper bounded as
X X n o
ped _(outage = Pr outaggD- PrfD-g (7) X P X P
‘=0 D- kDN_ |£T2]Ea)'x kD N
k2D O kap- 0
where the second summation is over 8l different decoding _ Piot
subsets with exactly successfully decodable rela¥sn (7), =1 )max KON o (12)
the conditional outage probability is given by » o
I Therefore, the conditional outage probability in (8) foryan
n 0 1 X Py reactive DaF relaying scheme is lower bounded as follows:
Pr outag¢D- =Pr —log, 1+ ko— <R n o
2 k2D - No Pr outag¢D
®) 1 Pio
P
Letf' ; (D')g., = f d Y
e i ( )g|_1 kngZD\ an - Prf o < 20 (14)
A (D-)=diag(' 1(D");" 2(D);:::5" - (D)) : k2D
Then, using Theorem 2 in Appendix A, we obtain the condwhere , = (122% Since the maximum received SNR

tional outage probabilityr f outagg¢D- g as (9), shown at the in (12) and the minimum conditional outage probability ie th
bottom of the page, whefd(A (D-)) is the number of distinct right-hand side of (13) are achieved by the single oppostimi
diagonal elements oA (D-), ' (D) > ' i (D) > relay-selection rule (11), we complete the proof of its geta
201> " mga(p-yi (D) are the distinct diagonal elements iroptimality. O
decreasing order, (A (D-)) is the multiplicity of' ;; (D), Note that (14) states simply that if the “best” relay fails,
and X;; (A (D)) is the (i;j )th characteristic coef cient of then all relays inD- fail because the “best" relay has the
A (D) [23]. Combining (6), (7), and (9) gives (10), shown atrongest path bo.en® OEtWEEN the linkk ! D for all k 2
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 equality in (7) is due to the total probability theorenewdisjoint sets simple method can be devised to select the relay with the

D- that partition the sample space. Note that there2&repossible decodin . . L.
P pe sp @ 9 maximum channel strength, D ina distributed manner

subsets forK relays, includingDo, i.e., the set with no decodable relay react-Dal

during the rst hop of the protocol. similar to the work in [19] and [22].

n 0 W‘%D\)) I(O((D)) X 1 " X (A (D)) 22R 1 k 22R 1 #

Pr outaggD: =1 & N - exp  —mS C))
= 1 keo ! i (D) i (D)
2
(reaq) X X Y _ Y _
Puir-par (OUtAGY = 4 e 1 e 5
‘=0 D- 2D - jap - 3
( %AUD-) (MDD i )

OOy ay 2Rt 2 1

k! " hi (DY) " i (DY)
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Using (6) and (7) in conjunction with (14) for the op-whereWk(DaF):minf s; (1) xpo
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
(from the source to the best relay or from the best relay to

(reac)
Popp-par(04tage 4  destination) fail. Recall that
X X Y L L, Y 1 1 1
= e s 1 e i 1 e s Wk(DaF) + (19)
=0 D- i2D- j2D Sk (1 ) kD
K o2R 1 1 which follows from the fact that the minimum of two in-
= 1 exp — + dependent exponential random variables (r.v.s) is again a
k=1 Prot=No s (1) exponential r.v. with a hazard rate equal to the sum of
the two hazard rates. From an , we obtain the
(15 th hazard F 18) and (19 btain th
where the last equality follows from the multinomial equali ©utage probability for proactive opportunistic DaF refayi
) as follows:
¥ h : proact
(1 ah)= a(l b)+(1 a) Popp-par(OUtagy
k=1 kyl 3 Dar 2R q
)6 X Y Y = Pr WéprjaczDaF< PtOt:NO
= 4 a@ b)) @ ¥)5: (1) -
=0 S f 15K g i2S- jas- =Pr max Wk(DaF)< s -
S j=" k2S relay Pwot=No
Note that (15) implies that opportunistic DaF relaying is in _ ¥ pr WO < 2R 1
outage only when all of the relays are in outage. In this K Piw0t=No
case, no other schemes can communicate reliably atRate Y;
Hence, the reactive opportunistic DaF relaying is optimal _ 1 exp 2R 11 1

under the aggregate relay power constraint (2) in a sense tha Pwt=No Sk " 1 ) «bo
it minimizes the end-to-end outage probability.

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., [

[25]):

k=1
(20)

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-

tion that reactive opportunistic relaying is outage-ogiinthe

proactive opportunistiémax-min” relay selection in (18) is

also outage-optimal. Moreover, proactive coordinati@uiees

a smaller cooperation overhead in reception energy sirice al

relays, except a single opportunistic relay, can enter & id

mode during the rst hop of the protocol. Therefore, our

i , , i proactive strategy can be viewed as energy-ef cient rautin

) It mlght seem that selecting a single rellagfore_lnform_a- in the network. In contrast, the reactive schemes require al

tion is transmitted from the source, could potentially tesu relays to receive information during the rst hop and theret

degraded performance. On the other hand, selecting a single e ation overhead in reception energy scales propaitjo
relay for information forwarding simpli es the receiver sign 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.

1) Proactive Opportunistic DaFIn proactive opportunistic

Dar= argmax Ef
breact DaF g k2D - kD9

=argmax yp: (7)

B. Proactive DaF

IV. AMPLIFY-AND-FORWARD RELAYING

For the case of AaF, each relay normalizes the siginat 2
Srelay: received duriBg_the rst phase of the protocol (Fig. 1)

relaying, the “best” relayly ,ci.par IS Chosen prior to the . .
= p Yk
source transmission among a collectionkofpossible candi- and transmitsc = © P Efi vki2g during the second phase

dates in a distributed fashion that requires each relay twvknof the protocol. The received signb at the destination after
its own instantaneous signal strength (but not phase) legtwéhe second phase of the protocol can be written as

H | 1 10
Ehe Il?ks S! k andk. I D, for each rc_elqyk 2 Sre|a¥._ The Yo = hxs+ np 1)
best” relay by gact.pariS Chosen to maximize the minimum of
the weighted channel strengths between the links 8 and where
.11
k! D forall k 2 Srelay: 1 X ' —p—— o2
- - 5 . n Sk kD
bproact»DaF: arg krgax Wk(DaF) (18) k=1 Sszource"' NO
relay
with

10Relay selection can be accomplished using a method oftuisxd timers % . i
described in Section Il, without requiring global CSI. 2-1+ Pk ko] 23

Unstead of the minimum, the harmonic mean of two path sttengtas - s Psource+ No : ( )
been also considered in [19]. k=1
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0
When conditioned on the channel gains from relays to the des- %[ = S HEHEHE
tinationf «pgk., , the noise parameter, 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 nd that the mutual e
information for the AaF strategy witl relays subjectto the | -~ becode-and-Forward
power constraint (2) is given by 5 2=05K=6" R (equal power)
1 l:)source @ Red bpS_/HZ -
| MR-AaF = > log, 1+ jhij— = ymmetric topology
8 ° o £
E r d — 5. 2 § 3 4 " opportunistic °
— P o 2 10°;
_ 1 | k=1 sk P sourcet No source | :
_5092 1+ R N : R
2 1+ P woi® 0 3 10°H :
: ko1 X P sourcet No ’ ] analysis
- (24) i o simulation
10° I I i i i
4 8 12 16 20 24
A. Opportunistic AaF wot/ No (dB)

.From .(24)’ we see tha,t the_ maximum mutgal Infor,matloﬂg. 3. Outage probability as a function Bfiot=No for the DaF strategy
with a single-relay selection, i.e., the mutual informati@r at the end-to-end spectral ef ciendg = 1 bps/Hz in symmetric channels.

opportunistic AaF relaying is =05 K =6,and & = «p =1,k =1;2:::;6. Opportunistic
relaying is compared with reactive equal-power MR transioiss and single-

relay selection based on the maximum average channelngait op - .
_ 1 | Sk kD Psource . y 9 2D kD
| opp-Aaar= Max -log, 1+ N
k2s relay 2 T— Sk + 0+ kD NO
1 Prela\y

(25) such knowledge requires considerable overhead. Therefore

Hence, for opportunistic relaying, the “best” relay,- among the eq_ual-power qllocation to the_source and the oppqlttunis
K relays inSeay is chosen proactively to maximize the mutua'ielay’ ie., = O.:5 is a natural choice. We furthe_r quantlfy the
information (or to minimize the outage probability) as éolls: Pe€rformance difference between= 0:5 and optimal choice
of that requires global CSI at the transmitter and the relay.
byor = arg max Wk(AaF) (26) Our results accommodate both symmetric and asymmetric

K2S reiay topologies for DaF or AaF strategy.
where

Wk(AaF): Sk_kD : 27) A. Decode-and-Forward Relaying

— 1+ %k skt kb Fig. 3 shows the outage probability as a functiorP@f=Ng

o . for the DaF strategy witlé relays K = 6) at the end-to-end
Note that individual relays do not need to acquire CSI abogpgectral ef ciencyR = 1 bps/Hz in symmetric channels with

the links of other relays and hence, the opportunistic relaySk o =1 k=1:2: 6. In this gure, we show

(2(_?_)hcan al_so ?’eh selecte:;j_m Aa d|st(rj|_buéed magtne_r {ﬁg]’ [lehe performance of (i) proactive opportunistic DaF relgyin
betr)'.’l.tjs':g eortem. tl'n ApﬁJ:en IIX >, We 0 2%'” ﬁ%a?ﬁ) reactive DaF relaying with equal-power MR transmissp

probability for opportunistic AaF relaying as (28), sho %nd (iii) reactive DaF relaying via single-relay selectlmsed

the bottom of the page. on the maximum average channel gaiaxyxp . «p- Fig. 4
compares the same scenarios in asymmetric channels with
V. NUMERICAL AND SIMULATION RESULTS f sy = woOy = 45 05;04;0:3,0:20:1g Note
In this section, we give numerical examples of the outagleat for the symmetric case, single-relay selection baseti®
probability as a function oP =Ny with power allocation average channel gains amounts to selecting just one stucess
= 0:5. The optimal power allocationis feasible, only when relay randomly (since all relays in the decoding suli3et
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 and p for all par- transmitting with full relaying powerP .. Note also that
ticipating relaysk 2 Srelay. However, this is impractical sinceunder limited channel knowledge at each relay, the optimal

n
Popp-aar(OUtage = Pr WéiiF) <
=Pr max W# <
n k2s relay #
¥ 1 %1 2R 1
— dz : (28)
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10 10 %
-1
10% 10 ,
2| Decode-and-Forwaid 0%l D -
2 10°f S S z
= £:z=05K=6 5
S “R=1bps/Hz - g 10 —
GE). 10'3,; :gsymm‘e:t:ric:topology ;5)_ """
g g 10 |
> . >
© 107 ‘ ‘ ©
: MR (equal power) 10° 1
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Fig. 4. Outage probability as a function Bf=No for the DaF strategy at Fig. 5.  Outage probability as a function of power allocationfor
the end-to-end spectral ef ciendg = 1 bps/Hz in asymmetric channels=  Opportunistic DaF relaying at the end-to-end spectraliehcyR = 1 bps/Hz
05, K =6, andf SKQE:l = f kDgE:1 = f4:5,0:5;0:4; 0:3;0:2; 0:1g.  In symmetric channels wheRt=No = 10, 12, 14, 16, 18, and 20 dB.
Opportunistic relaying is compared with reactive equak@oMR transmis- K =6 and g = xp=1,k=1;2:::;6.

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

maxk2p . kD- 10°

power allocation for MR transmission with DaF strategy is
infeasible and equal power for the decoding suli3eti.e.,

Pk = Prey= for all k 2 D- is a reasonable solution in TN T
reactive DaF relaying.

Both gures show that opportunistic relaying, despite its
simplicity, provides a gain irP,,=Ngp on the order of2 dB
relative to MR transmission with DaF strategy. This nding
reveals that cooperative diversity gains do not necegsaril SRS T G S %
arise from simultaneous transmissions but instead, eesi e : 2008 T
to fading arises from the availability of several potengiaths 107 : : : g
towards the destination. It is therefore bene cial to sttbe

Outage probability

“pest” one’? In contrast to singlepportunisticrelay selection, | -opporunistic DaF (K =5, R=1bps/Hz) - R
Figs. 3 and 4 also show that single-relay selection based on % 0.2 04 06 08 10
averagechannel gains incurs a substantial penalty loss. This z

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

gains removes potential selection diversity bene ts. Fig. 6. Outage probability as a function of power allocationfor

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

relaying as a function of for the symmetric and asymmetrick =6 andf ggf., = f «pgk., = f4:5;0:5;0:4;0:3;0:2; 0:1g.
scenarios, respectively. It is shown that= 0:5 is optimal.
This can be veri ed analytically by differentiating (15) (20).

We note however that for the general case ef 8 «p, for compare the performance of (i) opportunistic AaF relay-

any relayk, optimal  will be different from0:5. ing, (i) 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 gahaxkgsre|ay Sk (_or
The outage probability as a function =Ny for the MaXk2s s, kp). 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 efciencyR = 1 bps/Hz is plotted in Figs. 7 to selecting just one relay randomly (since all relays have
and 8 for the symmetric channels & = o = 1, the same average channel gains towards the source and des-
k = 1:2::::6) and asymmetric channeld (Skg:((—l — tination) and transmitting with full relaying poweétejay. For

= f4:5 05 0:4;0:3;0:2;0:1g), respectively. We the asymmetric case studied, single-relay selection based
e the average channel gains amounts to selecting the relay wit
12The main dif culty here is to have the network as a whole gntiboperate sk = kp = 4:5.
in order to rapu:ﬂy discover the best path V\(lth_mlmmal ot Ideas on Both gures reveal signi cant gains of opportunistic AaF
how such selection can be performed in a distributed maroresiéw fading lavi dto MR il 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

f kDgE:l
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Fig. 7. Outage probability as a function Bfot=Ng for the AaF strategy Fig. 8. Outage probability as a function Bfo:=No for the AaF strategy at
at the end-to-end spectral ef ciendg = 1 bps/Hz in symmetric channels. the end-to-end spectral ef ciendy = 1 bps/Hz in asymmetric channels =

=05 K =6,and s = kp =1,k =1;2:::;6 Opportunistic 0:5, K =6, andf ggf., = f kpgi., = f45;0:5;0:4;0:3;0:2; 0:1g.
relaying is compared with equal-power MR transmissionsramdom single-  Opportunistic relaying is compared with equal-power MRhsmaissions 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 10ME+
do not necessarily add constructively at the receiver, and
therefore, their superposition does not increases linesith

the number of relays. Both gures show again that selecting
a relay based on average channel gain removes the potenti
bene ts of opportunistic relaying.

Finally, Figs. 9 and 10 show the performance of oppor-
tunistic AaF relaying as a function offor the symmetric and
asymmetric scenarios, respectively. It is shown that 0:5
is not the optimal , even for the symmetric scenario. This
is due to the fact that relays also amplify the noise intreduc symmetric topology
in the rst reception and therefore, it is important at thealn ; ‘ ;
destination to overcome noise introduced at the relsyvell 0.0 0.2 0.4 0.6 0.8 10
as at the destination. From that perspective, it is preferable z
to allocate more power at the opportunistic relay than to the
source. The gures also show that choice of 0:5 (in the F9:- 9 Outage probability as a function of power allocationfor

. opportunistic AaF relaying at the end-to-end spectraliehcy R = 1 bps/Hz
absence of network CSI) incurs a small performance 0SS i@lsymmetric channels wheRi=No = 10, 12, 14, 16, 18, and 20 dB.
a few parts-per-million of the outage probability. Themefo K =6 and g = yp =1,k =1;2:::;6. The optimal value of is

= 0:5 is a reasonable choice in practice, since it gives"gt eaual to = 0:5for all values ofPo=No.
near-optimal performance.

Outage bability

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 corRroactive opportunistic relaying allows all relays, excap
straint. In particular, we proposed simple opportunisti@y- 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-ogitimviewed as energy-ef cient routing in the network. In comstra
We further showed that opportunistic AaF relaying signi the 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. Additibna reception energy proportionally with the network size. sThi
opportunistic AaF relaying is outage-optimal among singleverhead may not be negligible, especially in battery-afmer
relay selection schemes. Finally, we demonstrated thaaleqgterminals.

VI. CONCLUSION
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Fig. 10. Outage probability as a function of power allocatio for
opportunistic AaF relaying at the end-to-end spectraliehcy R = 1 bps/Hz
in asymmetric channels wheP:=No = 10, 12, 14, 16, 18, and 20 dB.
K =6 andf oo, = f kpok, = f45;0:50:4;0:3;0:2; 0:1g. The
optimal value of is not equal to =0:5 for all values ofPtt=Ng.

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. Cooperatiag's

can be useful even when they do not transmit, provided that

Using a partial fraction decomposition of (31) with the
characteristic coef cients, we obtain the p.d.f. ¥f as
z
! e Jwx
zY
e det(ly + [wA) *dw

1
Z
U )T

x (lw) dw

> e 1+ |w g JdW
i=1 j=1 1
) 2A) g
- Xij (A) o e = mu(x)
o WD
(32)

wherely denotes théN N identity matrix andu (x) is the
Heaviside step function.
From (32), we obtain the c.d.f. & as

YA) WA) g2
Fx (x) = Xij (A) —— th te = nidt
X AP (T T
%A KA) 1 x
= Xij (A) 1 ———  j —
=1 je1 : (G hii
%A KA
=1 Xy B) g X (33)
T () hii

they cooperativeljisten In that way, cooperation bene ts can

be cultivated with simple radio implementation.

APPENDIX
SOME DISTRIBUTIONS INVOLVING EXPONENTIAL
VARIATES

A. A Sum Distribution
Theorem 2 (Sum Distribution).et Y,

1 =nr)n
identically distributqsi (i.n.i.d.) exponential r.v.'s.h&n, the
p.df ofasumxX = ' Y, is given by

HA) XA) i
Xij (A) —L_x 1

X=hii - X
j=1

G oo 0

px (X) =
i=1

(29)

distinct diagonal elements &, i > i >:0>  ya)i
are the distinct diagonal elements in decreasing orgd¢A)
is the multiplicity of 1;;, and X;; (A) is the (i;j )th char-
acteristic coef cientof A [23].1® The cumulative distribution
function (c.d.f.) ofX is given by

KOAIK I A) x

Fx (x)=1 K — e X mix
i=1 j=1 k=0 : hii
(30)
Proof: Since Y1;Y2;:::; Yy are statistically indepen-
dent, the characteristic function (c.f.) ¥f is
x(w), E e = @ |wa. ' (31
n=1

0: where is a scalar constant such that +

where the last equality follows from the fact that the sumlbf a
the characteristic coef cients is equal to one [23], a(d; z)
is the incomplete gamma function de ned by

1

(n:z), t" le tdt: (34)
z
Finally, using the identity [26, eq. (8.352.2)]
X 1k
(nmz)=(n 1le? a n positive integer (35)
k=0
yields the desired result (30). O
BLet beann n Hermitian matrix with the eigenvalues;; 2;:::; n

in any order,% ) be the number of distinct eigenvalues,;j > o >
11> py )i be the distinct eigenvalues in decreasing order, ar(d ) be

the multiplicity of ;. Then, the(i;j )th characteristic coef cienX; ( ),

i =1;2;::5%( ),] =21;2;:::; i( ), is dened as a partial fraction

expansion coef cient oflet (1, + ) 1 such that

K )
det(ln + ) '= N 1+ 5 O

i=1

% ) X ) .
= Xig () 1+ i !

is nonsingular ancKi; ()
can be determined by

1

Xij ( )= o5
$ii ! ni 4
d$i;J :
FETE 14 i COldet(ln+ ) ?

with $ i =
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The following corollaries are two extreme cases of Theand
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rem 2, i.e., the cases of all distinci's and all equal 's. 1 21 x(a 1+2) z
Corollary 1: If all of ,'s are distinct #(A) = N and Fx (X)=1 S, T dz (44)
i (A) =1 in Theorem 2), then we have
3 9 wherex 0.
X 3 W 3 Proof: Note that
. - e X=
px (X) = 1 L ;. x 0 (36) _ Y1Y;
i=1 3]21 i ,3 i Fx (X) Pr 7& Y,
j6i
and = Ev, Fxjv, (X)
+
8 9 =Ey, 1 exp x(@ a1+ Yz)
Q2w 13 z, 1Y2
= J = . +
Fx (x)=1 Y Bex ;X O -, 1 exp x(@i1+2z) z (45)
i=1 Jjéll ’ 2 0 12
(37) as desired. The p.d.f. of in (43) follows immediately from

differentiating (44) with respect ta.

Proof: When all of ,'s are distinct, the characteristic
coef cients of A become [23]

Y [
X1 (A) =

15 2l
The proof follows immediately from Theorem 2 and (38).
Corollary 2: If , =

1(A) = N in Theorem 2), then we have

(3]

(4]

N
— N 1, x= .
px (X) = N 1 e*; x 0 (39)
(5]
and
l’( 1 k [6]
Fx (x)=1 % L e®: x o (40)
k=0 U
Proof: When all of ,'s are equal, the characteristic

coef cients of A become [23] ]

0;
1

X1j (A) = J (41)

[9]
The proof follows immediately from Theorem 2 and (41}
We remark that Corollary 2 agrees with the WeII-kn0W|[110
fact that a sum oN i.i.d. exponential r.v.'s has a central chi-
squared distribution witl2N degrees of freedom.

[11]
B. A Product-Ratio Distribution
Theorem 3 (Product-Ratio Distribution).et

(1 =1)
2)

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

[12]
Y1

(13]

Y2 a

(14]

[15]

= & a> 0 (42)

a+vYs
[16]
Then, we have
z 1
px (X) = L A1t Zop X@1%2 2z 4 w7
12 0 z 1Z 2
(43)

O
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