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Abstract—We consider a source-destination pair assisted by relaying and incremental relaying, in which the relay node

parallel regenerative decode-and-forward relays operatig in
orthogonal channels. We investigate distributed power atication
strategies for this system with limited channel state infomation at
the source and the relay nodes. We first propose a distributede-
cision mechanism for each relay to individually make its deision
on whether to forward the source data. The decision mechanis
calls for each relay that is able to decode the information fom
the source to compare its relay-to-destination channel gaiwith
a given threshold. We identify the optimum distributed powe
allocation strategy that minimizes the total transmit powe while
providing a target signal-to-noise ratio at the destinatimm with
a target outage probability. The strategy dictates the optnum
choices for the source power as well as the threshold value #ie
relays. Next, we consider two simpler distributed power albcation
strategies, namely thepassive source model where the source
power and the relay threshold are fixed, and thesingle relay
model where only one relay is allowed to forward the source
data. These models are motivated by limitations on the avaible
channel state information as well as ease of implementatioas
compared to the optimum distributed strategy. Simulation results
are presented to demonstrate the performance of the propose
distributed power allocation schemes. Specifically, we obsve
significant power savings with proposed methods as comparetd
random relay selection.

Index Terms—Relay selection, distributed power allocation,
decode-and-forward, orthogonal parallel relays.

I. INTRODUCTION

can either amplify-and-forward (AF) or decode-and-foravar
(DF) the signal it receives. In [5], networks consisting afne

than two users that employ the space-time coding to achieve
the cooperative diversity are considered. Coded cooperati
schemes are discussed in [6] and [7], where a user transmits
part of its partner’'s codeword as well. References [8] arjd [9
investigate the capacity of relay networks of arbitraryesiz
References so far have shown that, relay nodes can provide
performance improvement in terms of outage behavior [4], [5
achievable rate region [2], [3], [8], [9], and error prohi

6], [7], [10], [11].

Power efficiency is a critical design consideration for wire
less networks such as ad-hoc and sensor networks, due to
the limited transmission power of the (relay and the source)
nodes. To that end, choosing the appropriate relays to fdrwa
the source data, as well as the transmit power levels of all
the nodes become important design issues. Optimum power
allocation strategies for relay networks are studied up-to
date for several structures and relay transmission schemes
Three-node models are discussed in [12] and [13], while
multi-hop relay networks are studied in [14]-[16]. Relay
forwarding strategies for both AF and DF parallel relay
channels in wideband regime are proposed in [17]. Recent
works also discuss relay selection algorithms for networks
with multiple relays. Optimum relay selection strategies f

Relay-assisted transmission schemes for wireless neswopRveral models are identified in [10], [17], [18]. Recently
are continuing to flourish due to their potential of proviglin Proposed practical relay selection strategies includesplect
the benefits of space diversity without the need for physic@ne relay [19], best-select relay [19], blind-selectidgeaithm
antenna arrays [1]. Among the earliest work on cooperB0l. informed-selection-algorithm [20], and cooperatrelay
tive networks are references [2]—[4]. A cooperative diitgrs Selection [21]. All of these proposed methods result in powe
model is proposed in [2] and [3], in which two users acgfficient transmission strategies. However, the commoméhe
as partners and cooperatively communicate with a commignthat, the implementations of these algorithms requitteeei
destination, each transmitting its own bit in the first timéhe destination or the source to have substantial infoonati
interval and the estimated bit of its partner in the secome:tj @bout the network, such as the channel state information

interval. In [4], several low-complexity cooperative pobls

(CSI) of all communication channels, received signal-tisa

are proposed and studied, including fixed relaying, selacti'atio (SNR) at every node, the topology of the network, etc.

Manuscript received December 7, 2005; revised February2007; ac-

Such centralized power allocation/relay selection sclsemeay
be infeasible to implement due to the substantial feedback

cepted October 25, 2007. The editor coordinating the rewaéwhis paper requirements overhead and delay they may introduce.

and approving it for publication was Kin K. Leung. This worlasvsupported
in part by NSF grants CCF 02-37727, CNS 05-08114, CNS 062690

and DARPA ITMANET Program grant W911NF-07-1-0028. This lwovas
presented in part in Globecom 2005, St. Louis, MO, Novemi@§52

Min Chen and Aylin Yener are with the Wireless Communicagicand
Networking Laboratory, Department of Electrical Engiriegr Pennsylva-

nia State University, University Park, PA 16802. email: emi@psu.edu,

yener@ee.psu.edu.

Semih Serbetli was with the Wireless Communications andvbi&ing
Laboratory at the Pennsylvania State University. He is noith Whilips
Research Labs, Eindhoven, Netherlands. email: semiletié@lphilips.com.

To overcome the obstacles of a centralized architecture,
several heuristic approaches have been proposed in [22], fo
multi-user networks with coded cooperation. In this work,
users select cooperation partners based on a priorityrist i

a distributed manner. Although the proposed algorithms are
advantageous due to their ease of implementation, thefioper
mance depends on the fading conditions, and the randomness
in the channel may prevent the protocols from providing full
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diversity. In [23], an SNR threshold method is proposed for
the relay node to make a decision on whether to forward the
source data in a three-node model. Since there is only oag rel

node in the considered system, relay selection is not ae.issu lz'l g,
Reference [24] provides a relay selection algorithm based o D
instantaneous channel measurements done by each relay node .

locally. For the purpose of reducing the communication agnon l % :

relays, a flag packet is broadcasted by the selected relay t U

notify the other relays of the result.

In this paper, we investigateptimum distributed power
allocation strategies for decode-and-forward parallel relay
networks, in which only partial CSl is accessible at the seur
and the relay nodes. We first propose a distributed deCiSiQﬂ)urce Tx & All relays Rx | A subset of relays Tx, each in one time slot
mechanism for each relay node to individually make a degisiqg__ First tme slof —! Subsequent time slots
on whether to forward the source data. In contrast to the SNR
based decision protocol presented in [23], in our proposed
decision mechanism, the relay makes its decision not only by
considering its received SNR, but also by comparing itsyrelaFig. 1. Relay network system model.
to-destination channel gain with a given threshold, and no
feedback from the destination is needed. The overall oegthe
is further reduced as compared to the method proposed in _ ) )
[24] since the distributed decision mechanism does notirequPre-assigned orthogonal channels, e.g. in non-overlgppin
communication among relays. Secondly, given such a reléifpé/frequency slots, or using orthogonal signatures. The
decision scheme, and considering an outage occurs when&®4fce is assumed to transmit in a time slot prior to (and
the SNR at the destination is lower than the required val(@n-overlapping with) the relays. L¢t andg; denote the fad-
(target), we formulate the distributed power allocatioalpem N9 coefficients of the source-to-relay and relay-to-creston
that aims to minimize the expected value of the total transnfhannels for theth relay node, fori = 1,..., N. The fading
power while providing the target SNR at the destination witR0efficient of the source-to-destination link is denoted by
an outage probability constraint. We identify the solutiwin - e assume that each channel is flat fading, gndg;
this problem, that consists of the optimum value of the seur@nd’ are all independent realizations of zero mean complex
power, and the corresponding relay decision thresholdcbagg@ussian random variables with varianegs o7 andoj per
on the partial CSI available at the source. The extra power timension, respectively.
distributed power allocation mechanism needs as comparedVithout loss of generality, we will assume that we have a
to the optimum centralized power allocation mechanism, i.¢ime slotted system in the sequel. The system model is shown
the additional power expenditurés examined to observe thein Figure[d. In the first time slot, the source broadca$ts
tradeoff between the outage probability and the additiongith power P,. The destination observeg,
power expenditure.

We next consider two special cases with simpler implemen- Ydo = \/EhXo + Zdo )
tation, namely thepassive source modwlhere the source doesg,g theith relay observes,.
not contribute to the relay selection process, and dingle '
relay modelwhere one relay node is selected to forward the Yri = \/stiXo +z, fori=1.,N (2)

source data based on limited CSI. For each case, we op'um\}veereZd0 and {z,}¥ | are Additive White Gaussian Noise

the respgctlve relevant para}meters. Our resglts demamsty WGN) terms at the destination and the relays, respegtivel
that considerable power savings can be obtained by our plo-

posed distributed relay selection and power allocatioestts ASsume v_wthou_t loss Of generality th‘?‘t the_y are of_vanance
. . 1/2 per dimension. Théth relay node is said to beeliable
with respect to random relay selection.

The organization of the paper is as follows. In Secfidn k, thg;gs(f:izg correctly decod¥, when its received SNRIN £y,
system model is described. The distributed power allonatio
problem is formulated and the optimum solution is given

in Section[ll. In Section( 1V, we investigate the passivevhere SN Ry,,4.: iS the given decodability constraint. In the
source model and the single relay model. Numerical resufiabsequent time slots following the first one, the relays tha

supporting the theoretical analysis are presented in@#8lj belong to the set of reliable relays}z, can decode and

SNRT‘.L - Ps |f1|2 Z SNRtarget (3)

and Sectioh Ml concludes the paper. forward the source data to the destination, each in its asdig
time slot. Throughout this paper, we assume that the reliabl
Il. SYSTEM MODEL AND BACKGROUND relays simply regenerate the source data[4], [13], [15].

We consider a relay network consisting of a sourcdhe signal received at the destination from the reliablayrel
destination pair andN relay nodes employing decode- is
and-forward. We assume that the relay nodes operate in Ya;, = V PigiXo + 24,, 1€ Ag (4)
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where P; is the transmit power of théh relay node, and,;, are needed. In the following, we devise efficient distridute
is the AWGN term at theth relay-to-destination channel. Thepower allocation strategies.

destination combines signals received from the reliabl@yre

nodes and the direct link with a maximum ratio combiner I1l. DISTRIBUTED POWER ALLOCATION

(MRC), and the resulting SNR at the destination is Our aim in this paper is to find power allocation schemes

SNRy = P, |h|” + E P lgi)? (5) that do not require a centralized mechanisrand utilize
i€AR the limited available CSI at each node. In practice, it is
We consider that the destination can correctly receive ffgasible that the ch_an_nels are estimated by training b_elfmre
source data whenevetN Ry > SN Riuroes actual data transmission, when each node operates in TDMA
- arget- . . . .
Given this system model, the powe? allocation problem f(gpode. When the source transmits the training bits, all relay

regenerative DF relay networks with parallel relays can t%)de.s can S|ml§\lltaneously estimate their source—to—rel#yl@
posed as coefficients{ f; };*, due to the broadcast nature of the wireless

medium. Similarly, when the relay nodéransmits the training
Pmig Ps+3ica, P (6) bits, the source-to-relay coefficielfif can be estimated at the
1P} ) ) source. However, fofg; } Y ; to be available at the source, the
s.t. Polh|"+ 3 ,ca, Pilgil” = SNRiarger  (7)  feedback from the destination for each realization is negli
P, |fi|2 > SNRigge: foreachi e Ap  (8) which may be impractical. Thus, we investigate distributed
) ] power allocation schemes when the source has the reatfizatio
We note that the resulting power allocation strategy mayr AN andh, and only the statistics dfg; }. The relay nodes

prevent some reliable relays from participating simply byre assumed to have their individual CSI, i6.,and g; for
assigning zero power to those relays. relayi, i =1,..., N.

The optimum power allocation strategy for DF relay net-
works using different code books at the relays is identified i o o ]
[17]. This strategy, re-stated below for the benefit of tredleg, A Distributed Decision Mechanism
is easily seen to be the optimucentralizedpower allocation ~ We first derive a distributed decision mechanism with the

strategy for regenerative DF relay networks as well. model assumptions given above. Since the source has only
SNR the statistical description instead of the realizatigps}? ;,
pr - Z-l-targel ©) ; ; i ind
s = 3 the optimum centralized power allocation indicated by (9)-
[ fie N (@I) cannot be implemented by the source. Also, while it
pr (SNRmycf*‘h|251\§3fwgcf/|fk*‘2) i=kig is clear that for a fixed source power, the best strategy is
i 0. otherwise 95| (10) transmitting through the reliable relay node that has thaédgt

) relay-to-destination channel gain, this mechanism reguir
K — arg min 1t N (11) @ comparison of alig, N . The distributed nature of the
weAsy | 1ful® okl® 16l okl strategy requires that each relay should make its decision
N relying only on its individual CSI. Since each relay can lasi
where ()T = max(0,-). In (1), the setdr denotes the set yetermine whether it is a reliable relay by using its SNR galu
of efficient relays such that the transmission through theyre ; ¢ jts individual CSI, we propose that thigh reliable relay
is more power efficient than the direct transmission, i.e.,  gecides it will be a forwarding node when its channel gain to

Ap = {il(1fi = [W*) N (jg:” > hf?),i = 1N} (12) the destination satisfies

2
Observe that when the source power is assigned &k in (9), the lgil” =~ (13)

relay nodet”, chosen according tb (IL1), is the only relay Nodghere is a given threshold value. Relaythen forwards the

with received SNR equal t8N Ryar e Thus, each relay node yecoded signal witlsufficientpower. That is, we have
can decide whether it is the intended relay node by simply

checking its received SNR. When the SNR contribution of the Py = SNR} 001/ 191l (14)

2 2 . . .
relal)_/ q?dEStJXnget - Iterll SJtVRaaréet/”fk* ,d|s |nd|cat(tad | WhereSN Rl ., = (SN Ryarger— Ps|h|2)* denotes the SNR
explicitly by the source, the intended relay node can cateul . i ion from the relall.

Its rng_red transm|t_ power as ifL{10) and forwaXd to the We note that such a distributed decision mechanism includes
destination. Alternatively, the source can broadcasteétexsed " . e
the probability that more than one relay will transmit. Simi

relay and the optimum power level in a side channel. larly, we note that with anyy > 0, the scheme results in
ivA(;r:nt()) m[egr;f&ir)\o?r?:tﬂrjﬁvce:glls }Zag;? 'm%egigt;hztsggite%nonzero probability that none of the relay nodes satisfies
9 y ’ B Jidi=1 ' (@3), and hence a nonzero outage probability PS6bBR,; <

source node, and the individual CSI, i.€;,g;}, at relay . i
nodei are needed. Althoughl(9)=(11) provides the most powngnget)' As such, the source should determine the op

efficient DF relay transmission strategy, its centralizature, C?nusr%esr?# rctiep?\évaelzz:{?gntsh?{f; Tf:;gog]de'”ggz;enimg in
i.e., the fact that it requires the channel estimate of eaxh | 9 !

?nq the feedba‘?k Olf this information to the_sogrce, may rendelfy and SNR;,,.,., values are assumed to be broadcasted by the source
its implementation impractical. As such, distributed t&gies on a side channel.
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{g:}, to meet a system given specification, i.e., an outagé the total power is
robability requirement.
p y a E[Ptotal] =P

S +
Z /OO (SNRtarget - P5|h|2)+
~T

2 ..
2Ug1:xl

—x;

exp( 572 )dz; (22)
9gi

B. Source Power Allocation and Threshold Decision ieA,
_ ) ) ) We consider the set of transmitting relays as a super relay
Given the above described strategy, we now investigate hgyge whose effective channel gain to the destinatiog.iss|”.

the source should decide the value of its transmit polRer Thys the expected value of the total power can be expressed
and the relay decision threshold to satisfy the target SNR, ¢

SN Ry.rget at the destination with a target outage probability, (SN Ryarget — Ps|h|*)T

E[Ptotal] - Ps + 2 (23)
Ptarget- |g€ff|
From the source’s point of view, the relay transmit powe
are random variables with known statistics because the rea
izations{g;}/_, are not available at the source. We have the |g.;;|*> = > L (24)

= 1
pdf of X; = [g;|* as icAl, [ 202 exp(—;/207, )dz;

1 T; .
px;(x;) = ng exp (— ) , for ie[1,..,N] (15)

2
20%

The direct transmission is more power efficient than the
whereg; is a zero mean complex Gaussian random varialiglay-assisted transmission when the channel gain of tieetdi
with variancecrgi per dimension. We consider the expectelfink, |h|2, is greater than the effective channel gain of the

value of the transmit power of relay relay-to-destination linksig. s 7|, i.e.,
~ SNR, 2 I
Blp) = [ Ity @dn o (8) A" > lgess| @9
2! Li

~ SNR! In this case, the optimum source power & =
_ / target exp i )dl‘l (17) SNRtarget/|h|2'
~

2 . (= 2
20'gi.CCZ 2091'

The distributed power allocation problem can then be €% 0n the other hand, the relay transmission is preferred when

pressed as
h1? < |gess|? 26
min Po+ Yicancr, EIP) (18) W < |gesy] (26)
Ve We note that the derivative df[P;.:.;] with respect toP; is
S. t. PrOkﬁSNRd < SNRtarget) < Ptarget (19) 2
Py |fil> > SN Ryapger for eachi € A (20) ‘9Eg;;°ml] -1 A > 27)
s geff

where we explicitly state the dependency of the set of ridiab

relay Ar on P,. Observe that the deterministic quality-and [26) implies%lgzml] > 0, which means increasing,
of-service guarantee irf](7) is replaced by the probatlistbeyond SN Ryqyget/|fi|* until the value SN Riqrget/| fiv1]?
constraint[(IP). The following theorem provides the optimufor : = 1,...,M does not changeﬁlk but increases the
solution: expected value of the total poweY P;.;]. Thus, the optimum

Theorem 1: The optimum source poweP**, can only be source powef;* can be only one of the (M+1) discrete values

[C]

one of the(M + 1) discrete values in the set in the set given by((21).

{SNRtarget SNRtarget SNRtarget} (21)
A2 777 \fm2 7 b2 For Py = SN Riarget/|fi]?, One of the candidates of the

where we reorder the indices of the relay nodes such tffftimum source power, and its corresponding reliable set
|f,{f S fal2 > o> Il > B2 > [ farea oo >,JfN|2 e Ap, wheny increases, the expected value of the total power
SNR SNR

target torget Rrarget target decreases, while the outage probability increases. Toreref
svBl 2 N Rraraen A |fM|:] b [hf* | thresholdy! should be chosen as the value that satisfies the
Farerl?, = S " Il For each possibl&”;™ value, outage probability with equality, i.e.,

there exist a corresponding reliable relay 4¢t, and a unique o 1
optimum threshold valuey**. (1 _/ oxpf— i N
p( )dz;) = Ptarget (28)
Proof: Assume thatP; = SN Riarget/|fi]*> and there vt 20.31: 20.31:
exist a reliable relay seﬂk containing R; relay nodes and
a corresponding threshold valgé. Then, the expected value

icAl,
It can be further reduced to

T
H (1 — exp(—%)) = Ptarget (29)

_ SNRtarget 9i

’ps = T2 is the largest candidate of the source power. With this ieA}%

power level, source can reach the destination via the dinektand relay

transmission is not needed. Leto? = =min{o} i€ ATR} ando, ~=max{o; i€ ATR},

max
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we have each relay has its individual CSI, i.ef; and g; for relay
T . f i, 1 = 1,...,N. Below are the brief descriptions of the two
2 |AL g
(1 = exp(—5—5—)) """ < ITa- exp(—5-5)) models.
9Imaz ieA; gi

« Passive source modele assume that the source only
has the statistics @&ll communication channels, and does
not participate in the relay selection process at all. For
this model, we fix the source powdr,, and the relay
decision thresholdy, and employ the same distributed

< (1 — exp(— 20? )/ ARl (30)

Imin

Thereforey' is bounded as

jm_n <At <At (31) decision mechanism as proposed_in lI-A.
1 « Single relay modelWe assume that the source has CSI
wherey! = —In(1 = (prarget) *7') - 202 andy},,, = of the direct and the source-to-relay links, i.ef;}Y,
;. . . _ _ . . .
—In(1 = (prarger) k') - 202 . The value of+! can be andh, and the statistics of the relay-to-destination links

{gi}. We have the source selemte assisting relay node
to satisfy the system requirements on received SNR and
the outage probability.

obtained by a search in the rangg, , ,~},..] numerically.
Note that forP, = SNRtarget/|h|2, i.e., when the source
can reach the destination via the direct link,= oo to prevent
any redundant relay transmission and power consumptibn.
The source should simply compar@/ + 1) possible
E[Pio1q1) values and decide the bggt** ~**) pair. Note that
when the expected value of the total transmit power is higherin practice, we may have situations where the source does
than that with direct transmission, the source will prefer tnot have the realizations of any of the channels, but has
transmit directly to the source. access only to the statistical descriptions of them. It may
The cost of the lack of full CSI at the source, i.e., the cosiiso be the case that the source may not be able to do
of using the distributed relay decision mechanism, is ari-addomputationally expensive operations, e.g., due to hamlwa
tional power expenditure. Le®" , and P}, . denote the total constraints in sensor or RFID networks. We term such source
power of the proposed optimum distributed power allocatiarodes, passive Considering these practical issues, in this
scheme, and that of the optimum centralized allocationrsehesection, we investigate the distributed power allocatwmrttie
which is the sum of the source powEj and the relay power passive source model.
Py given in [9)-[11), respectively. The expected value of the Since each relay has its individual CSI, we can apply the
additional power expenditure is: same distributed decision mechanism as proposed in Section
E[Poud] = E[P 1]~ E[Pr ] [M=A] However, a passive source cannot optimize its power
> SNR;

(32) P, or v based on channel realizations; they should be found
off-line based on the statistical descriptions of the clehand
=P+ Yy / % exp(—a/20}, )dz — E[Pi,,]  kept fixed for all realizations. Note that, different fromc8en
i€AR T gi [T in this case, we may end up having no reliable relay if the
(33) fixed source power value is too small.

We observe that inL(28)p:a,4.: is an increasing function Let us now develop the criterion on how to choose the

of v, while in (33), E[P.q4) is a decreasing function of. ¢, ,rce powe, and the threshold by considering the outage

Thus, there exists a tradeoff between the outage probabillf hapility and the additional power expenditure joinfine
and the additional power expenditure: reducing the targ(%tage probability of the direct link is given by
outage probability will require more additional power. \i¢hi

A. Passive Source Model

designing the power allocation strategy, a reasonablestarg dout = Prob{ Py [h|* < SN Ryarger}
outage probability should be chosen in accordance with this SN Rigrget
tradeoff. =1—exp TP 202 (34)

For clarity of exposition, let us define; as the probability
) S . ‘that theith relay is a reliable relay; as the probability that
The optimum distributed power allocation strategy stillye ;th relay satisfies{13), and as the probability that the

requires the realizations dff;}", andh, i.e., the CSl of the ;th relay is in setAc, which denotes the set of relays that
source-to-relay and the direct links, available at the seult  gaisfy both [(B) and{13). We have

also requires the source to update the threshdéfdand the . )
source powelP:* at each time when these channel coefficients a: = Prob{i € Ar} = Prob{Ps [fi|” > SN Riarget }

IV. SIMPLER SCHEMES

change. Due to further limitations on the availability ofsth SNR

K X i o target 35
CSl and for implementation complexity, we may opt for even = ®XP { =~ 55— (35)
simpler schemes. In this context, we next consider two speci ° fi
cases, namely the passive source model and the single rela% 9 ~y
model. For both cases, we have the previous assumption that'® ~ Prob{jg;|” > 7} = exp T202 (36)

3The source would communicate this decision via the side ralan ci =Probli € Ac} =a; - b; (37)
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wheref; andg; are zero mean complex Gaussian random vari= Prob{i € A} - (1 — Prob{Vj € [1,..., N] andj # ¢,
ables with variances? and_c_r;_ per dimension, respectively. (j ¢ Ar) U ((j € Ar) N (X; < z;))}) (46)
The overall outage probability becomes

_ . N
portoge = PORAC =0 e = Probfi € Ag}-(1— [[ (Prob{j ¢ An} +
= [ Prob{i ¢ Ac}douw = [] 11 = cil - dowr  (38) J=Li#j

i pate} Prob{j € Ag} - Prob{X; < z;})) (47)
Observe in[(38) thap,uiage IS @ function of the source }

N
transmit powerP; and the threshold. To choose théP;,v) =a;-(1— H (1—aj)+a;-(1— exp(—zi—;)))) (48)

pair that satisfies[ (38), we make two observations. The first j=1,i#j 9
one is
SNR
N target
= exp(— 2oty
Poutage > H [1 - ai] dout (39) P520.§i
=1 N
SN Riarge T

where equality occurs when = 0, that is whenall reliable a- JJ a- eXP(—#) rexp(—5—5-))) (49)
relays forward the source data. Thus, to achieve a targageut J=1i#j M E 93
probability, prarget, there exists a minimum source powey, If relay i makes a wrong forwarding decision, it will

that provides the target outage probability with= 0. Note transmit with power valueSNR;,,,.,/x:. In essence, the
that when P, is chosen close to this minimum value, theower of relayi is wasted, since the relay with the highest
correspondingy factor will be close to O, resulting in many re|ay-to-destination channel gain iHz also transmits the
relays transmitting. This may result in unnecessarily dargource data to the destination reliably but with a lower powe
extra power expenditure and care must be exercised to chogge have the expected value of the wasted power of relay

the correct pair. Secondly, we observe E[Poyaste,] as
N !
o SNR; . oe
Poutage Z H [1 - bz] dout (40) E[Pwastei] = / Wi (%)%p& (xz)dxz (50)
i=1 v v
Thus, for a givenP, value,y should be strictly less than somel he ex_pected value of the additional power expenditurelof al
threshold to provide a target outage probability. relays i N
When we consider a special case whésg; ~ 1, i.e., the ElPaddp..a,] = Z E[Pyaste,] (51)
direct link is not reliable, andf;}¥, and {g;}, are i.i.d., i1
we have

Observe that in[(38)p,u1q4e IS @n increasing function of

poutage ~ (1 — exp (_SN Riarget v NN (41) when other param(_aters are fixed, whiIe_(5_1), the expec_ted
‘ 2Pscr§ 207 value of the additional power expenditure is a decreasing

function of v. There exists a tradeoff between the outage

%robability and the additional relay power expenditure. A

reasonable pair of the source power and the threshstibuld

42) be chosen by considering both the tradeoff and the progertie

of the (Ps,~) pair in (38), [39) and[{40).

Since the relays employ the distributed decision mechanism

proposed in[TII-A, there exists a nonzero probability that- Single Relay Model

additional relay nodes besides the best relay decide toafokw The distributed power allocation schemes proposed up to

the source data. In this case, additional power is experiaed. this point in general result in multiple relays transmigtito

a realization ofig;|?, z; = |g:|*> > v, the probability that relay the destination, causing additional power expenditurehis

1 makes a forwarding decision even though it is not the bestction, we investigate the case where only one relay node

relay in setAgr, W;(z;), can be expressed as selected by the source is allowed to transmit. In contrast to

the centralized solution if(9)=(1L1), however, we consitiet

Wi(z:) the source has limited CSI. In particular, we re-emphasize

= Pro(Wrong forwarding decision by relajjz; > ) (43) that, only the statistical descriptions of the relay-tetietion
channels are available at the source. Adopting the sintdg re

= Prob{(i € Ag) N model, we will see that the task of finding the threshold

(3j € Ag andj # 4, such thatX; > z; > )} (44) value for the relay forwarding decisions can be substawntial

simplified as compared to the optimum distributed strategy.

and (Ps, ) pair that aims to achieve an outage probabilit
Prarget Should satisfy
SNRtarget Y

op 0.? F ~ —ln(l — (ptarget)l/N)
s g

= Prob{i € Agr} -
b[z € R} 40bserve thafs[Pyaste;] = 0 if i is an unreliable relay or the best reliable
Prob{3j € Ar andj # i, such thatX; > x; >~} (45) relay.
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When relayk is selected, the source transmits with jus

50

enough powerPs = SN Ryurget/|fx]? to make relayk a
reliable relay. So, the source-to-relay link does not ha 401 1
outage. However, since relay will forward the decoded w0l Relay nodes ]
source data only when its channel gain to the destinati *
satisfies|gi|2 > 7, we may have an outage on the relay 201 * * ]
to-destination link. Observe that, if rel&ydecides to forward 10¢ . ]
the data it will do so with poweP;, = SNRj,,. ., /grl?. NN Destgatlon |
Therefore, to satisfy the outage constraint.q.:, the relay- ol * . |
to-destination gain threshold; should satisfy * . .
/OO o 1 - -20 e * . 1
px, (zp)d(zy) = / —— exp (——) dzy, _anl i
Tk * Tk 2G§k 2G§k %
= 1- Ptarget (52) -40r )
Thus, we have % 0 20 20 60 80 100 120
X
Tk = —20;7c 1n(1 — ptarget) (53)
The expected value of the transmit power of the relay nodefig- 2. System set-up for the simulation.
o SNR;arqet
Elbd = /Tk Tk P (we)dey (54) calculating the relay threshold at the source is thus signifi
o SNR., . cantly less compared to that of the optimum distributed powe
_ fr e exp(—x/2)dxy, (55) allocation scheme derived in Sectibnl Ill, making the model
202, and the corresponding strategy given in this section diteac
SNR. K(r) from a practical stand point. However, we note that, witls thi
target

= — - (56) scheme, sinceexactly one relay will be reliable, additional

2
205, power may be needed as compared to the optimum distributed
where o 1 strategy to satisfy the same outage requirement.
K(r)= / — exp(—xy/2)dxy, (57)
r Tk

V. NUMERICAL RESULTS
andr = —2In(1 — . We observe thakE[Py] inversel _ . .
g n(1 = prarget) [5%] Y In this section, we present numerical results related to

proportional to the variance of the fading coefﬁmemgk. the performance of the proposed distributed power allonati

The optimum power allocation problem in this case bes'chemes. We consider a relay network consisting of a source

comes and a destination00 m apart, andV = 15 relay nodes that
min P, + E[P] (58) are distributed in &0 x 50 m? square area, as shown in
Pk Figure[2. We consider the fading model as in [4], i.e., the
s.t. ProBSNRq < SN Riarget) < prarget (59) variance of the channel gain is proportional to the distance
Py |fr]> = SN Ruarger (60) between nodes. Thus, we havg = C/dSy, , 02, = C/d%; |,
and a,% = C/d%p, where dsp is the distance between

Theorem[1 is valid for [(38)-(60) as well, ie., the OPhode A and B, and S, D and R; denote the source, the

imum source power has to be one of theM + destination and théth relay node, respectively. The path-loss

s 1
I%xponent is denoted by. C' is a constant that is expressed

1) possibilities. The proof follows the same steps wit
the total power expression (18) replaced Hy](58), i'easO:GtGr/\Q/(M)QL, whereG, is the transmitter antenna

Lieal, [yt ﬁ eXp(%mg: )dz; should be replaced bg%' gain, G, is the receiver antenna gain, is the wavelength,
The optimum solution can be expressed as and L is the system loss factor not related to propagation
o 2 (L > 1). The valuesy = 3, Gy = G, = 1, A\ = 1/3 m (carrier
Pi" = SN Riarget/ | i (61) frequencyf = 900 MHz), L = 1, are used t/hroughout the
1 K(7) |2 + simulations. The AWGN variances on all communication links
( - |fk|2) (62) are assumed to be0—10. We setSNRiarger = 10 as the
system SNR requirement.
(61)-(62) result in only the relay selected by the soufcg, Simulation results are presented to demonstrate the perfor
satisfying SNR target. Thus, each relay can decide whethefjance of the proposed power allocation strategies. Specifi-
is the selected node by examining its own received SNR. cally, we plotE[P,.q:], the expected value of the total power
From [53) and [(56), we note the tradeoff between thexpended versug,..qqe, the target outage probability. Note
outage probability and the additional power expenditurthis that in the theoretical analysis, there is no outage in the
scheme as well. We also note that the relay threshplid a optimum centralized power allocation (OCPA) in Sectign I,
scaled version obgk for each relay:. The complexity for since the source and the relay can always adjust their tiainsm

k™ = ar

g min
h|2<202 /K () |f,€|2 202,
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Fig. 3. E[Piota1] VS poutage for different power allocation schemes.
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Fig. 4. E[Piota1] VS poutage fOr the passive source model (PSM).

power to satisfy the SNR requirement at the destination. FBEM depends strongly on the value of the source power (which
a fair comparison, we define that an outage occurs for OCRA fixed). For low outage probability values, a high source
when the total transmit power is higher than a given powgbwer is favorable since it reduces the SNR contributiomfro
constraint. This is reasonable since if there is no maximuie relay nodes, and hence the transmit power of the relay
power constraint, the expected value of the transmit powesdes. On the other hand, for high outage probability values
goes infinite to achieve a zero outage probability on a fadinige source power becomes a lower bound for the total power.
channel. Thus, a low source power is preferred in this case.

We first compare the performance among the proposedie also investigate the effect of the direct link on the
optimum distributed power allocation (ODPA) scheme, thgerformance. Figur]5 and Figuré 6 show the effect of the
OCPA scheme, and the random relay selection (RRS) schemigect link SNR contribution on PSM and SRM, respectively.
in which the source randomly selects one out of all relays is observed that a small amount of power savings is
with equal probability to forward the source data. We obserebtained when the direct link is considered. This amount
in Figure[3 that a substantial amount of power is saved Rgnishes as the quality of the direct link decreases. With
employing ODPA, with respect to RRS. The power savinghis observation, when the direct link has a poor channel
is more pronounced for low outage probability values. As exuality, the transmitting relay can forward the signal with
pected, an additional power expenditure, which is the pgnapower SN R, ., ger/ |g:|* instead OfSN R} gt/ lg:|> without
of lack of full CSlI, is introduced by ODPA. We observea significant performance loss. Employing such a strategy
that the additional power expenditure decreases as th@g®uthas the advantage that, the direct likk,is not required for

probability increases, which is expected from the disarseh  calculatingSN R, and thus the amount of feedback from
the tradeoff between the outage probability and the adtitio the destination is reduced.

power expenditure in Secti¢nll. In addition, to show the power efficiency advantage of the
We also compare all of the proposed distributed poweslay-assisted transmission scheme ODPA, we compare the
allocation schemes in Figurd 3. As expected, we obseryerformances of ODPA and the direct transmission scheme
that the best performing scheme is ODPA. Passive souigRere the signal is transmitted from the source to the desti-
model (PSM) and single relay model (SRM) both have sonigtion via the direct link only. To show that ODPA benefits
performance loss due to the fact that, for PSM the valugsore general networks than the one we considered in Figure
of the source power’; and the thresholdy are fixed; for [ where the direct link distance is larger than that of any
SRM only one relay node is used for forwarding transmissiogeurce-to-relay or relay-to-destination link, we now ddes
However, the two special cases still outperform RRS hat the destination’s position is randomly chosen in trenar
considering the limited available CSI for power allocatiorof X x v = [20, 100] x [-50, 50] for each realization, while the
and they simplify the optimization process of ODPA andource and relay nodes remain in the same position as ind€rigur
facilitate the implementations. Thus, PSM and SRM may & In FigurdY, we plot the expected value of total power expen
preferred when computational complexity is at a premiurﬂiture,E[Ptoml], versus the target outage probabiljty, e,
When poutage = 0.05, approximately,80%, 77% and 67% for ODPA and the direct transmission scheme. We observe
power is saved by ODPA, SRM and PSM with respect tat in the absence of the relays, direct transmission sehem
RRS, respectively. requires a relatively high power expenditure to achieve the
Figure[4 remarks that the performance of the system wislame outage probability as compared to ODPA. It is observed
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Fig. 5. Effect of the direct link SNR contribution on the paessource Fig. 7. Comparison of the relay-assisted transmissionrseh®DPA and

model (PSM) Ps = 150 mW). the direct transmission scheme.

optimum centralized scheme. We have also considered two

24 T T T T T T
N —#— Direct link SNR contribution is not considered simple distributed power allocation strategies, the passi
AV Direct link SNR contribution is considered .
220 M\ | source model and the single relay model. Both schemes have
\ significantly less computational complexity requiremeats
200F N 1 the source with a modest sacrifice in performance. Our main
) result is that by using distributed power allocation andiphr
2 180} DN 1 CsSl, we can develop power efficient transmission schemes,
5 N reducing the amount of control traffic overhead for relay-
& 160} T 8 assisted communications.
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