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Abstract—We study power allocation for the decode-and-
forward cooperative diversity protocol in a wireless netwak
under the assumption that only mean channel gains are availde
at the transmitters. In a Rayleigh fading channel with uniformly
distributed node locations, we aim to find the power allocatn
that minimizes the outage probability under a short-term power
constraint, wherein the total power for all nodes is less tha
a prescribed value during each two-stage transmission. Duto
the computational and implementation complexity of the opimal
solution, we derived a simple near-optimal solution. In thg near-
optimal scheme, a fixed fraction of the total power is allocad
to the source node in Stage I. In Stage Il, the remaining power
is split equally among a set of selected nodes if the selectsdt

protocols in [4]. Under the assumption of a Rayleigh fading
channel where the instantaneous channel state information
available at the transmitters, various allocation prolsievere
examined for a cooperative diversity system with three sode
in [5]-[8]. To model systems with very limited feedback, it
is common to assume only mean channel gains are known
at the transmitters. However, to the best of our knowledge,
only a few published studies have considered allocatiordas
on mean channel gain [9], [10]. Under the assumption of
identical mean channel gains for all source-relay and relay
destination links, the power allocation that minimizes pladgr-

is not empty, and otherwise is allocated to the source node. A wise error probability was derived for an amplify-and-famat

node is selected if it can decode the message from the sourcela
its mean channel gain to the destination is above a threshald

In this scheme, each node only needs to know its own mean

channel gain to the destination and the number of selected mies.

protocol using linear dispersion space-time codes in [8]. F
a cooperative diversity system with three nodes, the power
allocation that minimizes the outage probability was degliv

Simulation results show that the proposed scheme achieves a under the assumption that selection diversity is employted a

outage probability close to that for the optimal scheme obtmed
by numerical search, and achieves significant performancean
over other schemes in the literature.

Index Terms— Cooperative diversity, decode-and-forward,
power allocation, outage probability, relay networks

I. INTRODUCTION

the relay node in [10]. As shown in [10], even for a simple
system with three nodes, the optimal allocation is the gmut
to a set of non-linear equations, which have to be solvedgusin
iterative algorithms.

In this paper, we study the power allocation problem for
decode-and-forward cooperative diversity in a wirelest ne
work with random node locations where only mean channel

Cooperative diversity is a set of techniques that explgityin jnformation is available at the transmitters. It isumsed
the potential of spatially dispersed user antennas to IWDIGp5; the instantaneous channel power gains between nodes
communications reliability [1]-[3]. The use of cooperatio 5e eynonentially distributed, corresponding to flat Riayie
to achieve diversity in wireless systems was studied in [Hding. The power allocation problem is to find the powers
from an information theoretic point of view, where superpgss the source and relay nodes that minimizes the outage
sition block Markov encoding and backward decoding Wei&,papility under a short-term power constraint. As shown

employed to achieve the rate region of cooperation. Latgh section 111, both the computational complexity and imple
several low-complexity amplify-and-forward and decota entation complexity of the optimal solution are very high.
forward relay schemes were proposed and studied in [4erefore, we focus on deriving a simple near-optimal éofut
[3]. These algorithms were extended to large networks, agg e aliocation problem. The cooperative diversity poat
both repetition-based and space-time-coded cooperatiwa Wemployed in this paper is similar to that used in [3]. This

considered. In these papers, a common transmission POWRLi,co| consists of two transmission stages. In Stagee!, th
was assumed at each node. , source node transmits and all other nodes listen. In Stagreel|
Recently, various resource allocation problems were etidi,,jes that can decode the message, as well as the source node,

in [4]-[10] for cooperative diversity systems. For parklle o oncode the same message and transmit to the destination.
relay AWGN channels, the optimum power allocations were

derived for both amplify-and-forward and decode-and-# g haper is organized as follows. In Section I, the coeper

ative diversity protocol and the channel model are intredi)ic
and the power allocation problem is formulated. In Sectlan |
the challenges for obtaining the optimal solution are dised.
These challenges motivate us to focus on the simple near-
optimal solution in this work. A near-optimal power alloicet

is derived for a cooperative diversity system in Section dY f

a network with N < 10 nodes. Conclusions are drawn in
Section V.
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Il. SYSTEM MODEL AND ALLOCATION PROBLEM a cooperative diversity system, an important problem is to

We examine a network wittv nodes distributed uniformly Minimize t_he outage probability subject to a power constrai
in the probabilistic sense, i.e., the probability disttibn for Mathematically stated as
each node’s location is uniform over the two-dimensionabar

of the network. For a given arbitrary source-destinatioit payi, ., min _ Pr{ (psi + ps2)hs.a + ijhj.d < 77‘9

(s,d), the remainingN — 2 nodes serve as potential relay ?s: Ps2,pj,j€D o=

nodes. Let, 4, hs ;, andh; 4 denote the instantaneous channel (4)
power gains (the amplitude square of the instantaneousiehan

gain) between source and destination, between source SHRIECt O Psi + ps2 + Y pi<P (42)
nodei, and between nodeand destination, respectively. It is jeD

assumed that they are independent, exponentially distdbu psihs; >n for jeD (4b)
random variables with means, 4, ms;, andm; 4, respec- psihs; <nm for jé&D. (4c)

tively. Without loss of generality, the noise variance ig-no ) ] .
malized tol. We use a cooperative diversity protocol similaf-onstraints (4b) and (4c) define the conditions for the dedod
to that in [3], except that the same information is transeulitt setD. The setD is a random set that varies with the instanta-

in two stages (in [3], incremental coding is employed in thB&OUS channel gains, aiih {-} denotes the expectation over
second stage): D. We assume that

1) Stage I: Source transmits with powep,,, and all other () Mean channel gains are known at the transmitters.
nodes including the destinatiohand N — 2 potential (b) Instantaneous cha_nnel gains are known at the receivers.
relay nodes listen. With coherent demodulation, the(C) The decoded seb is known in Stage II.
received signal at the destination due to the transmittépte that in (4) the minimization ovep; is applied after
signalz,; (t) and noisen,(t) can be characterized by the averaging implied b {-}, since the decoded sét is

unknown to the source node before the transmission in Stage

ya(t) = V/psihs,awsi (t) + na(t) . (1) 1. Due to this causality constraint dh, the source powes,,
Similarly, the received signal at nodds andp,, are treated differently in (4).
yi(t) = V/Psihsiwa () +na(t), [1l. CHALLENGES AND APPROACH
for i=1,...,N—2. (2)

We now present the challenges to solving (4). First, the
In (1) and (2),z,; has normalized unit power, andoutage probability is a complicated non-convex functiothef
ng and n; are zero-mean Gaussian random variablgower allocation. In the following, we present a closed¥for
with unit variance. It is assumed in this paper thagxpression for the outage probabilifyr Zf\; hipi <1

if the received signal-to-noise ratio (SNR) exceeds gith 4, being an exponential random variable with mean
prescribed decoding threshold the received messageysing characteristic functions and partial fraction teqaes,

can be decoded correctly. L&t denote the decoded sefc|gsed-form expressions for the outage probability are pre
that includes all the nodes whose received SNRs excegthted below:

n. . .
2) Stage II: All the decoded nodes, as well as the sourcel) Whenmp; 7 m;p; for anyi # j,

node, re-encode the message and transmit with the N

assigned power. Let; denote the power of nodee D Powy = Pr {Z hipi < 77}

and ps, denote the power of the source node in Stage =1

Il. Two transmission schemes are studied in this stage B al . n 1

el - 2 e ) e

« Nodes transmit in independent channels, e.g., in N
separate time slots or separate frequency bands, Ui 1
p . P a Y 1-— E exp | — | | gy - (9)
using repetition codes. P mipi ) S 1=
. . . . = 1 1P
« Nodes transmit simultaneously using space-time !
codes. 2) Though somewhat more complicated, similar results can

For both schemes, applying the optimal signal processing P& obtained when some _vgluesmpi are equa_l. _
and combining the received signals from the two stages, thel'he second reason for the difficulty in solving (4) is that, in

receivedSNR, at the destination is a cooperative diversity system, the outage probability thas
be averaged over all possible decoded $&tand the number
SNRa = (ps1 + ps2)hs.a + Z Pihj.d; (3)  of decoded sets increases exponentially with the number of
jeb nodes in the network.

and an outage is said to occur3NR,; < n. An illustration Due to the complexity of the outage probability expression,

of the two-stage transmission protocol is presented in Eig. even for a system withV = 3 nodes, no simple closed-
In wireless communications, battery energy in terminals fsrm solution can be obtained for the allocation problem (4)

a precious resource. For a given source-destination pairNtoreover, the numerically obtained optimal solution degsen



on all mean channel gains and the instantaneous decoded set, - When S is empty, setp,s = P — ps. With

and thus it would be difficult to implement in a practical this assignment, the total power for each two-stage
system. Therefore, we focus here on finding a simple near- transmission is equal to the power constraht
optimal solution for (4). Numerical results in [12] show that the Selective Equal-8ow

scheme is near-optimal for a wide range of cases tested.
IV. POWERALLOCATIONS FOR A COOPERATIVE

DIVERSITY SYSTEM B. Power Allocation for Stage |

The allocation problem in (4) can be broken down into the \ye next examine the power allocation for the source node
following sub-problems: at Stage I. In this section, it is assumed tpat proposed in
1) For a givenp,; and the decoded s&?, find the power Section IV-A is employed in Stage II. Rather than determine
allocation p; and ps» in Stage Il that minimizes the the optimal p,; for the specific mean channel gains, we

conditional outage probability. show that a greatly simplified solution results in very small
2) Find the optimalp,; that minimizes the outage probaperformance loss for a wide range of conditions.
bility averaged over all possibl®. Let p = p.1 /P denote the fraction of power allocated to the
We present the near-optimal solution for each sub-probfemsource node at Stage |. Then the allocation problem is to find
turn. the p that minimizes the outage probability. LB (p1i|pP; D)
denote the conditional outage probability achievedphy in
A. Power Allocation for Sage Il Stage Il for a giveriD ;r;\?p;)l = pP. In a network withV —2
For givenp,; and the decoded s&t, the allocation problem \c\ilt?]yingdg,si,t,he,g&*?) _ lpgﬁilglgrggcgﬂesozziiel‘g(elt)s in

for Stage II solves the space of the decoded sets. BPe{ D = B(i); pP} denote

the probability thatB(i) is a decoded set. The corresponding

, r;lirle:D Prq (ps1 + ps2)hs,a + Z pihja <n|Dp (6) outage probability at the destination is
52,P3 ]

j€D ~
, Po(p) = Ep {F,(Pu|pP, D)}
subject to peo + Y p; < P —par. v
IeP = > Pr{D=8(i);pP} P(pulpP; B(i)) . (8)
Problem (6) with giverps;; andD is in fact a power allocation i=0

problem for a transmit diversity system. In [12], a nearogli The allocation problem will find
power allocation scheme, called the Selective Equal-Power . .
scheme, was derived for a transmit diversity system witly onl p=arg a, Folp)- ©)
mean channel gain information. In this scheme, the power is o L
split equally among a set of selected nodes, where a node, i§0r the assum.ed (expone_nual) channel power gain distribu-
selected if its mean channel gain to the destination is abovd®™ Pr{D = B(i); pP} is given by
selection threshold. Pr{D = B(i); pP}

Let p;; = (Ps2,D4,7 € D), denote the Selective Equal-
Power ;Ilocat(ion. Aj\pplying %he result in [12], the proposed. II PritsioP zn} JI PriheseP <n}

scheme consists of two steps: J€BG) IEBG)
1) Independent node selection within D. The selected set — H exp [ — N H 1—exp|— Ui .
is Nt pbPmg; ) L= pPms ;
n JEB(3) R :10)) ’
S=1j€Dmjq> . (10)
e oz 525 ]

The conditional outage probability,(pi|pP, D) can be
evaluated using (5). Wher is large, computing the outage
probability by evaluating al2(N=2) terms in (8) becomes
[12]. ) computationally intensive. Thus, fa¥ > 15, we use Monte
2) Power assgnment. Carlo simulation to compute the outage probability. That is
- When S is not empty, power is equally split amongfor 3 given node configuration, the instantaneous chanrie$ga

Here the selection threshol% depends on the
decoding threshold and the remaining power— p,;

the selected nodes as are generated based on an exponential distribution witkngiv
R (P—ps1)/|S| jeS mean channel gains fa0* runs. For each run, the decoded
i~ Yo otherwise (7) set is determined, and the conditional outage probalsilitie

P,(pri|pP, D) is calculated using (5) and is averaged over
where |S| is the cardinality of setS. In order to 10 runs to obtain the outage probabilif§ (p).

split the power equally among the selected nodes, The optimum power ratip* can be obtained numerically
knowledge of the number of selected nodes ihrough exhaustive search. Though the optipfatan be any
needed. This knowledge can be acquired througlalue betweern) and 1 depending on the topology of the
one-bit feedback from each node on its selectiametwork, we observe from the simulation results that a fixed
status. p € [0.5,0.6] is near-optimal for a wide-range of settings. In



Fig. 2, the outage probability versiyn performance with the where
optimal p*, p = 0.5, andp = 0.6 is presented for a randomly

generated network configuration witN = 10 nodes. The b(p) = maxo< k<N -2 f?—?(:)’ (14)
mean channel power gains are assumed to follow the path 1 K=0

loss modelm;; = cd;jﬁ, whered;; is the distance between fi = 1 K>1- (15)
nodes: and j; 3 is the path loss exponent (we uSe= 4); (1) ()T -

andc is a propagation parameter whose value is immaterial to
this study and is set so that, 4 = 1. Here the corresponding . . . _
mean channel gains are given in the caption of Fig. 2. é@e proof is in Appendix B. We list the values bf = 0.6)

we can see, in this example, a fixed power ratie= 0.5 or or_ 3 SthN Sf n Tal.)tlﬁ I.f.ForN 0:63 nr?FJes with a?y mean
p = 0.6 achieves outage probability close to the minimur/ns: the scheme with a ').@d: ‘O acnieves a per grmance
outage probability. within 1.667 times the minimum outage probability; and for

In order to show that a fixed € [0.5,0.6] is near-optimal N = 6 nodes with any mean gains, it achieves a performance

for a wide range of configurations, we randomly genera Fiithin 7.71 times the minimum outage probability. AY
100 configurations withVnodes. For each configuration, thé creases beyoné, the upper bound in (13) becomes increas-

minimum outage probability?, (p*) with the optimalo* (de- ingly Ioosdeihand po_orly refletcts the at;:tl;)all_trelatlonshlmm
termined through numerical search) and the outage prcit;abilp"(p) and the minimum outage probabiiity.

P,(p) with a fixed p are calculated. Then the cumulative _ _

distribution function (CDF) of the ratior = 2. are C. Discussions and Numerical Results

computed overl00 random configurations. This experiment In summary, the proposed scherpefor the cooperative
is done forp = 0.5 andp = 0.6 with N = 3 nodes, as diversity system, calle&ixed-Ratio Selective Equal-Power, is

well asp = 0.5, p = 0.6, p = 0.7 with N = 30 nodes, as follows:

respectively, and the results are presented in Fig. 3. Sorce 1) During Stage I, the source node transmits a fractiea

a givenP/n the outage probability varies in a large range for 0.6 of the total allowed power.

different number of nodes as well as different configuration 2) During Stage Il, a selected sét is first determined

to have a fair comparison, here for each configuratiByy within the decoded seD. If S is empty, the source
is chosen such thak,(p = 0.5) is between).001 and 0.01. node continues to transmit with the remaining power
As shown in Fig. 3, for ove$5% of all configurations P, (p) (1 — p)P. Otherwise, the remaining powét — p)P is

at fixedp =0.5,0.6 is within two times the minimum outage equally split among the selected relay nodes.

probability. Similar results are observed for the case hih The main advantages of the proposed scheme are its near-

path loss exponert = 2. ~optimal performance and its simplicity. In this scheme, the
[From above numerical results, we demonstrate that a fixggay selection procedure is done in a distributed fashiwh a

p is near-optimal for a wide range of conditions. It is diffitul jndependently by each node. This scheme only requires that:

however, to prove the near—opumahty of the f|x§m general. 1) Each node knows its own mean channel gain to the

!n the fOHO\.ng’ we present anaIyS|s.sugge'st|ng that 0'6. destination. No global information on the mean channel

is near-optimal forN < 6 at asymptotically high power with gains is required

any mean gains. Providing a more general proof is a topic forz) The number of the selected relaying nodes is known at
further investigation. At asymptotically high power, asim Stage I

g\SAppendlx A, the outage probability can be approximated The proposed schengewas derived by finding near-optimal
solutions for two transmission stages separately. Now, we
. ny(N-1) N-2 compare its performance with the best numerical solugibn
Py(p) =~ P,(p) = (F) ax(m)fx(p),(11) obtained from the cyclic coordination search algorithm][11
Due to the high computational complexity, we can only obtain
the p* with N < 10. The same experiment employed in
Section IV-B is performed ovet00 random configurations.
K=0 As shown in Fig. 4, in ovep5% of the cases, the proposed
, (12) scheme achieves an outage probability within two times the
minimum outage probability.
We now show that the proposed scheme significantly im-
proves system performance compared to the following power
allocation schemes.

o Best-Select One. At Stage I, if the decoded set is not

=
g

where

1
Ix(p) = {p(N_2) ’1

P (N=T-FK)(1—p)K

1<K<N-2

andax(m),0 < K < N are described in Appendix A as a
function of of the mean gainm.

Lemma 1 Let 1507min denote the minimum outage probability. empty, only the decoded node with the largest mean
The outage probability approximation P,(p) at asymptotically gain transmits; otherwise, the source node continues to
high power is bounded as transmit with the remaining power.

R R R o Best-Select Two. At Stage I, if there are more than two
Py min < Po(p) < b(p)Po min (13) decoded nodes, the two decoded nodes with the largest

s



mean channel gain transmit with equal power; otherwise, APPENDIX

Best-Select One is applied. Outage Probability Approximation for Asymptotically
o Equal-Power. All decoded nodes and the source nOdEarge Power
transmit with the same constant power This is the

power allocation scheme used in [3].
In previous numerical results, the outage probability roetr

Under the assumption th@t;; is employed in Stage I, the
outage probability at the destination is

was used to characterize the performance of a given source- 2(N-2) _q

destination pair. Now, in order to demonstrate the perfoicea P, (p) = Z Pr{D = B(i); pP} P,(Pu1|pP; B(i)) .

of the network (considering all possible source-destimati i=0

pairs) the metriclink-failure probability, i.e., the percentage of i (16_)
links whose outage probability is below a target value, isdus _FOF Very large power, we have the following approxima-
Here, each node-node connection represents one of (ae—  1ONS:

1)/2 source-destination pairs for a network with nodes. In exp ( - ) ~l- 1~ (17)
Fig. 5, the link-failure probabilities of various scheme® a prMe.g pETag

plotted for a network with10 uniformly distributed nodes in 1—exp (— ppg%’j) ~ ppg%’j i (18)

a square area. Here, the link-failure probability is evidda
over 40 randomly generated network configurations, and the Using (18), we have
target link-outage probability is set t0.01. The abscissa
o Pr{B(i); pP}

presents the average total power consumed for each two-
stage transmission over all possible source-destinatars p = H Pr{hs jpP > n} H Pr{hs jpP < n}
and configuration's As we can see, the proposed scheme j€B(i) J¢B(1)
achieves significant power gains over both the Equal-Power 7
scheme and the Best-Select One scheme. In this example, H eXp( P > H (1 —Xp <_ppmgj)>
with the target link-outage probability beiry01, the Best- /€2 IEBG)
Select Two scheme achieves a performance close to that of (N-K) 1 19
the proposed scheme. If the target link-outage probakgity (pP> 1 (19)

lower, the gain of the proposed scheme over the Best-Select
Two scheme will be more significant. For very large power, the selected seis equal to the decoded

setD = B(i). Then the power allocatiop; with S = B(7)
of cardinality K is given by

@ B(i) Ms,j

V. CONCLUSIONS

We have investigated cooperative relaying in an N-node Do = (1-pP K=0 , (20)
distributed network. The aim has been to find the transmit 0 ISK<N-2
power allocation among the source and relay nodes that mini- ) (1-p)P/K jeB(i)
mize the outage probability for a given source-destingiain j = {O otherwise” (21)
subject to a total power constraint. Due to high computation

complexity of the optimal solution, a simple near-optimator very large power, the outage probability is approxirdate
scheme is derived by solving two sub-problems separatefg [3]

(1) choosing the ratiop, of the total power,P, that should nN

be allocated to the source node in Stage I; and (2) choosing {szh < Tl} . (22)
the distribution of the remaining powefr, — p) P, among the [T, pimi

selected relay nodes in Stage Il. For the second stage, Mplying (21) and (22), it follows that

specify a Selective-Equal-Power allocation, which wasagho

previously to be near-optimal [12]. For the first stage, weeha Fo(Pur|pP; B(i))

shown here that a fixed = 0.6 is near-optimal under a wide

range of conditions. We have shown that fdr < 10 the =PrS (ps1 + ps2)hsa + Z pihia < Tl}
proposed scheme achieves an outage probability within two JEB(D)

times the minimum outage probability in oves% of 100 n 0

randomly generated configurations. We have also compared, ) £™m:.a’ (n) P+
our scheme with other practical power allocations desdribe l,an <
. . . . (K+1)!I’(T) Ms,d Hjel;(i) mj.d

in the literature and found it to be superior to all of them. (23)
Assessing the proximity of the new scheme to optimal under

a more comprehensive range of conditions is a topic for &rthAPPlying (19) and (23) and combining the terms in (16) with
research. B(i) of the same cardinality, the outage probability can be

approximated as

1For the Equal-Power scheme, the total transmission powesvaith the
number of decoded nodes, while for all other schemes, tlaé trainsmission (N— 1) .
power for each transmission is a fixed vali® Therefore, to have a fair P,(p) ( ) Z ar(m p) = Py(p),(24)
comparison, the average power over all transmissions i@. use



where

ar(m) =
71 =
Ms.d 1;[(,/N=712 ms,;’ K=0
K S 1 (2!
ms.d(K+1)! |‘B(1)‘:K Hjeﬁ(i) mj.d ngﬁ(i) ms,;’
1I<K<N-=-2
1 K=0
_ p(N—z)a 2‘
fK(p) 1 1SKSN—2’ (

P(N—1-F) (1—p)K >

andm denote the vector of all mean channel gains.

B. Proof of Lemma 1

We first show thaif, = min, fx(p). It can be verified t...
the p that minimizesf (p) is equal tol — £~ whenKk > 1,
and is equal to 1 otherwise. By inserting thisinto fx(p)

in (12), we obtain the expression g}, as presented in (15).

Then we have

. ny (V-1 =
Pp) = () D axtm)ix(p)
K=0
n\ VD g~ . fx(p)
- (3 arc(m) fie 25
(P) PR
N2
< o) ()Y axcmsi
K=0
_pyN-2
< ) (DY anetm )
K=0

(27)

Inequality (a) holds sincef% < b(p) for all K. Inequality
(b) holds sincef. < fx(p) for any p.
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Fig. 3. The probabilityPr { P,(p) < zPo(p*)} in a random network with
uniformly distributed nodes. Herd' is the number of nodes in the network.
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TABLE |
VALUES OFb(p = 0.6) FOR VARIOUSN.

N 3 a 5 6
b(p=0.6) | 1.667| 2.778 | 463 | 7.71




