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Abstract—We study the problem of relay selection in a flexible according to the link qualities. We analyze the effe
wireless cooperative network. Assuming a single source, a singleof fading on our relay selection methods and derive closed-

destination, and N uniformly distributed candidate relays, we g5 approximations which provide insight into our schemes
seek to select a set of cooperating relays to minimize the total

transmission time of a fixed amount of data. We propose two  1HiS paper is organized as follows. In the next section,
selection methods: Best expectation, which adaptively selectseth We present the wireless network model and the transmission

relays, and Best-m, which selects an optimally pre-determined protocol. In Section Ill, we describe the details of our preed
number of relays. Each method is implemented with a simple and re|ay selection algorithms. In Section IV, we analyze these

optimal algorithm. We further provide closed-form, analytical o|ay gselection methods and provide some closed-form per-
approximations of these algorithms’ performance, which help

simplify the process of finding the optimal number of cooperating fO'mance approximation. In Section V, we provide simufatio
relays. Simulations illustrate the performance of the proposed results and compare them with the analytical approximation
relay selection methods and show a close match between theWe also investigate the effect of the number of candidate

analytical approximations and the numerical values. Through relays and the density of the relays. Section VI provides our
some initial studies, we also observe a simple and intriguing conclusion and final remarks.

connection between the Best-m selection method and the network
geometry. Provided that the relays are uniformly distributed, the
source can simply cooperate with all the relays within a radius

of a fixed proportion of the source-destination distance. Il. WIRELESSNETWORK MODEL AND TRANSMISSION

_ _ o PROTOCOLS
Index Terms—Relay selection, cooperative communications,

decode-and-forward. A. Network and channel models

We consider a wireless network with 4+ 2 terminals: a
[. INTRODUCTION sources, a destinatiord and a set of N candidate relajs=

It has been established that cooperation in wireless cofif2;--,N}, as illustrated in Figure 1. We assume that the
munications can significantly improve the link quality b)pandldate relays are uniformly distributed in a circle afivs
exploiting the spatial diversity of multiple terminals {{3]. do centered at the source node. Among théselenotes the

Cooperative technigues are promising candidates for éngergSet Of selected relays. _
wireless networks. Assuming flat-fading, lelgg, hsj andhjy denote the wireless

Most works so far focus on designing or analyzing rechannel coefficients from the source to the destinatiormfro
lay algorithms that maximize the throughput or minimizéhe source to relay, and from relayi to the destination,
the outage probability, given a fixed channel allocation, éespectively. These coefficients capture the effects df path
minimize the frame error rate of specific cooperative codirlg§ss and Rayleigh fading. The path loss is proportionai®o
schemes [3]-[5]. In these works, either each terminal can d¢herer is the distance between the transmitter and the receiver
as both source and relay, or/and a pre-determined cooperd#d @ is the path loss exponent, typically ranged from 2 to
is assumed. In a more general scenario, however, the relgyi]. The Rayleigh fading component is modeled as a zero-
may not be pre-determined but have to be chosen from a Bian complex Gaussian random variable with variant2 1
of available terminals. In [6], [7], relay selection algbrns Per real dimension. We assume that the source terminal has
are proposed, which search over a seNotandidate relays instantaneous channel state information (CSihgf and hsi,
with optimization criteria as the outage probability ornfra Vi € R, which it can measure directly. However, the source has
error rate. no instantaneous CSI ¢iy, Vi € R, but only the distribution

In this paper, we propose relay selection methods using®hthese channel coefficients.
novel criterion. Our goal is to optimize the total transriass
time for a given, fixed amount of data. This transmissioB Direct Transmission
time consists of the times required for both the source-to-
relay link and the relay-to-destination link. Instead ofngsa We assume that the source has a total amounD dfits
fixed channel allocation, we assume the channel allocasionof data to transmit to the destination. If the source diyectl



This total transmission time may be expressed as

T=T +T¢
=— b + b , (3)
MinicaCsW — CspdV
hu 4 WhereGCs; is the channel capacity between the source and relay
I i, and Cspaq is the channel capacity between the cooperating
group (the source and the selected relays) and the destinati
These channel capacities are given by

P|hsi[?
Csi = log, (1+ laZ" ) : (4)
Fig. 1. Wireless Network Model for Relay Selection. and
P
_ o o Csad=100g; | 1+ —HgadHsad |, )
transmits the data to the destination, the transmissioa Tim o

may be expressed as where Hgpg is the channel matrix between the cooperating

b group and the destination, described as

=W @) Hoaa= [ Mg Mg hpg - Mo . (8

where W is the bandwidth andCsq is the capacity of the The subscript indiceg, io, - - - ,ix here denote the relays which

channel between the source and the destination. The charfdPng to the selected sét This setA is determined by a
capacityCsg is given by specific relay selection method.
In Section II-A, however, we assumed that the source has

P|hsg|2 no instantaneous CSI of the channels between the relays and

—2) (2) the destination, but only the distributions. Thus we cannot
compute the instantaneous value of the channel cap@gity

whereg? is the variance of white Gaussian noise added at tie (3) and (5). Below we propose relay selection methods

receiver andP is the average power available at the transmittethich use an alternative measure on the tifiee for the

Without loss of generality, for the rest of this paper, wel wilcooperating phase.

assume that the total amount of data and the bandwidth are

normalized as% =1. I1l. RELAY SELECTION ALGORITHMS

A. Selection Criteria

In this section, we propose two alternative criteria to (3)
for selecting relays. These criteria do not require the c®ur
When the relay terminals can cooperate with the sourt® have instantaneous CSI of the channels between the relays
to transmit the data to the destination, we can think of &nd the destination, which may be difficult to obtain, butyonl
cooperative transmission protocol consisting of two phasdhese channel distributions.
listening phase and cooperating phase. In the listeningggha 1) Best Expectation Method4ere we find the set of relays
the source transmits the data to the relays. We assume thattfiat minimizes the following equation:
destination terminal receives no data from the source teimi F T +E{Tc}
during the listening phase, i.e., no side information isudregl L c
at the destination node in the listening phase. The source S b +E{ D } @)
decides which relay terminals to cooperate with according mMinieaGsW CeadW |’
to an appropriate relay selection criterion. We considdy onwhere the expectation is taken over the distribution of Bigyl
decode-and-forward transmission at the relay terminatsisT fading. This relay selection method is described as
the time allocated to the listening phase is set to guarahsge
all selected relays can correctly decode the transmittéal@la A* =arg min( : 1 + E{ 1 }) (8)
from the source. In the cooperating phase, the source and the AR\ MinicaGsi Csad
selected relays cooperate to transmit data to the desimatiwhere A* is the optimal set of selected relays. We will call
We assume that each relay has the same average tranghigtcriterion as théBest Expectation Criterian
powerP as the source terminal. Since this criterion chooses the optimal set of refdyas
If the source terminal had full CSI ofisg, hsi and hy, a function of the instantaneous source-relay capadiiigghe
Vi € R, the total transmission time required for this twonumber of relays inA* depends on the realizations of the
phase cooperative transmission would be equal to the timigannels between the source and the relays. In other wasls, t
T, required for the worst relay in the selected set to deco@®st Expectation Method requires adaptation of the number o
the data, plus the timdc for the cooperative transmission.cooperative relays to the specific network.

Csq = log, (1+

C. Cooperative Transmission




2) Best-m Method:A simpler scheme without adaptingAlgorithm 1 Best Expectation Algorithm

the number of relays would result if the source can decide:

the optimal number of cooperative relays without relying on

the specific network realization. It can then simply pick an2:
optimal number ofm relays, wheram is chosen to minimize 3:

Sort |hsj|, i € R in decreasing order such thétg, | >
Ihsp,| > --- > |hg)y |, wherel, e Rand 1<n<N.
T— 0, i1

Include the relay termindh,lo,--- ,lj into setA;.

the expected total transmission time. In this method, tteeyse 4T 1 LE where
are selected according to the following criterion: CS CsAd '
1 1 p
ar — +E¢ — _ - 2 2
Am= In mACR<m|nieACsi+ {CsAd}> Cona= logy <1+ 2 <h8d| +k€%|hkd| ))
=arg min _t 9 i T
~ 0 AR \ minicaCy 5: if ? < 'I_'rthen
: — 1
Denote the transmission time (7) associated with this set of.  px A
relays An as T The optimal number of cooperating relays g. end if
m* is then determined as 9 i—itl
IneR {m} (10) 11:  go to line 3.
where the expectation is taken over the distributions of thee: end if

source-to-relay channels. We will call this method as the
Best-m methad
While the Best-m selection method may result in a longélepends on the specific network realization. This number is
expected total transmission time than the Best expectatiggtermined in the line 4-8 of the Algorithm 1. Thus, the
method, it is simpler to implement. Next we will describeBest Expectation Algorithm may result in a varying number
the algorithms that implement each of these methods. of cooperative relays, depending on the specific network
realization.

B. Best Expectation Selection Algorithm

To find the setA* in (8), and exhaustive search wouldC. Best-m Selection Algorithm
involve over 2 cases. The computational complexity of the
exhaustive search grows exponentially with the number gj
relay candidates. Below, we propose a simple algorithm g
find the optimal seA*. _

Suppose that the relay terminalminimizes the source-
to-relay capacityCsi among the relays in the set of actlvelyt
cooperating relay#.. Then, the following equations hold:

For a given number of cooperative relags the Best-m
gorithm for (9) is described in Algorithm 2. This algorith

ply selectsn relays with the best source-to-relay channels.
The optimalm* can be pre-determined according to (19.
depends on the number of relas the relay distribution and
he distributions of the channdts;, hsg, hig, but is independent
of the specific network realization.

Cg=minCg; (12)
A Algorithm 2 Best-m Algorithm
1 1: Sort |hj|, i € R in decreasing order such thatg, | >
A* =argmin { } (12) Ingi,| > -+ > |hey |, wherel, € Rand 1<n<N.
ACR Csad 2: Include the relay termindh, |, -- - I, into setAn,.

where the notation(A) indicates that is a function ofA.
Since the channel capacity in (5) can be rewritten as

P 2 2
Csad = 100, (1+p <|hsd| +i;|hid| )) ;

it is clear that adding more relays to the geincreases the

IV. ANALYSIS OF RELAY SELECTION METHODS

In this section, we provide mathematical analysis of the
effects of fading on the average transmission time of the
. g _proposed relay selection methods. Here the channel coeffi-
total received power at the destination from the COOpeyat”Eients are assumed to capture the effect of Rayleigh fading
group and hence is always beneficial in m'n'm'ZE‘écs d only, and we leave the analysis of the path loss effect to a
Since we assumed that relaybelongs toA and minimizes future work. We analyze each phase, listening and cooperati
the source-to-relay capacitysi, another relayi can only be separately, and provide closed-form approximations to the
in A if and only if Csj > C4- Based on these observations, wexpected transmission time in each phase.
propose a simple algorithm to implement the best expectatio
method as in Algorithm 1.

In this algorithm, the relays iA* are those which have
the largest source-to-relay channel capacities among éhe s The average transmission tinte{T (m)} of the listen-
of candidate relay®. The number of relays id\* therefore ing phase withm(< N) cooperating relay terminals in the

A. Transmission time of the listening phase



Best-m methods given by 18

E(LM} = [ ———vman®)dy  (13)  asl| o e
0 log, (1+ %y)

wheregn-_m+1:n(Y) is the probability density function (pdf) of
the (N —m+ 1)th order statisticof N independent exponential
random variables, each with densdgy) = e Y. Equivalently,
by introducing a new random variable

P - 0.6
< (on(i+5))

equation (13) can be written as
E{TL(m)} :/0 t-hmn(t)dt. (14) 0

Here hmn(t) denotes the pdf of theth order statistic oiN
independent random variables, of which the pdf) is given

141
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Number cooperating relays

Fig. 2. Average listening time fox = 20.

by
02 2 1 g2 % 1
ht) = St t>0, (15) 03
. _— . . . . 4 —&— Simulation
and the cumulative distribution function (cdf)(t) is given by —a— - Approximation
2 1 o 025
g 1—ef
H(t):e’( © ) e =
The average transmission tinke{T_(m)} of the listening § o.2r
phase can be lower bounded by S
q(m-1 S 0.15¢
E{TL(m)} =H (T)
1 <
= > e l<m<N, (17) 01r
log, (1— 52109, (mﬁ))

of which the proof may be found in the Appendix. In a simila 005

i i i
5 10 15 20

way that the lower bound is derived, we conjecture an upg Number of cooperating relays
bound of E {T_(m)} without proof:
m Fig. 3. Average cooperating time fof = 20.
E{TL(m)} <H ()

= l<m<N 18
» T<m<N. (18) Unfortunately, a closed form expression of the integral in

P m
log, (1 0? lOQZ(N)) (19) with the pdf in (20) is not known. We found a good
The upper bound in (18) is found to be very tight viapproximation of (19) to be
simulation and can be used as an approximatioB £f_(m)},
as shown in Figure 2. E{Te(i)} ~ 1 ~. (21)
log, (1+ Epgl)
B. Transmission time of the cooperating phase

The average transmission tinse{Tc(i)} of the cooperating This approximation can be applied to both the

phase withi cooperating relay terminals is given by Best Expectation methaghd theBest-m methad
_ 1 ® 1 In Fig. 3, we provide a comparison between this approxima-
E{Tc(i)} =E { —} = / —————fi(x)dx (19) tion and the simulated values Bf{Tc(i)} for various number
CSAd 0 |Og2 (1+ EZX) f P . : 5
P of relays at_; = 10 dB and 20 dB. The simulations use®10

samples of chi-square random variable. This example shows
a close match for the approximation (21).
Summing (18) and (21), we have a closed-form approxi-
mation of the total transmission time for tfest-m methad
_ This approximation can be used to pre-determined the optima
fi(x) = e*Xil. (20) number of cooperating relays*, without requiring extensive
i! simulations.

where X = |hsg|® + SkealMkal?> and fi(x) is the pdf of the
random variablex. With Rayleigh fading alone, the random
variablex follows a chi-square distribution with(R+ 1) degree
of freedom with the pdf given by
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Fig. 4. Average total transmission time and the approximation

the total relay radiusly. In other words, the ratio of the area

2
V' NUMER|CAL RESULTS AND D|SCUSS|ONS Of COOperating relayS to the tOtal area Of a” rela% ~ %],
is constant in average, regardless of the number of camdidat

In this sectlop, we compare the smulapon resultg of _t laysN. Since this ratio appears to depend only on the spatial
two relay selection methods and the analytical approxionati distribution of the relays (in this case uniform), it apgetr be

described in Section _IV. We also p_rovide some Observatiof}ﬁjependent of the density of the relays. This result inéia
on t'he number of actively cooperating fe'a}’s-_ . that for uniform relays, the distance from the source teahin
Fig. 4 shows the average total transmission time of th§ yhe relay terminal can be a good measure to whether the
Best Expectation methpthe Best-m metho@nd the analyt- . resnonding relay terminal should be included in the set
ical approximations foN = 20 candidate relay terminals in o actively cooperating relays. ThRest-m methods closely
Rayleigh fading channels (without path loss). The averageyched by just selecting the relay terminals within a dista
SNR is set to be 10 dB for the source-to-destination link arzﬂ from the source terminal, provideti /do is a constant ratio.

for all relay-to-destination links, and 20 dB for all sourcerys jnitial result is very encouraging and we plan to study
to-relay links. For theBest-m methqgdthe approximation for .c connection further in our future work.

the average total transmission time is obtained by summing
(18) and (21). The plots show a close match between this ap-
proximation and the simulation for various numbers of coop- ) ) ]
erating relays. We observed that tBest Expectation method " this paper, we examined the problem of relay selection
uses 7.8497 actively cooperating relays in average. For {9k wireless cooperative communications in order to miaeni

Best-m methadising 8 cooperating relay terminals minimizede total tran_smission time. We presented two relay selec-
the average total transmission time in (10), so the optimtal tion methods:Best Expectation methodnd Best-m methad

is 8. The analytical approximation values match well wita thand proposed simple, optimal algorithms to implement them.
simulation and also result im* = 8. In this simulation, the Furthermore, for channels with Rayleigh fading alone, we
Best-m methoatonsumes 11% more transmission time thafovided closed-form analytical approximations of thensa

the Best Expectation methptut theBest-m methods much mission times consumed by these methods. Simulation sesult
simpler to implement oncat is predetermined. showed a close match between these approximations and the

In Fig. 5, we study the connection between th@umerical values. The approximations provide a simple way o

Best-m methocelay selection method and the network geomé&l€t€rmining the optimal number of actively cooperatingyel
try in a more realistic channel with both path loss and fadinj! the Best-m methadThrough initial studies for channels

We set the distance between the source and the destinalipfy Poth fading and path loss, we also observe that the
terminals to be 1 km and vary the relay radids and Best-m methodranslates to a simple geometrical method for

the number of candidate relagé. This simulation uses the selecting relays, which uses only the distance between the

path loss model introduced in Section I, with the path lod€lay and the source. This source-tq-relay_d_|stance appear
exponenta — 3.5. Initial simulation studies indicate that, if'© P& @ key feature for the source in deciding whether to
we fix the radiusdy to be constant, the number of activelyfOOPerate with the corresponding relay terminal.

cooperating relaysn grows almost linearly with the number

of candidate relaysl. Thus the active to total relay rati§ is APPENDIX

approximately constant. With uniformly distributed redayhis For the proof of the lower bound for the transmission time
result implies that the cooperating relays are locatediwigh of the listening phase, we utilize the result of convex ardgr
circle of radiusdi(< dp) that is of a constant proportion ofin [9].

VI. CONCLUSION



Definitiort Assume thaX andY are arbitrary random variables
whose cdfs are given & and G, respectivelyX c-precedes
Y (X <cY) if and only if G-1F(x) is convex.

Theorem If (X <:Y), then F(E{X}) < G(E{Y}) and
F(E{Xm}) < G(E{Ym}), m=1,---.N, provided the ex-
pectations exist, wher¥; and Yy, denote them-th order
statistics oveN independent samples BfandY, respectively.

[2] A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperaiiiversity
part ii: Implementation aspects and performance analy$&£E Trans.
Info. Th, vol. 51, no. 11, pp. 1939-1948, Nov. 2003.

[3] J.N.Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperatiixersity in
wireless networks: efficient protocols and outage behAvI&EE Trans.
Info. Th, vol. 50, no. 12, pp. 3062—-3080, Dec. 2004.

[4] A. Stefanov and E. Erkip, “Cooperative coding for wirggenetworks,”
IEEE Trans. Commuwol. 52, no. 9, pp. 1470-1476, Sept. 2004.

[5] P. Mitran, H. Ochiai, and V. Tarokh, “Space-time diveyséinhancements

The pI‘OOf of the theorem can be found in [9] If we consider using collaborative communicationdEEE Trans. Info. Th.vol. 51, no.

a random variabl with cdf G(y) = -1/y, (—eo<y<-1),
it is known that the order statisti¥,) has the following
property [9]:

E{Ym}= ﬁ, m

For an arbitrary random variabk¢ with cdf F(x), if 1/F(x) o

is convex, so thaGF (x) is convex, the following inequality
holds by the theorem:
m—1

FEXm} < —— m>1 (23)
We also note that the inequality is reversedGf'F(x) is
concave.
Proof of Lower Bound in Eq. (17) We only need to show
that 1/H(t) is convex fort > 0, whereH(t) is given in (16).
Consider the second derivative ofH.(t),

i [5] ~a [ 7

diZz [H(t)

~dt [{H(1)}?
_d [—Bt2eMH(t)
dt {H({t)}?

~d [-pt2e
_&_ H(t)

I LA S I O
- P
 2pt3elt 1 pr-telt
- H(t)

ht)
{HV)}?
<2t T 1+Be1/t> , (24)

+ Bt 26t

Bt—el/t
TOHb

where 3 = 2. Since we havee'/t > 0, H(t) > 0, and
(2t+1+[3e1/t3) >0 fort > 0, we have nonnegative second
derivative and the convexity of/H(t) is proved. Therefore,
from the result of (23) for a concave functid®@ tH(t) =
—1/H(t), we have

emm) > n ()
1

- . m>1  (25)
Iogz<1f%Iogz(m;1))
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