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Abstract—In this paper, we consider a cooperative system Relay 1
based on relay selection in a scenario where the available ahnel
state information (CSI) is subject to delays. In order to exjoit the V/.}
selection diversity gains of the system while providing robstness

against CSI inaccuracy, we propose a robust relay selection
strategy based on a minimum mean square error (MMSE)
Bayesian estimator. As shown in the paper, the proposed rolst L
strategy provides significant gains in scenarios with diffeent Source Relay 2 Destination d

levels of CSI inaccuracy. o< >-@< >-@

|I. INTRODUCTION

In recent years much attention has been paid to the adopt
of cooperative communications schemes [1][2]. This is fiyain Relay 3
motivated by the fact that these schemes allow for the eteploi Zk./b
tion of spatial diversity gains without the need of multitema
technology. Indeed, most of the advantages of multipletinp
multiple-output (MIMO) techniques can be extracted whils d
keeping the complexity of the individual terminals reduced
In terms of practical implementation, relay selection is a
useful cooperative technique as it consists in only adtigat
the best relay (in accordance to a given selection critgrion

for retransmitting the source’s information to the dedtora ;4 position information). As shown in the paper, the pro-

Apart from the inherent simplicity of the proposed tech®iu hosed robust strategy provides signicant gains with respec

this strategy avoids the need of synchronization (needed @fay selection schemes based on either instantargoRor

most distributed space-time coding schemes) and reduees|f.zjization information. Indeed, the proposed robusiesoh

power consumption of the terminals. o provides the best performance for the whole range of CSI
Concerning the selection criteria, outage optimality can t?naccuracy.

o_btained by_ seleqting the relay with_ the be:_:,t instantan(_eousrhe rest of the paper is organized as follows. The corre-
signal-to-noise ratioqNR) [3]. When this selection strategy iSsponding system model is presented in Section II. In Section
implemented in a real system, however, the channel stateof fj| the proposed robust selection scheme is proposedr Afte
selected relay at the selection decision instant can sty 51 performance of the proposed scheme is evaluated and
differ from the actual channel during data transmission asd compared with other relay selection schemes existing in the

a result, system performance is affected [4]. As an altem®at |iierature in Section IV. Finally, in Section V, the summary
some works proposed a selection relaying mechanism basg@| conclusions of this paper are presented.

on localization knowledge [5][6]. A position-based scheraa

outperform an opportunistic scheme with instantaneous-inf Il. SYSTEM MODEL

mation when channel state information (CSI) is not accurateConsider a wireless network where one mobile unit (source)

but, however, the system is not able of exploiting the selact sends information to the base station (destination). Ireord

diversity gains provided by the cooperative system. to improve system performance, a cooperative mechanism is
In this paper, we propose a relay selection strategy aimegnsidered. In particular, a relay selection strategy spéetl

at extracting the selection diversity gains of the systenilevhin a scenario withK' mobile units of the network working

providing robustness against CSI outdating. To do so, wptadas relays. In Fig. 1, we present an example of the proposed

a Bayesian estimator based on the minimum mean square esa@nario, where relays are placed i & d square between

(MMSE) criterion in order to estimate the actu&lIR during the source and the destination, beihglso the distance of the

data transmission from available measurements (outd& source-destination link.

Fig. 1. Scheme of the proposed relaying strategy.



A. Sgnal Model

For the sake of notation simplicity, we define an arbitrar D::s:e:g —— D::::e':g ——
link A-B between two nodesi and B. Node A can be v.y\p v/.y\p
the source A=S) or the k-th relay (A=k), while node B I Best Relay
can correspond to the-th relay (B=k) or to the destination oK \tl
(B=D). With this model in mind, the received signal in the ok| Reley 2 Relay 2
link A-B can be written as: o d—| el 5 D;..*. s :q oo DD: _
estination ource estination
' = hAvaA +np Ouﬁ% Relay 3 Relay 3
where x4, € C is the transmitted symbol from nodd A./b Z\rb
with power Py = E[|z4]?], ng € C is AWGN noise Time slot 1 Time slot 2
with zero mean and variance?, h, g € C is the channel Source transmits Best Relay retransmits

response between node$ and B modeled ashsp ~
gti\e[r(]%tzfaggeE\Ei})’glleégnhth?(i:nmgglIflgs'ggfﬁx Igssthrﬁo(;gz;niel Ellg:; 2. Cooperative communications scheme based on relagtisa and
(A\e/4md,)?(da g /do) ™, with ). standing for the carrier
wave-lengthd, is a reference distancé,, g is the distance
of the link A-B and is the path-loss coefficient (being=3 having different expressions according to the channel inode
in this work). We consider a block-fading channel where tHdnder the assumption of a Jakes’ model, for instance, the
channel response remains constant during one time-slot &&¢relation coefficient takes the valye = Jo(27f4,Tp,),
that the different channels are independently distributeis Where J,(-) denotes the zero-order Bessel function of the
also assumed that each relay has an accurate estimate ofifi#s kind, fq4, stands for the Doppler frequency afith,
position (it is reasonable to assume that in the near futdf@e delay between the instants when the selection process
most terminals will be provided with positioning capaliif). IS encompassed and the actual transmission of data from
Concerning power allocation, we consider that total trahsnihe selected relay takes place. Further details concething
power of the systemP is evenly distributed among the sourcéharacteristics of’p, can be found in [4].
and the selected relay;, i.e. Ps=P,-=0.5P. We denote by  Finally, it is worth mentioning that in this work we also
va.B = Palha p|?/0o2 the instantaneous signal-to-noise rati@ssume that each relay has a perfect knowledge of param-
(SNR) experienced in the linkd-B in a given time-slot and €ter p,. This is also a reasonable assumption taking into
by 4.5 = Pac% 5/02 its long-term average. consideration that this parameter usually depends on Boppl
) T frequency and’p, . Doppler frequency is usually estimated in
B. Relaying Mechanism digital receivers to carry out synchronization procedued
Concerning the relaying procedure, we adopt a half-duplé¥, depends on the relaying protocol defined by the adopted
two-hop decode and forward (DF) protocol as relaying sgyate communication standard.
[2]. When using DF in a relay selection scheme, the sub
of relays able to decode the information is named as the
decoding subseDS and, from that subset, only thieest In this work, performance of the cooperative system is
relay (in accordance with the selection criterion) retraits Mmeasured in terms of the outage probability. The outage
the information (see figure 2). As commented in Section IIprobability is defined as the probability that the instaetaus
system performance in a scenario with outdated CSI stronggpacity of the system is below a predefined vaelIn
depends on the selection criterion and, for that reasos, tRrder to obtain the expression of the outage probabilitshef t
work focuses on the design of a robust selection scheme. Proposed two-hop DF scenario, one should start the analysis
) by studying the decoding subsBtS, i.e. the subset of relays
C. Modeling of CS Delay

able to decode the information transmitted by the source in
We consider that th6NR between relayt and the desti- the source-to-relay link:
nation available at the selection instafif,p, can differ from
the actualSNR ~;, p during informatigﬂﬁ;transmission due to DS = {k :logy (1 +7s) = 2R} = {k : 50 2 22F 1}
channel variations. Indeed, we assume thap are obtained  Note that it is considered that relays are able to decode the
from hk p (i.e., ¥, D—P;C|h;C p|?/02), which is an outdated source’s information in the first hop when instantaneousicap
version ofh p. Then, these two random variables are jointlity is higher than Z&, being this consideration also adopted in
Gaussian and, hencéy p conditioned onhy p follows a the relay-to-destination link. By doing so, the resultimgleo-
Gaussian distribution [7]. end spectral efficiency i® as the proposed two-hop scheme
heplhn ~ CN (o, (1 — pi)oi,m ;%?Jt:geestotvtvﬁet:jrr;iﬂs:g:i);? transmit the information frone th
where parametep, (with 0<p,<1) is the correlation co- For each combination of relays in the decoding set, the
efficient betweenﬁkp and h; p (degree of CSI accuracy), probability that the selected relay is not able to retramsing

Performance Criterion



source’s information to the destination must be computt

obtain the outage probability of the system. By defining _N‘o sooperaton
DSﬁ, as thep-th element of the set of all possible decoc ¥ ~+-ORS (p=0.3)
subsets withl relays (i.e. DS, is thep-th decoding subset : o ed
the () possible subsets dfrelays taken from th& relays) 07 liteed (deal Sconaric)| ]
we can easily compute the outage probability as [3]: ’
Kk (%)
Prob{outagg = » _ ) _ ProbjoutagéDsS,)ProhDS}) (1) 3
=0 p=1 § -2
o 10 b
where ProboutagéDSi,) is the probability of outage conc
tioned on that the decoding subsetDs), and ProffDS)) is
the probability of that subset.
Ill. ROBUSTRELAY SELECTION 10"
As commented previously, the most popular selection s Shatem SNR (48)

gies adopted in the literature are the following:

¢ _Opportunlstlp Relay_ Selec'uc_)n (ORS): th_e relay maXIml%fig. 3. Outage probability vs. systefNR for different selection strategies
ing the SNR in the link k-D is selected, i.e. (K=5 relays,R=1 bit/s/Hz.).

kiype = 3

Ors = arg max {y..p}

A do so, we adopt a Bayesian estimator based on the MMSE
criterion to estimate the actu8NR, ~; p, from parameters

4,0 anddy p, being the estimate obtained as[8]:

« Position-based Relay Selection (POS): in this case t
relay closest to the destination is selected as follows
kpos = arg min {di,p} 2 .
kebs Y%,0 = E(vk,p|3%,D; dk,D)
where dy.p is the distance between relay and the Indeed, the proposed Bayesian estimator is adopted tot selec

destination. the relay with the highes6NR estimate. In other words,

As shown in [4], performance of ORS is substantially afféctgne hroposed robust relay selection is that choosing they rel
when CSI is not accurate. In those situations, it could k%%tisfying:

preferable to use the position-based approach (which is-ind

pendent of CSI accuracy). However, selection diversityngai khopusT = arg max {%,“D}
are not captured when CSI becomes more accurate. kebSs R
Some of the conclusions above can be observed in Fig. 3, = arg max {E(v.p|%.p,de.p0)}  (2)

where a comparison between the ORS and POS based schemes . . .
is performed in terms of the outage probability (Eq. (1))t Fo. In order to obtain a.closed-fprm expression for the e.st|mate
the sake of benchmarking, results corresponding to a scendf» > ON€ should notice t_hat in the proposed scenario there
without cooperation are included and syst&NR is defined as exists a one-to-one relation between the _Iong-term average
the average receivedNR of this single-hop scheme. As showrPNR: k.0, anddy, p. Hence, we can rewrite the proposed
in the figure, the best performance is obtained with ORS whé&Rtimator as:
perfect CSl is assumeg & 1). However, performance is quite
sensitive to the value gf. Whenp=0.3, in particular, one can
observe that only a slight improvement can be obtained By taking now into account the CSI uncertainty assumption,
using ORS with respect to a non-cooperative scheme and tfia$ straightforward to show that the actu#R, conditioned
it is better to adopt the POS approach. Indeed, the behaw its estimate;y,, p and its long-term average follows a
of the POS approach is independent of the valug bfit, as Nnon-central chi-square distribution with 2 degrees ofdwee,
observed in the figure, this characteristic becomes a dreiwbavhose probability density function (pdf) takes the follogi
when the value of increases. expression [7]:
In order to circumvent the problems commented above, we 1

propose a robust scheme based on positioning information Tl Ve, DAk, D) = = 1 _ 2

X . X : Ye,p(1 = pi)
aimed at extracting the selection gain of ORS. Indeed, we 2 ) . _
propose a scheme where the selection of the active relay ,QWIO 27/ PE Yk, DYk, D 3)
is performed by means of both the available CSI and the Ar,o(1 = p3)
positioning information, that is to say:

':Yk,D = E(y&.p|¥.D, Yk,D)

wherel,(-) stands for the zero-order modified Bessel function
kropust = f(k.p,dk,D) of the first kind and one should take into consideration



IV. NUMERICAL RESULTS

- As far as numerical results are concerned, we consider the
cooperative scenario represented in Fig. 1. In the proposed
scenario, relays are randomly placed in the defifved square
between the source and the destination.

We start the analysis by showing in Fig. 4 the outage
probability of the different relay selection strategies as
function of the CSI uncertainty collected by parametein
a scenario withK=5 relays. Again, we also consider the
baseline scheme without cooperation and we define system
SNR as the average receiv&iNR of this single-hop scheme.

10} s e , In the pre_s_ented figure, one can observe_ hov_v the choice
—-ORS ; of the position-based approach is appropriate in the gow-
CohonusT region, whereas ORS pays off when the CSI becomes more
accurate. Concerning the proposed robust strategy, itésadb
0 ol o0z 03 o4 05 06 o7 o8 o9 extracting the robustness of the POS scheme and the capabili
P of exploiting selection diversity gains of ORS. Indeed, blest
performance can be obtained in the whole range by adopting
Fig. 4. Outage probability vso parameter for different selection strategiesthe proposed robust criterion.
(K'=5 relays, R=1 bit/s/Hz, Systen5NR=10dB). In Fig. 5, we present results related to a similar scenario
where the number of relays is increasedie15. In this case,
performance of the cooperative mechanisms is substantiall
improved with respect to the non-cooperative case. This is
107 8 because the benefits of using a relaying mechanism are more
——No cooperation significant as having more available relays in the network
—#-ORS increases the probability of selecting relays with bettemmel
POS .. .
-©-ROBUST conditions. Besides, one can also observe that ORS performs
b_5—’_S\\\ better than POS for lower values @fThe reason for that being
: that the capability of generatir§fN\R peaks of ORS is higher
when the number of relays grows and, hence, compensates for
SNR uncertainties. As a consequence, the robustness provided
by POS is exploited in a narrower range ofThe proposed
robust scheme, on the other hand, performs again better in
the whole range of CSI uncertainties. Furthermore, benefits
obtained in this particular case are more remarkable dugeto t
increased selection gain resulting from considering aaden
w w w w w w w w w with a higher number of relays.
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 . L. . . . . -

P Finally, it is worth noting that adopting a switching critamn
between ORS and POS could be impractical as switching
*decisions depend on several parameters (such as position of
the nodes, transmit and noise powgy, values, number of
nodes) and a huge amount of situations must be considered
that the long-term average df; p is equal toE[§; p] = O construct look-up tables. By adopting the proposed robus
E[|hk.p |2 Pe/02 = El|hk.p |2 Pr/02 = Yk.p. criterion, however, the best node is directly selected from

As a result, the problem of obtaining a robust estimate g¥2ilable measurements.
the SNR is reduced to obtain the first moment of a non-central V. CONCLUSIONS
chi-square random variable with pdf given by (3). One can
verify that this first moment can be expressed as [9]:

Outage probability

D

Outage probability

[
o,
o

Fig. 5. Outage probability vso parameter for different selection strategie
(K=15 relays,R=1 bit/s/Hz, SystenbNR=10dB).

In this paper we have addressed the problem observed when
using a relay selection mechanism in a scenario with outdate
E(ve.0[5%.0, F%.0) = P20 + (1 — p2)Vk.D CSl. In such a scenario, performance of ORS is substantially
affected when CSI is not accurate. By using a position-
Finally, by including the above result in (2), the selectiofe  pa5eq approach, however, system performance is independen
of the proposed robust strategy is obtained as follows:  of ¢S] accuracy but selection gains are not captured when
CSI becomes more accurate. In order to circumvent these
problems, we have proposed a robust relay selection scheme
able of capturing the selection gains of ORS while providing

kj = A 1—pi)y
ROBUST = 418 MaX {P;ﬂk,D + ( Pk)%,D)}
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