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Abstract—In this paper, we consider a cooperative system
based on relay selection in a scenario where the available channel
state information (CSI) is subject to delays. In order to exploit the
selection diversity gains of the system while providing robustness
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 robust
strategy provides significant gains in scenarios with different
levels of CSI inaccuracy.

I. I NTRODUCTION

In recent years much attention has been paid to the adoption
of cooperative communications schemes [1][2]. This is mainly
motivated by the fact that these schemes allow for the exploita-
tion of spatial diversity gains without the need of multi-antenna
technology. Indeed, most of the advantages of multiple-input
multiple-output (MIMO) techniques can be extracted while
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 activating
the best relay (in accordance to a given selection criterion)
for retransmitting the source’s information to the destination.
Apart from the inherent simplicity of the proposed technique,
this strategy avoids the need of synchronization (needed by
most distributed space-time coding schemes) and reduces the
power consumption of the terminals.

Concerning the selection criteria, outage optimality can be
obtained by selecting the relay with the best instantaneous
signal-to-noise ratio (SNR) [3]. When this selection strategy is
implemented in a real system, however, the channel state of the
selected relay at the selection decision instant can substantially
differ from the actual channel during data transmission and, as
a result, system performance is affected [4]. As an alternative,
some works proposed a selection relaying mechanism based
on localization knowledge [5][6]. A position-based schemecan
outperform an opportunistic scheme with instantaneous infor-
mation when channel state information (CSI) is not accurate
but, however, the system is not able of exploiting the selection
diversity gains provided by the cooperative system.

In this paper, we propose a relay selection strategy aimed
at extracting the selection diversity gains of the system while
providing robustness against CSI outdating. To do so, we adopt
a Bayesian estimator based on the minimum mean square error
(MMSE) criterion in order to estimate the actualSNR during
data transmission from available measurements (outdatedSNR
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Fig. 1. Scheme of the proposed relaying strategy.

and position information). As shown in the paper, the pro-
posed robust strategy provides signicant gains with respect to
relay selection schemes based on either instantaneousSNR or
localization information. Indeed, the proposed robust scheme
provides the best performance for the whole range of CSI
inaccuracy.

The rest of the paper is organized as follows. The corre-
sponding system model is presented in Section II. In Section
III, the proposed robust selection scheme is proposed. After
that, performance of the proposed scheme is evaluated and
compared with other relay selection schemes existing in the
literature in Section IV. Finally, in Section V, the summary
and conclusions of this paper are presented.

II. SYSTEM MODEL

Consider a wireless network where one mobile unit (source)
sends information to the base station (destination). In order
to improve system performance, a cooperative mechanism is
considered. In particular, a relay selection strategy is adopted
in a scenario withK mobile units of the network working
as relays. In Fig. 1, we present an example of the proposed
scenario, where relays are placed in ad × d square between
the source and the destination, beingd also the distance of the
source-destination link.



A. Signal Model

For the sake of notation simplicity, we define an arbitrary
link A-B between two nodesA and B. Node A can be
the source (A=S) or the k-th relay (A=k), while nodeB
can correspond to thek-th relay (B=k) or to the destination
(B=D). With this model in mind, the received signal in the
link A-B can be written as:

rB = hA,BxA + nB

where xA ∈ C is the transmitted symbol from nodeA
with power PA = E

[

|xA|2
]

, nB ∈ C is AWGN noise
with zero mean and varianceσ2

n, hA,B ∈ C is the channel
response between nodesA and B modeled ashA,B ∼
CN(0, σ2

A,B) (Rayleigh fading), beingσ2

A,B the channel
strength depending on the simplified path-loss model,σ2

A,B =
(λc/4πdo)

2(dA,B/do)
−µ, with λc standing for the carrier

wave-length,do is a reference distance,dA,B is the distance
of the link A-B andµ is the path-loss coefficient (beingµ=3
in this work). We consider a block-fading channel where the
channel response remains constant during one time-slot and
that the different channels are independently distributed. It is
also assumed that each relay has an accurate estimate of its
position (it is reasonable to assume that in the near future
most terminals will be provided with positioning capabilities).
Concerning power allocation, we consider that total transmit
power of the system,P is evenly distributed among the source
and the selected relay,k∗, i.e. PS=Pk∗=0.5P . We denote by
γA,B = PA|hA,B|2/σ2

n the instantaneous signal-to-noise ratio
(SNR) experienced in the linkA-B in a given time-slot and
by γ̄A,B = PAσ2

A,B/σ2

n its long-term average.

B. Relaying Mechanism

Concerning the relaying procedure, we adopt a half-duplex
two-hop decode and forward (DF) protocol as relaying strategy
[2]. When using DF in a relay selection scheme, the subset
of relays able to decode the information is named as the
decoding subsetDS and, from that subset, only thebest
relay (in accordance with the selection criterion) retransmits
the information (see figure 2). As commented in Section III,
system performance in a scenario with outdated CSI strongly
depends on the selection criterion and, for that reason, this
work focuses on the design of a robust selection scheme.

C. Modeling of CSI Delay

We consider that theSNR between relayk and the desti-
nation available at the selection instant,γ̂k,D, can differ from
the actualSNR γk,D during information transmission due to
channel variations. Indeed, we assume thatγ̂k,D are obtained
from ĥk,D (i.e., γ̂k,D=Pk|ĥk,D|2/σ2

n), which is an outdated
version ofhk,D. Then, these two random variables are jointly
Gaussian and, hence,hk,D conditioned onĥk,D follows a
Gaussian distribution [7]:

hk,D|ĥk,D ∼ CN (ρkĥk,D, (1 − ρ2

k)σ2

k,D)

where parameterρk (with 0≤ρk≤1) is the correlation co-
efficient between̂hk,D and hk,D (degree of CSI accuracy),
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Fig. 2. Cooperative communications scheme based on relay selection and
DF.

having different expressions according to the channel model.
Under the assumption of a Jakes’ model, for instance, the
correlation coefficient takes the valueρk = Jo(2πfdk

TDk
),

where Jo(·) denotes the zero-order Bessel function of the
first kind, fdk

stands for the Doppler frequency andTDk
is

time delay between the instants when the selection process
is encompassed and the actual transmission of data from
the selected relay takes place. Further details concerningthe
characteristics ofTDk

can be found in [4].
Finally, it is worth mentioning that in this work we also

assume that each relay has a perfect knowledge of param-
eter ρk. This is also a reasonable assumption taking into
consideration that this parameter usually depends on Doppler
frequency andTDk

. Doppler frequency is usually estimated in
digital receivers to carry out synchronization proceduresand
TDk

depends on the relaying protocol defined by the adopted
communication standard.

D. Performance Criterion

In this work, performance of the cooperative system is
measured in terms of the outage probability. The outage
probability is defined as the probability that the instantaneous
capacity of the system is below a predefined valueR. In
order to obtain the expression of the outage probability of the
proposed two-hop DF scenario, one should start the analysis
by studying the decoding subsetDS, i.e. the subset of relays
able to decode the information transmitted by the source in
the source-to-relay link:

DS = {k : log
2
(1 + γS,k) ≥ 2R} =

{

k : γS,k ≥ 22R − 1
}

Note that it is considered that relays are able to decode the
source’s information in the first hop when instantaneous capac-
ity is higher than 2R, being this consideration also adopted in
the relay-to-destination link. By doing so, the resulting end-to-
end spectral efficiency isR as the proposed two-hop scheme
requires two time-slots to transmit the information from the
source to the destination.

For each combination of relays in the decoding set, the
probability that the selected relay is not able to retransmit the



source’s information to the destination must be computed to
obtain the outage probability of the system. By defining now
DS l

p as thep-th element of the set of all possible decoding
subsets withl relays (i.e.,DS l

p is thep-th decoding subset of
the
(

K
l

)

possible subsets ofl relays taken from theK relays),
we can easily compute the outage probability as [3]:

Prob(outage) =

K
∑

l=0

(K
l )
∑

p=1

Prob(outage|DS l
p)Prob(DS l

p) (1)

where Prob(outage|DS l
p) is the probability of outage condi-

tioned on that the decoding subset isDS l
p and Prob(DS l

p) is
the probability of that subset.

III. ROBUST RELAY SELECTION

As commented previously, the most popular selection strate-
gies adopted in the literature are the following:

• Opportunistic Relay Selection (ORS): the relay maximiz-
ing theSNR in the link k-D is selected, i.e.

k∗
ORS = arg max

k∈DS
{γ̂k,D}

• Position-based Relay Selection (POS): in this case the
relay closest to the destination is selected as follows

k∗
POS = arg min

k∈DS
{dk,D}

where dk,D is the distance between relayk and the
destination.

As shown in [4], performance of ORS is substantially affected
when CSI is not accurate. In those situations, it could be
preferable to use the position-based approach (which is inde-
pendent of CSI accuracy). However, selection diversity gains
are not captured when CSI becomes more accurate.

Some of the conclusions above can be observed in Fig. 3,
where a comparison between the ORS and POS based schemes
is performed in terms of the outage probability (Eq. (1)). For
the sake of benchmarking, results corresponding to a scenario
without cooperation are included and systemSNR is defined as
the average receivedSNR of this single-hop scheme. As shown
in the figure, the best performance is obtained with ORS when
perfect CSI is assumed (ρ = 1). However, performance is quite
sensitive to the value ofρ. Whenρ=0.3, in particular, one can
observe that only a slight improvement can be obtained by
using ORS with respect to a non-cooperative scheme and that
it is better to adopt the POS approach. Indeed, the behavior
of the POS approach is independent of the value ofρ but, as
observed in the figure, this characteristic becomes a drawback
when the value ofρ increases.

In order to circumvent the problems commented above, we
propose a robust scheme based on positioning information
aimed at extracting the selection gain of ORS. Indeed, we
propose a scheme where the selection of the active relay
is performed by means of both the available CSI and the
positioning information, that is to say:

k∗
ROBUST = f(γ̂k,D, dk,D)
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Fig. 3. Outage probability vs. systemSNR for different selection strategies
(K=5 relays,R=1 bit/s/Hz.).

To do so, we adopt a Bayesian estimator based on the MMSE
criterion to estimate the actualSNR, γk,D, from parameters
γ̂k,D anddk,D, being the estimate obtained as[8]:

ˆ̂γk,D = E(γk,D|γ̂k,D, dk,D)

Indeed, the proposed Bayesian estimator is adopted to select
the relay with the highestSNR estimate. In other words,
the proposed robust relay selection is that choosing the relay
satisfying:

k∗
ROBUST = arg max

k∈DS

{

ˆ̂γk,D

}

= arg max
k∈DS

{E(γk,D|γ̂k,D, dk,D)} (2)

In order to obtain a closed-form expression for the estimate
ˆ̂γk,D, one should notice that in the proposed scenario there
exists a one-to-one relation between the long-term average
SNR, γ̄k,D, and dk,D. Hence, we can rewrite the proposed
estimator as:

ˆ̂γk,D = E(γk,D|γ̂k,D, γ̄k,D)

By taking now into account the CSI uncertainty assumption,
it is straightforward to show that the actualSNR, conditioned
on its estimate,̂γk,D and its long-term average follows a
non-central chi-square distribution with 2 degrees of freedom,
whose probability density function (pdf) takes the following
expression [7]:

fγk,D|γ̂k,D
(γk,D|γ̂k,D) =

1

γ̄k,D(1 − ρ2

k)

·e
−(γk,D+ρ2

k
γ̂k,D)

γ̄k,D(1−ρ2
k
) I0

(

2
√

ρ2

kγk,Dγ̂k,D

γ̄k,D(1 − ρ2

k)

)

(3)

whereI0(·) stands for the zero-order modified Bessel function
of the first kind and one should take into consideration
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Fig. 4. Outage probability vs.ρ parameter for different selection strategies
(K=5 relays,R=1 bit/s/Hz, SystemSNR=10dB).
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Fig. 5. Outage probability vs.ρ parameter for different selection strategies
(K=15 relays,R=1 bit/s/Hz, SystemSNR=10dB).

that the long-term average of̂γk,D is equal toE[γ̂k,D] =

E[|ĥk,D|2]Pk/σ2

n = E[|hk,D|2]Pk/σ2

n = γ̄k,D.
As a result, the problem of obtaining a robust estimate of

theSNR is reduced to obtain the first moment of a non-central
chi-square random variable with pdf given by (3). One can
verify that this first moment can be expressed as [9]:

E(γk,D |γ̂k,D, γ̄k,D) = ρ2

kγ̂k,D + (1 − ρ2

k)γ̄k,D

Finally, by including the above result in (2), the selectionrule
of the proposed robust strategy is obtained as follows:

k∗
ROBUST = arg max

k∈DS

{

ρ2

kγ̂k,D + (1 − ρ2

k)γ̄k,D)
}

IV. N UMERICAL 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 definedd×d 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 asa
function of the CSI uncertainty collected by parameterρ in
a scenario withK=5 relays. Again, we also consider the
baseline scheme without cooperation and we define system
SNR as the average receivedSNR of this single-hop scheme.
In the presented figure, one can observe how the choice
of the position-based approach is appropriate in the low-ρ
region, whereas ORS pays off when the CSI becomes more
accurate. Concerning the proposed robust strategy, it is able of
extracting the robustness of the POS scheme and the capability
of exploiting selection diversity gains of ORS. Indeed, thebest
performance can be obtained in the whole range by adopting
the proposed robust criterion.

In Fig. 5, we present results related to a similar scenario
where the number of relays is increased toK=15. In this case,
performance of the cooperative mechanisms is substantially
improved with respect to the non-cooperative case. This is
because the benefits of using a relaying mechanism are more
significant as having more available relays in the network
increases the probability of selecting relays with better channel
conditions. Besides, one can also observe that ORS performs
better than POS for lower values ofρ. The reason for that being
that the capability of generatingSNR 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 ofρ. The 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 due to the
increased selection gain resulting from considering a scenario
with a higher number of relays.

Finally, it is worth noting that adopting a switching criterion
between ORS and POS could be impractical as switching
decisions depend on several parameters (such as position of
the nodes, transmit and noise power,ρk values, number of
nodes) and a huge amount of situations must be considered
to construct look-up tables. By adopting the proposed robust
criterion, however, the best node is directly selected from
available measurements.

V. CONCLUSIONS

In this paper we have addressed the problem observed when
using a relay selection mechanism in a scenario with outdated
CSI. In such a scenario, performance of ORS is substantially
affected when CSI is not accurate. By using a position-
based approach, however, system performance is independent
of CSI 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



the robustness of POS. In particular, the proposed relay
selection technique is based on a MMSE Bayesian estimator
of the actualSNR during data transmission from available
measurements (outdatedSNR and position information). As
proved in the paper, the proposed technique always performs
better than its ORS and POS counterparts independent of the
degree of CSI accuracy.
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