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We analyze the existing trade-offs in terms of system performance versus fairness of a cooperative system based on opportunistic
relay selection (ORS) and with outdated channel state information (CSI). In particular, system performance is analytically
evaluated in terms of outage probability, and the fairness behavior is assessed based on the power consumption at the
different relays. In order to improve the fairness behavior of ORS while keeping the selection diversity gain, we propose a
relay selection mechanism where the relay with the highest normalized signal-to-noise ratio (SNR) is selected for relaying the
source’s information. The proposed strategy is compared with existing relay selection strategies by adopting a novel graphical
representation inspired by expected profit versus risk plots used in modern portfolio theory. As shown in the paper, this strategy
allows operating the system in more favorable points of the outage versus fairness region.
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1. Introduction

Cooperative diversity has been shown to be an efficient
way to combat wireless impairments using low-complexity
terminals [1–4]. Basically, these schemes allow for the
exploitation of spatial diversity gains without the need of
multiantenna technology. Different spatial paths are pro-
vided by sending/receiving the information to/from a set of
cooperating terminals working as relays. By doing so, most of
the advantages of multiple-input multiple-output (MIMO)
techniques [5] can be extracted while keeping the complexity
of the individual terminals reduced. Indeed, the benefits
captured by cooperative communications are well extended
in the research community, and standardization groups
are considering the inclusion of cooperative techniques in
practical systems. For instance, the IEEE 802.16j Relay Task
Group [6] is involved in the incorporation of relaying
mechanisms in the standard adopted by the new wireless
system WiMAX [7].

Among the set of cooperative techniques, opportunistic
relay selection (ORS) is a useful strategy for practical
implementation [8]. This is because ORS is a low-complexity

strategy consisting only in activating the best relay (in
accordance to a given performance metric). 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.

When ORS is implemented in a real system, however,
there may exist a delay between the instants when the
selection process is encompassed and the actual transmission
of data from the selected relay takes place. In other words, the
channel state of the selected relay considered at the selection
decision can substantially differ from the actual one and, as a
result, system performance is affected.

Besides, in an ORS scheme only the best relay is allowed
to cooperate with the source. If channel conditions are
not statistically equal for all relays, ORS may be unfair
among relays. That is, relays with the worst channel
conditions are never selected, and all the cooperation is
performed by a reduced set of relays. This can induce a
negative effect in the network behavior as one (or more)
relay(s) can waste all the battery energy for the sake of
cooperation.
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Contributions. In this paper, we concentrate our efforts on
the analytical study of the behavior of ORS based on decode
and forward protocol in a realistic situation where the
channel state information (CSI) available at the selection
procedure is outdated. More specifically, we derive the exact
expression for the outage probability, which is defined as
the probability where the instantaneous capacity is below a
target value. In order to improve the fairness of ORS, we
adopt a fair relay selection strategy where the relay with the
largest normalized SNR is selected for relaying the source’s
information. Furthermore, we explore the existing trade-
offs in terms of system performance versus fairness among
relays when different relay selection strategies are adopted.
To do so, we propose an analysis tool inspired by mean
versus standard deviation plots adopted in modern portfolio
theory [9, 10]. In particular, we adapt such representation to
the proposed ORS scenario by illustrating the gain in terms
of system performance versus the difference among relays
in terms of power consumption. As shown in the paper,
this kind of representation is quite useful to quantify what
the performance versus fairness trade-off of the proposed
relaying strategy is.

Relation to Prior Work. The study of the impact of outdated
CSI on ORS has been addressed by few works. For instance, it
was shown in [11] that a selection relaying mechanism based
on localization knowledge can outperform an opportunistic
scheme with instantaneous information. Although it was not
explicitly discussed, the reason for that is that available CSI
was subject to delays. As a consequence, the selection scheme
proposed in [11] may work better when decisions are made
based on location information instead of instantaneous but
outdated CSI (localization variations are considerably slower
than those induced by the wireless channel). In this work,
we shed some light into this issue by providing an analytical
study of the behavior of ORS when CSI is outdated.

Concerning the fairness analysis of cooperative strategies,
some studies deal with this topic in literature. In [12,
13] cooperation protocols based on power rewards were
proposed for energy-constrained ad hoc networks in order to
attain a fair situation where all the nodes run out of energy
simultaneously. With the same objective in mind, a relay set
selection protocol was proposed in [14]. In particular, the
authors of that work proposed a multistate energy allocation
method, where in each state a different set of relays are
selected until these relays run out of energy. The fairness
nature of the proposed strategy comes from the fact that
the same energy is allocated to all the nodes of the active
set, being this energy optimized with the aim of minimizing
outage probability. In [15–17], cooperative schemes based on
ORS with amplify and forward were adopted. The authors
in [15] focused the study on the comparison of round
robin with centralized and distributed ORS-based selection
strategies. Clearly, better performance was achieved with
the ORS strategies while preserving fairness in the temporal
domain. In that case, nonetheless, fairness was assured due to
the i.i.d channel modeling of the proposed scenario. In [16], a
power saving technique was proposed, where transmit power
at the relays was minimized according to SNR constraints.

By doing so, a good balance between the diversity gain and
fairness of battery usage was obtained but complexity and
signaling requirements of the system were increased with
the proposed power allocation method. On the other hand,
the authors in [17] proposed a selection scheme based on
the selection of the relay with the best weighted SNR aimed
at improving the fair behavior of ORS (measured by the
percentage of power consumption). In our work, we also
consider a selection scheme based on weighted SNR but,
as discussed later, different considerations must be adopted
in the proposed scenario based on decode and forward
protocol, and different conclusions are drawn. Besides, we
propose a fairness analysis tool inspired in portfolio theory
to facilitate the study of the existing trade-offs in terms of
system performance versus fairness among relays in a realistic
scenario where available CSI is subject to delays.

Organization. The corresponding system model is presented
in Section 2. In Section 3, a closed-form expression for the
outage probability of the proposed relay selection mecha-
nism is derived, and some numerical results are provided to
evaluate the performance of different relay selection schemes.
After that, the fairness of the different relaying strategies is
illustrated in Section 4 by using outage probability versus
standard deviation of the power consumption plots. Finally,
in Section 5, the summary and conclusions of this paper are
presented.

2. 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, an ORS strategy is adopted in a sce-
nario with K mobile units of the network working as relays.
In Figure 1, we present an example of the proposed scenario.
Notice that we have considered a parallel relay topology [18]
where relays are linearly placed halfway between the source
and the destination, in a segment of length d, where d is also
the distance of the source-destination link. It is worth noting,
however, that the main results obtained in this paper depend
on the relay selection mechanisms but not on the specific
relay arrangement.

2.1. Signal Model. For the sake of notation simplicity, we
define an arbitrary link A-B between two nodes A and B.
Node A can be the source (A = S) or the kth relay (A = k),
while node B can correspond to the kth 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 follows:

rB = hA,BxA + nB, (1)

where xA ∈ C is the transmitted symbol from node A with
power PA = E[|xA|2], nB ∈ C is AWGN noise with zero mean
and variance σ2

n (independent of the value of B), hA,B ∈ C
is the channel response between nodes A and B modeled as
hA,B ∼ CN(0, σ2

A,B) (Rayleigh fading), being σ2
A,B the channel

strength depending on the simplified path-loss model [19],
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Figure 1: Scheme of the proposed relaying strategy.

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, and μ is the path-loss coefficient (being μ
= 3 in this work). We assume a block-fading channel where
the channel response remains constant during one time-slot
and that the different channels (for changing A or B) are
independently distributed. Concerning power allocation, we
consider that total transmit power of the system, P, is evenly
distributed among the source and the selected relay, k∗, that
is, 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
link A-B in a given time-slot and by γA,B = PAσ

2
A,B/σ

2
n its

long-term average. Also, we define γ̂A,B as the SNR employed
by the relay selection mechanism, which can differ from the
actual SNR SNR γA,B but both of them have the same long-
term average E[γ̂A,B] = E[γA,B] = γA,B (further details can be
found in Section 2.3).

Finally, it is worth pointing out that one of the main
scopes of this work is to show the impact of outdated CSI on
relay selection decisions, and, for the sake of mathematical
tractability, we will be considering the capacity of a single
carrier system. The study can be easily extended to OFDM by
applying the same analysis to each subcarrier simultaneously,
and, hence, it is applicable to WiMAX on a subcarrier per
subcarrier basis.

2.2. Relaying Mechanism. In this work, we consider a half-
duplex two-hop decode and forward (DF) protocol as relay-
ing strategy. When using half-duplex DF, the transmission is
divided in two time-slots. In the first time-slot, the source
transmits the information to the relays, which attempt to
demodulate and decode this information. In the second
time-slot, the relays encode again the information and
retransmit it to the destination [4]. In an ORS scheme,
only the best relay is allowed to cooperate with the source.
More specifically, the subset of relays able to decode the
information is named as the decoding subset DS, and, from

that subset, the relay with the best relay-destination channel
quality retransmits the information (see Figure 2).

Unlike other approaches, the scheme proposed in this
work selects the relay with the largest normalized SNR
instead of the largest absolute SNR because of practical
considerations. In other words, the selected relay k∗ is such
that:

k∗ = arg max
k∈DS

{

γ̂k,D

E
[

γ̂k,D
]

}

= arg max
k∈DS

{

γ̂k,D

γk,D

}

. (2)

The reason why we propose this selection strategy is due
to the fairness introduced in the selection procedure as all
relays will be chosen with the same probability. Thus, the
power consumption of the different terminals is uniformly
distributed, while diversity gains can still be efficiently
extracted. This can help to improve the acceptance by the
different users of cooperation mechanism since all of them
contribute to common welfare with the same amount of
battery. Notice that this strategy was also presented in [17]. In
that paper, however, it was shown that the benefits provided
by the largest normalized SNR in terms of fairness were not
significant. It is then worth recalling that a different scenario
based on amplify and forward was presented, and, for that
reason, different conclusions were drawn (further details in
Section 4.1). If the selection were based on the absolute SNR,
some users may be reluctant to participate since they may
experience battery consumption faster than the average.

Notice that the relay selection approach makes its
decision based on the estimated version of the SNR, γ̂k,D.
Concerning the accuracy of this estimate, it will depend
on the way that CSI is provided. Here, we discuss two
methodologies according to the adopted duplexing mode,
that is, frequency (FDD) or time (TDD) division duplexing.

(i) FDD: since uplink and downlink channels operate at
different frequency bands, feedback mechanisms are
required. First of all, relays belonging to the decoding
subset send a signalling message to the destination
(i.e., BS) indicating that they are able to relay the
message. This signalling message can be, for instance,
a pilot sequence used by the BS to estimate the
instantaneous SNRs of the different relays. Once the
different SNRs are estimated, the BS selects the relay
with the best quality and broadcasts this decision via
a selection command (only log2K bits required).

(ii) TDD: in the case that channel reciprocity between
the uplink and downlink holds, each of the relays
is able to know its own CSI. TDD: in the case that
channel reciprocity between the uplink and downlink
holds, each of the relays is able to know its own CSI.
With this information, a possible selection strategy
is that proposed in [20]. Those relays belonging to
the decoding subset start a timer. The timer of each
relay adopts as initial value a parameter inversely
proportional to its instantaneous SNR. Then, the
timer that first expires is that belonging to the best
relay. In order to avoid collision, this relay signals
its presence to the rest of relays via a flag packet
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Figure 2: Cooperative communications scheme based on ORS with DF.

before the relaying procedure is started (further
details about strategies to avoid collision can be
found in [20]). Clearly, channel reciprocity holds
in TDD when the time coherence of the channel
is higher than the time difference between uplink
and downlink time slots. In the opposite case, the
methodology adopted for the FDD case should be
considered as well. With this information, a possible
selection strategy is that proposed in [20]. Those
relays belonging to the decoding subset start a timer.
The timer of each relay adopts as initial value a
parameter inversely proportional to its instantaneous
SNR. Then, the timer that first expires is that
belonging to the best relay. In order to avoid collision,
this relay signals its presence to the rest of relays via
a flag packet before the relaying procedure is started
(further details about strategies to avoid collision can
be found in [20]).

As can be observed in both strategies, there exists a time
delay, TD, between decision and relay transmission instants
that may affect system performance.

2.3. Modeling of CSI Delay. We consider that the SNR
estimates available at the selection procedure were obtained

from a channel state, ̂hk,D, which differs from the actual
channel response at the relay retransmission instant, hk,D,

due to the effect commented above. Indeed ̂hk,D is an
outdated version of hk,D, that is, these two random variables
are samples of the same Gaussian process. Then, hk,D

conditioned on ̂hk,D follows a Gaussian distribution [21]:

hk,D | ̂hk,D ∼ CN
(

ρk̂hk,D,
(

1− ρ2
k

)

σ2
k,D

)

, (3)

where parameter ρk (with 0 ≤ ρk ≤ 1) is the correlation

coefficient between ̂hk,D and hk,D (degree of CSI accuracy),

having different expressions according to the channel model.
Under the assumption of Jakes’ model, for instance, the
correlation coefficient takes the value ρk = Jo(2π fdkTDk ),
where fdk stands for the Doppler frequency, TDk is the delay
mentioned in the previous subsection, and Jo(·) denotes the
zero-order Bessel function of the first kind.

From the above discussion, it is straightforward to show
that the actual SNR, γk,D, conditioned on its estimate, γ̂k,D =
Pk|̂hk,D|2/σ2

n , follows a noncentral chi-square distribution
with 2 degrees of freedom, whose probability density func-
tion (pdf) takes the following expression [21]:

fγk,D|γ̂k,D

(

γk,D | γ̂k,D
)

= 1
γk,D

(

1−ρ2
k

) e−(γk,D+ρ2
k γ̂k,D)/γk,D(1−ρ2

k)I0

⎛

⎝

2
√

ρ2
kγk,Dγ̂k,D

γk,D

(

1−ρ2
k

)

⎞

⎠ ,

(4)

where I0(·) stands for the zero-order-modified Bessel func-
tion of the first kind, and one should take into consideration
that the long-term average of γ̂k,D is equal to E[γ̂k,D] =
E[|̂hk,D|2]Pk/σ2

n = E[|hk,D|2]Pk/σ2
n = γk,D.

3. Outage Probability Analysis

In this section, we analyze the behavior of the proposed
relay selection strategy in terms of outage probability. To do
so, we first obtain an analytical expression for the outage
probability. After that, we show some numerical examples
where the proposed fair strategy is compared to other
existing relay selection strategies.

3.1. Analytical Expression of the Outage Probability. The
outage probability is defined as the probability where the
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instantaneous capacity of the system is below a predefined
value R. Since we consider a two-hop DF scenario, we should
start the analysis by studying the decoding subset DS, that
is, the subset of relays that are not in outage in the source-to-
relay link:

DS = {k : log2(1 + γS,k) ≥ 2R} = {k : γS,k ≥ 22R − 1}. (5)

Note that we have considered that outage in the first hop
occurs when instantaneous capacity is lower than 2R (as it
will do in the relay-to-destination link). By doing so, the
resulting end-to-end spectral efficiency is R as the proposed
two-hop scheme requires two time-slots to transmit the
information from the source to the destination.

By defining now DSl as an arbitrary decoding subset
with l relays, we can easily compute its probability as [8]
follows:

Prob(DSl) =
∏

i∈DSl

Prob(γS,i ≥ y)
∏

j /∈DSl

Prob(γS, j < y)

=
∏

i∈DSl

exp
(

− y

γS,i

)

∏

j /∈DSl

(

1− exp
(

− y

γS, j

))

,

(6)

where the second equality comes from the Rayleigh fading
assumption, and y has been defined as y = 22R−1 for the sake
of notation simplicity. With this last expression, the outage
probability of ORS can be written as follows [8]:

Pout(y) =
K
∑

l=0

∑

DSl

Prob(outage |DSl)Prob(DSl), (7)

where the second summation is over all the possible decoding
subsets DSl (i.e., the

( K
l

)

possible subsets of l relays taken
from the K relays). As for Prob(outage | DSl), this is the
probability where the selected relay is in outage conditioned
on the fact that the decoding subset is DSl. In [8], this
probability was solved by assuming an ideal scenario with
an absolute SNR selection. Our contribution here is to
adapt the outage expression to a (realistic) scenario with
outdated CSI and a max-normalized SNR strategy. Indeed,
the only term in (7) affected by these two particularities is
Prob(outage | DSl). This is because a node belongs to the
decoding subset if it has perfectly decoded the information,
which is independent of CSI delays and relay selection
decisions. Conversely, Prob(outage | DSl) depends on the
relay selection accuracy, and this clearly depends on both
ρk and how the relay has been selected. When l = 0, that
probability is clearly equal to 1 as there are no active nodes to
relay the transmission. For l > 0, we should first define Ak,DSl

as the event where relay k is selected (i.e., k∗ = k) under the
assumption that the decoding subset is DSl. By doing so, we
can re-rewrite Prob(outage |DSl) as follows:

Prob(outage |DSl)

=
∑

k∈DSl

Prob(γk,D < y |Ak,DSl )Prob(Ak,DSl )

=
∑

k∈DSl

∫∞

0
Fγk,D|γ̂k,D (y | γ̂k,D)

× fγ̂k,D|Ak,DSl
(γ̂k,D |Ak,DSl ) dγ̂k,D Prob(Ak,DSl )

= 1
l

∑

k∈DSl

∫ y

γk,D=0

∫∞

γ̂k,D=0
fγk,D|γ̂k,D (γk,D | γ̂k,D)

× fγ̂k,D|Ak,DSl
(γ̂k,D |Ak,DSl ) dγk,D dγ̂k,D,

(8)

where F(·) stands for the cumulative density function
(CDF), Prob(Ak,DSl ) is equal to 1/l due to the fairness
property of the proposed relay selection strategy (i.e., all the
normalized estimated SNRs have the same statistics), and
fγk,D|γ̂k,D (γk,D | γ̂k,D) is given by (4). Note that fγ̂k,D|Ak,DSl

(γ̂k,D |
Ak,DSl ) can be easily computed since this relay selection
problem is statistically equivalent to the scheduling problem
observed in a multiuser broadcast channel with indepen-
dently distributed Rayleigh fading channels and a max-
normalized SNR scheduler. More specifically, the following
equation can be obtained [22]:

fγ̂k,D|Ak,DSl

(

γ̂k,D |Ak,DSl

)

= l
exp

(− γ̂k,D/γk,D

)

γk,D

(

1− exp
(

− γ̂k,D

γk,D

))l−1

.
(9)

By plugging (9) and (4) into (8), we obtain an integral
equation already solved in a previous work by the authors
related with multiuser diversity and delayed CSI [21] (details
are omitted for brevity):

Prob(outage |DSl)

=
∑

k∈DSl

l−1
∑

m=0

(

l − 1
m

)

(−1)m

m + 1

×
(

1− exp

(

− y(m + 1)

γk,D

(

1 +
(

1− ρ2
k

)

m
)

))

.

(10)

Finally, by introducing (10) along with (6) in (7), the outage
probability can be written as follows:

Pout(y) =
K
∏

j=1

(

1− exp

(

− y

γS, j

))

+
K
∑

l=1

∑

DSl

∑

k∈DSl

l−1
∑

m=0

(

l − 1
m

)

(−1)m

m + 1

×
(

1− exp

(

− y(m + 1)

γk,D

(

1 +
(

1− ρ2
k

)

m
)

))

×
∏

i∈DSl

exp

(

− y

γS,i

)

∏

j /∈DSl

(

1− exp

(

− y

γS, j

))

,

(11)

where the first term is related to the case that the decoding
subset is an empty set (i.e., l = 0).
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Finally, it is worth noting that although the analysis has
been carried out from an information theoretic point of
view, it can be readily extended to a practical scheme with
adaptive coding and modulation (e.g., a WiMAX system).
Notice that the expression derived in this section evaluates
the probability of having instantaneous SNR lower than a
specified value given by the Shannon capacity, y, and this
value can be set equal to the different SNR thresholds of the
adaptive coding and modulation modes.

3.2. Numerical Evaluation. As far as numerical evaluation is
concerned, special attention has been paid to carry out a fair
comparison in a realistic scenario. It has been considered
the wireless scenario presented in Section 2 with a parallel
relay topology as shown in Figure 1, where the distance of
the source-to-destination link is d = 100 meters, the carrier
frequency is set to fc = 3.5 GHz (in close alignment with the
commercial WiMAX equipments deployed in the European
Community), the target rate is R = 1 bits/seg/Hz, and the
number of relays is K = 5. In order to obtain the outage
probability of the proposed system, we adopt Monte Carlo
simulation, where in each realization the different channels
(hS,k, hk,D, and ̂hk,D) are modeled as described in Sections 2.1
and 2.3. Finally, we define system SNR as the average received
SNR of the single-hop scheme. For each value of system SNR,
the cooperative schemes use the same total power P as that
needed by the single-hop scenario to achieve this SNR value.
By doing so, we are fairly evaluating the advantage of using
cooperation as the total transmit power of the system is kept
constant. Besides, for the sake of benchmarking, we compare
the outage probability of the proposed cooperative scheme
with that obtained without cooperation and the following
relay selection strategies.

(i) Round robin. This strategy is theoretically the fairest
strategy as it is based on iteratively selecting the
different relays of the decoding subset.

(ii) Conventional ORS (max SNR). Clearly this technique
does not care about fairness among relays as it selects
the relay with the maximum absolute SNR.

As observed in Figure 3, the outage probability expres-
sion derived in the previous subsection completely agrees
with the simulation results. It is also observed that the
proposed max-normalized SNR strategy is able to extract
the diversity gains of the cooperative system as results
corresponding with ρ = 1 are quite overlapped with those
obtained with the (outage optimal) max SNR scheme.
However, performance of both strategies is quite sensitive to
the value of ρ. Outage performance is significantly affected
when ρ moves away from 1. In particular, one can observe
that only a slight improvement can be obtained by using
ORS-based cooperation with respect to a direct transmission
strategy when ρ = 0.5. Apart from that, it is also observed
that the gap between the max-normalized and max SNR
strategies becomes wider for decreasing values of ρ. This is
because the higher SNR peaks generation capability of the
conventional ORS strategy compensates more efficiently the
CSI uncertainties.
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O
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Figure 3: Outage probability versus system SNR for the different
communication strategies and values of ρ. For the max-normalized
SNR strategy, symbols are associated with the simulated results
whereas lines correspond to the theoretical expression. (K = 5 relays,
R = 1 bit/s/Hz, d = 100 m).

As for the round-robin strategy, it is clearly observed
that this is not a useful technique in terms of outage
probability as better performance can be obtained without
cooperation. This is mainly due to the fact that better
results can be obtained by concentrating total power and
transmission time in a single-hop communication instead
of dividing them between the source and a relay terminal
that has been selected (data link layer) without CSI (physical
layer) considerations. It is then emphasized the need of
adopting cross-layer strategies in the design of cooperative
communication systems.

4. Fairness Analysis

In the previous section, we have explored the performance
of the different transmission techniques in terms of outage
probability. Nonetheless, this analysis has been performed
without considering the fairness among selected relays; this
last issue is important to improve the acceptance by the
different users of cooperation mechanisms. In this section,
we concentrate our efforts on the study of the fairness
behavior of the different relay selection mechanisms, and
we show that there exists a trade-off in terms of system
performance versus fairness among relays. To do so, we use
a graphical representation based on modern portfolio theory
that helps to easily quantify such trade-off.

4.1. Fairness Criterion. In this work, we measure the fairness
among relays in terms of the percentage of power con-
sumption used for relaying purposes. This metric was also
adopted in [17] but, here, some differences are observed as
we consider a scenario based on decode and forward where
the power used by the selected relays remains constant. In
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the proposed scenario, in particular, the power consumption
destined to cooperation purposes is originated by the
following mechanisms.

(1) Receiving procedure. In the first time-slot of the
decode and forward procedure, the receiver circuitry
of each relay consumes power to receive the signal
and to measure the SNR in order to estimate if the
relay is able to decode signal.

(2) Relay selection mechanisms. According to the relay
selection strategies presented in Section 2.2, relays
belonging to the decoding subset dedicate battery
power to the following actions:

(i) FDD: battery power is mainly used to transmit
the signaling message to the destination indi-
cating that the relay is able to retransmit the
information.

(ii) TDD: power consumption is mainly caused by
the internal timing procedure and, in the case
of the best relay, by the transmission of the flag
packet to the rest of relays.

(3) Decoding and retransmission procedure. Once the
relay selection procedure is finished, the selected
relay decodes/encodes the source’s information and
retransmits it to the destination. Clearly, this is the
most power demanding mechanism where the fair
behavior of the relay selection strategy plays a crucial
role.

As will be commented in the next subsection, we study
the fairness by analyzing the standard deviation of power
consumption among relays (adopting a similar approach
than that presented in [17]). Therefore, mechanism (1)
described above does not affect the standard deviation
measure as all the relays perform that procedure. Basically,
differences among relays will be observed in mechanisms
(2) and (3). However, because mechanism (2) is carried out
by all the relays in the decoding subset and the involved
power consumption can be neglected in comparison with
that destined to (3), we focus our study in the analysis of the
decoding and retransmission procedure. In such a procedure,
a fix amount of power is consumed when it is executed.
On one hand, decoding and encoding the source’s message
always need the same power budget. On the other hand,
the proposed scenario considers that selected relays transmit
with the assigned constant power P∗k = 0.5P. As a result,
computing the amount of percentage of power allocated
to each relay is equivalent to obtaining the percentage of
time where each relay is active. In such circumstances, the
standard deviation of the percentage of power consumption
of the different relays is obtained in this work by computing
the standard deviation of the fraction of time periods where
relays are activated for relaying the source’s information. For
that reason, we propose the use of the max-normalized SNR
strategy as all the relays in the decoding subset will be chosen
with the same probability. As commented previously, the
behavior of the proposed strategy could be quite different
when a different relaying protocol is adopted (see, e.g., [17]).

4.2. System Performance versus Fairness Trade-offs Representa-
tion. As observed in Section 3.2, the fair behavior provided
by the max-normalized SNR and round-robin strategies
penalizes system performance (specially for decreasing values
of ρ in the former case). Therefore, it seems that there
exists a trade-off in terms of the degree of fairness among
the different relays and its impact in terms of system
performance. In this section, we are devoted to show the
existence of such a trade-off with the help of an analysis
tool inspired by means versus standard deviation plots
adopted in modern portfolio theory [9, 10]. This kind of
representation is used in financial market theory with the
aim of assessing the existing trade-offs in terms of the
expected profit (mean) versus the possible risk (standard
deviation) when a possible investment is considered. In
this work, we adapt such representation to the proposed
wireless scenario based on cooperative communications
by illustrating the gain in terms of system performance
(outage probability) versus the difference among relays in
terms of power consumption (standard deviation of the
percentage of power consumption). By doing so, we can
easily quantify what the performance versus fairness trade-
off of the different relaying strategies is.

Before analyzing the behavior of the different relaying
schemes, it is worth mentioning that this portfolio-based
representation is also adopted in several works related with
the design of resource allocation mechanisms in wireless
networks. More specifically, Bartolome introduced this
methodology in the wireless communications community
to study the degree of fairness of the MIMO Broadcast
Channel with zero-forcing transmit beamforming when
different bit allocation techniques are adopted [23]. By
using the mean versus standard deviation plots, trade-offs in
terms of global rate versus fairness among users were easily
showed. Then, it was proved that this approach facilitates
the design and comparison of different resource allocation
algorithms according to the desired degree of fairness. This
technique can also be found in studies about the comparison
of optimum versus zero-forcing beamforming [24], design
of fair algorithms in a context where an orthogonal linear
precoding is adopted [25, 26], and the study of the robustness
of multiuser systems against CSI imperfections [27].

In Figure 4, the outage probability versus the standard
deviation of the power consumption of the different relays is
represented for the relay selection mechanisms discussed in
the previous section, where each point in the plot of the ORS-
based cooperation mechanisms (max-norm SNR and max
SNR) is related with a different ρ (with ρ = {0.1, 0.5, 0.8, 1}).
We start the analysis by considering a scenario with system
SNR equal to 10 dB. Although the consideration of the
direct transmission could not make sense here, we have
included the outage probability of this case in order to assess
if system performance gain obtained with a cooperative
strategy justifies the battery consumption of the terminals
for relaying purposes. Notice that the standard deviation
of the direct transmission case is set equal to 0. Besides,
it is also worth noting that the standard deviation of the
ORS-based mechanisms does not depend on parameter ρ
as relay selection decisions are independent of the level of
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CSI inaccuracy. In other words, the standard deviation of
the power consumption depends on the degree of fairness
applied by the ORS-based schemes on the relay selection
procedure, but for a given degree of fairness, it is only the
outage probability that depends on the quality of the channel
estimate but not the power consumption distribution.

As observed in the figure, the highest standard deviation
is obtained with the max SNR strategy. Clearly, it is observed
how the good performance results of the conventional
ORS strategy are attained at the expense of a considerable
reduction in terms of fairness. Indeed, the standard deviation
observed in that case amounts to approximately 13%,
resulting in a faster battery consumption of those relays with
better channel conditions. Concerning the max-normalized
SNR and round robin strategies, the fairer behavior of
these strategies is reflected by the lower standard deviation
obtained in these cases (1.6% and 2%, resp.).

Surprisingly, the fairest cooperative strategy is the max-
normalized SNR strategy instead of the round robin one. The
round robin scheme iteratively selects the different relays of
the decoding subset. In the case of low and medium system
SNRs, the probability that the decoding subset has all the
relays of the system is reduced. In these circumstances, relays
closer to the source have a higher probability to be able to
retransmit the signal and, thus, to belong to the decoding
subset. Then, the power consumption of these relays in
relaying procedures is higher than that used by the rest of
relays. When the rest of relays are in the decoding subset, the
relay selection mechanism selects them iteratively without
taking into account that these relays have not been activated
for too long, and some actions should be adopted in order
to compensate this situation. In the max-normalized SNR
strategy, however, relays are selected when their SNRs are in
their own peaks, and, then, some compensation actions are
implicitly carried out by the selection strategy.

The origin of this last effect is clarified by analyzing
in Figure 4 results corresponding to a scenario with system
SNR equal to 20 dB. As observed, the standard deviation of
both the round robin and max-normalized SNR strategies
is quite similar. In that case, the decoding subset has the
K relays of the system with a high probability, and, then,
the problems reducing the fair behavior of these strategies
are alleviated. In the figure, one can also observe that the
conventional ORS strategy is less fair when the system SNR is
increased. This is because in the low- and mid-SNR regimes
situations where the decoding subset is only formed by the
worst relays can happen. In those cases, the relay selection
mechanism will activate a subset of relays that never will be
chosen when all the relays of the system are in the decoding
subset. In order to extend such analysis, we also present
a graphical representation where the SNR dependance of
the system is clearly reflected (see Figure 5). As observed
in the figure, when the SNR of the system is increased,
the fairness of the round robin and max-normalized SNR
strategies is improved, whereas the system becomes less
fair in the max SNR case due to the reasoning discussed
above.

As for the existing trade-offs in terms of system per-
formance versus fairness, one can easily assess the behavior
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of the different strategies thanks to the proposed represen-
tation. More specifically the following conclusions can be
drawn.

(i) The best performance results are obtained with the
conventional ORS strategy. However, the fairness of
the system is considerably penalized.

(ii) An appropriate strategy to exploit cooperative diver-
sity while keeping a good performance versus fair-
ness trade-off is the max-normalized SNR strategy.
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Indeed, it is shown that this strategy can present a
better fairness behavior than that provided by round
robin.

(iii) For low ρ values and high system restrictions in terms
of outage probability, conventional ORS strategy
could be the most appropriate strategy. For high ρ
values, however, it is clear that more benefits are
obtained with max-normalized SNR as similar results
are obtained in terms of outage probability but the
fairness among relays is substantially improved.

(iv) The round robin strategy is not useful for exploiting
cooperation benefits.

Finally, one can also notice that the proposed represen-
tation helps to assess the viability of using a cooperative
technique as direct transmission results have also been
included in the figures. In particular, one can observe in
Figures 4 and 5 that it could be better to use a direct
transmission when the SNR is high and/or CSI is not
accurate enough (low ρ values). This is because, similar
outage probability results can be obtained without destining
battery power to cooperation purposes.

5. Conclusions

In this work, we have studied the impact of outdated CSI
in cooperative systems. The analysis has been carried out in
terms of the trade-off of outage probability versus fairness
of the system. To do so, an analytical expression has been
obtained for the outage probability of an ORS scenario,
whereas the difference among relays in terms of power
consumption has been considered as a fairness measure
and obtained by means of simulations. In order to assure
a good balance in terms of performance versus fairness,
we have proposed a relay selection strategy based on the
max-normalized SNR criterion. The proposed strategy has
been compared with existing relay selection strategies with
the help of an analysis plot inspired in modern portfolio
theory. In particular, we have represented the existing trade-
offs of the different relaying mechanisms by plotting the
outage probability versus the standard deviation of the power
consumption. It has been shown that the max-normalized
SNR guarantees a good performance versus fairness trade-
off when available CSI is sufficiently accurate. When CSI is
not accurate enough, however, direct transmission could be
a better strategy.
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