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Abstract
The limiting eﬀect of multi-user interference from an adjacent cell upon the relays used for cooperative transmission is
considered in the context of legacy networks which adopt max(min(·, ·)) type relay selection policies. We extend
previous work which considered single relay selection to the selection of two or four such relays, as is required in
distributed space–time coding. We obtain new analytical expressions for outage probability over Rayleigh frequency
ﬂat fading channels for two signal-to-noise ratio regimes. We conﬁrm by simulation that such a relay selection scheme
has robustness to relay selection feedback error and outperforms a single relay selection scheme.
1 Introduction
Cooperative relaying can be considered as an eﬀective
method to combat fading by exploiting spatial diversity
[1], and as a way for two users with no or weak direct
connection to attain a robust link. One or more relay
nodes are generally used in such relaying to forward signals transmitted from the source node to the destination
node. In a cooperative communication system, there are
two main cooperative methods: decode-and-forward (DF)
(regenerative relaying protocol) and amplify-and-forward
(AF) (transparent relaying protocol) methods [2]. In the
DF method, relay nodes decode the source information
and then re-encode and re-transmit it to the destination.
In the AF method, relay nodes only amplify and retransmit
their received signals, including noise, to the destination.
Therefore, compared with DF, AF-type schemes have the
advantage of simple implementation and low complexity
in practical scenarios. In addition to complexity beneﬁts,
it has been shown in [3] that an AF scheme asymptotically,
in terms of appropriate power control, approaches a DF
one with respect to diversity.
AF has extensively been studied in the literature, but
generally in the context of ideal conﬁgurations without interference during the cooperation process [4,5].
However, more practical systems have been studied in
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[6-8], which consider the presence of interference eﬀects.
The eﬀect of cochannel interference on the performance
of multihop wireless networks with AF relaying is analyzed in [6]. The performance of a two-hop channel state
information-assisted AF system, with co-channel interference at the relay, is analyzed in [8].
In a cooperative relay network, moveover, when many
relays can help the source to transmit to the destination,
sometimes some relays provide a poor channel quality
which can aﬀect the end-to-end transmission quality [9].
Therefore, the use of a relay selection scheme is attracting considerable attention to overcome this problem and
preserve the potential diversity gains [10-12], while mitigating the problem in synchronizing a large number of
cooperative nodes.
In [10], exact outage and diversity performance expressions for a single relay selection scheme are provided for
a wide range of signal-to-noise ratio (SNR) regimes in
the context of an AF transmission protocol. The work
in [11] relies on using instantaneous end-to-end wireless channel conditions to obtain the best single relay
for cooperative diversity. This study was extended in [12]
to obtain outage-optimal opportunistic relaying in the
context of selecting a single relay from a set of N available relays. They show that cooperative diversity gain is
achieved even when certain relays remain inactive. However, these relay selection criteria lack the ﬂexibility to
deal with the presence or absence of interference eﬀects.
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In order to improve the practicality, in [13] the eﬀects of
multi-user interference are considered for relay nodes and
a single relay selection scheme is used to overcome the
eﬀects of the interference, in the context of legacy networks. However, using a single best relay is not always
suﬃcient to satisfy the required outage probability at a
destination node. Moreover, these works have not considered feedback error for relay selection, which means
sometimes the best relay cannot be chosen because the
wrong enable feedback information is received from the
destination node. We highlight that this is diﬀerent from
recent work which has considered the eﬀect of only delay
in the feedback path [14].
Therefore, in this article, in order to overcome these
shortcomings, ﬁrst, the basic AF protocol [15] is considered when external out-of-cell structural/unmanaged
interference aﬀects the cooperation process. We also consider maximum ratio combining (MRC) at the destination node and distributed space–time coding (DSTC)
to mitigate the associated bandwidth overhead. Furthermore, to facilitate analysis, we just consider interference
at the relays and ignore the eﬀect of interference at the
destination node, which matches the approach in [13].
Moreover, this study is targeted at legacy systems where
max(min(·, ·)) type policies are used for relay selection.
Second, we focus upon two selection schemes to select
two or four relays from a single group of relays. We derive
new outage probability expressions for two or four relay
selection and compare them with the results for conventional best single relay selection. Finally, we examine by
simulation the bit error rate (BER) performance of the best
single relay selection scheme and the best two-relay selection scheme, in the presence of errors in the feedback of
relay selection information. In practice, this could be as
simple as a single permission to transmit bit.
The remainder of this article is organized as follows. The
system model and a statistical expression for interferencebased AF are described in Section 2. In Section 3, the
relay selection criteria for interference-limited systems
and asymptotic outage probability analysis are presented.
Simulation results for outage probability analysis and
impact of relay selection feedback errors are provided in
Section 4. And conclusions are drawn in Section 5.
Notations: The following notations are used in the article. ε(·) represents the statistical expectation operator. A
complex zero mean additive white Gaussian noise n ∼
CN(0, N0 ), where N0 is the noise variance; and Pr(A) is
the probability of A. (n) is the Gamma function, and R(·)
denotes the real value.

2 System model
Figure 1 shows two neighboring clusters of nodes denoted
(C1, C2) as in [13]. We focus on the analysis of the eﬀect of
inter-cluster interference on the relays in cluster C1 which
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Figure 1 The system model. C1: cluster of interest, which contains a
cooperative network which uses best two-relay selection. S: source; D:
Destination; Rn: potential relay group. C2: neighboring cluster, S’:
source; D’: Destination. INFi: interference signal for the ith relay
(S’→ Rn).

contains nodes linked by independent Rayleigh ﬂat-fading
quasi-static channels. In this cluster, there is one source
node and one destination node and many potential relay
nodes grouped together, all equipped with single halfduplex antennas. Similar relay conﬁgurations have been
studied in [16].
For simplicity of exposition, there is no direct link
between the source and the destination as path loss or
shadowing is assumed to render it unusable [17] and
the neighboring cluster uses direct transmission from the
source to a relay or the destination. In our protocol, the
source broadcasts the signal to the relay nodes during the
ﬁrst time slot, and during the second time slot, the two (or
four) selected relays, from the available group, transmit
the received signal to the destination node. Moreover, the
interference which is generated by the neighboring cluster is assumed only to aﬀect the relay node and is ignored
at the destination node. Therefore, the system model can
be developed as follows: the received signal at the ith relay
and the destination node are given by


(1)
ySRi = Es hSRi x + Es hS Ri x + nRi ,
yRi D =



Pi hRi D ySRi + nD ,

(2)

where x and x are the source signals from the target and
neighboring clusters, respectively, typically drawn from a
prescribed ﬁnite constellation. Es is the average energy
per symbol; hSRi , hS Ri , and hRi D are channel gains, which
are the zero mean, independent, circularly symmetric,
2 ,
complex Gaussian random variables with variances σSRi
2
2
σS Ri , and σRi D , between the source and the ith relay node,
between the neighboring source and the relay node and
between the ith relay node and the destination node; and
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the complex additive white Gaussian noise nRi and nD are
modeled as zero-mean mutually independent, circularlysymmetric, complex Gaussian random variables with varinode, respecance N0 at the ith relay and the destination
√
tively. The ith relay gain denoted by Pi is calculated from
2

2

Pi = Es /(Es |hSRi | + Es |hS Ri | + N0 ).

(3)

In our model, the source powers at the target and the
neighboring cluster are assumed to be the same. This
model is representative of an ad-hoc network environment where there is no power control between adjacent
clusters.
Next, because the two- or four-relay selection scheme
is used, we assume that MRC is used at the destination
[18]. The practical implementation of the MRC will, however, incur a capacity penalty due to the need to adopt
a time multiplexing approach to transmission between
the relay and the destination nodes; however, this can
be mitigated by adopting a DSTC [16], which is available for two or four relays. Furthermore, increasing the
number of selected relays will incur practical overheads
such as increased complexity in synchronization. Therefore, this article focuses on the selection of two and four
relays. Therefore, the instantaneous equivalent end-toend signal-to-interference plus noise ratio (SINR) can be
written as

Pi |hSRi |2 |hRi D |2
,
(4)
γD =
Pi |hS Ri |2 |hRi D |2 + Pi |hRi D |2 N0 + N0
i∈Ns

where Ns denotes the set of two or four relay indices for
the relays chosen in our relay selection scheme, and each
term in the summation has the same form as in [13].
Substituting (3) into (4), the end-to-end SINR is

γSRi γRi D
,
(5)
γD =
γINFi (γRi D + 1) + γSRi + γRi D + 1
i∈Ns

|hSRi |2 Es /N0

|hRi D |2 Es /N0

and γRi D =
are
where γSRi =
the instantaneous SNRs of the source to ith relay and
ith relay to destination links, respectively. And γINFi =
γS Ri = |hS Ri |2 Es /N0 denotes the interference-to-noise
ratio (INR) for the ith relay as a result of the neighboring source. It is diﬃcult to use (5) to ﬁnd a closed form
expression for the probability density function (PDF) of
γD , therefore, for high SNR, we provide an asymptotic
bound as
 γSR
i
,
(6)
γD 
γINFi
i∈Ns

which is the sum of the ratios between the SNR of the
ﬁrst hop and the INR of the interference, because when
ε(γINFi ) + ε(γSRi ) +
SNR → ∞, then ε(γINFi )ε(γRi D )
ε(γRi D ) + 1. In this case, the statistical description of the
system is independent of the second hop.
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For this asymptotic case, the PDF and cumulative distribution function (CDF) of each ratio in (6), which is
between two exponential random variables [19], are given
in closed form, as
f (γ ) =

L
(L + γ )2

and F(γ ) =

γ
,
(L + γ )

(7)

where f (·) and F(·) denote the PDF and the CDF, respectively. The parameter L =

ε(γSRi )
ε(γINFi )

=

2
σSR

i

σS2 R

. Note that the

i

parameter L controls the level of interference in the target
and neighboring clusters.
Furthermore, considering interference at both the relays
and the destination nodes is beyond the scope of this study
and is left for analysis in future work. Our two- or fourrelay selection scheme assuming interference only at the
relays will be implemented as presented in the following
sections.

3 Two- or four-relay selection with outage
probability analysis
In order to introduce our proposed two- or four-relay
selection schemes, we need to introduce ﬁrst the conventional relay selection scheme.
3.1 Conventional relay selection

In [11], the conventional relay selection policy which
is used in the ideal distributed implementation without
interference is considered. It requires the instantaneous
signal SNR between the links from the source to relay and
the relay to the destination node to be known, and then
a particular relay is selected to maximize the minimum
instantaneous SNR between them; the relay selection
scheme can therefore be represented by
bcon = arg max min(γSRi , γRi D ),
i∈N

(8)

where N represents the set of indices of all available relays.
The conventional relay selection policy oﬀers the relay
with the “best” end-to-end path between source and destination and provides diversity gain on the order of the
number of the relays [12]. However, this relay selection
criterion is only considered for environments without
interference, and the best relay selection is not always
suﬃcient to achieve the required outage probability at a
destination node. Finally, when feedback error is present
in the relay selection, the performance of the single relay
selection scheme is signiﬁcantly degraded, further discussion of which will be given in the simulation section.
Therefore, to overcome these problems two- and fourrelay selection schemes are proposed for use in interference conﬁgurations for legacy networks which are
restricted to adopt a max(min(·, ·)) type policy.
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3.2 Asymptotic two- and four-relay selection criterion

The ﬁrst proposed two- and four-relay selection criterion
is motivated by the simpliﬁed expression of the system. As
has been seen in (6), the asymptotic behavior of the system
converges to the sum of the ratios between source to relay
and interference links. Therefore, a relay selection policy
is to choose the best relay set which gives the maximum
value of the ratio. Take the best two relay selection for
example, the asymptotic selection policy can be obtained
as


γSRi
,
(9)
bAsy = arg max max
i∈N i ∈N−1 γINFi
where b = (i, i ), i.e., the best pair of relay indices, where
i denotes the index of the relay with the best link in N,
and i is that of the best relay among the remaining N − 1.
In this approach, we select the best two relay nodes from
the N available relays in the group in the cluster, namely,
select the relays with the maximum γmax and the second largest γmax −1 from the N relays instantaneous SNRs.
Using the theory of order statistics [20], the selection of
the maximum and the second largest is not independent,
we therefore can ﬁnd the joint distribution of the two
largest values as
f (x, y) = N(N − 1)F(y)N−2 f (x)f (y),

(10)

where we denote γmax = x and γmax −1 = y. Substituting
(7) into (10), we obtain
f (x, y) =

N(N − 1)L2 yN−2
.
(L + y)N (L + x)2

(11)

Asy

Then we calculate the CDF Fγup (γ ), where γup is the sum
of x and y, which are identically distributed and formed as
the ratios of exponential random variables. Therefore, the
CDF is obtained as
Asy

Fγup (γ ) = Pr{x + y ≤ γ }.

(12)
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where F2,1 (a, b, c, z) is the ﬁrst hypergeometric function,
which can be calculated by using the Hypergeom Matlab
function [21]. Furthermore, F1 (a; b1, b2; c; x, y) is a formal extension of the Appell hypergeometric function of
two variables, which can also be expressed by the simple
integral in [22] as
(c)
F1 (a; b1, b2; c; x, y) =
(a)(c − a)
 1
× t a−1(1−t)c−a−1(1−xt)−b1(1−yt)−b2 dt
0

for R(c) > R(a) > 0,

where (n) = (n − 1)! is the Gamma function.
Therefore, the outage probability is deﬁned as when
the average end-to-end SNR falls below a certain predeﬁned threshold value, α. The outage probability can be
expressed as
 α
fγ (γ )dγ = Fγup (α).
(15)
Pout =
0

The outage probability of the best two-relay selection can
be expressed by using the CDF expression (14).
Then we can use a similar method to obtain the outage
probability for the best four-relay selection as follows. The
asymptotic selection policy can be obtained as


γSRi
,
(16)
bcon = arg max max max max
i∈N i ∈N−1 i ∈N−2 i ∈N−3 γINFi
where b = (i, i , i , i ), i.e., the best four relay indices, in
which i denotes the index of the relay with the best link in
N; i is that of the best relay among the remaining N − 1,
and i is that of the best relay among the remaining N − 2,
and i is that of the best relay among the remaining N − 3.
The joint distribution of the four largest values is

Given that x and y are non-negative, with x ≥ y, then,
 γ  γ −y
2
Asy
Fγup (γ ) =
f (x, y)dxdy.
(13)

f (w, x, y, z) = N(N −1)(N −2)(N −3)F(z)N−4 f (w)f (x)f (y)f (z),

Using the PDF in (11), and after performing some manipulations, we obtain

where we deﬁne γmax = w, γmax −1 = x, γmax −2 = y and
γmax −3 = z. Substituting (7) into (17), we can obtain

0



Asy
Fγup (γ )

( γ2 )N−1 (LN + γ2 )
N(N − 1)L2 (L + γ2 )N

( γ2 )N
2(L + γ )(L + γ2 )
−
L(N − 1)γ
(L + γ2 )N (L + γ )2

= N(N − 1)L

+

(

2

L+ γ2 N
L ) F2,1 (N, N; N

f (w, x, y, z) =

N

⎤⎫

γ L+ 2 N
γ
γ
⎬
2 ( L ) F1 (N +1; N, 1; N +2; − 2L , 2(L+γ ) ) ⎦

LN +L+γ N +γ

N(N − 1)(N − 2)(N − 3)L4 zN−4
.
(L + z)N−2 (L + w)2 (L + x)2 (L + y)2
(18)
Asy

γ
+ 1; − 2L
)

γ

+

(17)

y

⎭

,

(14)

Then we calculate the CDF Fγup (γ ), γup is formed as
the sum of w, x, y, and z random variables, which are
identically distributed and ratios of exponential random
variables. Therefore, the CDF is obtained by
Asy

Fγup (γ ) = Pr{w + x + y + z ≤ γ }.

(19)
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Given that w, x, y, and z are non-negative, with w ≥ x ≥
y ≥ z, then,


Asy

Fγup (γ ) =

γ
4



0

γ −z
3

z





γ −z−y
2

y

(20)

γ −z−y−x

×

f (w, x, y, z)dwdxdydz.
x

Substituting (18) into (20), we can obtain
Asy

Fγup (γ ) =



γ
4

0

×


z

γ −z
3


y

γ −z−y
2



γ −z−y−x
x

N(N − 1)(N − 2)(N − 3)L4 zN−4
dwdxdydz.
(L + z)N−2 (L + w)2 (L + x)2 (L + y)2
(21)

Then, exploiting (21) as in (15), the outage probability can
be evaluated, for example for the results in Section 4 we
employ the Mathematica software package [23].
In this study, we focus on a two- or four-relay selection
approach as it is immediately applicable within a cooperative network, which exploits DSTC [16] to improve the
end-to-end performance, such as an Alamouti or QuasiOrthogonal code, according to the number of selected
relays. Furthermore, for our relay selection policy, it
requires only the SNR of the links from source to relay
nodes and the INR of the interference links which can be
obtained by the relay nodes during the early stage of transmission. In terms of the relay selection policy, moreover,
the information describing the links between the relay and
destination is not required at the destination node, therefore, this policy has a lower complexity than that of [12]
and may save feedback set-up time.
3.3 Semi-conventional two- and four-relay selection

The semi-conventional two- and four-relay selection
schemes are an extension of the conventional selection
scheme and motivated by the expression of the general statistics (4). There are three advantages in the
semi-conventional two- and four-relay selection scheme.
First, because this scheme is based on the conventional
approach, it does not involve complex computational
operations, and can easily be obtained from the conventional case without modifying the min(·, ·) operation.
Second, it is suitable for ad-hoc systems with mobility
that dynamically and continuously change between interference and non-interference environments. Third, the
proposed scheme balances the gap between the conventional scheme and asymptotic case for the interference
situation. Therefore, in this study, we just focus on a simple ratio between the conventional min(·, ·) operation and
the interference term, because it does not change the basic
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structural core of the system. In the following, the best
two-relay selection scheme becomes


min(γSRi , γRi D )
(22)
bSemi = arg max max
i∈N i ∈N−1
γINFi
where b = (i, i ), i.e., the best pair of relay indices, where
i denotes the index of the relay with the best link in N,
and i is that of the best relay among the remaining N − 1.
Here, we need to consider the outage behavior of the ratio
γSRi
γINFi according to the semi-conventional scheme. In order
to simplify the approximation of the corresponding outage
bound as in [13], two cases will be considered.
In the ﬁrst case, the value min(γSRi , γRi D ) = γSRi , which
means the selected relay, the minimum between the two
hops, is the link between source and relay. Therefore, the
PDF and CDF are given in closed form and correspond
to a ratio between the min operation and an exponential
random variable, which are
2γ
2L
,
(23)
and F(γ ) =
f (γ ) =
(L + 2γ )2
L + 2γ
where f (·) and F(·) denote the PDF and the CDF, respectively. Substituting (23) into (10), we obtain
f (x, y) =

N(N − 1)2N L2 yN−2
.
(L + 2y)N (L + 2x)2

(24)

Using the PDF in (24) and (13), and after performing some
manipulations, we can obtain (25), some deﬁnitions for
which have already been shown in the last section.


Fγ up (γ )

( γ2 )N−1 (LN + γ )
2N(N − 1)L2 (L + γ )N

( γ2 )N
2(L + 2γ )(L + γ )
−
N
2
2(L + γ ) (L + 2γ )
L(N − 1)γ
N 2

= N(N − 1)2 L

+
+

γ
N
2( L+γ
L ) F2,1 (N, N; N + 1; − L )
N

N F (N + 1; N, 1; N + 2; − γ , γ )
2γ ( L+γ
)
1
L
L L+2γ

(N + 1)(L + 2γ )

.

(25)

In the second case, the value min(γSRi , γRi D ) = γRi D ,
which means the minimum between the two hops of the
selected relay, is the link from relay to destination which
is not considered in the ratio of interest. According to
the assumption of [13], the conventional asymptotic relay
selection can be used as an outage bound in this case.
Therefore, based on the above two equiprobable cases, the
semi-conventional end-to-end CDF is given as
(γ ) =
FγSemi
up
Asy

1 Asy
1
Fγ (γ ) + Fγ up (γ ),
2 up
2

(26)

where Fγup (γ ) and Fγ up (γ ) are denoted by (14) and (25),
respectively. And the outage probability can be obtained
by using (26).
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Then, we can use a similar method to obtain the
best four relays in the following processing. The semiconventional selection policy can be obtained as


min(γSRi , γRi D )
,
bSemi = arg max max max max
i∈N i ∈N−1 i ∈N−2 i ∈N−3
γINFi
(27)
where b = (i, i , i , i ), i.e., the best four relay indices,
wherein i denotes the index of the relay with the best
link in N; i is that of the best relay among the remaining
N − 1, and i is that of the best relay among the remaining
N − 2, and i is that of the best relay among the remaining N − 3. In the ﬁrst case, the joint distribution of the
four largest values can be obtained by substituting (23)
into (17), yielding
f (w, x, y, z) =

N(N − 1)(N − 2)(N − 3)2N L4 zN−4
.
(L + 2z)N−2 (L + 2w)2 (L + 2x)2 (L + 2y)2
(28)

Substituting (28) into (20), and after performing some
manipulations, we can obtain
Fγ up (γ ) =



γ
4

0



γ −z
3

z



γ −z−y
2

y



γ −z−y−x
x

N(N −1)(N −2)(N −3)2N L4 zN−4
×
dwdxdydz.
(L+2z)N−2 (L+2w)2 (L+2x)2 (L+2y)2
(29)
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Therefore, the ﬁnal end-to-end CDF can be obtained as
FγSemi
(γ ) =
up

1 Asy
1
Fγup (γ ) + Fγ up (γ ),
2
2

(30)

Asy

where Fγup (γ ) and Fγ up (γ ) are given by (21) and (29),
respectively. And the outage probability can be evaluated
by using (15) and (30), for example with the Mathematica
software package [23].

4 Simulation results for outage probability
analysis and impact of relay selection feedback
errors
In this section, in order to verify the results obtained from
the above mathematical expressions, we assumed the target source node and the neighboring source node use the
same unity transmission power, and there is no direct link
between the source and the destination as path loss or
shadowing render it unusable. We show outage probability
performance of the two- and four-relay selection schemes.
Figure 2 shows the comparison of the outage probability of the best two-relay selection schemes, where L =
5 and 20. It can be seen that increasing the number of
relays, N, decreases the outage probability, and hence
when the number of relays is large, the outage event (no
transmission) becomes less likely, for example, with the
total number of available relays increasing from 4 to 6,

0
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Outage Probability
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Figure 2 Comparison of the outage probability of the best two-relay selection schemes, the theoretical results are shown in line style and
the simulation results as points.
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the outage probability of the best two-relay selection
is decreased from approximately 0.308 to 0.162 for the
semi-conventional case; and from 0.192 to 0.073 for the
asymptotic case when the threshold value α is 15 dB and
L = 5. The outage performance of the asymptotic case
closely matches the simulation results, when SNR = 40 dB.
Moreover, with increased source-to-interference power
ratio, the performance in terms of outage probability is
improved.
Figure 3 shows the outage probability of the best fourrelay selection schemes, where L = 5 and 20. It can be
seen that increasing the number of relays, decreases the
outage probability, for example, with the total number of
available relays increasing from 6 to 8, the outage probability of the best four-relay selection is decreased from
approximately 0.013 to 0.0025 for the semi-conventional
case; and from 0.0022 to 1.6 × 10−4 for the asymptotic
case when the threshold value α is 7 dB and L = 5. With
increased source-to-interference power ratio, the performance of outage probability again improves. Moreover,
the asymptotic results match very well with the simulation
results, when SNR = 40 dB.
Figure 4 shows the comparison of the outage probability of the single relay selection and the best two- and
four-relay selection schemes, SNR = 40 dB and L = 5
or 10. Obviously, with increasing the number of selected
relays, the outage probability decreases. For example, for
the semi-conventional case, when the total number of
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available relays is 6, L = 5 and the threshold value α
is 7 dB, the outage probability of a single relay, the best
two-relay and the best four-relay selections are approximately 0.1, 0.036, and 0.013, respectively. Furthermore,
for the asymptotic case, when N = 6, L = 10, and
α = 7 dB, the outage probability of the best relay, the best
two-relay, and the best four-relay selections are approximately 0.0045, 5.59 × 10−4 , and 9.01 × 10−5 , respectively.
These results conﬁrm that two- and four-relay selection
schemes provide more robust transmission than single
relay selection, because for the single relay selection, it
just uses a single relay to help the source to transmit the
signal. Therefore, we can choose a diﬀerent number of
relays to communicate with the source and destination
nodes, according to the target outage probability. Finally,
through using DSTC we have the advantage of avoiding
the bandwidth overhead in using the MRC scheme. We
next consider how the end-to-end BER performance of the
relay selection schemes degrades when there is an error in
selecting the particular relay(s) to use in transmission.
Next, we compare the BER performance of the best tworelay selection from a group of N available relays, N =
4, with distributed Alamouti code with the best single
relay selection in the presence of relay selection feedback
errors, when quadrature phase-shift keying symbols are
used in transmission.
We want to show the comparison between the best
two-relay selection and the single relay selection in a
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Figure 4 Comparison of the outage probability of the single relay selection and the best two- and four-relay selection schemes.

representative relay selection feedback error environment, and the signal-to-interference power ratio L = 50 is
assumed. To simulate errors in the feedback of relay selection information from the destination we introduce an
error rate in the feedback. An error rate of 0.5 corresponds

to 50% of the selections being made in error; that is, rather
than selecting the best relay, one of the other relays is chosen with equal probability of selection. As can be seen in
Figure 5, when perfect relay selection is made, i.e., an error
rate of 0, the BER performance of the best single relay
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Figure 5 BER performance comparison of diﬀerent best two-relay selection schemes with the diﬀerent best single relay selection
schemes, with varying error in the feedback relay selection information from the destination, where L = 50.
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selection is worse than the best two-relay selection for the
three diﬀerent relay selection schemes, which are denoted
by circular, square, and diamond dotted lines for the conventional, asymptotic, and semi-conventional schemes,
respectively. Moreover, in the presence of errors in the
relay selection, i.e., error rate over the range 0 to 1, all of
the diﬀerent best two-relay selection schemes outperform
that of the best single relay selection. These results illustrate clearly the increased robustness of the best two-relay
selection scheme over the single relay selection scheme in
the presence of moderate to severe relay selection feedback errors. For example, for the conventional best tworelay selection scheme, when the SNR is 20 dB, the BER
for the conventional best two-relay selection changes from
approximately 1 × 10−4 only to 4.9 × 10−3 as the error rate
changes from 0 to 1, whereas the BER for the single relay
selection is increased from approximately 2.15 × 10−4 to
5.1 × 10−2 , conﬁrming the improved robustness.
Compared with Figure 5, Figure 6 has the same trend for
BER performance, which conﬁrms the increased robustness of the best two-relay selection scheme over the single
relay selection scheme in the presence of moderate to
severe relay selection feedback errors. For example, for the
conventional best two-relay selection scheme, when the
SNR is 20 dB, the BER for the conventional best two-relay
selection changes from approximately 2.4 × 10−4 only to
8 × 10−3 as the feedback error rate changes from 0 to 1,
whereas the BER for the single relay selection is increased
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from approximately 3.5×10−4 to 6×10−2 , conﬁrming the
improved robustness. Moreover, because of the increased
interference from the neighboring cluster, the BER performance of the three selection schemes is slightly worse
than that of the small interference environment given in
Figure 5, when L = 50. For example, for the conventional,
asymptotic, and semi-conventional best two-relay selection schemes, when SNR = 25 dB, the BER for the conventional, asymptotic, and semi-conventional best two-relay
selection increase from approximately 5×10−6 to 2×10−5 ,
from approximately 3.8 × 10−5 to 4.2 × 10−5 , and from
approximately 1.5 × 10−5 to 3 × 10−5 as the L decreases
from 50 to 10.

5 Conclusion
We have examined two diﬀerent selection schemes which
are asymptotical and semi-conventional policies to select
the best two and four relays from a group of available
relays in the same cluster by using local measurements
of the instantaneous channel conditions in the context
of legacy systems which adopt max(min(·, ·)) type policies. New analytical expressions for the PDF, and CDF of
end-to-end SNR were derived together with closed form
expressions for outage probability over Rayleigh fading
channels. Numerical results were provided to show the
advantage of the outage probability performance of the
best two- and four-relay selection in a cooperative communication system. Moreover, through simulation study,
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Figure 6 BER performance comparison of diﬀerent best two-relay selection schemes with the diﬀerent best single relay selection
schemes, with varying error in the feedback relay selection information from the destination, where L = 10.
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we conﬁrmed the robustness of the best two-relay selection scheme in the presence of moderate to severe relay
selection feedback errors.
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