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Opportunistic Relay Selection in Cooperative
Systems With Dirty-Paper Coding
Ioannis Krikidis, Member, IEEE, and John S. Thompson, Member, IEEE

Abstract—This paper investigates an optimization of the con-
ventional relay selection for multirelay environments. In contrast
with previously reported selection schemes, where a selected relay
accesses the channel in a dedicated cooperative slot, the proposed
scheme recovers the bandwidth loss of the half-duplex constraint
by allowing two relays to simultaneously access the channels.
Based on an appropriate dirty-paper coding (DPC) technique
among relays, the proposed scheme enables a relay to establish
communication with the destination at the same time that another
relay forwards the data from the source. It is proven that the in-
terplay between relay selection and the superposition DPC weight
factor provides a tradeoff between relaying and new data perfor-
mance. Hence, an appropriate codesign of the superposition DPC
parameter and opportunistic relay selection can achieve efficient
communication for the new data without affecting the relaying
performance. The proposed scheme is compared with conventional
relaying approaches, and its enhancements are provided through
theoretical studies and numerical results.

Index Terms—Cooperative diversity, decode-and-forward,
dirty-paper coding, opportunistic selection, relays.

I. INTRODUCTION

COOPERATIVE diversity is an efficient technique to com-
bat fading in wireless communications. It is based on

the broadcast nature of the wireless medium and allows ter-
minals, which are in the coverage area of a transmission, to
create a virtual receiver/transmitter antenna array. Since the
work of Sendonaris et al. [1], which introduced the notion
of cooperative diversity, a number of relaying protocols have
been proposed in the literature [2]–[8] for different system
configurations.

For multirelay systems, a multiple retransmission of the
source data can significantly improve the diversity gain of the
system. This process can be performed in different orthogonal
channels, which results in a data rate loss, or by allowing
a simultaneous relay transmission via distributed space-time
codes (DSTCs) at the cost of higher complexity [3]. Recent
research has shown that an appropriate relay selection incurs no
performance loss compared with multiple-relay transmissions

Manuscript received September 9, 2008; revised December 11, 2008. First
published February 18, 2009; current version published August 14, 2009. This
work was supported in part by the Virtual Centre of Excellence in Mobile and
Personal Communications (Mobile VCE), www.mobilevce.com, as part of the
Wireless Enabling Techniques work area of the Core 4 Research Program and
in part by the Engineering and Physical Sciences Research Council. The review
of this paper was coordinated by Dr. C. Yuen.

The authors are with the Institute for Digital Communications, School of
Engineering and Electronics, University of Edinburgh, EH9 3JL Edinburgh,
U.K. (e-mail: i.krikidis@ed.ac.uk; john.thompson@ed.ac.uk).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TVT.2009.2015193

in terms of diversity–multiplexing tradeoff (DMT) and outage
probability and results in a lower complexity than DSTC ap-
proaches [9], [10]. However, due to the half-duplex constraint,
relay selection still requires two orthogonal channels to accom-
plish cooperation.

The recovery of the data rate loss in cooperative systems is a
hot research topic in the literature. Existing solutions overlap si-
multaneous transmissions (i.e., two transmissions) to overcome
the half-duplex limitation. In superposition techniques, a relay
simultaneously behaves as a transmitter and relay by using a
part of its power to transmit new data and another part for re-
laying data [11]. Other solutions assume multiple-relay config-
urations where the relays take turns helping the source to mimic
a full-duplex relay [12]. Furthermore, space-time code (STC)
techniques allow the transmitters to keep transmitting new data
during the cooperative slot [5], [7]. Finally, another approach
that has recently been proposed in the literature is the considera-
tion of dirty-paper coding (DPC) [13], [14] among relays. DPC
allows a relay to transmit new data at the same time that another
relay assists the source transmission. In [15], the authors use
DPC design to support multiple data streams in a multihop en-
vironment. In [16], the authors present a practical DPC scheme
for a basic four-node interference channel. However, in both
schemes, DPC design optimization (superposition factor) is not
taken into account, and relay selection issues are not discussed.

In this paper, we combine DPC design and opportunistic
relay selection under a cooperative diversity concept. The pro-
posed approach uses superposition modulation as our “embod-
iment” of DPC by analogy with [17] and [18]. Based on a
clustered decode-and-forward (DF) relay configuration [2], a
new cooperative strategy is investigated that allows two well-
selected relays to simultaneously access the channel. In the case
in which at least two relays can decode the source signal, one
relay assists the source transmission by acting as a conventional
relay, and the other transmits new data by using DPC. In con-
trast to the previous works where DPC is used without parame-
terization, here, we take into account the superposition weight
factor, and we study its impact on the performance of the simul-
taneous links. In addition to this parameter, the incorporation
of DPC design with the relay-selection policy is also discussed.
Both parameters provide a tradeoff between relaying and new
data performance and introduce an optimization problem. It is
proven that an appropriate design of these parameters yields
a performance similar to the conventional opportunistic relay
selection by jointly maximizing the performance of both the
relaying link and the new data link. The proposed scheme is ap-
propriate for systems that operate a conventional relay-selection
mechanism and can be viewed as an efficient way to improve
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Fig. 1. System model and the related communication scenario (the source–
destination link is blocked, and communication is performed via relays);
S: source, D: destination, Crelay: cluster of relays, Cd: Decoding set, and
d: distance S → Crelay.

their performance without complicated structural modifica-
tions. The investigated selection-based cooperative protocol is
compared to conventional relaying approaches, and its enhance-
ments are provided by theoretical and simulation results. To the
best of our knowledge, the codesign of DPC and opportunis-
tic relay selection is reported in this paper for the first time.

The main contributions of this paper are twofold.
1) A new relaying scheme that uses the principles of DPC

to overcome the half-duplex penalty of the cooperative
relaying is proposed. The new approach allows two relay
nodes to simultaneously access the channel, where one
relay assists the source communication (conventional re-
laying), and another relay transmits its own data.

2) The interplay between relay selection and the superposi-
tion DPC factor introduces a tradeoff between relaying
and new data transmissions. An optimization problem
that ensures a performance similar to the conventional
selection (CS) scheme and simultaneously provides an
efficient communication for the new data is formulated.
The solution of this optimization problem allows the
proposed scheme to be viewed as an optimization of the
conventional relay selection.

This paper is organized as follows. Section II introduces the
system model and gives an overview of the related conventional
approaches. Section III presents the proposed cooperative pro-
tocol and analyzes its performance in terms of outage probabil-
ities. Numerical results are shown and discussed in Section IV
followed by concluding remarks in Section V.

II. SYSTEM MODEL

The system model consists of one source S, one destination
D, and a cluster Crelay of K DF relays. Fig. 1 schematically
presents the considered system model. To focus on the relaying
link, a direct link S → D is not available, and the source can
communicate with the destination only via the relays. This
system model follows the description in [9], [10], and [19],
where the direct path between the source and destination is
blocked by an intermediate wall, while relays are located at the
periphery of the obstacle (around the corner). Relays cannot
simultaneously transmit and receive, and therefore, communi-
cation is performed in two orthogonal channels. In the broad-
casting channel, the source transmits its data and the relays
that can successfully decode the source signal form a decoding

set Cd ⊆ Crelay. In the cooperative channel and according to
the cooperative protocol, some selected relays k ∈ Cd assist
the source to deliver its data to the destination. In contrast
to “pure” relay approaches, where relay nodes only assist the
source transmission, here, we assume that the relay nodes are
active network elements and always have data to transmit to the
common destination D. This assumption refers to cellular net-
works with relaying abilities or sensor networks where sensors
collaborate to transmit their observations to a fusion center. A
slow flat block Rayleigh fading environment is assumed, where
the channel remains static for one coherence interval (two slots)
and independently changes in different coherence intervals with
a variance equal to σ2

i,j for the link i → j. Furthermore, additive
Gaussian noise is assumed with unit variance. Moreover, we as-
sume a uniform power allocation scheme, i.e., the total transmit
power (defined as P0) in each transmission time slot remains
the same, and each terminal transmits with equal power. The
path-loss attenuation is taken into account by assuming a simple
linear geometry where power (σ2

i,j ∝ d−β
i,j ) is decreased pro-

portional to d−β , where di,j is the Euclidean distance between
terminals i and j, and β is the path-loss exponent (β = 2 in our
simulations). Perfect knowledge of the instantaneous SNR for
the links k → D is assumed at the relays (but not in the source)
[10], which allows reactive opportunistic relay selections and
motivates the proposed DPC design. It is worth noting that the
reactive selection takes into account only the relay–destination
links and has the same outage performance as the proactive
selection that decides based on the best end-to-end path be-
tween the source and the destination [9], [10]. Furthermore,
although for the sake of simplicity, a single-destination channel
model is assumed [20], the proposed analysis can be straight-
forwardly extended to an interference channel model (i.e., two
destinations) [21]. It is worth noting that DPC is a theoretical
tool that gives some interesting bounds about capacity. The
practical implementation of the proposed scheme could in-
volve interference-cancellation techniques and advanced signal
processing methods that are not in the scope of this paper.

A. Conventional Methods

1) Distributed Space–Time Code: According to this solu-
tion, all the relays that successfully decoded the source signal
(for all k ∈ Cd) participate in the cooperation by using a DSTC.
The cooperative link becomes equivalent to a conventional
multiple-input–single-ouput system with |Cd| transmitting an-
tennas. Due to the considered slot-based power constraint, the
total transmitted power is equally distributed among the trans-
mitting nodes. The DSTC approach provides diversity benefits
at the destination, but its implementation requires a priori
knowledge of the decoding nodes, which is critical for practical
applications. The instantaneous capacity (for |Cd| > 1) can be
written as

CDSTC =
1
2

log

(
1 +

P0

|Cd|
∑
k∈Cd

|hk,D|2
)

(1)

where hi,j denotes the channel coefficient for the link i → j.
A performance analysis of this protocol can be found in [2].



3324 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 58, NO. 7, SEPTEMBER 2009

2) Conventional Selection: In contrast to the DSTC ap-
proach, where all the decoding nodes (k ∈ Cd) participate in
the cooperation, in the CS, only one node relays the source
data by using all the available power. The CS provides benefits
that are similar to those of the DSTC scheme in terms of
outage probability and DMT but has a lower complexity due
to its distributed implementation. Based on the above system
assumptions (DF relays), for the considered system model, the
CS scheme refers to a reactive opportunistic selection [9], [10].
The reactive approach decides based on the relay–destination
links and takes into account only the relays that have success-
fully decoded the source transmission. It has a similar perfor-
mance with the proactive selection (which decides based on the
best source–relay and relay–destination links) but minimizes
the cooperation overhead as instantaneous feedback for the
source–relay links is not required. In this case, the selected node
is decided based on the cooperative slot and corresponds to the
relay that has the best instantaneous relay–destination link. The
CS can be expressed as [10]

CCS =
1
2

log
(
1 + P0|hk∗,D|2

)
(2)

P
(CS)
out = Pr{CCS < R0}

=
K∑

k=0

(
K

k

)
[1 − exp(−Θ)](K−k)

× exp(−Θ)(k) [1 − exp(−Λ)]k (3)

where CCS denotes the instantaneous capacity, P
(CS)
out is the

outage probability, R0 is the required spectral efficiency,
k∗ = maxk∈Cd

{γk,D} denotes the selected relay, γi,j is the
instantaneous SNR for the i → j link, Θ = (22R0 − 1)/P0d

−β ,
and Λ = (22R0 − 1)/P0(1 − d)−β , with d ≡ dS,k and dS,D =1
(normalized distance). The optimization of this protocol, as
well as its enhancement with new capabilities, is the basic goal
of this paper.

III. RELAY SELECTION AND DIRTY-PAPER CODING

A. Proposed Scheme

Although opportunistic selection techniques provide diver-
sity benefits with a lower complexity than DSTC, they still
suffer from data rate loss. Due to the half-duplex constraint,
the selected relay cannot simultaneously transmit and receive,
and thus, two slots are required to accomplish communication.
The proposed scheme is based on the conventional relay se-
lection and recovers this suboptimal bandwidth utilization by
transmitting two data flows during the cooperative slot. More
specifically, if for a source transmission, the cardinality of the
decoding set is |Cd| > 1 (at least two relays can decode the
signal), a DPC design can be used to allow two relays to
simultaneously access the channel. Fig. 1 (channel 2) depicts
the simultaneous transmission of the two relays. One relay is
used as a conventional relay node to deliver the source data
to the destination, and the second one transmits its own data
to the common destination. Based on the fact that one relay

retransmits the decoded source data to accomplish cooperation,
the other one uses this information as an a priori known
interference at the transmitter to apply dirty-paper precoding to
its own data. According to the DPC principles, the transmission
of the new data is interference free but causes interference to
the relaying link. The considered DPC technique for fading
channels can be found in [21] and yields a capacity region for
the simultaneous transmissions that is equal to

Rk1(α, k1, k2)

≤ 1
2

log

⎛
⎜⎝1 +

(√
P0/2|hk1,D| +

√
αP0/2|hk2,D|

)2
1 + (1 − α)|hk2,D|2P0/2

⎞
⎟⎠ (4)

Rk2(α, k2)

≤ 1
2

log
(
1 + (1 − α)|hk2,D|2P0/2

)
(5)

where k1, k2 ∈ Cd are the selected node for the relaying
transmission and the new data transmission, respectively, Rj

is the maximum data rate for the jth node transmission, and
hi,j is the channel coefficient for the i → j link. As can be
seen from (4) and (5), the superposition DPC factor α and the
selection of the relay nodes (k1, k2) have a critical impact on
the performance of the system. These parameters introduce a
tradeoff between the relaying and the new data link, and their
interplay corresponds to an interesting optimization problem.
The basic question here is to define the optimization target
of the system and to propose a theoretical framework that
efficiently solves the considered optimization problem.

It is worth noting that the consideration of two transmitting
data flows during the cooperative slot mitigates the bandwidth
loss of the orthogonal relaying transmission (two data flows in
two time slots) and allows a DPC design that controls the inter-
ference. This system model focuses on these two optimization
targets and clearly presents the enhancements of the proposed
scheme. In addition to this purpose, a multirelay transmission
seems to limit the advantages of the proposed scheme. More
specifically, the scenario in which many relays transmit the
source signal requires a higher decoding set (|Cd| > 2) without
improving the performance of the relaying transmission due to
the considered power constraint. This scenario decreases the
application interest of the proposed scheme and refers to the
topologies where the relay is closer to the source. On the other
hand, the scenario that many relays transmit new data during
the cooperative slot corresponds to a conventional multiaccess
channel with interference. In this case, the interference is not
known at the transmitters, and thus, a DPC design cannot be
applied.

1) Optimization Problem: The basic motivation of the pro-
posed scheme is to simultaneously support two independent
data flows without affecting the conventional opportunistic re-
lay selection. Therefore, the optimization target is to improve as
much as possible the performance of the new data link by sup-
porting a performance similar to the opportunistic selection for
the relaying data. This behavior makes the new data link “trans-
parent” to the CS protocol and is regarded as an optimization
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of the conventional approach. If the outage probability is the
performance metric of the system, the optimization problem
under question can be written as

min
α,k1,k2

{
P

(k2)
out (α, k2)

}

s.t.
{

P
(k1)
out (α, k1, k2) − P

(CS)
out = δ

|Cd| > 1
(6)

where R0 is the required spectral efficiency, P
(CS)
out denotes the

probability of the conventional opportunistic selection [see (3)],
P

(j)
out(·) = Pr{Rj < R0} is the outage probability for the jth

relay (the analytical expressions are given in Section III-B),
and δ denotes the tolerated deviation from the true value. As
the optimization target of the proposed scheme is to not affect
the outage performance of the relaying link, the parameter δ
is equal to zero by default. However, for some configurations,
the value δ = 0 cannot provide a solution for the optimization
problem (P (k1)

out (α, k1, k2) converges to P
(CS)
out without crossing

over it) or corresponds to α = 1 and, therefore, zero capacity
for the new data link. In this case, δ > 0 ensures a solution
for the optimization problem for all the cases and increases
the application interest of the proposed scheme. It is also worth
noting that for the cases in which δ 	= 0, the parameter δ always
takes small values (δ 
 0) and, thus, has a negligible impact
on the system performance. High values of δ correspond to
systems where an efficient tradeoff between the simultane-
ous transmissions is the optimization target. This approach is
beyond the scope of this paper and could be considered for
future work.

2) Toward the Optimal Solution: Due to the considered
slot-based power constraint, the two selected relays transmit
with half the power of the CS scheme (P0/2—symmetric
power allocation). As the optimization target is to provide a
relaying performance similar to the conventional opportunistic
scheme, an opportunistic selection (selection based on the best
relay–destination link) is the appropriate policy for the relaying
data. This policy protects the relaying link from interference
and maximizes the numerator in (4) by boosting the term, which
is independent of α < 1. Furthermore, a close inspection of the
considered optimization problem shows that it holds for high
values of α(α → 1). Low values of α increase the interference
and limit the power and diversity gain of the relaying link.1

On the other hand, the selection of the second relay node does
not affect the performance of the relaying link for high values
of α. More specifically, for high values of α, the diversity gain
[in the numerator of (4)] is dominated by the first relay node
that has been selected based on the best relay–destination link.
The selection of the second node (i.e., based on the second-
best link) provides only a power gain in (4) and, thus, becomes
less critical for the relaying link.2 In this case, the selection of

1The term (
√

P0/2μ +
√

αP0/2ψ)2/(1 + (1 − α)ψ2P0/2) with μ,

ψ ∈ Ω approaches P0ξ2 with ξ = max Ω as α → 1 and μ = ξ.
2This behavior is related to the selection diversity concept where the

selection of the best diversity branch has a similar diversity gain with the
consideration of all the diversity components [10].

the second node seems to be more important for the new data
link. The selection of this node based on an opportunistic relay
selection among the remaining (|Cd| − 1) relays can maximize
the performance of the new data link and is the appropriate
selection policy for the second relay node. Therefore, an ap-
propriate relay-selection policy can be written as

k1 = argk∈Cd
max{γk,D}

k2 = argk∈{Cd−k1} max{γk,D}. (7)

The last issue in the considered optimization problem is
the definition of the parameter α. This problem requires
the solution of the equation P

(k1)
out (α, k1, k2) − P

(CS)
out = δ for

α ∈ [0, 1], where the two probabilities are given in (3) and (8),
respectively. If this equation has more than one solution, and
Δ is the set of these solutions, the appropriate α that solves
the considered optimization problem is α∗ = min{Δ}. The
considered equation can be numerically solved by defining
the minimum crossover point between the two outage prob-
abilities. However, to simplify the computations and provide
some analytical results, a simplified expression of the P

(k1)
out is

proposed in Appendix. We note that in the case that |Cd| = 1,
the proposed scheme becomes identical to the CS strategy, and
a new data transmission is not possible.

We note that although Alamouti schemes or beamforming
strategies achieve capacity [22] and seem to be appropriate
solutions for the transmission of the two independent data
flows (for the considered channel model), here, we are in-
terested in systems that operate a conventional relay selec-
tion. The proposed scheme recovers the bandwidth loss of
the conventional relay selection protocol without modifying
its basic mechanism. The related DPC optimization is “trans-
parent” to the first relay node that uses a conventional re-
lay selection, and it is locally applied to the second node.
Therefore, it is viewed as an optimization of the conven-
tional relay selection and can be implemented to predesigned
relay selection systems without complicated structural modifi-
cations. Furthermore, the proposed scheme can be straightfor-
wardly applied to an interference channel model that consists
of two separate destinations for the two independent data
flows [21].

B. Performance Analysis

1) Relaying Data: In the case that only one relay can decode
the source signal, the protocol corresponds to a single relaying
transmission. Furthermore, as a direct link is not available
between the source and the destination, the transmission is
blocked for the case that no relay can decode the signal.
Therefore, the outage probability of the relaying link can be
written as

P
(k1)
out = pout|1 · p1︸ ︷︷ ︸

single transmission

+
K∑

k=2

pout|k · pk︸ ︷︷ ︸
DPCdesign

+ p0︸︷︷︸
non link

(8)
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where

pk = Pr {|Cd| = k} =
(

K

k

)
exp
(
− (22R0 − 1)k

P0d−β

)

×
[
1 − exp

(
−22R0 − 1

P0d−β

)]K−k

pout|k = Pr
{

outage
∣∣|Cd| = k

}
=

{
1 − exp

(
− 22R0−1

P0(1−d)−β

)
, if k = 1

Υ(k, α), if k > 1
(9)

where the function Υ(·) is given in Appendix.
2) New Data: According to the proposed protocol, a new

data transmission is performed if at least two relays can decode
the source signal. Accordingly, the performance of the new data
link can be written as

P
(k2)
out =

K∑
k=2

pout|k · pk︸ ︷︷ ︸
DPCdesign

+
1∑

k=0

pk︸ ︷︷ ︸
non link

pout|k = Pr
{

outage
∣∣|Cd| = k

}
= Pr

{
1
2

log
(

1 +
P0(1 − α)|hk2,D|2

2

)
< R0

}

= Pr
{
|hk2,D|2 <

2(22R0 − 1)
P0(1 − α)

}

=
[
1 + (k − 1) exp

(
− 2(22R0 − 1)

P0(1 − α)(1 − d)−β

)]

×
[
1 − exp

(
− 2(22R0 − 1)

P0(1 − α)(1 − d)−β

)](k−1)

(10)

where the above expression is obtained by applying order statis-
tics [selecting the second best among k independent identically
distributed (i.i.d.) exponential random variables]3 [23].

According to the previous discussion, the considered opti-
mization problem holds for high values of α. Although this
property still supports nonzero communication rates (nonzero
capacity) for the new data link (α 	= 1) and, thus, the proposed
scheme consists of an optimization of the CS for all the cases, it
is obvious that its outage probability is maximized as α → 1. To
increase the interest of the proposed DPC scheme and improve
the quality of service (QoS) for the new data link, a lower
spectral efficiency is required for the new data. As the required
spectral efficiency for the new data link is decreased, the related
outage performance is improved for the same value of α. This
assumption corresponds to the network configurations with
different QoS requirements and asymmetric data rates. We note
that although a spectral efficiency R0 is used for the new

3Let Xi with 1 ≤ i ≤ k be i.i.d. random variables. The cumulative distrib-
ution function (cdf) of the (k − 1)th-order statistic is equal to FX(k−1)(x) =∑k

j=k−1

(
k
j

)
FX(x)j(1−FX(x))k−j =FX(x)k−1[k(1−FX(x))+FX(x)],

where FX(x) denotes the cdf of Xi.

data to aid the clarity of the analysis, simulation results in
Section IV validate the interest of the proposed scheme for
lower data rates.

IV. NUMERICAL RESULTS

Computer simulations were carried out to validate the per-
formance of the proposed schemes. The selected performance
metric is the outage probability for both the relaying and the
new data link, where according to [24], the outage probability
dominates the error probability at the high SNRs. Spectral effi-
ciency is counted in bits per channel per use (BPCU), and the
reference SNR represents the received SNR for a hypothetical
direct link S → D.

Figs. 2 and 3 plot the outage probabilities versus the DPC
superposition factor for different node selection strategies and
for the relaying link and the new data link, respectively. The
simulation parameters are K = 4 users, R0 = 2 BPCU (also
R0 = 1 BPCU for the new data link), d = 0.8, and δ = 10−4.
The Eb/N0 value is set to 20 dB in our model, which cor-
responds to the source–destination link, but recall that the
source–destination link is neglected in capacity equations. As
can be seen for α ≥ 0.8, the proposed DPC approach approxi-
mates the performance of the CS scheme by allowing commu-
nication for the new data (nonzero capacity). More specifically,
for α ≥ 0.8, the selection policies that use the best instanta-
neous relay–destination link for relaying approximate the CS.
Therefore, the best relay–destination link serves the relaying
data as in the conventional opportunistic selection policy. On
the other hand, the selection of the second relay has no impact
on the performance of the relaying link. For high values of α,
the interference [in (4)] becomes negligible, and due to the
opportunistic selection of the first node, the diversity gain is
independent of the relay selection. In this case, as the best relay
is not available for the new data transmission, the selection
policy that maximizes the performance of the new data link
is based on the second-best instantaneous relay–destination
link. According to the considered optimization problem, a
parameter α = 0.8, as well as a selection policy that uses the
best relay–destination link for relaying and the second-best
link for the new data, is the appropriate parameterization of
the system. This value maximizes the capacity of the new
data link and, thus, optimizes its outage behavior. Furthermore,
Fig. 3 shows the impact of a lower spectral efficiency on the
outage performance of the new data link. As can be seen, a
spectral efficiency equal to R0 = 1 BPCU provides a lower
outage probability and improves the quality of the link. This
result validates the point that the proposed scheme becomes
more important for applications with different QoS where some
nodes transmit in lower rates than other ones.

In Fig. 4, we compare the outage performance of the relaying
and new data links versus the SNR. The conventional STC
approach, a direct noncooperative link, and the CS are used as
reference protocols. The simulation environment is similar to
the previous one, and α = 0.8 is used for the proposed DPC
approach. The first important observation is that opportunistic-
selection-based schemes outperform STC protocols with a re-
lated SNR gain of 4 dB. This result is in line with previously
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Fig. 2. Outage probabilities for the relaying link versus parameter α for different selection schemes: R0 = 2 BPCU, Eb/N0 = 20 dB, d = 0.8, δ = 10−4,
and K = 4 users.

Fig. 3. Outage probabilities for the new data link versus parameter α for different selection schemes: Lines R0 = 2 BPCU, dashed lines R0 = 1 BPCU;
Eb/N0 = 20 dB, d = 0.8, and K = 4 users.

reported work and validates that relay selection seems to be
a suitable solution for practical systems [10]. In addition to
this observation, it can be seen that the proposed DPC scheme
provides a performance similar to that of the CS scheme for
all the SNRs. The parameter α is a global optimal value for
all the SNR regimes (independent of SNR) and approximates
the selection performance for all the cases. However, the most
important result is the performance of the new data relaying

link. As can be seen, the relay can establish an efficient
communication with the destination with a performance that
is about 5 dB lower than the STC protocol for the relaying
data. Accordingly, its performance is improved as the required
spectral efficiency decreases. A spectral efficiency equal to
1 BPCU offers a further gain of 2 dB.

In Fig. 5, we deal with another system configuration where
the cluster Crelay is closer to the source. More specifically,
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Fig. 4. Outage probabilities versus Eb/N0 for the direct link (reference), STC, CS, and proposed schemes (relaying and new data): R0 = 2 BPCU, d = 0.8,
δ = 10−4, α = 0.8, and K = 4 users.

Fig. 5. Outage probabilities for the relaying link and the new data link versus parameter α for different numbers of relays: R0 = 2 BPCU, Eb/N0 = 25 dB,
d = 0.2, δ = 0, and K = 2, 3, 4 users.

we plot the outage performance of the relaying and the new
data links for the CS and the proposed scheme. The simula-
tion parameters are K = 2, 3, and 4 users, d = 0.2, δ = 0, and
Eb/N0 = 25 dB. In this case, the crossover point between the
CS and DPC approaches yields an optimal superposition DPC
factor equal to α = 0.9. As can be seen, this optimal value
(crossover point) is also independent of the number of users

and, thus, depends only on the geometry of the system (d). Fur-
thermore, as d is decreased (the cluster is closer to the source),
the optimal value of α is increased to overcome the higher path
loss, and therefore, the new data link becomes less efficient (the
scale factor (1 − α) is decreased). To visualize this behavior,
in Fig. 6, we compare the performance of the relaying and
new data links versus the SNR for α = 0.9, d = 0.2, R0 = 2
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Fig. 6. Outage probabilities versus Eb/N0 for the direct link (reference), STC, CS, proposed schemes (relaying and new data): R0 = 2 BPCU, d = 0.2, δ = 0,
α = 0.9, and K = 4 users.

BPCU (also R0 = 1, 0.5 BPCU for the new data link), and
K = 4 users. As can be seen, in this case, the DPC relaying link
approaches the performance of the conventional opportunistic
selection, but the performance of the new data link is decreased.
When the cluster Crelay is closer to the source, the path loss
between the relay and the destination becomes stronger and de-
grades the performance of the selection scheme (a performance
similar to STC) by simultaneously decreasing the reliability
of the DPC approach. However, at a high SNR (Eb/N0 >
35 dB), the performance of the new data link outperforms the
performance of the (hypothetical) direct link. In addition to this
observation, it can be seen that as the spectral efficiency of
the new data link decreases, the related outage performance is
improved. Based on the above results, it seems that the location
of the cluster Crelay closer to the destination maximizes the
interest of the proposed scheme as the outage performance of
the new data link is improved.

In Fig. 7, we study the outage probability of the relaying
link versus the parameter α for different selection schemes
and different topologies. The selection strategies considered
are those that have been described in the simulation results
of Fig. 2. Based on the presented curves, the considered relay
policy (best link → relaying data, second best → new data) is
the appropriate solution for all the cases. This observation is
in line with our previous simulation results and validates the
point that the selection policy that solves the considered opti-
mization problem is independent of the parameter d. This figure
also presents the corresponding values of the parameters α
and δ. It shows that α takes values in the interval [0.8, 0.9]
and demonstrates that the parameter δ always takes very small
values. Furthermore, Fig. 8 compares the different cooperative
protocols by using as a performance metric the total achievable
capacity. For the proposed DPC scheme, the capacity is defined

as the sum capacity of the relaying and new data links. As can
be seen, the proposed DPC approach provides a higher capacity
than the conventional schemes, and its gain increases as the
SNR increases (different slopes at high SNRs). This result
shows that the proposed approach provides a higher overall
system capacity and more clearly verifies the enhancements of
the proposed scheme.

Finally, in Fig. 9, a comparison between simulation and
analytical results is provided for both relaying and new data.
The simulation parameters are R0 = 2 BPCU, K = 3 users,
Eb/N0 = 30 dB, and d = 0.2, 0.5, 0.8. From the presented
curves, it can be seen that the theoretical analysis efficiently
approximates the true performance for both cases. More specif-
ically, the analysis for the new data link perfectly fits with the
simulation results. As far as the relaying performance is con-
cerned, it is shown that the proposed approximation is reliable
for a low α and a higher d (i.e., d = 0.5, 0.8) but becomes
an upper bound for a combination of a high α and a small d
(i.e., d = 0.2). The justification of this behavior is based on the
simplified expression in Appendix, which holds for a high d.
However, according to the above discussion, the proposed DPC
method is suitable for scenarios where the cluster of relays is
closer to the destination (the performance of the new data link
is improved). For these scenarios, the proposed approximation
is reliable and can provide an analytical computation of the
required parameter α.

V. CONCLUSION

In this paper, we have incorporated the DPC design and the
reactive opportunistic selection for DF clustered cooperative
systems. In contrast with the conventional opportunistic selec-
tion, where only one relay transmits the data of the source,
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Fig. 7. Outage probabilities for the relaying link versus parameter α for different selection schemes (see Fig. 2) and different distances: R0 = 2 BPCU,
Eb/N0 = 20 dB, and K = 4 users. (a) d = 0.2 ⇒ δ = 0, and α = 0.9. (b) d = 0.4 ⇒ δ = 0, and α = 0.9. (c) d = 0.6 ⇒ δ = 10−5, and α = 0.9.
(d) d = 0.9 ⇒ δ = 0, and α = 0.8.

Fig. 8. Ergodic capacity of the different protocols versus Eb/N0: R0 = 2 BPCU, α = 0.8, d = 0.8, δ = 10−4, and K = 4 users.

the proposed solution allows one more node to simultane-
ously transmit its own data with the relaying link. We have
proved that an appropriate definition of the superposition DPC

weight factor, as well as the selection of the two transmitting
nodes, achieves a performance that is similar to that of the
conventional opportunistic selection for the relaying data while
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Fig. 9. Comparison between analytical and simulation results for relaying and new data versus the parameter α: R0 = 2 BPCU, d = 0.2, 0.5, 0.8,
Eb/N0 = 30 dB, and K = 2 relays.

simultaneously offering an efficient performance for the new
data link. The parameterization of the system depends only on
the geometry, and thus, it is suitable for practical applications.
It has been shown that the proposed optimization is suitable
for topologies where the cluster of relays is closer to the desti-
nation. The enhancements of the proposed DPC design have
been shown by numerical results and computer simulations.
The application of the proposed analysis to interference channel
models could be a promising topic for future investigation.

APPENDIX

DPC SCHEME AND RELAYING DATA

We assume that X and Y are the best and the second best,
respectively, among k > 1 exponential distributed i.i.d. random
variables with parameter λ = (1 − d)β . If FX(·) and fY (·) are
the cdf and the probability density function (pdf) of X and Y ,
respectively, the conditional outage probability of the relaying
link, given that k relays have decoded the source transmission,
can be expressed as

Υ(k, α) = Pr
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where Z = 22R0 − 1, ρ
Δ= −(2Z/(P0[(1 − α)Z − 1 − α −

2
√

α ])), and Ω̃ Δ= (
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above integral arise from the considered constraint X ≥ Y .
More specifically
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(12)

To simplify the computations, we assume that for high SNRs,
the term 2Z/P0 in Ω is negligible ((2Z/P0) � (1 − α)ZY ).
This approximation simplifies the analytical results and holds
for high SNRs (P0) and lower values of α. Furthermore, as the
random variable Y depends (inversely) on the relay-destination
distance ∝ (1 − d)−β , the above approximation is improved as
d increases, which corresponds to topologies where the relays
are closer to the destination.

In this case, (11) can be written as (13), shown at the
top of the next page, where we have used the binomial theorem
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xn−mym and order statistics (best and

second best) [23].

ACKNOWLEDGMENT

The authors would like to thank the anonymous reviewers
for their insightful and constructive comments.

REFERENCES

[1] A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperation diversity.
Part I. System description,” IEEE Trans. Commun., vol. 51, no. 11,
pp. 1927–1938, Nov. 2003.

[2] J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diversity
in wireless networks: Efficient protocols and outage behavior,” IEEE
Trans. Inf. Theory, vol. 50, no. 12, pp. 3062–3080, Dec. 2004.

[3] J. N. Laneman, “Cooperative diversity in wireless networks: Algorithms
and architectures,” Ph.D. disertation, Mass. Inst. Technol., Cambridge,
MA, Sep. 2002.

[4] M. Dohler, Y. Li, B. Vucetic, A. H. Aghvami, M. Arndt, and D. Barthel,
“Performance analysis of distributed space-time block-encoded sensor
networks,” IEEE Trans. Veh. Technol., vol. 55, no. 6, pp. 1776–1789,
Nov. 2006.

[5] K. Azarian, H. E. Gamal, and P. Schniter, “On the achievable diversity-
multiplexing tradeoff in half-duplex cooperative channels,” IEEE Trans.
Inf. Theory, vol. 51, no. 12, pp. 4152–4172, Dec. 2005.

[6] R. U. Nabar, H. Bölcskei, and F. W. Kneubühler, “Fading relay channels:
Performance limits and space-time signal design,” IEEE J. Sel. Areas
Commun., vol. 22, no. 6, pp. 1099–1109, Aug. 2004.

[7] S. Yang and J.-C. Belfiore, “Towards the optimal amplify-and-forward
cooperative diversity scheme,” IEEE Trans. Inf. Theory, vol. 53, no. 9,
pp. 3114–3126, Sep. 2007.

[8] I. Krikidis, J. Thompson, S. McLaughlin, and N. Goertz, “Optimization
issues for cooperative amplify-and-forward systems over block-fading
channels,” IEEE Trans. Veh. Technol., vol. 57, no. 5, pp. 2868–2884,
Sep. 2008.

[9] S. Lee, M. Han, T. Yu, and D. Hong, “Average SNR and ergodic capacity
analysis for opportunistic DF relaying with outage over Rayleigh fading
channels,” IEEE Trans. Wireless Commun., Dec. 2008, to be published.

[10] A. Bletsas, A. Khisti, D. P. Reed, and A. Lippman, “A simple cooperative
diversity method based on network path selection,” IEEE Trans. Wireless
Commun., vol. 6, no. 3, pp. 3450–3460, Sep. 2007.

[11] L. Xiao, T. E. Fuja, J. Kliewer, and D. J. Costello, “Cooperative diversity
based on code superposition,” in Proc. IEEE Int. Symp. Inf. Theory,
Seattle, WA, Jul. 2006, pp. 2456–2460.

[12] Y. Fan, C. Wang, J. Thompson, and H. V. Poor, “Recovering multiplexing
loss through successive relaying using repetition coding,” IEEE Trans.
Wireless Commun., vol. 6, no. 12, pp. 4484–4493, Dec. 2007.

[13] M. Costa, “Writing on dirty paper,” IEEE Trans. Inf. Theory, vol. IT-29,
no. 3, pp. 439–441, May 1983.

[14] U. Erez and S. Brink, “A close-to-capacity dirty paper coding scheme,”
IEEE Trans. Inf. Theory, vol. 51, no. 10, pp. 3417–3432, Oct. 2005.

[15] E. Kurniawan, A. S. Madhukumar, F. Chin, and L. Ying-Chang, “Succes-
sive dirty paper coding: New relaying scheme for cooperative networks,”
in Proc. Int. Symp. Pers., Indoor, Mobile Radio Commun., Athens, Greece,
Sep. 2007, pp. 1–5.

[16] N. Fawaz, D. Gesbert, and M. Debbah, “When network coding and dirty
paper coding meet in a cooperative ad hoc network,” IEEE Trans. Wireless
Commun., vol. 7, no. 5, pp. 1862–1867, May 2008.

[17] E. G. Larsson and B. R. Vojcic, “Cooperative transmit diversity
based on superposition modulation,” IEEE Commun. Lett., vol. 9, no. 9,
pp. 778–780, Sep. 2005.

[18] K. Ishii, “Superposition modulated cooperative diversity for half-duplex
scenario,” J. Commun., vol. 2, no. 7, pp. 20–27, Dec. 2007.

[19] Q. Xue, G. Abreu, and B. Aazhang, “Analysis of amplify-and-forward
DSTBCs over the random set relay channel,” in Proc. Asilomar Conf.
Signal Syst. Comput., Pacific Grove, CA, Oct. 2008.

[20] S. P. Kotagiri and J. N. Laneman, “Multiaccess channels with state known
to some encoders and independent messages,” EURASIP J. Wireless
Commun. Netw., vol. 2008, no. 4, p. 26, Jan. 2008.
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