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Abstract—In this paper, we combine opportunistic transmission and source/destination cooperation in a decode-and-forward
(DF)-based two-hop cooperative diversity network consisting of
multiple source-destination pairs and a single relay. Firstly, we
consider a special scenario with two source-destination pairs.
For this network, there are two possible strategies in each hop:
no-cooperation or cooperation. Considering the combination of
the two strategies in two cascaded hops, we investigate four
different end-to-end transmission strategies, and we find that the
four strategies complement one another depending on channel
conditions in terms of outage performance. To maximize the
mutual information, we propose an optimum joint selection of
source-destination pair and end-to-end transmission strategy.
Then we show that the optimum joint selection scheme can be
simplified without loss of outage performance, and derive its
exact outage probability in closed-form. Secondly, we generalize
the proposed transmission strategy into a scenario with multiple
source-destination pairs. For this network, we first propose
an optimum end-to-end transmission strategy to maximize the
mutual information, then a suboptimum end-to-end transmission
strategy to reduce the signaling overhead and computational
complexity. For the suboptimum strategy, we derive the outage
probability and diversity order.
Index Terms—Cooperative diversity network, decode-andforward (DF), destination cooperation, opportunistic transmission, outage probability, source cooperation.

I. I NTRODUCTION

C

OOPERATIVE diversity has recently received considerable attention because it can attain broader coverage
range and mitigate channel impairments by relaying signals in
a network [1], [2]. One of the most well-known cooperative
strategies is decode-and-forward (DF) relaying where each
relay terminal detects the incoming signal and retransmits the
detected symbol. There have been a lot of research activities
on the DF relaying because it can easily be combined with
channel codes and incorporated into network protocols. In
many applications of cooperative diversity networks, there
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might be multiple source-destination pairs and multiple relays [3]–[6]. Many of the works have focused on relaying
techniques such as beamforming at relays [3], [4], or relay
selection [5], [6].
Recently, to improve the performance of a network with
multiple source-destination pairs, some researchers have studied cooperation among multiple sources, which is referred
to as “source cooperation” [7], [8], and cooperation among
multiple destinations, which is referred to as “destination
cooperation” [7]–[10]. All those works assumed that the
direct-paths from multiple sources to multiple destinations
were strong enough to be practically utilized, and thus, they
did not considered the adoption of any relay terminals [7]–
[10]. In many scenarios such as shadowed urban cellular
channels or obstructed in buildings, however, direct-paths
might be too weak to be practically utilized due to path
attenuation and/or shadow fading. Furthermore, a weak directpath is very difficult to be actually exploited because synchronization is extremely difficult in practical systems. In
such scenarios, therefore, it should be a more practical and
reasonable approach to adopt relaying techniques. To the best
of our knowledge, however, there has been no work which
has tried to investigate source cooperation and/or destination
cooperation with relay terminals.1
On the other hand, opportunistic transmission has also been
considered as an attractive technique in time-varying channels
[11], [12]. Opportunistic transmission exploits time-varying
channel fluctuations by selecting a single best user associated
with the best channel gain at a given instant. Recently, many
researchers have studied opportunistic transmission in cooperative diversity networks [13]–[21]. Bletsas et al. proposed
opportunistic relay selection based on the “max-min” criterion
[13], and they also proved the proposed scheme was outage
optimal [14]. Gündüz et al. considered an opportunistic DF
protocol where a relay retransmitted a symbol only if the
symbol was correctly detected at the relay [15]. Zou et
al. considered an opportunistic amplify-and-forward protocol
for a source-destination pair with a relay where the relay
retransmitted the incoming signal only if the channel from
the source to the relay was not in outage [16]. To the best of
our knowledge, however, there has been no prior work that
combined opportunistic transmission and source/destination
cooperation, each of which individually has a potential to
improve the performance.
In this paper, we combine source/destination cooperation
1 In the literature, communications with relay terminals have been widely
studied. Furthermore, the utilization of relay terminals is adopted in many
standards such as Long Term Evolution (LTE)-Advanced and mobile Worldwide Interoperability for Microwave Access (WiMAX), based on IEEE802.16j
mobile multihop relay (MMR) networks.
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Fig. 1. System model for a cooperative diversity network consisting of two
source-destination pairs and a relay without any direct-path from sources to
destinations.

and opportunistic transmission in a DF-based relaying network. Specifically, we consider a network consisting of multiple source-destination pairs and a single relay, where there is
no end-to-end direct-path from sources to destinations. Note
that in our system model, multiple source-destination pairs
share a single relay terminal. Although the possibility of
multiple relays has been widely considered in the literature
under the assumption that any mobile terminal may serve as
a relay, there are actually some obstacles for such approach
in practical systems. For example, frequency/time synchronization across the multiple relays becomes very difficult for
non-stationary relay terminals due to the mobility, (fast) timevarying channels, and different distances from the source to
the relays.2 In many practical applications, therefore, one
powerful stationary relay terminal may be considered as a
more feasible and reasonable solution. For instance, in the
next generation cellular network standard Long Term Evolution (LTE)-Advanced, a typical scenario is that one powerful
stationary relay terminal is used in each cell.3
In this paper, we firstly consider a network with two sourcedestination pairs in Fig. 1, which will be generalized to
multiple source-destination pairs. The network of Fig. 1 can
be considered as a two-hop system without any end-to-end
direct-path: the first hop is from two sources to the relay
and the second hop is from the relay to two destinations. For
each hop, there are two possible strategies: no-cooperation or
cooperation. Considering the combination of the two strategies
in two cascaded hops, we investigate four different end-toend transmission strategies, and we demonstrate that the four
transmission strategies have different outage performance and
complement one another depending on channel conditions.
To maximize the mutual information, therefore, we jointly
determine both a best source-destination pair out of two
source-destination pairs and a best end-to-end transmission
strategy out of the four possible end-to-end transmission
strategies. As a result, we propose an optimal joint selection of
source-destination pair and end-to-end transmission strategy.
Then we show that the optimum joint selection scheme can
be simplified without loss of outage performance, and derive
its exact outage probability.
Secondly, we generalize the proposed transmission strategy
2 Furthermore, the multiple distinct relay terminals use their own distinct
oscillators. Therefore, across the relay terminals, there exist carrier frequency
offsets due to clock drifts resulting from inherent offsets in practical oscillator
crystals [22].
3 In LTE-Advanced, “Type 1” relay, which is one powerful stationary relay
terminal, creates a separate cell distinct from the donor cell.
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into a network with multiple source-destination pairs. We
first propose an optimum end-to-end transmission strategy to
maximize the mutual information. Due to the high signaling
overhead as well as high computational complexity, it is
extremely difficult to implement the optimum strategy as is in
practical systems. In order to reduce the signaling overhead
and computational complexity, we then propose a suboptimum
end-to-end transmission strategy on a basis of group-based
partition method. For the suboptimum strategy, we derive the
outage probability and diversity order.
The remainder of this paper is organized as follows. In
Section II, we describe the system model. In Section III, we
consider four different end-to-end transmission strategies for
two source-destination pairs. In Section IV, we propose an
optimum joint selection scheme for two source-destination
pairs. Then we show that the optimum joint selection scheme
can be simplified without loss of outage performance, and we
derive its exact outage probability. In Section V, we propose
optimum and suboptimum end-to-end transmission strategies
for multiple source-destination pairs. In Section VI, we present
simulation results. Finally, conclusions are drawn in Section
VII.
Notation: We use 𝑈 := 𝑉 to denote that 𝑈 , by definition,
equals 𝑉 , and we use 𝑈 =: 𝑉 to denote that 𝑉 , by
definition, equals 𝑈 . For a random variable 𝑊 , 𝑓𝑊 (⋅) denotes
its probability density function (PDF). For terminals 𝑋, 𝑌 ,
and 𝑍, ℒ(𝑋 → 𝑌 ) denotes a signal path from 𝑋 to 𝑌 ;
ℒ(𝑋 → 𝑌 → 𝑍) denotes a signal path from 𝑋 via 𝑌 to 𝑍;
→Y→
and ℒ(𝑋 −−−−→ 𝑍) denotes a combination of two signal paths
ℒ(𝑋 → 𝑍) and ℒ(𝑋 → 𝑌 → 𝑍). Finally, 𝑥 ∼ 𝒞𝒩 (𝑚, Ω)
indicates that 𝑥 is a circularly symmetric complex-valued
Gaussian random variable with mean 𝑚 and variance Ω.
II. S YSTEM D ESCRIPTION
In this section, we first describe the system model, and then
we present the mutual information for the first and second
hops.
A. System Model
Consider a cooperative diversity network consisting of 𝐿
source-destination pairs and one relay, where each terminal
has a single antenna and operates in a half-duplex mode. We
use S𝑙 , D𝑙 , and R to denote the 𝑙-th source, the 𝑙-th destination,
and the relay, respectively, where 𝑙 = 1, ⋅ ⋅ ⋅ , 𝐿. We suppose
S𝑙 intends to send data to D𝑙 only. The end-to-end direct-paths
from sources to destinations are not considered assuming the
distances between the end terminals are very long and/or there
are some obstacles between the end terminals.4 The complex
channel coefficient from S𝑙 to R is denoted by ℎS𝑙 ,R ; the
complex channel coefficient from R to D𝑙 is denoted by ℎR,D𝑙 ;
the complex inter-source channel coefficient between S𝑙 and
S𝑘 is denoted by ℎS𝑙 ,S𝑘 ; and the complex inter-destination
channel coefficient between D𝑙 and D𝑘 is denoted by ℎD𝑙 ,D𝑘 ,
where 𝑙, 𝑘 = 1, ⋅ ⋅ ⋅ , 𝐿 and 𝑘 ∕= 𝑙. We assume that the intersource and inter-destination channels are reciprocal, and that
all the channel coefficients are fixed over channel coherence
4 In this case, there is no practically meaningful performance gain even if
we add the weak direct-paths.
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time with ℎS𝑙 ,R ∼ 𝒞𝒩 (0, ΩS𝑙 ,R ), ℎR,D𝑙 ∼ 𝒞𝒩 (0, ΩR,D𝑙 ),
ℎS𝑙 ,S𝑘 ∼ 𝒞𝒩 (0, ΩS𝑙 ,S𝑘 ), and ℎD𝑙 ,D𝑘 ∼ 𝒞𝒩 (0, ΩD𝑙 ,D𝑘 ). The
noise associated with every channel is modeled as a mutually
independent additive white Gaussian noise (AWGN) with zero
mean and unit variance. We let 𝛾S𝑙 ,R , 𝛾R,D𝑙 , 𝛾S𝑙 ,S𝑘 , and 𝛾D𝑙 ,D𝑘
denote the instantaneous signal-to-noise ratios (SNRs) of the
link from S𝑙 to R, the link from R to D𝑙 , the link from
S𝑙 to S𝑘 , and the link from D𝑙 to D𝑘 , respectively, where
𝛾S𝑙 ,R = 𝒫∣ℎS𝑙 ,R ∣2 , 𝛾R,D𝑙 = 𝒫∣ℎR,D𝑙 ∣2 , 𝛾S𝑙 ,S𝑘 = 𝒫∣ℎS𝑙 ,S𝑘 ∣2 ,
and 𝛾D𝑙 ,D𝑘 = 𝒫∣ℎD𝑙 ,D𝑘 ∣2 with the transmission power 𝒫
at each terminal. We let 𝛾¯S𝑙 ,R , 𝛾¯R,D𝑙 , 𝛾¯S𝑙 ,S𝑘 , and 𝛾¯D𝑙 ,D𝑘
denote the average SNRs associated with 𝛾S𝑙 ,R , 𝛾R,D𝑙 , 𝛾S𝑙 ,S𝑘 ,
and 𝛾D𝑙 ,D𝑘 , respectively, where 𝛾¯S𝑙 ,R = 𝒫ΩS𝑙 ,R , 𝛾¯R,D𝑙 =
𝒫ΩR,D𝑙 , 𝛾¯S𝑙 ,S𝑘 = 𝒫ΩS𝑙 ,S𝑘 , and 𝛾¯D𝑙 ,D𝑘 = 𝒫ΩD𝑙 ,D𝑘 .
The network we consider is a two-hop system without any
end-to-end direct-path: the first hop is from 𝐿 sources to the
relay, and the second hop is from the relay to 𝐿 destinations.
In the following, we present the mutual information for each
hop.
B. Mutual Information for First Hop
In this subsection, we investigate the mutual information
in the first hop from 𝐿 sources to the relay. In the first hop,
multiple sources can cooperate with one another, which will be
referred to as “source-cooperation.” Suppose 𝑀 sources out
of 𝐿 sources are involved in the source-cooperation, where
1 ≤ 𝑀 ≤ 𝐿. As a special case, when 𝑀 = 1, there exist only
a direct transmission from the transmitting source to the relay,
which will be referred to as “no-source-cooperation.” Without
loss of generality, we assume S𝑙 is the transmitting source and
other 𝑀 − 1 sources relay the transmitted signal in the order
S𝑖1 , S𝑖2 , ⋅ ⋅ ⋅ , S𝑖𝑀 −1 . This scenario can be represented by a row
vector of 𝑀 sources [S𝑙 , S𝑖1 , S𝑖2 , ⋅ ⋅ ⋅ , S𝑖𝑀 −1 ] =: 𝒞S (𝑙). At the
first time slot, S𝑙 transmits its own signal, which is received
by R and {S𝑖𝑚 }𝑀−1
𝑚=1 . At the second time slot, S𝑖1 relays the
transmitted signal, which is received by R and {S𝑖𝑚 }𝑀−1
𝑚=2 . At
the third time slot, S𝑖2 relays the transmitted signal. In this
manner, all the 𝑀 − 1 sources relay the transmitted signal.
We now consider the mutual information at the 𝑖𝑚 -th
relaying terminal S𝑖𝑚 for 𝑚 = 1, ⋅ ⋅ ⋅ , 𝑀 − 1. At the first
relaying terminal S𝑖1 , the mutual information 𝐼([S𝑙 , S𝑖1 ]) is
involved only with a direct-path ℒ(S𝑙 → S𝑖1 ). Therefore,
𝐼([S𝑙 , S𝑖1 ]) is given by
𝐼([S𝑙 , S𝑖1 ]) = log2 (1 + 𝛾S𝑙 ,S𝑖1 ).

(1)

At the second relaying terminal S𝑖2 , the mutual information
𝐼([S𝑙 , S𝑖1 , S𝑖2 ]) is involved with two signal paths: a direct-path
ℒ(S𝑙 → S𝑖2 ) and a relay-path ℒ(S𝑙 → S𝑖1 → S𝑖2 ). Therefore,
𝐼([S𝑙 , S𝑖1 , S𝑖2 ]) is given by [29, eq. (19)]
𝐼([S𝑙 , S𝑖1 , S𝑖2 ])
{
log2 (1 + 𝛾S𝑙 ,S𝑖2 ),
𝐼([S𝑙 , S𝑖1 ]) < 𝑇 𝑅,
=
log2 (1 + 𝛾S𝑙 ,S𝑖2 + 𝛾S𝑖1 ,S𝑖2 ), 𝐼([S𝑙 , S𝑖1 ]) ≥ 𝑇 𝑅.

(2)

where 𝑅 denotes the end-to-end spectral efficiency in bps/Hz,
and 𝑇 denotes the total number of time slots for end-to-

end transmission.5 Generally, at the 𝑖𝑚 -th relaying terminal S𝑖𝑚 for 𝑚 = 1, ⋅ ⋅ ⋅ , 𝑀 − 1, the mutual information
𝐼([S𝑙 , S𝑖1 , ⋅ ⋅ ⋅ , S𝑖𝑚 ]) is involved with 𝑚 signal paths: a directpath ℒ(S𝑙 → S𝑖𝑚 ) and 𝑚 − 1 relay-paths, i.e. ℒ(S𝑙 →
S𝑖1 → S𝑖𝑚 ), ℒ(S𝑙 → S𝑖1 → S𝑖2 → S𝑖𝑚 ), ⋅ ⋅ ⋅ , and
ℒ(S𝑙 → S𝑖1 → S𝑖2 → ⋅ ⋅ ⋅ → S𝑖𝑚−1 → S𝑖𝑚 ). Therefore,
𝐼([S𝑙 , S𝑖1 , ⋅ ⋅ ⋅ , S𝑖𝑚 ]) is given by
𝑚−1
(
)
∑
𝐼([S𝑙 , S𝑖1 , ⋅ ⋅ ⋅ , S𝑖𝑚 ]) = log2 1 + 𝛾S𝑙 ,S𝑖𝑚 +
𝛿𝑖𝑘 𝛾S𝑖𝑘 ,S𝑖𝑚 ,
𝑘=1

(3)
where 𝑚 = 1, ⋅ ⋅ ⋅ , 𝑀 − 1. In the above equation, 𝛿𝑖𝑘 =
0 if the mutual information 𝐼([S𝑙 , S𝑖1 , ⋅ ⋅ ⋅ , S𝑖𝑘 ]) at S𝑖𝑘 is
smaller than 𝑇 𝑅, i.e. 𝐼([S𝑙 , S𝑖1 , ⋅ ⋅ ⋅ , S𝑖𝑘 ]) < 𝑇 𝑅; 𝛿𝑖𝑘 = 1
if 𝐼([S𝑙 , S𝑖1 , ⋅ ⋅ ⋅ , S𝑖𝑘 ]) is greater than or equal to 𝑇 𝑅, i.e.
𝐼([S𝑙 , S𝑖1 , ⋅ ⋅ ⋅ , S𝑖𝑘 ]) ≥ 𝑇 𝑅.
Finally, we consider the mutual information at the relay R.
The mutual information 𝐼([𝒞S (𝑙), R]) at R is involved with 𝑀
signal paths: a direct-path ℒ(S𝑙 → R) and 𝑀 − 1 relay-paths,
i.e. ℒ(S𝑙 → S𝑖1 → R), ℒ(S𝑙 → S𝑖1 → S𝑖2 → R), ⋅ ⋅ ⋅ , and
ℒ(S𝑙 → S𝑖1 → S𝑖2 → ⋅ ⋅ ⋅ → S𝑖𝑀 −1 → R). In a similar way
to (3), 𝐼([𝒞S (𝑙), R]) is given by
𝑀−1
(
)
∑
𝐼([𝒞S (𝑙), R]) = log2 1 + 𝛾S𝑙 ,R +
𝛿𝑖𝑚 𝛾S𝑖𝑚 ,R .

(4)

𝑚=1

Remark 1: Since the mutual information expression of (4)
is very general, it can be applied to any DF-based multihop cooperative diversity network. When only two sources
cooperate in a network, i.e. 𝑀 = 2, the mutual information
𝐼([𝒞S (𝑙), R]) of (4) reduces to the well-known result [29,
eq. (19)]. Also, when there is no direct-path from S𝑙 to R
and no cooperation among {S𝑖𝑚 }𝑀−1
𝑚=1 , which is equivalent to
the traditional two-hop relay network, the mutual information
𝐼([𝒞S (𝑙), R]) of (4) reduces to the well-known result [14, eq.
(8)]:
𝑀−1
(
)
∑
𝛿¯𝑖𝑚 𝛾S𝑖𝑚 ,R ,
𝐼([𝒞S (𝑙), R]) = log2 1 +

(5)

𝑚=1

where 𝛿¯𝑖𝑚 = 0 if 𝐼([S𝑙 , S𝑖𝑚 ]) < 2𝑅; and 𝛿¯𝑖𝑚 = 1 if
𝐼([S𝑙 , S𝑖𝑚 ]) ≥ 2𝑅.
C. Mutual Information for Second Hop
In this subsection, we investigate the mutual information
in the second hop from the relay to 𝐿 destinations. Similarly
to the first hop, in the second hop, multiple destinations can
cooperate with one another, which will be referred to as
“destination-cooperation.” As a special case, when 𝑁 = 1,
there exist only a direct transmission from the relay to
the desired destination, which will be referred to as “nodestination-cooperation.” Suppose 𝑁 destinations out of 𝐿
destinations are involved in the destination-cooperation, where
1 ≤ 𝑁 ≤ 𝐿. Without loss of generality, we assume D𝑙
is the desired destination, and other 𝑁 − 1 destinations
5 The exact value of 𝑇 will be determined when the end-to-end transmission
strategy is specified. Specifically, if 𝑀 sources and 𝑁 destinations are
involved in cooperation, then the value 𝑇 is given by 𝑇 = 𝑀 + 𝑁 , which
will be explained in Sections III and V.
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relay the signal in the order D𝑗1 , D𝑗2 , ⋅ ⋅ ⋅ , D𝑗𝑁 −1 . This scenario can be represented by a row vector of 𝑁 destinations
[D𝑗1 , D𝑗2 , ⋅ ⋅ ⋅ , D𝑗𝑁 −1 , D𝑙 ] =: 𝒞D (𝑙). Taking a step similar to
(4), 𝐼([R, 𝒞D (𝑙)]) is given by
𝑁
−1
(
)
∑
𝐼([R, 𝒞D (𝑙)]) = log2 1 + 𝛾R,D𝑙 +
𝛿𝑗𝑛 𝛾D𝑗𝑛 ,D𝑙 .

(6)

𝑛=1

In the above equation, 𝛿𝑗𝑛 = 0
mation 𝐼([R, D𝑗1 , ⋅ ⋅ ⋅ , D𝑗𝑛 ]) at D𝑗𝑛
i.e. 𝐼([R, D𝑗1 , ⋅ ⋅ ⋅ , D𝑗𝑛 ]) < 𝑇 𝑅;
𝐼([R, D𝑗1 , ⋅ ⋅ ⋅ , D𝑗𝑛 ]) is greater than
𝐼([R, D𝑗1 , ⋅ ⋅ ⋅ , D𝑗𝑛 ]) ≥ 𝑇 𝑅.

if the mutual inforis smaller than 𝑇 𝑅,
and 𝛿𝑗𝑛 = 1 if
or equal to 𝑇 𝑅, i.e.

III. E ND - TO -E ND T RANSMISSION S TRATEGIES FOR T WO
S OURCE -D ESTINATION PAIRS
In this section, we first consider four end-to-end transmission strategies for two source-destination pairs, and then
compare the four strategies.
A. Four End-to-End Transmission Strategies
There are many possible end-to-end transmission strategies
depending on if cooperation is adopted or not in each hop. In
this subsection, we classify the end-to-end transmission strategies into four possibilities: 1) a transmission strategy involving
no-source-cooperation in the first hop and no-destinationcooperation in the second hop, which will be referred to
as “no-cooperation-at-all”; 2) a transmission strategy involving source-cooperation in the first hop and no-destinationcooperation in the second hop, which will be referred to as
“source-cooperation-only”; 3) a transmission strategy involving no-source-cooperation in the first hop and destinationcooperation in the second hop, which will be referred to
as “destination-cooperation-only”; 4) a transmission strategy
involving source-cooperation in the first hop and destinationcooperation in the second hop, which will be referred to as
“source-destination-cooperation.”
For the no-cooperation-at-all, there are two possibilities in
source-destination pair selection: 1) S1 -D1 pair is selected,
which involves ℒ(S1 → R → D1 ); or 2) S2 -D2 pair is
selected, which involves ℒ(S2 → R → D2 ). Note that for each
case, the signal transmitted from S𝑙 involves two detections:
one is at R, and the other is at D𝑙 . Therefore, the mutual
information ℐ1,𝑙 for the 𝑙-th case can be expressed by the
minimum of ℐ([S𝑙 , R]) and ℐ([R, D𝑙 ]) as follows:6
[
]
1
ℐ1,𝑙 = min ℐ([S𝑙 , R]), ℐ([R, D𝑙 ]) ,
(7)
2
6 The end-to-end mutual information in DF-based multi-hop systems is
expressed by the minimum of the mutual information of each hop. For
instance, in [30, eq. 8] and [31, eq. 11], the outage probabilities are formulated
that way. Also, each destination must know the channel coefficients from its
corresponding source to the relay as in numerous previous works on DFbased cooperative diversity networks [23]–[25]. In a small number of works
on DF-based networks, however, a different channel assumption has been
made. Specifically, in [26], [27], for a network with one source-destination
pair and multiple relays, it was assumed that the destination knew only the
channel coefficients from the relays to the destination. In this limited channel
information case, however, it has been shown that the system did not achieve
the full diversity order [26], and thus, the performance seriously deteriorates
especially in the high SNR regime. Furthermore, taking steps similar to [28],
the destinations can collect the channel coefficients.
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for 𝑙 = 1, 2. In the above equation, we use the constant 1/2
because communication from S𝑙 to D𝑙 is done during two time
slots.
For the source-cooperation-only, there are two possibilities:
→S →
1) S1 -D1 pair is selected, which involves ℒ(S1 −−−2−→
R → D1 ); or 2) S2 -D2 pair is selected, which involves
→S →
ℒ(S2 −−−1−→ R → D2 ). Taking a step similar to (7), the
mutual information ℐ2,𝑙 for the 𝑙-th case is given by
[
]
1
min ℐ([S𝑙 , S3−𝑙 , R]), ℐ([R, D𝑙 ]) ,
(8)
3
for 𝑙 = 1, 2. In the above equations, we use the constant 1/3
because communication from S𝑙 to D𝑙 is done during three
time slots.
For the destination-cooperation-only, there are two possibilities: 1) S1 -D1 pair is selected, which involves
→D2 →
ℒ(S1 → R −
−−−−→ D1 ); or 2) S2 -D2 pair is selected, which
→D1 →
−−−−→ D2 ). Taking a step similar to (7),
involves ℒ(S2 → R −
the mutual information ℐ3,𝑙 for the 𝑙-th case is given by
ℐ2,𝑙 =

ℐ3,𝑙 =

[
]
1
min ℐ([S𝑙 , R]), ℐ([R, D3−𝑙 , D𝑙 ]) ,
3

(9)

for 𝑙 = 1, 2.
For the source-destination-cooperation, there are two
possibilities: 1) S1 -D1 pair is selected, which involves
→D2 →
→S →
ℒ(S1 −−−2−→ R −−−−
−→ D1 ); or 2) S2 -D2 pair is selected,
→D1 →
→S →
−−−−→ D2 ). Taking a step
which involves ℒ(S2 −−−1−→ R −
similar to (7), the mutual information ℐ4,𝑙 for the 𝑙-th case is
given by
[
]
1
(10)
ℐ4,𝑙 = min ℐ([S𝑙 , S3−𝑙 , R]), ℐ([R, D3−𝑙 , D𝑙 ]) ,
4
for 𝑙 = 1, 2. In the above equations, we use the constant 1/4
because communication from S𝑙 to D𝑙 is done during four
time slots.
For each end-to-end transmission strategy, to maximize the
mutual information, we select a single best source-destination
pair out of two pairs in an opportunistic manner depending on
channel conditions. This is an optimum source-destination pair
selection problem for each of the four end-to-end transmission
strategies. In order to maximize the mutual information, therefore, ℐ1,𝑙 of (7) or ℐ2,𝑙 of (8) or ℐ3,𝑙 of (9) or ℐ4,𝑙 of (10) must
be maximized. This problem can be formulated as a max-min
problem. Depending on channel conditions, the index 𝑙opt,𝑗
of a single best source-destination pair is determined by the
max-min criterion as follows:7
𝑙opt,𝑗 = arg max ℐ𝑗,𝑙 ,
𝑙=1,2

(11)

where 𝑗 = 1, 2, 3, 4. In Figs. 2, 3, and 4, the
no-cooperation-at-all, source-cooperation-only, and sourcedestination-cooperation are depicted, respectively.
Remark 2: The four end-to-end transmission strategies can
be considered as two individual traditional cooperative systems
connected by the relay. However, there are some differences
7 With this criterion, two sources might have different opportunity to
transmit the signals. However, one can overcome this unfairness by adopting
many techniques in multiuser systems such as the proportional fairness
algorithm and/or adaptive modulation with different transmission power at
the two sources [11], [12].
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R

R
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Fig. 2.

S2

D2

Time slot 1
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The no-cooperation-at-all.
Fig. 4.

If lopt,2 = 1;

S1

D1

D2

Time slot 1

Time slot 2

Time slot 3

Time slot 4

The source-destination-cooperation.

D1

R

If lopt,2 = 2 ;

S2

D2

S1

D1
R

S2
Time slot 1

Fig. 3.

D2
Time slot 2

Time slot 3

The source-cooperation-only.

between the traditional cooperative diversity system and the
way used in our paper. First, in traditional cooperative diversity
systems, each terminal has its own unique role irrespective
of channel conditions, whereas in our system, each terminal
has different role depending on channel conditions in an
opportunistic manner, i.e. sources/destinations can serves as
relays. Secondly, we combine traditional cooperation with
opportunistic transmission.
B. Comparison of Four End-To-End Transmission Strategies
In this subsection, we compare the four end-to-end transmission strategies: no-cooperation-at-all, source-cooperationonly, destination-cooperation-only, and source-destinationcooperation in terms of outage performance.8 Note that the
four end-to-end strategies require different time slots and
different total transmission power: the no-cooperation-at-all
needs two time slots (𝑇 = 2) and consumes 2𝒫; both
the source-cooperation-only and destination-cooperation-only
need three time slots (𝑇 = 3) and consume 3𝒫; and the
8 For coded systems, there are two important performance measures in
the literature: ergodic capacity and outage capacity (outage performance).
Although ergodic capacity is theoretically an important performance measure,
it may be considered as rather unsuitable in practical systems [32]. On the
other hand, outage capacity is actually considered as more suitable in practice
[32]. As in many previous works [13], [14], [30], therefore, we adopt outage
performance as a performance measure and the mutual information as a
selection criterion.

source-destination-cooperation needs four time slots (𝑇 =
4) and consumes 4𝒫. For a fair comparison of the four
transmission strategies, we must make the total transmission
power the same. To this end, we introduce a power scale
factor 𝜅 as follows: 𝜅 = 1 for the no-cooperation-at-all;
𝜅 = 2/3 for both the source-cooperation-only and destinationcooperation-only; and 𝜅 = 1/2 for the source-destinationcooperation. Then we use 𝜅𝛾 instead of 𝛾 in (4) and (6),
where 𝛾 ∈ {𝛾S1 ,S2 , 𝛾D1 ,D2 , 𝛾S𝑙 ,R , 𝛾R,D𝑙 : 𝑙 = 1, 2}. As a
result, the total transmission power of all the four end-to-end
transmission strategies becomes identical, and it is 2𝒫.
Then we investigate the outage performance of the four
end-to-end transmission strategies. We let 𝑃out,1 , 𝑃out,2 ,
𝑃out,3 , and 𝑃out,4 denote the outage probabilities of the
no-cooperation-at-all, source-cooperation-only, destinationcooperation-only, and source-destination-cooperation,
respec[
is
given
by
𝑃
=
Pr
max
tively,
where
𝑃
out,𝑗
out,𝑗
𝑙=1,2 ℐ𝑗,𝑙 <
]
𝑅 for 𝑗 = 1, 2, 3, 4. In Section VI, the four outage probabilities will be numerically compared. Interestingly, it will turn
out that a particular strategy is not always better than another
strategy. That is, depending on channel conditions, the four
end-to-end transmission strategies complement one another in
terms of outage performance. This observation motivates us
to propose an optimum selection of one strategy out of the
four possible end-to-end transmission strategies, along with
an optimum source-destination pair.
Remark 3: We could analytically derive the exact outage
probabilities {𝑃out,𝑗 : 𝑗 = 1, 2, 3, 4} in closed-form. Specifically, taking a step similar to [14, eq. (20)], it is easy to derive
𝑃out,1 . Also, taking steps similar to those used in Appendices
A and B, it is possible to derive {𝑃out,𝑗 : 𝑗 = 2, 3, 4}. The
final expressions, however, are not presented in this paper
because they are too long to be presented due to the page
limit. Furthermore, our final objective is not to propose or
use individually the four end-to-end transmission strategies.
Instead, we will propose a jointly (or globally) optimum
scheme, and its exact outage probability in closed-form will
be presented in the next section.
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IV. O PTIMUM J OINT S ELECTION S CHEME FOR T WO
S OURCE -D ESTINATION PAIRS
In this section, we first propose an optimum joint scheme
for source-destination pair selection and transmission strategy
selection. That is, we jointly select a single best sourcedestination pair and a single best end-to-end transmission
strategy. Then we show that the optimum joint selection
scheme can be simplified without loss of outage performance.
Finally, we derive the exact outage probability.
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B. Simplified Joint Selection
In this subsection, we consider another but simpler joint
selection method, which involves only three end-to-end transmission strategies: no-cooperation-at-all, source-cooperationonly, and destination-cooperation-only. This will be referred
to as “simplified joint selection (SJS)” in this paper. Taking
a step similar to (12), the index 𝑗SJS of the selected end-toend transmission strategy and the index 𝑙SJS of the selected
source-destination pair are jointly determined as follows:
(𝑗SJS , 𝑙SJS ) = arg max ℐ𝑗,𝑙 .
𝑗=1,2,3
𝑙=1,2

A. Joint Source-Destination Pair Selection and Transmission
Strategy Selection
In this subsection, we consider joint optimum selection
for both a best source-destination pair out of two sourcedestination pairs and a best transmission strategy out of the
four end-to-end transmission strategies. This will be referred to
as the “joint selection (JS).” In this paper, the joint selection is
made such that the mutual information is maximized. That is,
the index 𝑗JS of the selected end-to-end transmission strategy
and the index 𝑙JS of the selected source-destination pair are
jointly determined as follows:
(𝑗JS , 𝑙JS ) = arg max ℐ𝑗,𝑙 .
𝑗=1,2,3,4
𝑙=1,2

(12)

Also, the mutual information ℐSJS
joint selection can be expressed by
{ℐ𝑗,𝑙 , : 𝑗 = 1, 2, 3, 𝑙 = 1, 2} as
max𝑗=1,2,3 ℐ𝑗,𝑙 = ℐ𝑗SJS ,𝑙SJS . Note that
𝑙=1,2

(14)

for the simplified
the maximum of
follows: ℐSJS =
ℐSJS involves only

{ℐ𝑗,𝑙 , : 𝑗 = 1, 2, 3, 𝑙 = 1, 2} without {ℐ4,𝑙 , : 𝑙 =
1, 2}. Then, using (7), (8), and (9), the outage probability
JS
𝑃out
(𝑅; 𝛾¯S1 ,R , 𝛾¯S2 ,R , 𝛾¯R,D1 , 𝛾¯R,D2 , 𝛾¯S1 ,S1 , 𝛾¯D1 ,D2 ) of the simplified joint selection is given by
SJS
(𝑅; 𝛾¯S1 ,R , 𝛾¯S2 ,R , 𝛾¯R,D1 , 𝛾¯R,D2 , 𝛾¯S1 ,S1 , 𝛾¯D1 ,D2 )
𝑃out
= Pr[ℐSJS < 𝑅]
[
]
= Pr ℐ1,𝑙opt,1 < 𝑅, ℐ2,𝑙opt,2 < 𝑅, ℐ3,𝑙opt,3 < 𝑅 .
(15)

C. Outage Probability

In this subsection, we first show the simplified joint selection is equivalent to the original joint selection in terms of
outage performance.
𝑙=1,2
Theorem
1:
The
outage probability of
the
Then, using (7), (8), (9), and (10), the outage probability
simplified
joint
selection
is
identical
to
the
JS
𝑃out (𝑅; 𝛾¯S1 ,R , 𝛾¯S2 ,R , 𝛾¯R,D1 , 𝛾¯R,D2 , 𝛾¯S1 ,S1 , 𝛾¯D1 ,D2 ) of the joint
outage
probability of
the
joint
selection,
i.e.
selection is given by
SJS
(𝑅; 𝛾¯S1 ,R , 𝛾¯S2 ,R , 𝛾¯R,D1 , 𝛾¯R,D2 , 𝛾¯S1 ,S1 , 𝛾¯D1 ,D2 )
=
𝑃out
JS
(𝑅;
𝛾
¯
,
𝛾
¯
,
𝛾
¯
,
𝛾
¯
,
𝛾
¯
,
𝛾
¯
).
𝑃
S1 ,R S2 ,R R,D1
R,D2
S1 ,S1
D1 ,D2
out
JS
(𝑅; 𝛾¯S1 ,R , 𝛾¯S2 ,R , 𝛾¯R,D1 , 𝛾¯R,D2 , 𝛾¯S1 ,S1 , 𝛾¯D1 ,D2 )
𝑃out
Proof: See Appendix A.
□
= Pr[ℐJS < 𝑅]
In Section VI, this theorem will be confirmed numerically.
[
]
= Pr ℐ1,𝑙opt,1 < 𝑅, ℐ2,𝑙opt,2 < 𝑅, ℐ3,𝑙opt,3 < 𝑅, ℐ4,𝑙opt,4 < 𝑅 . In fact, one could intuitively expect the result of Theorem
(13) 1 as follows. First, one can determine the outage status of
the no-cooperation-at-all, joint selection, and simplified joint
It is possible to derive the exact outage probability of selection depending on (𝛾S1 ,R , 𝛾S2 ,R , 𝛾R,D1 , 𝛾R,D2 ), which is
the joint selection by directly solving (13). However, since tabulated in Table I. As can be seen in the table, only for
{ℐ𝑗,𝑙 : 𝑗 = 1, 2, 3, 4, 𝑙 = 1, 2} are correlated one another, it is two cases, 𝐶𝑎𝑠𝑒 4 and 𝐶𝑎𝑠𝑒 7, the original joint selection
very lengthy and complicated to directly solve (13). Therefore, has different outage status from the no-cooperation-at-all.
we take another approach, which is simpler, more useful, and Since the combination of the source-cooperation-only and
more insightful. Specifically, we first consider another but destination-cooperation-only can cover the two cases, the
simpler joint selection method, and then we prove that this source-destination-cooperation does not need to be actually
simpler joint selection method is equivalent to the original involved. That is, outage performance of the joint selection
joint selection in terms of outage performance. Finally, by does not deteriorate even if the source-destination-cooperation
deriving the outage probability of the simpler joint selection is not involved. Therefore, the joint selection is equivalent to
method, we obtain the outage probability of the original joint the simplified joint selection in terms of outage performance.9
From Theorem 1, we can derive some interesting and imporselection.
Remark 4: Our system is quite similar to a system in inter- tant implications as follows. Firstly, adding the possibility of
ference channel, where two sources transmit the signals at the the source-destination-cooperation does not actually improve
same time [33]–[35]. However, there are still many different the outage performance. Therefore, in the implementation
aspects between our work and the interference channel. In fact, of a practical system, one just needs to combine the three
there are tradeoffs between two systems: our system is more
9 Therefore, the mutual information ℐ
of the joint selection and that
reliable, whereas a system in interference channel is more ℐSJS of the simplified joint selection are JS
equivalent in the sense of “equal in
distribution” [36].
bandwidth efficient.

The mutual information ℐJS for the joint selection can be
expressed by the maximum of {ℐ𝑗,𝑙 , : 𝑗 = 1, 2, 3, 4, 𝑙 =
1, 2} as follows: ℐJS = max𝑗=1,2,3,4 ℐ𝑗,𝑙 = ℐ𝑗JS ,𝑙JS .
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TABLE I
O UTAGE STATUS OF THE NO - COOPERATION - AT- ALL , JOINT SELECTION , AND SIMPLIFIED JOINT SELECTION DEPENDING ON
(𝛾S1 ,R , 𝛾S2 ,R , 𝛾R,D1 , 𝛾R,D2 ). ⃝: ALWAYS IN OUTAGE ; ×: NOT IN OUTAGE ; △: MAY NOT IN OUTAGE . 𝑅1 = 22𝑅 − 1.

𝛾S1 ,R
< 𝑅1
< 𝑅1
≥ 𝑅1
≥ 𝑅1
< 𝑅1
< 𝑅1
≥ 𝑅1
≥ 𝑅1
< 𝑅1
< 𝑅1
≥ 𝑅1
≥ 𝑅1
< 𝑅1
< 𝑅1
≥ 𝑅1
≥ 𝑅1

𝛾S2 ,R
< 𝑅1
≥ 𝑅1
< 𝑅1
≥ 𝑅1
< 𝑅1
≥ 𝑅1
< 𝑅1
≥ 𝑅1
< 𝑅1
≥ 𝑅1
< 𝑅1
≥ 𝑅1
< 𝑅1
≥ 𝑅1
< 𝑅1
≥ 𝑅1

𝛾R,D1
< 𝑅1
< 𝑅1
< 𝑅1
< 𝑅1
< 𝑅1
< 𝑅1
< 𝑅1
< 𝑅1
≥ 𝑅1
≥ 𝑅1
≥ 𝑅1
≥ 𝑅1
≥ 𝑅1
≥ 𝑅1
≥ 𝑅1
≥ 𝑅1

𝛾R,D2
< 𝑅1
< 𝑅1
< 𝑅1
< 𝑅1
≥ 𝑅1
≥ 𝑅1
≥ 𝑅1
≥ 𝑅1
< 𝑅1
< 𝑅1
< 𝑅1
< 𝑅1
≥ 𝑅1
≥ 𝑅1
≥ 𝑅1
≥ 𝑅1

No-cooperation-at-all
⃝
⃝
⃝
⃝
⃝
×
⃝
×
⃝
⃝
×
×
⃝
×
×
×

possible end-to-end transmission strategies, not the whole four
transmission strategies. This makes the system implementation
easier and simpler. Secondly, this simplification makes grouping easy when multiple source-destination pairs exist. Since
the number of possible strategies increases exponentially as
the cardinality of a group increases, one should restrict the
number of source-destination pairs in a group to be one or
two in practice. In grouping, it is not always possible to find
two source-destination pairs such that both two sources are
relatively closer each other and two destinations are relatively
closer each other at the same time. If we utilize Theorem
1, one can partition a group, where two sources are relatively
closer each other or two destinations are relatively closer each
other, which will be explained in Section V.B. Thirdly, in
order to derive the outage probability of (13), one can tackle
a simpler problem of (15), not the original problem of (13).
This makes the outage performance analysis much simpler. In
the following theorem, we derive the outage probability of the
simplified joint selection.
Theorem 2: The exact closed-form outage probabilSJS
(𝑅; 𝛾¯S1 ,R , 𝛾¯S2 ,R , 𝛾¯R,D1 , 𝛾¯R,D2 , 𝛾¯S1 ,S1 , 𝛾¯D1 ,D2 ) of the
ity 𝑃out
simplified joint selection is given by
SJS
(𝑅; 𝛾¯S1 ,R , 𝛾¯S2 ,R , 𝛾¯R,D1 , 𝛾¯R,D2 , 𝛾¯S1 ,S1 , 𝛾¯D1 ,D2 )
𝑃out

=

4
∑

Ψ𝑖 + Ψ5 (¯
𝛾S1 ,R , 𝛾¯S2 ,R , 𝛾¯R,D1 , 𝛾¯R,D2 )

𝑖=1

+ Ψ5 (¯
𝛾S2 ,R , 𝛾¯S1 ,R , 𝛾¯R,D2 , 𝛾¯R,D1 ),

(16)

where
Ψ1 = Ξ0 (𝑅1 ; 𝛾¯R,D1 )Ξ0 (𝑅1 ; 𝛾¯R,D2 ),
Ψ2 = Ξ0 (𝑅1 ; 𝛾¯S1 ,R )Ξ0 (𝑅1 ; 𝛾¯S2 ,R )
× Ξ0 (𝑅1 ; 𝛾¯R,D1 )Ξ1 (𝑅1 ; 𝛾¯R,D2 ),
Ψ3 = Ξ0 (𝑅1 ; 𝛾¯S1 ,R )Ξ0 (𝑅1 ; 𝛾¯S2 ,R )
× Ξ1 (𝑅1 ; 𝛾¯R,D1 )Ξ0 (𝑅1 ; 𝛾¯R,D2 ),
Ψ4 = Ξ0 (𝑅1 ; 𝛾¯S1 ,R )Ξ0 (𝑅1 ; 𝛾¯S2 ,R )
× Ξ1 (𝑅1 ; 𝛾¯R,D1 )Ξ1 (𝑅1 ; 𝛾¯R,D2 ),

(17)
(18)
(19)
(20)

Joint selection
⃝
⃝
⃝
⃝
⃝
×
△
×
⃝
△
×
×
⃝
×
×
×

Simplified joint selection
⃝
⃝
⃝
⃝
⃝
×
△
×
⃝
△
×
×
⃝
×
×
×

𝐶𝑎𝑠𝑒 1
𝐶𝑎𝑠𝑒
𝐶𝑎𝑠𝑒
𝐶𝑎𝑠𝑒
𝐶𝑎𝑠𝑒
𝐶𝑎𝑠𝑒
𝐶𝑎𝑠𝑒

2
3
4
5
6
7

𝐶𝑎𝑠𝑒 8
𝐶𝑎𝑠𝑒 9
𝐶𝑎𝑠𝑒 10

𝛾1 , 𝛾¯2 , 𝛾¯3 , 𝛾¯4 )
Ψ5 (¯
= Ξ1 (𝑅1 ; 𝛾¯1 )Ξ0 (𝑅1 ; 𝛾¯2 )Ξ0 (𝑅1 ; 𝛾¯3 )Ξ2 (𝑅2 , 𝑅1 ; 𝛾¯4 )
+ Ξ0 (𝑅1 ; 𝛾¯3 )Ξ1 (𝑅2 ; 𝛾¯4 )Ξ1 (𝑅2 ; 𝛾¯S1 ,S2 )Ξ5 (𝑅2 , 𝑅1 ; 𝛾¯1 , 𝛾¯2 )
+ Ξ0 (𝑅1 ; 𝛾¯2 )Ξ1 (𝑅2 ; 𝛾¯3 )Ξ0 (𝑅2 ; 𝛾¯S1 ,S2 )
× Ξ3 (𝑅2 , 𝑅1 ; 𝛾¯1 , 𝛾¯3 , 𝛾¯D1 ,D2 ),
(21)
with 𝑅1 = 22𝑅 − 1 and 𝑅2 =
equations,

3 3𝑅
2 (2

− 1). In the above

Ξ0 (𝑅0 ; 𝛾¯ ) = 1 − exp(−𝑅0 /¯
𝛾 ),
𝛾 ),
Ξ1 (𝑅0 ; 𝛾¯ ) = exp(−𝑅0 /¯
Ξ2 (𝑅2 , 𝑅1 ; 𝛾¯ ) = Ξ0 (𝑅2 ; 𝛾¯ ) − Ξ0 (𝑅1 ; 𝛾¯ ),

(22)
(23)
(24)

Ξ3 (𝑅2 , 𝑅1 ; 𝜉1 , 𝜉2 , 𝜉3 ) = Ξ2 (𝑅2 , 𝑅1 ; 𝜉1 ) + Ξ4 (𝑅2 , 𝑅1 ; 𝜉2 , 𝜉3 )
− Ξ2 (𝑅2 , 𝑅1 ; 𝜉1 )Ξ4 (𝑅2 , 𝑅1 ; 𝜉2 , 𝜉3 ),
(25)
Ξ4 (𝑅2 , 𝑅1 ; 𝜉1 , 𝜉2 )
⎧

(
)
⎨ Ξ0 (𝑅1 ; 𝜉1 )
𝜉1 𝜉2
2
𝑅
− 𝜉2𝜉−𝜉
Ξ
(𝑅
;
𝜉
)Ξ
;
=
1
2
2
0
1
𝜉2 −𝜉1 , 𝜉1 ∕= 𝜉2 ,
1

⎩ Ξ (𝑅 ; 𝜉 ) − 𝑅1 Ξ (𝑅 ; 𝜉 ),
𝜉1 = 𝜉2 ,
0
1 1
2 1
𝜉1 1
Ξ5 (𝑅2 , 𝑅1 ; 𝜉1 , 𝜉2 )
⎧

⎨ Ξ0 (𝑅1 ; 𝜉1 )Ξ1 (𝑅1 ; 𝜉2 )(
=

)
𝜉1 𝜉2
2
𝑅
− 𝜉2𝜉−𝜉
Ξ
(𝑅
;
𝜉
)Ξ
;
1
2
2
0
1
𝜉2 −𝜉1 ,
1


⎩ Ξ (𝑅 ; 𝜉 )Ξ (𝑅 ; 𝜉 ) −
0
1 1
1
1 1

𝑅1
𝜉1 Ξ1 (𝑅2 ; 𝜉1 ),

(26)

𝜉1 ∕= 𝜉2 ,
𝜉1 = 𝜉2 .
(27)

Proof: See Appendix B.
□
Note that by Theorem 1, the exact closed-form outage probJS
(𝑅; 𝛾¯S1 ,R , 𝛾¯S2 ,R , 𝛾¯R,D1 , 𝛾¯R,D2 , 𝛾¯S1 ,S1 , 𝛾¯D1 ,D2 ) of
ability 𝑃out
the original joint selection is given by (16) as well. In the
following, we present diversity order of the simplified joint
selection.
Lemma 1: The simplified joint selection achieves the full
diversity order two.
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Proof: When 𝒫 goes to infinity, we have
lim

𝒫→∞

=

SJS
𝑃out
(𝑅; 𝛾¯S1 ,R , 𝛾¯S2 ,R , 𝛾¯R,D1 , 𝛾¯R,D2 , 𝛾¯S1 ,S1 , 𝛾¯D1 ,D2 )

𝐶1
+𝒪
𝒫2

(

1
𝒫3

)

,

(28)

is
a
constant.
That
is,
where
𝐶1
SJS
(𝑅; 𝛾¯S1 ,R , 𝛾¯S2 ,R , 𝛾¯R,D1 , 𝛾¯R,D2 , 𝛾¯S1 ,S1 , 𝛾¯D1 ,D2 ) behaves
𝑃out
like 1/𝒫 2 as 𝒫 approaches infinity. Thus, the diversity order
of the simplified joint selection is two.
□
Note that by Theorem 1, the the original joint selection also
achieves the full diversity order two as well.
V. M ULTIPLE S OURCE -D ESTINATION PAIRS
In this section, we generalize the proposed transmission
strategy into a network with 𝐿 source-destination pairs. Specifically, we first propose an optimum end-to-end transmission
strategy, and then a suboptimum end-to-end transmission
strategy in order to reduce the signaling overhead and computational complexity. Finally, we derive the outage probability
and diversity order of the suboptimum strategy.
A. Optimum End-to-End Transmission Strategy
In this subsection, we propose an optimum end-to-end
transmission strategy for 𝐿 source-destination pairs. Taking a
step similar to (7) with 𝐼([𝒞S (𝑙), R]) of (4) and 𝐼([R, 𝒞D (𝑙)])
of (6), the end-to-end mutual information 𝐼([𝒞S (𝑙), R, 𝒞D (𝑙)])
is given by
𝐼([𝒞S (𝑙), R, 𝒞D (𝑙)])
[
]
1
min 𝐼([𝒞S (𝑙), R]), 𝐼([R, 𝒞D (𝑙)]) ,
=
𝑀 +𝑁

(29)

where we use the constant 1/(𝑀 +𝑁 ) because communication
from S𝑙 to D𝑙 is done during 𝑀 + 𝑁 time slots. Depending
on how many sources and destinations are involved in the
source/destination-cooperation and on the (ordering(of the
in∑𝐿−1 𝐿−1) )2
𝑘!
volved sources and destinations, there are 𝐿
𝑘=0
𝑘
end-to-end transmission strategies. Note that each end-toend transmission strategy can have different performance
in general. For a fair comparison of transmission power
for all the end-to-end transmission strategies, as in Section
III.B, we use 𝜅
¯ 𝛾 instead of 𝛾 in (4) and (6), where 𝛾 ∈
{𝛾S𝑙 ,S𝑘 , 𝛾D𝑙 ,D𝑘 , 𝛾S𝑙 ,R , 𝛾R,D𝑙 : 𝑙, 𝑘 = 1, ⋅ ⋅ ⋅ , 𝐿 and 𝑘 ∕= 𝑙} and
𝜅
¯ = 𝜌/(𝑀 + 𝑁 ) with a positive real value 𝜌. As a result, the
total transmission power of all the end-to-end transmission
strategies becomes identical, and it is 𝜌𝒫.
In order to maximize the mutual information
𝐼([𝒞S (𝑙), R, 𝒞D (𝑙)]) of (29), the index of selected sourcedestination pair ˆ𝑙, the set of selected sources 𝒞ˆS (ˆ𝑙), and
the set of selected destinations 𝒞ˆD (ˆ𝑙) are determined by the
max-min criterion as follows:
(ˆ𝑙, 𝒞ˆS (ˆ𝑙), 𝒞ˆD (ˆ𝑙)) = arg

max

𝑙=1,⋅⋅⋅ ,𝐿
𝒞S (𝑙)∈𝒬1 (𝑙)
𝒞D (𝑙)∈𝒬2 (𝑙)

𝐼([𝒞S (𝑙), R, 𝒞D (𝑙)]). (30)

In the above equation, 𝒬1 (𝑙) denotes a set of vectors, which
are made by enumerating all the possible orderings of any
combination of {S𝑘 : 𝑘 = 1, ⋅ ⋅ ⋅ , 𝐿, 𝑘 { ∕= 𝑙} when the
transmitting source is S𝑙 , i.e. 𝒬1 (𝑙) = [S𝑙 ], [S𝑙 , S1 ], ⋅ ⋅ ⋅ ,
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[S𝑙 , S𝐿 ], [S𝑙 , S1 , S2 ], ⋅ ⋅ ⋅ , [S𝑙 , S𝐿 , S𝐿−1 ], ⋅ ⋅ ⋅ , [S𝑙 , S1 , S2 , ⋅ ⋅ ⋅ ,
S𝑙−1
}, S𝑙+1 , ⋅ ⋅ ⋅ , S𝐿 ], ⋅ ⋅ ⋅ , [S𝑙 , S𝐿 , S𝐿−1 , ⋅ ⋅ ⋅ , S𝑙+1 , S𝑙−1 , ⋅ ⋅ ⋅ ,
S1 ] ; 𝒬2 (𝑙) denotes a set of vectors, which are made by
enumerating all the possible orderings of any combination
of {D𝑘 : 𝑘 = 1, ⋅ ⋅ ⋅ , 𝐿, 𝑘{ ∕= 𝑙} when the desired
destination is D𝑙 , i.e. 𝒬2 (𝑙) = [D𝑙 ], [D1 , D𝑙 ], ⋅ ⋅ ⋅ , [D𝐿 , D𝑙 ],
[D1 , D2 , D𝑙 ], ⋅ ⋅ ⋅ , [D𝐿 , D𝐿−1 , D𝑙 ], ⋅ ⋅ ⋅ , [D1 , D2 , ⋅ ⋅ ⋅ , D𝑙−1 ,
D𝑙+1
} , ⋅ ⋅ ⋅ , D𝐿 , D𝑙 ], ⋅ ⋅ ⋅ , [D𝐿 , D𝐿−1 , ⋅ ⋅ ⋅ , D𝑙+1 , D𝑙−1 , ⋅ ⋅ ⋅ , D1 ,
D𝑙 ] .10
Note that the proposed optimum end-to-end transmission
strategy of (30) maximizes the mutual information. However,
there are two issues, which make the implementation difficult
in practice. Firstly, in the optimum strategy, a controlling
node determining the optimum transmission strategy must
know all the channel coefficients in the entire network, which
induces extremely high signaling overhead. Specifically, for
𝐿 source-destination pairs, the controlling node must collect
𝐿2 +𝐿 channel coefficients, i.e. {ℎS𝑙 ,R , ℎR,D𝑙 , ℎS𝑙 ,S𝑘 , ℎD𝑙 ,D𝑘 :
𝑙, 𝑘 = 1 ⋅ ⋅ ⋅ , 𝐿, 𝑘 ∕= 𝑙}. Secondly, the controlling node must
calculate all the end-to-end mutual information possibilities
{𝐼([𝒞S (𝑙), R, 𝒞D (𝑙)]) : 𝑙 = 1, ⋅ ⋅ ⋅ , 𝐿, 𝒞S (𝑙) ∈ 𝒬1 (𝑙), 𝒞D (𝑙) ∈
𝒬2 (𝑙)}, which induces extremely high computational complexity. Specifically, for 𝐿 source-destination
pairs,
an )opti(𝐿−1
)2
( ∑𝐿−1
mum strategy must be determined from 𝐿
𝑘=0
𝑘 𝑘!
possibilities. For example, there are 8 possibilities when
𝐿 = 2; 75 possibilities when 𝐿 = 3; and 1024 possibilities
when 𝐿 = 4. In total, due to the high signaling overhead as
well as high computational complexity, it is extremely difficult
to implement the optimum strategy as is in practical systems.
In order to reduce the signaling overhead as well as computational complexity, therefore, we will consider a suboptimum
end-to-end transmission strategy in the next subsection.
B. Group-Based Suboptimum End-to-End Transmission Strategy
In this subsection, we propose a suboptimum end-to-end
transmission strategy. For a sensor network which is one of
major applications of cooperative diversity networks, there
have been numerous approaches to reduce the signaling overhead and computational complexity. Among the approaches,
a group-based partition method has been shown to be very
effective in practical systems. In this paper, therefore, we adopt
the group-based partition method, which divides a network
into disjoint groups. Since the number of possible strategies
increases exponentially as the cardinality of a group increases,
we restrict the number of source-destination pairs in a group
to be one or two. The proposed suboptimum strategy can be
summarized as follows:
Group-Based Suboptimum Strategy:
1) Depending on distances (including the effect of
the channel statistics) among terminals, 𝐿 sourcedestination pairs are divided into disjoint groups, where
each group has one/two source-destination pair(s).
Specifically, we partition 𝐿 source-destination pairs into
disjoint groups such that either two sources or two
10 The cardinality of 𝒬 (𝑙) and that of 𝑄 (𝑙) are identical, i.e. ∣𝒬 (𝑙)∣ =
1 ∑
1
(𝐿−1) 2
𝑖!.
∣𝒬2 (𝑙)∣, and it is given by 𝐿−1
𝑖=0
𝑖

3830

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 9, NO. 12, DECEMBER 2010

destinations within a single group are relatively closer to
each other than to any other terminals not in the group.
Note that in a group, it is not necessarily required that
two sources are relatively closer each other and two
destinations are relatively closer each other at the same
time. That is, in a group, it is necessary that two sources
are relatively closer each other or two destinations are
relatively closer each other. This is because the sourcecooperation and destination-cooperation do not actually
need to be utilized simultaneously. Instead, either the
source-cooperation or the destination-cooperation needs
to be utilized as implied by Theorem 1, which shows
that the joint selection (involving the source-destinationcooperation) and the simplified joint selection (not involving the source-destination-cooperation) are equivalent in terms of outage performance. That is, the sourcedestination-cooperation does not need to be actually
involved in the joint selection.
2) Each group collects local channel coefficients and calculates its mutual information of the end-to-end trans(𝑘)
(𝑘)
(𝑘)
(𝑘)
mission strategy. Let S1 , S2 , D1 , and D2 be the
first source, second source, first destination, and second
destination in the 𝑘-th group 𝒢𝑘 , respectively, where
𝑘 = 1, ⋅ ⋅ ⋅ , 𝒦 with the total number of groups 𝒦. Note
that
∑𝒦 the sum of cardinality of all the groups is 2𝐿, i.e.
𝑘=1 ∣𝒢𝑘 ∣ = 2𝐿. Taking a step similar to (29), the
(𝑘)
(𝑘)
mutual information 𝐼([𝒞S (𝑙𝑘 ), R, 𝒞D (𝑙𝑘 )]) for 𝒢𝑘 is
given by
(𝑘)

(𝑘)

𝐼([𝒞S (𝑙𝑘 ), R, 𝒞D (𝑙𝑘 )])
[
]
1
(𝑘)
(𝑘)
min 𝐼([𝒞S (𝑙𝑘 ); R]), 𝐼([R; 𝒞D (𝑙𝑘 )]) .
= ¯
¯
𝑀 +𝑁
(31)
{ (𝑘)
(𝑘)
(𝑘)
(𝑘) }
In the above equation, 𝒞S (𝑙𝑘 ) ∈ [S𝑙𝑘 ], [S𝑙𝑘 , S3−𝑙𝑘 ]
(𝑘)
(𝑘)
¯ ; and 𝒞 (𝑘) (𝑙𝑘 ) ∈
=: 𝒬 (𝑙 ) and ∣𝒞S (𝑙𝑘 )∣ = 𝑀
D
}
{ (𝑘)1 𝑘(𝑘)
(𝑘)
(𝑘)
(𝑘)
[D𝑙𝑘 ], [D3−𝑙𝑘 , D𝑙𝑘 ] =: 𝒬1 (𝑙𝑘 ) and ∣𝒞D (𝑙𝑘 )∣ =
¯ , where 𝑙𝑘 = 1, 2. If 𝒢𝑘 has only one source𝑁
(𝑘)
(𝑘)
destination pair, i.e. ∣𝒢𝑘 ∣ = 2, then 𝒞S (𝑙𝑘 ) = [S1 ] and
(𝑘)
(𝑘)
(𝑘)
(𝑘)
𝒞D (𝑙𝑘 ) = [D1 ]. Therefore, 𝐼([𝒞S (𝑙𝑘 ), R, 𝒞D (𝑙𝑘 )])
of (31) reduces to
(𝑘)

(𝑘)

𝐼([𝒞S (𝑙𝑘 ), R, 𝒞D (𝑙𝑘 )])
[
1
(𝑘)
(𝑘) ]
= min 𝐼([S1 , R]), 𝐼([R, D1 ]) .
2

= arg

max

𝑙𝑘 =1,2
(𝑘)
(𝑘)
𝒞S (𝑙𝑘 )∈𝒬1 (𝑙𝑘 )
(𝑘)

(𝑘)

(𝑘)
(𝑘)
𝑘ˆ = arg max 𝐼([𝒞S (ˆ𝑙𝑘 ), R, 𝒞D (ˆ𝑙𝑘 )]).
𝑘=1,⋅⋅⋅ ,𝒦

(32)

(𝑘)

𝐼([𝒞S (𝑙𝑘 ), R, 𝒞D (𝑙𝑘 )]), (33)

(𝑘)

𝒞D (𝑙𝑘 )∈𝒬2 (𝑙𝑘 )

Then each group sends the calculated mutual informa(𝑘)
(𝑘)
tion 𝐼([𝒞S (ˆ𝑙𝑘 ), R, 𝒞D (ˆ𝑙𝑘 )]) of (31) with (33) to the
controlling node.
3) {
Based
on
the
mutual
information
}
(𝑘)
(𝑘)
𝐼([𝒞S (ˆ𝑙𝑘 ), R, 𝒞D (ˆ𝑙𝑘 )]) : 𝑘 = 1, ⋅ ⋅ ⋅ , 𝒦 , the

(34)

4) The controlling node broadcasts the selected information
𝑘ˆ to all the groups, and only the selected group start
ˆ
ˆ
(𝑘)
(𝑘)
communication from Sˆ𝑙 to Dˆ𝑙 with the help of R,
ˆ
(𝑘)

ˆ
𝑘

ˆ
(𝑘)

ˆ
𝑘

S3−ˆ𝑙 , and D3−ˆ𝑙 .
ˆ
𝑘

ˆ
𝑘

C. Outage Probability of Group-Based Suboptimum End-toEnd Transmission Strategy
In this subsection, we derive the outage probability and
diversity order of the suboptimum end-to-end transmission
strategy. We first present the outage probability in the following theorem.
Theorem 3: The exact closed-form outage probability
Sub
𝑃out
(𝑅) of the suboptimum end-to-end transmission strategy
is given by
Sub
(𝑅)
𝑃out

=

𝒦
∏
𝑘=1

(𝑘)

(𝑘)

(𝑘)

(𝑘)

(𝑘)

(𝑘)

Φ𝑘 (𝑅; 𝛾¯S1 ,R , 𝛾¯S2 ,R , 𝛾¯R,D1 , 𝛾¯R,D2 , 𝛾¯S1 ,S2 , 𝛾¯D1 ,D2 ),
(35)

where
(𝑘)

(𝑘)

(𝑘)

(𝑘)

(𝑘)

(𝑘)

Φ𝑘 (𝑅; 𝛾¯S1 ,R , 𝛾¯S2 ,R , 𝛾¯R,D1 , 𝛾¯R,D2 , 𝛾¯S1 ,S2 , 𝛾¯D1 ,D2 )
⎧
(𝑘)
(𝑘)

Ξ0 (𝑅; 𝛾¯S1 ,R ) + Ξ0 (𝑅; 𝛾¯R,D1 )


⎨
(𝑘)
(𝑘)
∣𝒢𝑘 ∣ = 2,
−Ξ0 (𝑅; 𝛾¯S1 ,R )Ξ0 (𝑅; 𝛾¯R,D1 ),
=
(𝑘)
(𝑘)
(𝑘)
(𝑘)
(𝑘)
(𝑘)
SJS


 𝑃out (𝑅; 𝛾¯S1 ,R , 𝛾¯S2 ,R , 𝛾¯R,D1 , 𝛾¯R,D2 , 𝛾¯S1 ,S1 , 𝛾¯D1 ,D2 ),
⎩
∣𝒢𝑘 ∣ = 4.
(36)
Proof: Using (34) with (33) and (31), the outage probability
Sub
(𝑅) of the suboptimum end-to-end transmission strategy
𝑃out
can be given by
[
]
(𝑘)
(𝑘)
Sub
(𝑅) = Pr max 𝐼([𝒞S (ˆ𝑙𝑘 ), R, 𝒞D (ˆ𝑙𝑘 )]) < 𝑅
𝑃out
𝑘=1,⋅⋅⋅ ,𝒦

=

Taking a step similar to (30), the selected index ˆ𝑙𝑘 and
(𝑘)
(𝑘)
the sets 𝒞ˆS (ˆ𝑙𝑘 ) and 𝒞ˆD (ˆ𝑙𝑘 ) are determined as follows:
(𝑘)
(𝑘)
(ˆ𝑙𝑘 , 𝒞ˆS (ˆ𝑙𝑘 ), 𝒞ˆD (ˆ𝑙𝑘 ))

controlling node chooses a single best group 𝒢𝑘ˆ such
that the mutual information is maximized as follows:

𝒦
∏
𝑘=1

[
]
(𝑘)
(𝑘)
Pr 𝐼([𝒞S (ˆ𝑙𝑘 ), R, 𝒞D (ˆ𝑙𝑘 )]) < 𝑅 .

(37)

2, using [37, eq. (6.81)],
When ∣𝒢
] it can be(𝑘)shown
[ 𝑘∣ =
(𝑘)
(𝑘)
that Pr 𝐼([𝒞S (ˆ𝑙𝑘 ), R, 𝒞D (ˆ𝑙𝑘 )]) < 𝑅 = Ξ0 (𝑅; 𝛾¯S1 ,R ) +
(𝑘)
(𝑘)
(𝑘)
Ξ0 (𝑅; 𝛾¯R,D1 ) − Ξ0 (𝑅; 𝛾¯S1 ,R )Ξ0 (𝑅; 𝛾¯R,D1 ), which is given
by the first case of [(36). Also, when ∣𝒢𝑘 ∣ = 4,
] it
(𝑘)
(𝑘)
can be shown that Pr 𝐼([𝒞S (ˆ𝑙𝑘 ), R, 𝒞D (ˆ𝑙𝑘 )]) < 𝑅 =
(𝑘)
(𝑘)
(𝑘)
(𝑘)
(𝑘)
(𝑘)
SJS
𝑃out
(𝑅; 𝛾¯S1 ,R , 𝛾¯S2 ,R , 𝛾¯R,D1 , 𝛾¯R,D2 , 𝛾¯S1 ,S1 , 𝛾¯D1 ,D2 ), which is
given by the second case of (36). Therefore, one can obtain
the outage probability of (35).
□
In the following, we present diversity order of the suboptimum strategy.
Lemma 2: The suboptimum end-to-end transmission strategy achieves the full diversity order.
Proof: Using Lemma 1 and (36), it is obvious that the
diversity order of 𝒢𝑘 is either one when ∣𝒢𝑘 ∣ = 2 or two when
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Fig. 5. Outage probabilities of the no-cooperation-at-all, source-cooperationonly, destination-cooperation-only, and source-destination-cooperation for two
different channel settings: (𝑑S1 ,R , 𝑑S2 ,R , 𝑑R,D1 , 𝑑R,D2 ) = (1, 1, 1, 1) and
(1, 0.3, 0.3, 1). 𝑅 = 1 bps/Hz and 𝑑S1 ,S2 = 𝑑D1 ,D2 = 0.2.

∣𝒢𝑘 ∣ = 4. Since the channels in one group are independent of
the channels in other group, for 𝐿 source-destination pairs,
it can be shown that the diversity order of the suboptimum
strategy is 𝐿. Therefore, the suboptimum strategy achieves
the full diversity order.
□
VI. S IMULATION R ESULTS
In this section, we check the accuracy of the obtained
outage probability expressions by comparing Monte Carlo
simulations. We let 𝑑S𝑙 ,R denote the distance between S𝑙
and R; 𝑑R,D𝑙 denote the distance between D𝑙 and R; 𝑑S𝑙 ,S𝑘
denote the distance between S𝑙 and S𝑘 ; and 𝑑D𝑙 ,D𝑘 denote
the distance between D𝑙 and D𝑘 , where 𝑙, 𝑘 = 1, ⋅ ⋅ ⋅ , 𝐿 and
𝑘 ∕= 𝑙. Furthermore, we set the path loss exponent as four
to model radio propagation in urban areas [38]. As a result,
−4
−4
we set ΩS𝑙 ,R = 𝑑−4
S𝑙 ,R , ΩR,D𝑙 = 𝑑R,D𝑙 , ΩS𝑙 ,S𝑘 = 𝑑S𝑙 ,S𝑘 , and
ΩD𝑙 ,D𝑘 = 𝑑−4
D𝑙 ,D𝑘 .
A. For Two Source-Destination Pairs
In this subsection, we check the accuracy of the obtained outage probability expression in (16) for two sourcedestination pairs. We first compare the four end-to-end transmission strategies: no-cooperation-at-all, source-cooperationonly, destination-cooperation-only, and source-destinationcooperation. Fig. 5 shows the outage probabilities against
10 log10 𝒫 of the four end-to-end transmission strategies for
two different channel settings: (𝑑S1 ,R , 𝑑S2 ,R , 𝑑R,D1 , 𝑑R,D2 ) =
(1, 1, 1, 1) and (1, 0.3, 0.3, 1), where we set 𝑅 = 1 bps/Hz and
𝑑S1 ,S2 = 𝑑D1 ,D2 = 0.2. When (𝑑S1 ,R , 𝑑S2 ,R , 𝑑R,D1 , 𝑑R,D2 )
= (1, 1, 1, 1), we can see that the no-cooperation-at-all outperforms three other transmission strategies irrespective of SNR
value. When (𝑑S1 ,R , 𝑑S2 ,R , 𝑑R,D1 , 𝑑R,D2 ) = (1, 0.3, 0.3, 1),
however, we can see that the source-cooperation-only and
destination-cooperation-only outperform two other transmission strategies. From Fig. 5, one can see that the four
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Fig. 6. Outage probabilities of the joint selection, simplified joint selection,
and four end-to-end transmission strategies for a symmetric channel setting:
(𝑑S1 ,R , 𝑑S2 ,R , 𝑑R,D1 , 𝑑R,D2 ) = (0.7, 0.7, 0.7, 0.7). 𝑅 = 1 bps/Hz and
𝑑S1 ,S2 = 𝑑D1 ,D2 = 0.2.

transmission strategies have different outage performance depending on channel conditions. Considering the number of
time slots and transmission power, the no-cooperation-atall always outperforms other three end-to-end transmission
schemes for 𝐶𝑎𝑠𝑒 𝑘, 𝑘 = 1, 2, 3, 5, 6, 8, 9, 10, of Table I.
For 𝐶𝑎𝑠𝑒 4 and 𝐶𝑎𝑠𝑒 7, however, other three end-to-end
transmission schemes may outperform the no-cooperation-atall, because other three schemes may not in outage, whereas
the no-cooperation-at-all is always in outage. Therefore,
if either 𝐶𝑎𝑠𝑒 4 or 𝐶𝑎𝑠𝑒 7 does not occur frequently,
then the no-cooperation-at-all outperforms other three end-toend transmission schemes. For (𝑑S1 ,R , 𝑑S2 ,R , 𝑑R,D1 , 𝑑R,D2 ) =
(1, 1, 1, 1), either 𝐶𝑎𝑠𝑒 4 or 𝐶𝑎𝑠𝑒 7 does not occur frequently,
whereas for (𝑑S1 ,R , 𝑑S2 ,R , 𝑑R,D1 , 𝑑R,D2 ) = (1, 0.3, 0.3, 1),
𝐶𝑎𝑠𝑒 4 occurs frequently.
Secondly, we compare the joint selection, simplified joint
selection, and four end-to-end transmission strategies in
terms of SNR. Fig. 6 shows the outage probabilities against
10 log10 𝒫 of the joint selection, simplified joint selection, and
four end-to-end transmission strategies for a symmetric channel setting: (𝑑S1 ,R , 𝑑S2 ,R , 𝑑R,D1 , 𝑑R,D2 ) = (0.7, 0.7, 0.7, 0.7),
where we set 𝑅 = 1 bps/Hz and 𝑑S1 ,S2 = 𝑑D1 ,D2 = 0.2.
Fig. 7 shows the outage probabilities against 10 log10 𝒫 of
the joint selection, simplified joint selection, and four end-toend transmission strategies for an asymmetric channel setting:
(𝑑S1 ,R , 𝑑S2 ,R , 𝑑R,D1 , 𝑑R,D2 ) = (1, 0.5, 0.5, 1), where we set
𝑅 = 1 bps/Hz and 𝑑S1 ,S2 = 𝑑D1 ,D2 = 0.2. From Figs. 6 and
7, we can see the joint selection and simplified joint selection
are identical, and (16) exactly matches with simulation results.
Also, irrespective of SNR values, we can see that the joint
selection and simplified joint selection outperform the four
end-to-end transmission strategies.
Thirdly, we compare the joint selection, simplified joint
selection, and four end-to-end transmission strategies in terms
of distances. Fig. 8 shows the outage probabilities against
𝑑S1 ,R = 𝑑S2 ,R = 𝑑R,D1 = 𝑑R,D2 of the joint selection,
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Fig. 7. Outage probabilities of the joint selection, simplified joint selection,
and four end-to-end transmission strategies for an asymmetric channel setting:
(𝑑S1 ,R , 𝑑S2 ,R , 𝑑R,D1 , 𝑑R,D2 ) = (1, 0.5, 0.5, 1). 𝑅 = 1 bps/Hz and
𝑑S1 ,S2 = 𝑑D1 ,D2 = 0.2.
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Fig. 9. Outage probabilities against 𝑑S2 ,R = 𝑑R,D1 of the joint selection,
simplified joint selection, and four end-to-end transmission strategies. 𝑅 = 1
bps/Hz, 10 log10 𝒫 = 20, 𝑑S1 ,R = 𝑑R,D2 = 1, and 𝑑S1 ,S2 = 𝑑D1 ,D2 =
0.2.
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Fig. 8. Outage probabilities against 𝑑S1 ,R = 𝑑S2 ,R = 𝑑R,D1 = 𝑑R,D2 of
the joint selection, simplified joint selection, and four end-to-end transmission
strategies. 𝑅 = 1 bps/Hz, 10 log10 𝒫 = 20, and 𝑑S1 ,S2 = 𝑑D1 ,D2 = 0.2.

Fig. 10.
Outage probabilities of the optimum strategy and suboptimum strategy for three source-destination pairs. (𝑑S1 ,R , 𝑑S2 ,R , 𝑑S3 ,R ,
𝑑R,D1 , 𝑑R,D2 , 𝑑R,D3 ) = (1, 0.7, 1.2, 0.8, 1.5, 1.2), (𝑑S1 ,S2 , 𝑑S1 ,S3 ,
𝑑S2 ,S3 , 𝑑D1 ,D2 , 𝑑D1 ,D3 , 𝑑D2 ,D3 ) = (0.2, 0.6, 0.8, 1, 0.7, 1.2), and 𝑅 = 1
bps/Hz.

B. For Multiple Source-Destination Pairs
simplified joint selection, and four end-to-end transmission
strategies, where we set 𝑅 = 1 bps/Hz, 10 log10 𝒫 = 20, and
𝑑S1 ,S2 = 𝑑D1 ,D2 = 0.2. Fig. 9 shows the outage probabilities
against 𝑑S2 ,R = 𝑑R,D1 of the joint selection, simplified joint
selection, and four end-to-end transmission strategies, where
we set 𝑅 = 1 bps/Hz, 10 log10 𝒫 = 20, 𝑑S1 ,R = 𝑑R,D2 , and
𝑑S1 ,S2 = 𝑑D1 ,D2 = 0.2. From Figs. 6 and 7, we can see the
joint selection and simplified joint selection are identical, and
(16) exactly matches with simulation results. Also, irrespective
of distances, we can see that the joint selection and simplified
joint selection outperform the four end-to-end transmission
strategies.

In this subsection, we compare the performance of
the optimum and suboptimum strategies. For two sourcedestination pairs (𝐿 = 2), it is obvious that the optimum
strategy is identical to the suboptimum strategy. For three
source-destination pairs (𝐿 = 3), Fig. 10 shows the outage
probabilities of the optimum strategy and suboptimum
strategy, where we set 𝑅 = 1 bps/Hz, (𝑑S1 ,R , 𝑑S2 ,R , 𝑑S3 ,R ,
𝑑R,D1 , 𝑑R,D2 , 𝑑R,D3 ) =
(1, 0.7, 1.2, 0.8, 1.5, 1.2), and
(𝑑S1 ,S2 , 𝑑S1 ,S3 , 𝑑S2 ,S3 , 𝑑D1 ,D2 , 𝑑D1 ,D3 , 𝑑D2 ,D3 ) = (0.2, 0.6,
0.8, 1, 0.7, 1.2). From Fig. 10, one can see that the outage
performance gap between the optimum strategy and
suboptimum strategy is small; specifically, the gap is as
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small as about 0.5 dB when the outage probability is 10−3 ;
and the outage analysis of the suboptimum strategy in (35)
exactly matches with simulation results. For more than three
source-destination pairs (𝐿 ≥ 4), as we explained in Section
V, due to the high signaling overhead and computational
complexity, it is extremely difficult to implement the optimum
strategy as is in practical systems. For example, if 𝐿 = 4,
there exist 1024 possibilities; if 𝐿 = 5, there exist 21125
possibilities.
VII. C ONCLUSIONS
We have combined source/destination cooperation and opportunistic transmission in a DF-based two-hop cooperative
diversity network consisting of multiple source-destination
pairs and one relay. Firstly, we have considered a scenario with two source-destination pairs. For this network,
we have first considered four different end-to-end transmission strategies depending on the utilization of cooperation or not in each hop: no-cooperation-at-all, sourcecooperation-only, destination-cooperation-only, and sourcedestination-cooperation. For each transmission strategy, we
have selected a single best source-destination pair to maximize
the mutual information, and we have found that the four
transmission strategies complemented one another depending
on channel conditions in terms of outage performance. Thus,
we have proposed an optimum joint selection of sourcedestination pair and transmission strategy. Then we have
shown that the optimum joint selection scheme could be
simplified without loss of outage performance, and have
derived its exact outage probability in closed-form. Secondly,
we have generalized the proposed transmission strategy into
a scenario with multiple source-destination pairs. For this
network, we have first proposed an optimum end-to-end
transmission strategy to maximize the mutual information,
then a suboptimum end-to-end transmission strategy to reduce
the signaling overhead and computational complexity. For the
suboptimum strategy, we have derived the outage probability
and diversity order.
A PPENDIX A
P ROOF OF T HEOREM 1
will
show
the ] following
relationship:
[
]
[ We
𝜖 max[ℐ2,𝑙opt,2 , ℐ3,𝑙opt,3 ] < 𝑅 ⊂ 𝜖 ℐ4,𝑙opt,4 < 𝑅 , which
follows
]
[
𝜖 ℐ1,𝑙opt,1 < 𝑅, ℐ2,𝑙opt,2 < 𝑅, ℐ3,𝑙opt,3 < 𝑅, ℐ4,𝑙opt,4 < 𝑅
[
]
= 𝜖 ℐ1,𝑙opt,1 < 𝑅, ℐ2,𝑙opt,2 < 𝑅, ℐ3,𝑙opt,3 < 𝑅 ,
(A.1)
where 𝜖[𝒰] [denotes an event
𝒰. [ To this end, ]we first
]
show that 𝜖 Γmax,1 < 𝑅2 = 𝜖 Γmax,2 < 𝑅2 , where
Γmax,1 = 32 (23 max[ℐ2,𝑙opt,2 ,ℐ3,𝑙opt,3 ] − 1) and Γmax,2 =
4 4ℐ4,𝑙opt,4
− 1). Using (8) and (9), one can obtain Γmax,1 ,
2 (2
which is given at the top of the next page. In (A.2),
𝐶𝑎𝑠𝑒 𝐴 = {𝛾S1 ,S2 < 𝑅2 , 𝛾R,D1 < 𝑅2 , 𝛾R,D2 < 𝑅2 },
𝐶𝑎𝑠𝑒 𝐵 = {𝛾S1 ,S2 < 𝑅2 , 𝛾R,D1 < 𝑅2 , 𝛾R,D2 ≥ 𝑅2 },
𝐶𝑎𝑠𝑒 𝐶 = {𝛾S1 ,S2 < 𝑅2 , 𝛾R,D1 ≥ 𝑅2 , 𝛾R,D2 < 𝑅2 },
𝐶𝑎𝑠𝑒 𝐷 = {𝛾S1 ,S2 < 𝑅2 , 𝛾R,D1 ≥ 𝑅2 , 𝛾R,D2 ≥ 𝑅2 },
𝐶𝑎𝑠𝑒 𝐸 = {𝛾S1 ,S2 ≥ 𝑅2 , 𝛾R,D1 < 𝑅2 , 𝛾R,D2 < 𝑅2 },
𝐶𝑎𝑠𝑒 𝐹 = {𝛾S1 ,S2 ≥ 𝑅2 , 𝛾R,D1 < 𝑅2 , 𝛾R,D2 ≥ 𝑅2 },
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𝐶𝑎𝑠𝑒 𝐺 = {𝛾S1 ,S2 ≥ 𝑅2 , 𝛾R,D1 ≥ 𝑅2 , 𝛾R,D2 < 𝑅2 }, and
𝐶𝑎𝑠𝑒 𝐻 = {𝛾S1 ,S2 ≥ 𝑅2 , 𝛾R,D1 ≥ 𝑅2 , 𝛾R,D2 ≥ 𝑅2 }. Also,
using (10), one can obtain Γmax,2 , which is given at the top
of the next page.
From (A.2) and (A.3), for 𝐶𝑎𝑠𝑒 𝑋 with 𝑋 ∈
{𝐴, 𝐵, 𝐶, 𝐷, 𝐸}, one knows that the expressions[ of Γmax,1
and Γmax,2 ]are identical,
which follows] that 𝜖 Γmax,1 <
[
𝑅2 , 𝐶𝑎𝑠𝑒 𝑋 = 𝜖 Γmax,2 < 𝑅2 , 𝐶𝑎𝑠𝑒 𝑋 . Then we consider
𝐶𝑎𝑠𝑒 𝐹 . Since 𝛾R,D2 ≥ 𝑅2 , outage does not[ occur if
𝛾S1 ,R + 𝛾S2 ,R
] ≥ 𝛾R,D2 . Thus, the outage event 𝜖 Γmax,1 <
𝑅2 , 𝐶𝑎𝑠𝑒 𝐹 is given by
]
[
𝜖 Γmax,1 < 𝑅2 , 𝐶𝑎𝑠𝑒 𝐹
[
[
= 𝜖 max min[𝛾S1 ,R + 𝛾S2 ,R , 𝛾R,D1 ],
]
min[𝛾S1 ,R , 𝛾R,D1 + 𝛾D1 ,D2 ], 𝛾S1 ,R + 𝛾S2 ,R < 𝑅2 ,
]
𝛾S1 ,R + 𝛾S2 ,R < 𝛾R,D2 , 𝐶𝑎𝑠𝑒 𝐹 .
(A.4)
Considering the cases 𝛾S1 ,R + 𝛾S2 ,R ≷ 𝛾R,D1 and 𝛾S1 ,R ≷
𝛾R,D1 + 𝛾D1 ,D2 , it can be shown that
[
max min[𝛾S1 ,R + 𝛾S2 ,R , 𝛾R,D1 ], min[𝛾S1 ,R , 𝛾R,D1 + 𝛾D1 ,D2 ],
]
𝛾S1 ,R + 𝛾S2 ,R = 𝛾S1 ,R + 𝛾S2 ,R .
(A.5)
[
Substituting ](A.5) into (A.4), the outage event 𝜖 Γmax,1 <
𝑅2 , 𝐶𝑎𝑠𝑒 𝐹 can be expressed by
]
[
𝜖 Γmax,1 < 𝑅2 , 𝐶𝑎𝑠𝑒 𝐹
[
]
= 𝜖 𝛾S1 ,R + 𝛾S2 ,R < 𝑅2 , 𝛾S1 ,R + 𝛾S2 ,R < 𝛾R,D2 , 𝐶𝑎𝑠𝑒 𝐹 .
(A.6)
[
Taking a step
] similar (A.4), the outage event 𝜖 Γmax,2 <
𝑅2 , 𝐶𝑎𝑠𝑒 𝐹 can be given by
]
[
𝜖 Γmax,2 < 𝑅2 , 𝐶𝑎𝑠𝑒 𝐹
[
[
= 𝜖 max min[𝛾S1 ,R + 𝛾S2 ,R , 𝛾R,D1 + 𝛾D1 ,D2 ],
]
𝛾S1 ,R + 𝛾S2 ,R < 𝑅2 ,
]
𝛾S1 ,R + 𝛾S2 ,R < 𝛾R,D2 , 𝐶𝑎𝑠𝑒 𝐹 .
(A.7)
It can be shown that max[min[𝛾1 , 𝛾2 ], 𝛾1 ] = 𝛾1 for
[ any 𝛾1
and 𝛾2 . Then
it
is
easy
to
see
the
outage
event
𝜖
Γmax,2 <
]
𝑅2 , 𝐶𝑎𝑠𝑒 𝐹 reduces to the right hand side of (A.6). Taking
steps similar to those
used from (A.4) to] (A.7),
[ one can
[
easily show ]that 𝜖 [Γmax,1 < 𝑅2 , 𝐶𝑎𝑠𝑒 𝐺 ] = 𝜖 [Γmax,2 <
𝑅2 , 𝐶𝑎𝑠𝑒 𝐺 ] and 𝜖 Γmax,1 < 𝑅2 , 𝐶𝑎𝑠𝑒 𝐻[ = 𝜖 Γmax,2] <
𝑅[2 , 𝐶𝑎𝑠𝑒 𝐻 . Therefore,
one knows that 𝜖 Γmax,1 < 𝑅2 =
]
𝜖 Γmax,2 < 𝑅2 , which follows (A.1). Finally, from (A.1), it
SJS
JS
(𝑅) = 𝑃out
(𝑅).
is obvious 𝑃out
A PPENDIX B
P ROOF OF T HEOREM 2
]
[
We first consider the outage event 𝜖 ℐ1,𝑙opt,1 < 𝑅 of
the no-cooperation-at-all. In this strategy, as can be seen
in (7), the outage status depends on only four values
(𝛾S1 ,R , 𝛾S2 ,R , 𝛾R,D1 , 𝛾R,D2 ), and the status is given in Table
I.[ Referring to] Table I, we can rewrite the outage event
𝜖 ℐ1,𝑙opt,1 < 𝑅 as follows:
⎡
⎤
∪
[
]
𝜖 ℐ1,𝑙opt,1 < 𝑅 = 𝜖 ⎣
𝐶𝑎𝑠𝑒 𝑘 ⎦ ,
(B.1)
𝑘∈{1,2,4,6,7,9}
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Γmax,1 =

⎧












⎨












⎩

Γmax,2

[
]
max [ min[𝛾S1 ,R , 𝛾R,D1 ], min[𝛾S2 ,R , 𝛾R,D2 ] ,
]
max [ min[𝛾S1 ,R , 𝛾R,D1 + 𝛾D1 ,D2 ], min[𝛾S2 ,R , 𝛾R,D2 ]],
max [ min[𝛾S1 ,R , 𝛾R,D1 ], min[𝛾S2 ,R , 𝛾R,D2 + 𝛾D1 ,D2 ] ,
]
max [ min[𝛾S1 ,R , 𝛾R,D1 + 𝛾D1 ,D2 ], min[𝛾S2 ,R , 𝛾R,D2 + 𝛾D1 ,D]2 ] ,
max [ min[𝛾S1 ,R + 𝛾S2 ,R , 𝛾R,D1 ], min[𝛾S1 ,R + 𝛾S2 ,R , 𝛾R,D2 ] ,
]
max [ min[𝛾S1 ,R + 𝛾S2 ,R , 𝛾R,D1 ], min[𝛾S1 ,R , 𝛾R,D1 + 𝛾D1 ,D2 ], min[𝛾S1 ,R + 𝛾S2 ,R , 𝛾R,D2 ]],
max [ min[𝛾S1 ,R + 𝛾S2 ,R , 𝛾R,D1 ], min[𝛾S1 ,R + 𝛾S2 ,R , 𝛾R,D2 ], min[𝛾S2 ,R , 𝛾R,D2 + 𝛾D1 ,D2 ] ,
max min[𝛾S1 ,R + 𝛾S2 ,R , 𝛾R,D1 ], min[𝛾
S1 ,R , 𝛾R,D1 + 𝛾D1 ,D2 ], min[𝛾S1 ,R + 𝛾S2 ,R , 𝛾R,D2 ],
]
min[𝛾S2 ,R , 𝛾R,D2 + 𝛾D1 ,D2 ] ,

⎧
[
]
max [ min[𝛾S1 ,R , 𝛾R,D1 ], min[𝛾S2 ,R , 𝛾R,D2 ] ,


]


max [ min[𝛾S1 ,R , 𝛾R,D1 + 𝛾D1 ,D2 ], min[𝛾S2 ,R , 𝛾R,D2 ]],




max [ min[𝛾S1 ,R , 𝛾R,D1 ], min[𝛾S2 ,R , 𝛾R,D2 + 𝛾D1 ,D2 ] ,


]
⎨
max [ min[𝛾S1 ,R , 𝛾R,D1 + 𝛾D1 ,D2 ], min[𝛾S2 ,R , 𝛾R,D2 + 𝛾D1 ,D]2 ] ,
=
max [ min[𝛾S1 ,R + 𝛾S2 ,R , 𝛾R,D1 ], min[𝛾S1 ,R + 𝛾S2 ,R , 𝛾R,D2 ] ,


]


max [ min[𝛾S1 ,R + 𝛾S2 ,R , 𝛾R,D1 + 𝛾D1 ,D2 ], min[𝛾S1 ,R + 𝛾S2 ,R , 𝛾R,D]2 ] ,




max [ min[𝛾S1 ,R + 𝛾S2 ,R , 𝛾R,D1 ], min[𝛾S1 ,R + 𝛾S2 , 𝛾R,D2 + 𝛾D1 ,D2 ] ,


]
⎩
max min[𝛾S1 ,R + 𝛾S2 ,R , 𝛾R,D1 + 𝛾D1 ,D2 ], min[𝛾S1 ,R + 𝛾S2 ,R , 𝛾R,D2 + 𝛾D1 ,D2 ] ,

where 𝐶𝑎𝑠𝑒 1 = {𝛾R,D1 < 𝑅1 , 𝛾R,D2 < 𝑅1 }, 𝐶𝑎𝑠𝑒 2 =
{𝛾S1 ,R < 𝑅1 , 𝛾S2 ,R < 𝑅1 , 𝛾R,D1 < 𝑅1 , 𝛾R,D2 ≥ 𝑅1 },
𝐶𝑎𝑠𝑒 4 = {𝛾S1 ,R ≥ 𝑅1 , 𝛾S2 ,R < 𝑅1 , 𝛾R,D1 < 𝑅1 , 𝛾R,D2 ≥
𝑅1 }, 𝐶𝑎𝑠𝑒 6 = {𝛾S1 ,R < 𝑅1 , 𝛾S2 ,R < 𝑅1 , 𝛾R,D1 ≥
𝑅1 , 𝛾R,D2 < 𝑅1 }, 𝐶𝑎𝑠𝑒 7 = {𝛾S1 ,R < 𝑅1 , 𝛾S2 ,R ≥
𝑅1 , 𝛾R,D1 ≥ 𝑅1 , 𝛾R,D2 < 𝑅1 }, and 𝐶𝑎𝑠𝑒 9 = {𝛾S1 ,R <
𝑅1 , 𝛾S2 ,R < 𝑅1 , 𝛾R,D1 ≥ 𝑅1 , 𝛾R,D2 ≥ 𝑅1 }. Note that 𝐶𝑎𝑠𝑒 1
denotes the case when all the branches in the second hop, from
R to D1 and from R to D2 , are in outage; 𝐶𝑎𝑠𝑒 2, 𝐶𝑎𝑠𝑒 6,
and 𝐶𝑎𝑠𝑒 9 denote the cases when all the branches in the
first hop, from S1 to R and from S2 to R, are in outage; and
𝐶𝑎𝑠𝑒 4 (𝐶𝑎𝑠𝑒 7) denotes the case when the second (first) hop
of the link from S1 via R to D1 and the first (second) hop of
the link from S2 via R to D2 are in outage.
Then we consider the outage event of the simplified joint
selection. Since {𝐶𝑎𝑠𝑒 𝑘 : 𝑘 ∈ {1, 2, 4, 6, 7, 9}} are disjoint
one another, we can rewrite the outage event ℰSJS of the
simplified joint selection as follows:
∪
ℰ𝑘 ,
(B.2)
ℰSJS =
𝑘∈{1,2,4,6,7,9}

[
(
) (
)]
where ℰ𝑘 := 𝜖 𝐶𝑎𝑠𝑒 𝑘 ∩ ℐ2,𝑙opt,2 < 𝑅 ∩ ℐ3,𝑙opt,3 < 𝑅 .
Then, using (B.2), we can obtain the outage probability
SJS
(𝑅) of the simplified joint selection as follows:
𝑃out
∑
SJS
𝑃out
(𝑅) =
Pr[ℰ𝑘 ].
(B.3)
𝑘∈{1,2,4,6,7,9}

In the following subsections, we derive Pr[ℰ𝑘 ] for 𝑘 ∈
{1, 2, 4, 6, 7, 9}.
1. Derivation of Pr[ℰ𝑘 ] for 𝑘 = 1, 2, 6, 9
Since 𝛾S1 ,R < 𝑅1 , 𝛾S2 ,R < 𝑅1 , and 𝛾R,D1 < 𝑅1 for
𝐶𝑎𝑠𝑒 2, using (8) and (9), it can be shown that ℐ2,1 < 𝑅,
ℐ3,1 < 𝑅, and ℐ3,2 < 𝑅. Also, since 𝛾S2 ,R < 𝑅1 ,
𝛾S1 ,R + 𝛾S2 ,R < 𝑅2 , and 2𝑅1 ≤ 𝑅2 , using (8), it can be
shown that ℐ2,2 < 𝑅. In total, for 𝐶𝑎𝑠𝑒 2, it is always true
that {ℐ𝑗,𝑙 < 𝑅 : 𝑗 = 2, 3, 𝑙 = 1, 2}. Similarly, for 𝐶𝑎𝑠𝑒 1,

𝐶𝑎𝑠𝑒
𝐶𝑎𝑠𝑒
𝐶𝑎𝑠𝑒
𝐶𝑎𝑠𝑒
𝐶𝑎𝑠𝑒
𝐶𝑎𝑠𝑒
𝐶𝑎𝑠𝑒

𝐴,
𝐵,
𝐶,
𝐷,
𝐸,
𝐹,
𝐺,

(A.2)

𝐶𝑎𝑠𝑒 𝐻,

𝐶𝑎𝑠𝑒
𝐶𝑎𝑠𝑒
𝐶𝑎𝑠𝑒
𝐶𝑎𝑠𝑒
𝐶𝑎𝑠𝑒
𝐶𝑎𝑠𝑒
𝐶𝑎𝑠𝑒
𝐶𝑎𝑠𝑒

𝐴,
𝐵,
𝐶,
𝐷,
𝐸,
𝐹,
𝐺,
𝐻,

(A.3)

𝐶𝑎𝑠𝑒 6, and 𝐶𝑎𝑠𝑒 9, it can be shown that it is always true
that {ℐ𝑗,𝑙 < 𝑅 : 𝑗 = 2, 3, 𝑙 = 1, 2}. Therefore, we can
obtain Pr[ℰ𝑘 ] = Pr[𝐶𝑎𝑠𝑒 𝑘] for 𝑘 = 1, 2, 6, 9. Since 𝛾R,D1
and 𝛾R,D2 are exponentially distributed random variables with
mean 𝛾¯R,D1 and 𝛾¯R,D2 , respectively, we can solve Pr[ℰ1 ] as
follows:
[∫
] [∫
]
Pr[ℰ1 ] =

𝑅1

𝑥=0

𝑓𝛾R,D1 (𝑥)𝑑𝑥

𝑅1

𝑦=0

𝑓𝛾R,D2 (𝑦)𝑑𝑦

= Ξ0 (𝑅1 ; 𝛾¯R,D1 )Ξ0 (𝑅1 ; 𝛾¯R,D2 ),

(B.4)

which is given in (17). Taking a step similar to (B.4), we can
solve Pr[ℰ2 ] in (18), Pr[ℰ6 ] in (19), and Pr[ℰ9 ] in (20).
2. Derivation of Pr[ℰ𝑘 ] for 𝑘 = 4, 7
Since 𝛾S2 ,R < 𝑅1 and 𝛾R,D1 < 𝑅1 for 𝐶𝑎𝑠𝑒 4, using (8)
and (9), it can be shown that ℐ2,2 < 𝑅 and ℐ3,1 < 𝑅. That
is, for 𝐶𝑎𝑠𝑒 4, it is always true that {ℐ2,2 < 𝑅, ℐ3,1 < 𝑅}.
Similarly, for 𝐶𝑎𝑠𝑒 7, it can be shown that it is always true
that {ℐ2,1 < 𝑅, ℐ3,2 < 𝑅}. Therefore, we obtain the following
relationships:
[
]
Pr[ℰ4 ] = Pr 𝐶𝑎𝑠𝑒 4, max[ℐ2,2 , ℐ3,1 ] < 𝑅 ,
(B.5)
[
]
Pr[ℰ7 ] = Pr 𝐶𝑎𝑠𝑒 7, max[ℐ2,1 , ℐ3,2 ] < 𝑅 .
(B.6)
=
calculate Pr[ℰ4 ]. We let Γmax,4
1). Since 𝛾S1 ,R ≥ 𝛾R,D1 and
for 𝐶𝑎𝑠𝑒 4, it is obvious that
min[𝛾S1 ,R , 𝛾R,D1 ] = 𝛾R,D1 and min[𝛾S2 ,R , 𝛾R,D2 ] = 𝛾S2 ,R .
Then, using (8) and (9), one can calculate the term Γmax,4 ,
which is given at the top of the next page.
Substituting (B.7) into (B.5), we can rewrite Pr[ℰ4 ] as
follows
]
[
Pr[ℰ4 ] = Pr 𝐶𝑎𝑠𝑒 4, Γmax,4 < 𝑅2
=: 𝑃out,ℰ4 (1) + 𝑃out,ℰ4 (2) + 𝑃out,ℰ4 (3) + 𝑃out,ℰ4 (4),
(B.8)
We

first

3 3 max[ℐ2,2 ,ℐ3,1 ]
−
2 (2
𝛾S2 ,R ≤ 𝛾R,D2
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[
where 𝑃out,ℰ4 (1) = ] Pr 𝐶𝑎𝑠𝑒
] 4, 𝛾S1 ,S2 < 𝑅2 , [𝛾R,D2 <
𝑅2 , max[𝛾R,D1 , 𝛾S2 ,R < 𝑅2 , 𝑃out,ℰ4[(2) = Pr 𝐶𝑎𝑠𝑒 4,
𝛾S1 ,S2 ≥ ]𝑅2 , 𝛾R,D]2 < 𝑅2 , max 𝛾[R,D1 , min[𝛾S1 ,R +
𝛾S2 ,R , 𝛾R,D2 ] < 𝑅2 [, 𝑃out,ℰ4 (3) = Pr 𝐶𝑎𝑠𝑒 4, 𝛾S1 ,S2] <
𝑅2 ,]𝛾R,D2 ≥ 𝑅2 , max min[𝛾
[ S1 ,R , 𝛾R,D1 + 𝛾D1 ,D2 ], 𝛾S2 ,R <
𝑅2 , and[ 𝑃out,ℰ4 (4) = Pr 𝐶𝑎𝑠𝑒 4, 𝛾S1 ,S2 ≥ 𝑅2 , 𝛾R,D2 ≥
+
𝛾D1 ,D2 ], min[𝛾S1 ,R
+
𝑅2 , max min[𝛾
] S1 ,R], 𝛾R,D1
𝛾S2 ,R , 𝛾R,D2 ] < 𝑅2 .
First, we derive the probability 𝑃out,ℰ4 (1) in (B.8). Since
𝛾R,D1 < 𝑅1 and 𝛾S2 ,R < 𝑅1 for 𝐶𝑎𝑠𝑒 4 and 𝑅1 ≤ 𝑅2 , the
condition max[𝛾R,D1 , 𝛾S2 ,R ] < 𝑅2 is always true. Thus, the
probability 𝑃out,ℰ4 (1) in (B.8) can be rewritten as
]
[
𝑃out,ℰ4 (1) = Pr 𝐶𝑎𝑠𝑒 4, 𝛾S1 ,S2 < 𝑅2 , 𝛾R,D2 < 𝑅2
[
= Pr 𝛾S1 ,R ≥ 𝑅1 , 𝛾S2 ,R < 𝑅1 , 𝛾R,D1 < 𝑅1 ,
]
𝑅1 ≤ 𝛾R,D2 < 𝑅2 , 𝛾S1 ,S2 < 𝑅2
= Ξ1 (𝑅1 ; 𝛾¯S1 ,R )Ξ0 (𝑅1 ; 𝛾¯S2 ,R )Ξ0 (𝑅1 ; 𝛾¯R,D1 )
× Ξ0 (𝑅2 ; 𝛾¯S1 ,S2 )Ξ2 (𝑅2 , 𝑅1 ; 𝛾¯R,D2 ). (B.9)
Secondly, we derive the probability 𝑃out,ℰ4 (2) in (B.8). For
two independent random
[ variables 𝑎 and 𝑏 and 𝑅1 ≤ 𝑅[ 2 , it
can be shown that Pr 𝑎 < 𝑅1 , max[𝑎, 𝑏] < 𝑅2 ] = Pr 𝑎 <
𝑅1 , 𝑏 < 𝑅2 ]. Thus, the probability 𝑃out,ℰ4 (2) in (B.8) can be
given by
[
𝑃out,ℰ4 (2) = Pr 𝐶𝑎𝑠𝑒 4, 𝛾S1 ,S2 ≥ 𝑅2 , 𝛾R,D2 < 𝑅2 ,
]
min[𝛾S1 ,R + 𝛾S2 ,R , 𝛾R,D2 ] < 𝑅2 . (B.10)
In the above equation, since 𝛾R,D2 < 𝑅2 , the condition
min[𝛾S1 ,R + 𝛾S2 ,R , 𝛾R,D2 ] < 𝑅2 is always true. Thus, the
probability 𝑃out,ℰ4 (2) in (B.10) can be rewritten as
]
[
𝑃out,ℰ4 (2) = Pr 𝐶𝑎𝑠𝑒 4, 𝛾S1 ,S2 ≥ 𝑅2 , 𝛾R,D2 < 𝑅2
= Ξ1 (𝑅1 ; 𝛾¯S1 ,R )Ξ0 (𝑅1 ; 𝛾¯S2 ,R )Ξ0 (𝑅1 ; 𝛾¯R,D1 )
× Ξ1 (𝑅2 ; 𝛾¯S1 ,S2 )Ξ2 (𝑅2 , 𝑅1 ; 𝛾¯R,D2 ). (B.11)
Thirdly, we derive the probability 𝑃out,ℰ4 (3) in (B.8).
Taking a step similar to (B.10), we can rewrite the probability
𝑃out,ℰ4 (3) in (B.8) as follows:
[
𝑃out,ℰ4 (3) = Pr 𝐶𝑎𝑠𝑒 4, 𝛾S1 ,S2 < 𝑅2 , 𝛾R,D2 ≥ 𝑅2 ,
]
min[𝛾S1 ,R , 𝛾R,D1 + 𝛾D1 ,D2 ] < 𝑅2
= Pr[𝛾S2 ,R < 𝑅1 ]Pr[𝛾R,D2 ≥ 𝑅2 ]Pr[𝛾S1 ,S2 < 𝑅2 ]
[
× Pr 𝛾S1 ,R ≥ 𝑅1 , 𝛾R,D1 < 𝑅1 ,
]
min[𝛾S1 ,R , 𝛾R,D1 + 𝛾D1 ,D2 ] < 𝑅2 .
(B.12)
For two independent random variables 𝑎 and 𝑏, it can be shown
that
[
]
¯ = Pr[𝑎 < 𝑅]
¯ + Pr[𝑏 < 𝑅]
¯
Pr min[𝑎, 𝑏] < 𝑅
¯
¯
− Pr[𝑎 < 𝑅]Pr[𝑏 < 𝑅].
(B.13)
[
To solve the probability Pr 𝛾S1 ,R
] ≥ 𝑅1 , 𝛾R,D1 <
𝑅1 , min[𝛾S1 ,R , 𝛾R,D1 + 𝛾D1 ,D2 ] < 𝑅2 in (B.12), we calculate
the probability Pr[𝛾R,D1 < 𝑅1 , 𝛾R,D1 + 𝛾D1 ,D2 < 𝑅2 ] as
follows:
Pr[𝛾R,D1 < 𝑅1 , 𝛾R,D1 + 𝛾D1 ,D2 < 𝑅2 ]
∫ 𝑅1 ∫ 𝑅2 −𝑥
=
𝑓𝛾R,D1 (𝑥)𝑓𝛾D1 ,D2 (𝑧)𝑑𝑧𝑑𝑥
𝑥=0

𝑧=0

= Ξ4 (𝑅2 , 𝑅1 ; 𝛾¯R,D1 , 𝛾¯D1 ,D2 ).

(B.14)
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Using (B.13) with (B.14), we can rewrite the probability
𝑃out,ℰ4 (3) in (B.12) as follows:
𝑃out,ℰ4 (3) = Ξ0 (𝑅1 ; 𝛾¯S2 ,R )Ξ1 (𝑅2 ; 𝛾¯R,D2 )Ξ0 (𝑅2 ; 𝛾¯S1 ,S2 )
× Ξ3 (𝑅2 , 𝑅1 ; 𝛾¯S1 ,R , 𝛾¯R,D1 , 𝛾¯D1 ,D2 ). (B.15)
Fourthly, we derive the probability 𝑃out,ℰ4 (4) in (B.8). One
can show the relationship of (B.16), which is given at the top
of the next page.
Substituting (B.16) into (B.8), the probability 𝑃out,ℰ4 (4)
can be expressed by the sum of four probabilities. In the
probability 𝑃out,ℰ4 (4) in (B.8), since 𝛾R,D2 ≥ 𝑅2 , it can
be shown that max[𝛾S1 ,R , 𝛾R,D2 ] ≥ 𝑅2 and max[𝛾R,D1 +
𝛾D1 ,D2 , 𝛾R,D2 ] ≥ 𝑅2 , which follows that the third and fourth
probabilities are zeroes. Combining the first and second cases
in (B.16), therefore, the probability 𝑃out,ℰ4 (4) in (B.8) can be
given by
𝑃out,ℰ4 (4)
[
]
= Pr 𝐶𝑎𝑠𝑒 4, 𝛾S1 ,S2 ≥ 𝑅2 , 𝛾R,D2 ≥ 𝑅2 , 𝛾S1 ,R + 𝛾S2 ,R < 𝑅2
= Pr[𝛾R,D1 < 𝑅1 ]Pr[𝛾R,D2 ≥ 𝑅2 ]Pr[𝛾S1 ,S2 ≥ 𝑅2 ]
[
]
× Pr 𝛾S1 ,R ≥ 𝑅1 , 𝛾S2 ,R < 𝑅1 , 𝛾S1 ,R + 𝛾S2 ,R < 𝑅2 .
(B.17)
[
Since 2𝑅1 ≤ 𝑅2 , the probability
Pr 𝛾S1 ,R ≥ 𝑅1 , 𝛾S2 ,R <
]
𝑅1 , 𝛾S1 ,R + 𝛾S2 ,R < 𝑅2 in (B.17) can be given by
]
[
Pr 𝛾S1 ,R ≥ 𝑅1 , 𝛾S2 ,R < 𝑅1 , 𝛾S1 ,R + 𝛾S2 ,R < 𝑅2
∫ 𝑅2 ∫ 𝑅2 −𝑦
=
𝑓𝛾S1 ,R (𝑥)𝑓𝛾S2 ,R (𝑦)𝑑𝑥𝑑𝑦
𝑦=0

𝑥=𝑅1

= Ξ5 (𝑅2 , 𝑅1 ; 𝛾¯S1 ,R , 𝛾¯S2 ,R ).

(B.18)

Substituting Ξ5 (𝑅2 , 𝑅1 ; 𝛾¯S1 ,R , 𝛾¯S2 ,R ) of (B.18) into (B.17)
gives the probability 𝑃out,ℰ4 (4) in (B.17) as follows:
𝑃out,ℰ4 (4) = Ξ0 (𝑅1 ; 𝛾¯R,D1 )Ξ1 (𝑅2 ; 𝛾¯R,D2 )Ξ1 (𝑅2 ; 𝛾¯S1 ,S2 )
(B.19)
× Ξ5 (𝑅2 , 𝑅1 ; 𝛾¯S1 ,R , 𝛾¯S2 ,R ).
Finally, substituting (B.9), (B.11), (B.15), and (B.19) into
𝛾S1 ,R , 𝛾¯S2 ,R , 𝛾¯R,D1 , 𝛾¯R,D2 ) in (21). Also,
(B.8) yields Ψ5 (¯
taking steps similar to those used above, one can obtain
𝛾S2 ,R , 𝛾¯S1 ,R , 𝛾¯R,D2 , 𝛾¯R,D1 ).
Pr[ℰℰ7 ] = Ψ5 (¯
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Γmax,4

⎧
]
[
max [𝛾R,D1 , 𝛾S2 ,R ,


]
⎨
max [𝛾R,D1 , min[𝛾S1 ,R + 𝛾S2 ,R , 𝛾R,D2 ] ,]
=
max [ min[𝛾S1 ,R , 𝛾R,D1 + 𝛾D1 ,D2 ], 𝛾S2 ,R ,
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⎩
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 𝛾S1 ,R + 𝛾S2 ,R ,
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𝛾S1 ,R + 𝛾S2 ,R ,
𝛾S1 ,R ≥ 𝛾R,D1 + 𝛾D1 ,D2
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max[𝛾
,
𝛾
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𝛾

S
,R
R,D
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1
2
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