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Abstract Cooperative communication has been proven effective in enhancing the
performance of wireless networks, and a variety of techniques have been investigated
to exploit the spatial diversity gain to provide reliable physical layer communications
with multiple quality-of-service (QoS) requirements. In this paper, we propose an
adaptive multi-relay selection with power allocation mechanism to offer energy fair-
ness at each node for a cooperative network. Unlike traditional approaches where all
nodes are considered to transmit in a collaborative manner,we explicitly consider the
situation where nodes exhibit some degree of selfish behavior. Specifically, we intro-
duce a novel concept of theselfishness indexand incorporate it into a utility function
which denotes the degree a node can benefit from cooperative transmission. Theoret-
ical analysis and extensive simulation results are supplemented to show advantages
in maximizing the network lifetime and guaranteeing the QoSin realistic wireless
environments. We also consider the practical situation when nodes consume energy
in mode switching, and carefully study the behavior of inter-cluster relay switching
and the trade-off among network lifetime, switching cost and switching frequency.
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Fig. 1 Cooperative transmission model with multiple relays.

1 Introduction

Future wireless communication networks are expected to support the mixture of
real-time applications, such as voice-over-IP and multimedia teleconferencing, and
non-real-time data applications, such as web browsing, messaging and file transfers.
Compared with wired environments, the error prone nature ofthe associated commu-
nication channels and traffic patterns in mobile wireless networks are more unpre-
dictable. Therefore, their stringent and diversified quality-of-service (QoS) require-
ments cannot be easily and satisfactorily addressed through traditional approaches.
Correspondingly, there have been increasing interests recently in protocol designs for
wireless networks to enhance the performance of wireless ad-hoc and sensor net-
works; nevertheless, unpredictable variables like node mobility, node density and
network dimensions make the diverse and stringent wirelessQoS requirements ex-
tremely difficult to satisfy.

Due to the unreliability of wireless links, it has been of significant interests to
study the impacts of physical-layer techniques on the design of upper-layers. Among
many candidate techniques, the multiple-input multiple-output (MIMO) receives sig-
nificant attention this far, which can provide spatial diversity and hence represents a
powerful technique for interference mitigation and reduction [1]. Cooperative com-
munication [2–4] provides an alternative way to achieve spatial diversity. The key
feature of cooperative transmission is to encourage single-antenna devices to cooper-
atively share their antennas such that a virtual antenna array can be constructed and,
hence significantly boosting reception reliability.

There are three main categories of cooperative communications, namely, amplify-
and-forward (AF, [5]), decode-and-forward (DF, [2]), and coded cooperation (CC, [6]).
Under AF, the cooperative relay node performs a linear operation on the signal re-
ceived from the information source before forwarding it to the destination node.
Whereas in DF, the cooperative relay node decodes the received signal, and re-encodes
it before forwarding it to the destination node. CC integrates cooperation into channel
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coding, by sending different portions of each user’s code word via independent fading
paths. Although the idea of cooperative communication has been proposed for almost
a decade, there are still fundamental issues to be considered from theoretical analysis
perspectives. For example, physical layer researchers aimto develop different coop-
erative strategies for AF, DF or CC, to improve the receptionreliability [7,8], reduce
power consumption [9, 10] and increase spectrum efficiency [11]. Moving up to the
MAC layer, existing literatures are focusing on the scheduling issues, i.e., when to
use cooperation, whom to cooperate with, and how to select cooperating nodes. On
the network layer, however, studies consider to define an efficient cooperative routing
protocol to deliver data packets between source and destination nodes.

In this paper, we consider the DF cooperative communication, as shown in Fig. 1.
The packet transmission from a source (S) to a destination (D) is aided by (multiple)
relay(s) (R). While there are variants of cooperative communication, depending on
how the relays cooperate to the source’s transmission,R’s action in DF is to overhear
the packet transmitted byS, decode it, and retransmit it toD, improving the reception
quality of the (combined) signal atD. This cooperative scheme lends itself to a rel-
atively easy implementation in hardware and software. Moreover, it is shown in [2]
that such a cooperative scheme can achieve full second-order diversity and therefore
provides significant improvement to the reception reliability.

In this paper, we explicitly focus on the fundamental issue of multiple relay se-
lection, while considering the impact of selfish behaviors and exploring an effective
mechanism to achieve both the energy efficiency and fairness. Particularly, we would
like to answer the following questions:

1. Consider the selfishness nature of wireless nodes, what are impacts on the will-
ingness of cooperation and the resulted overall network performance in terms of
goodput, QoS outage, and energy-efficiency?

2. By considering such selfish behaviors, how to optimally select and allocate the
power of the source and relays to achieve energy efficiency, fairness and extended
network lifetime?

3. What are the impacts of MAC layer protocols/scheduling algorithms on the PHY
layer cooperation and how to further improve the inter-layer cooperation?

4. In practical scenarios where energy costs in mode switching are explicitly con-
sidered, how to optimally select the set of relays for power efficiency?

More specifically, we propose a cooperation scheme to jointly consider relay
selection and power allocation by incorporating fairness and selfishness natures of
wireless nodes. We capture the selfish behavior in wireless networks by introducing
a selfishness indexwhich represents the selfish level of each node, and incorporate
this index into a novelutility function which denotes the net payoff of a node from
cooperative transmission. Higher utility denotes more responsibility in the cooper-
ative transmission; while for the purpose of decreasing power consumption, a node
with lower utility can show some degree of selfishness to reserve energy. In the pro-
posed approach, only relays with non-negative utility and longest estimated network
lifetime meets the relay selection criterion. On the other hand, the power allocation
issue is considered to be an optimization problem which aimsto minimize the sum
of weighted power while satisfying a given outage probability threshold. Extensive
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simulation results confirm that, by using the proposed method, the selected relay set
achieve the goals of transmission power efficiency and energy consumption fairness.

To summarize, the contribution of the paper is four-fold:

1. We explicitly derive a closed-form solution for the outage probability of a multi-
relay cooperation scheme employing repetition-coded Decode-and-Forward (DF)
strategy.

2. We incorporate a novel concept ofselfishness indexinto a utility function to
uniquely capture and regulate the selfish behavior of a node in the proposed relay
selection strategy.

3. We propose a two-step relay selection mechanism coveringall aspects of power
efficiency, energy consumption fairness and network lifetime, and bring forward
a “channel-aware packet selection” approach which can successfully combat re-
alistic channel variations.

4. We extend our contribution to the scenario of explicitly considering the energy
cost in switching mode, and extensively study the trade-offbetween the node
power consumption and network lifetime, and the relationship between switching
cost and switching frequency.

The remainder of this paper is organized as follows. Section2 reviews the main
previously reported relay selection schemes. In Section 3,we present the system
model, derive the closed-form expression of outage probability for multiple simul-
taneous relays under repetition-coded Decode-and-Forward (DF) cooperation, and
define the utility parameter with selfishness index. The proposed approach of relay se-
lection and power allocation is introduced in Section 6 and 7, respectively. Extensive
simulation results are shown in Section 8, followed by the practical considerations on
switching mode in Section 9. Finally, concluding remarks are given in Section 10.

2 Related Work

The concept of cooperative communication can be traced backto the pioneering
work done by Van Der Meulen [12] and Cover and El Gamal [13]. In[12], Van Der
Meulen first introduces the three-terminal communication channel (or a relay chan-
nel) and gives capacity bounds for various ways of sending information on this chan-
nel. Cover and El Gamal [13] study general relay channel and establish an achievable
lower bound. These early investigations on relay channels laid the foundation for
cooperative communication, and a large body of research community are interested
in cooperative communication whose main goal is to devise optimal resource (e.g.,
power, channel, relay, etc.) allocation schemes accordingto an objective function as
well as the constraints of the underlying system. Optimal relay selection is one of
such problems which is of great importance in cooperative wireless networks.

In the existing literatures, there are many different schemes for single relay se-
lections. In [14], Zhaoet.al. select the neighbor node with the maximum SINR as
the best relay, while in [15] Sadeket.al. consider that the node nearest to the base
station should be used in cooperation. In [16], Pandanaet.al.propose a single relay
selection and power allocation scheme based on channel condition and the residual
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energy. In [17], Shenget.al.propose to minimize the total transmission power con-
sumption of a single relay case, given only the outage probability satisfies a accepted
level. Other single relay selection schemes can also be found in [18–21]. Although
the best single-relay selection can improve system performance, the selected relay is
likely to have heavy load, thereby resulting in imbalance ofresource utilization.

There are also some studies on multiple relay selection [22–27]. Danet.al.in [22]
define the “emergence” diversity by employing multiple relays and propose a multi-
relay selection scheme by incorporating instant channel state information and resid-
ual energy. In [23], Vardheet.al.propose a multi-relay selection scheme, given the
channel capacity can achieve a lower bound threshold. In [24], Liu et.al.propose a
multi-relay selection scheme to maximize network lifetime. However, the number of
selected relays is fixed in the algorithm and the authors havenot considered to opti-
mize the relay numbers. In [25], Liet.al.propose a dynamic relay selection scheme
aiming at minimizing the long-term average cost while considering user mobility and
satisfying the QoS requirement.

Unfortunately, existing literatures rarely consider relay selection with the selfish
behavior. In [28], Liuet.al.discuss the selfish issue in cooperative networks and point
out the importance to consider selfish behaviors. Furthermore, in [29] Hassanet.al.
investigate the relay selection problem in the presence of malicious relay nodes and
show that the malicious behavior of relay nodes harms the throughput performance.
Motivated by the recent research activities on the study of the inherent loss of effi-
ciency caused to a system by the participant selfishness, we would like to consider
the impact of selfish behavior on relay selection and explorean effective mechanism
to achieve the energy fairness.

3 System Model

We consider a wireless cooperative, relay network consisting of N nodesN ,
whereN , {i = 1, 2, . . . , N}. Each node operates independently and is associated
with a set of attributes, denoted as the tuple:

〈

Ei, Ēi(t), Gi(t), Li(t), γi(t), Ui(t), wi(t), Si(t)
〉

, ∀i ∈ N (1)

and explained as follows. First, all nodes possess the same initial energy reserve,
denoted asEi, and its residual energy at timet is denoted as̄Ei(t), ∀i ∈ N . Gi(t)
andLi(t) are the introducedGain andLossof nodei from cooperative transmission
at time t, while γi(t) is the time-varyingselfishness index. Ui(t) is the utility of
nodei, derived fromGi(t), Li(t) andγi(t) all together. The detailed definitions of
above symbols are described in Section 5.wi(t) is the weight of nodei in power
allocation, defined in Section 6. We also assume that each node switches between
two operational modes:ON (active mode) andOFF (sleeping mode), according to
the outcome of relay selection, i.e., if nodei acts as the source or relay at timet,
Si(t) = 1, andSi(t) = 0 otherwise. State changes betweenON andOFF would cause
certain power consumptionP0; and studied in Section 9.

We assume a discrete system operation where time is divided into discrete time
slots, and at any time slot, we assume only one source-destination node pair can
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be active, and thus co-channel interference from other sources are not considered.
In the MAC layer, TDMA is used to provide collision-free transmissions from the
source and relays. Besides, full channel state informationis assumed to be available
at source, where centralized relay selection and power allocation is performed (as the
focus of this paper is not to study from the protocol perspectives, but fundamental de-
sign issues). Relay transmissions are assumed to be half-duplex such that they cannot
send and receive packets simultaneously. All channels exhibit Additive White Gaus-
sian Noise (AWGN). Finally, the fading is assumed to be stationary, with frequency
non-selective Rayleigh block fading between any pair of nodes in the network.

As shown in Fig. 1, we conduct an investigation into the two-time-slot imple-
mentation of repetition-coded DF relaying strategies. Thetask of relay selection is
as follows. At timet, a sources intends to send a message to a destinationd. Other
nodes are considered to be the candidate relays. In the first time slot, the source se-
lectsK nodes from the candidate relays to form an active relay setKs. Then, it
broadcasts its packets to both the active relays and the destination. In the second time
slot, the active relays inKs retransmit the received packets, operating in a perfect
synchronous manner to obtain the “emergence” diversity gain [22]. Hence, the desti-
nation receives multiple independent copies of the same packets transmitted through
different wireless channels, and cooperative diversity gain can be achieved.

4 Theoretical Analysis on Multi-Relay Aided Cooperation

4.1 Direct Transmission

For sake of completeness, we start with direct transmission. According to the sys-
tem model assumptions, the channel model incorporates pathloss and Rayleigh fad-
ing. The channel gain as,d between the nodess andd is modeled as as,d = hs,d/d

α/2
s,d ,

whereds,d is the Euclidian distance between the nodess andd, α is the path-loss ex-
ponent1, andhs,d captures the channel fading characteristics.

The mutual information of the cooperative link is a random variable denoted
by I. For a targeted data rateR, I < R represents the outage events, and we use
ǫout , Pr{I < R} to denote its outage probability [2]. Then, the mutual information
between sources and destinationd is:

Is,d = log(1 + PD
s |as,d|2), ∀s, d ∈ N , (2)

wherePD
s is the normalized transmission power of sources, and for Rayleigh fad-

ing, |as,d|2 is exponentially distributed with parameterdαs,d. Therefore, the outage
probability satisfies:

ǫout = Pr

{

Is,d < R

}

= Pr

{

|as,d|
2 <

2R − 1

PD
s

}

= 1− exp

(

−
(2R − 1)dαs,d

PD
s

)

≈ dαs,d

(

2R − 1

PD
s

)

,

(3)

1 The path loss exponentα is experimentally determined, and is typically in the rangeof 2 to 5 de-
pending on propagation environment. For example,α = 2.0 is for free space,2.5 ∼ 3.0 for rural areas,
3.0 ∼ 4.0 for urban areas, and4.0 ∼ 5.0 for dense urban areas.
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under the condition of largePD
s , andR is the desired data rate in bit/s/Hz, which

can be defined by specific QoS requirements, e.g., the routingdemand or throughput
requirement.

Then, we write the normalized transmission power for directtransmission, as:

PD
s = dαs,d

2R − 1

ǫout
. (4)

4.2 Cooperative Transmission With Multiple Simultaneous Relays

For a given active relay setKs, the maximum average mutual information be-
tween sources and destinationd for repetition-coded DF [2,30] can be shown as:

Is,d = min{Is,Ks
, IKs,d}, (5)

whereIs,Ks
andIKs,d are the mutual information in the first and second time slot,

respectively, defined as:

Is,Ks
=

1

2
log
(

1 + PC
s |as,Ks

|2
)

,

IKs,d =
1

2
log

(

1 + PC
s |as,d|2 +

∑

i∈Ks

PC
i |ai,d|2

)

. (6)

PC
s is the normalized power of sources in cooperative transmission,PC

i is the nor-
malized power of active relayi ∈ Ks, as,Ks

=
∑

i∈Ks
as,i/K is the average source-

relay channel gain. It is worth noting that the factor 1/2 captures the fact that com-
munication is performed in two time slots.

To simplify the discussion, we assume that each of the selected relays working
under the DF protocol has higher signal-to-noise ratio (SNR) than the threshold, and
can decode successfully [22]. Based on this assumption, we can conclude that the mu-
tual information bottleneck betweens andd is the second term in (6), namely:IKs,d.
Then, we formulate the outage event given byIs,d < R and the outage probability,
as:

ǫout = Pr{Is,d < R} = Pr{IKs,d < R}

= Pr

{

1

2
log(1 + PC

s |as,d|2 +
∑

i∈Ks

PC
i |ai,d|2) < R

}

= Pr

{

PC
s |as,d|2 +

∑

i∈Ks

PC
i |ai,d|2 < 22R − 1

}

.

(7)

Theorem 1 For multiple simultaneous relays, the outage probability under repetition-
coded DF cooperation is given by:

ǫout ≈
(22R − 1)K+1

(K + 1)!

∏

i∈{s}∪Ks

dαi,d
PC
i

. (8)
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Proof : In [31], Lanemanet.al. proposed an approximation for (7) but with the as-
sumption that each node has the same normalized power. We extend its result to the
scenario where the normalized power of each nodePC

i ,∀i ∈ {s}∪Ks can be differ-
ent. Take one item from (8) and letδ = 22R − 1, ρis = PC

i , then we have:

lim
s→∞

s · Pr{PC
i |ai,d|2 < δ}

= lim
s→∞

s · Pr

{

ρis|ai,d|
2 < δ

}

= lim
s→∞

s · Pr

{

|ai,d|
2 <

δ

ρis

}

= lim
s→∞

s ·
δ

ρis
dαi,d =

δ

ρi
dαi,d.

(9)

We also apply Theorem 1 in [31]: letus and vs be two independent random
variables with the property that,

lim
s→∞

s · Pr{us < t} = f(t), lim
s→∞

sd · Pr{vs < t} = g(t),

wheref(t) andg(t) are monotone increasing and integrable, andf ′(t) is integrable.
Then

lim
s→∞

sd+1 · Pr{us + vs < t} =

∫ t

0

g(t− x)f ′(x)dx. (10)

The result (9) being utilizedK times, yields the approximation:

ǫout = Pr

{

PC
s |as,d|2 +

∑

i∈Ks

PC
i |ai,d|2 < 22R − 1

}

≈
(22R − 1)K+1

(K + 1)!

∏

i∈{s}∪Ks

dαi,d
PC
i

.

(11)

⊓⊔
From (8), it is clear that the outage probability is closely related to the transmis-

sion powerPC
i , number of selected relaysK, desired data rateR, path-loss exponent

α and the distance between nodesdi,d.

Theorem 2 Based on the previous system model assumption, givenK relays, the
cooperative scheme can achieve the spatial multiplexing gain r = 1/2 and diversity
gaind = K + 1, andǫout(SNR)

.
= SNR−(K+1).

Proof : Recall the definition of the multiplexing gainr and diversity gaind in [32],

lim
SNR→∞

R(SNR)

log(SNR)
= r, and lim

SNR→∞

log ǫout(SNR)

log(SNR)
= −d. (12)

Assume that the normalized transmission power of each node is the same, denoted as
SNR. Then, (8) can be written as:

ǫout ≈
(22R − 1)K+1

(K + 1)!

∏

i∈{s}∪Ks

dαi,d
SNR

. (13)
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And thus, the diversity gain can be derived as:

d = − lim
SNR→∞

log ǫout(SNR)

log(SNR)

= − lim
SNR→∞

log

(

(22R−1)K+1

(K+1)!

∏

i∈{s}∪Ks

dα
i,d

SNR

)

log(SNR)

= − lim
SNR→∞

log (22R−1)K+1

(K+1)! +
∑

i∈{s}∪Ks
log dαi,d −

∑

i∈{s}∪Ks
log(SNR)

log(SNR)

= lim
SNR→∞

∑

i∈{s}∪Ks
logSNR

log(SNR)

= K + 1.

(14)

Note that the desired data rateR can be derived from (13),

R =
1

2
log

(

1 +

(

ǫout(K + 1)!
∏

i∈{s}∪Ks

SNR
dαi,d

)
1

K+1

)

, (15)

Then, we obtain the multiplexing gain as:

r = lim
SNR→∞

R(SNR)

log(SNR)

= lim
SNR→∞

1
2 log

(

1 +

(

ǫout(K + 1)!
∏

i∈{s}∪Ks

SNR
dα
i,d

)
1

K+1

)

log(SNR)

= lim
SNR→∞

1
2 log

(

1 +

(

ǫout(K+1)!∏
i∈{s}∪Ks

dα
i,d

)
1

K+1

· SNR

)

log(SNR)

(16)

Let η =

(

ǫout(K+1)!∏
i∈{s}∪Ks

dα
i,d

)
1

K+1

, then:

r = lim
SNR→∞

1
2 log(1 + ηSNR)

log(SNR)
= lim

SNR→∞

1

2
·

ηSNR
1 + ηSNR

=
1

2
. (17)

We use
.
= to denote the exponential equality [33].f(x) is said to be exponentially

equal toxd, denoted asf(x)
.
= xd, whenlimx→∞

log[f(x)]
log(x) = d. From the definition

of diversity gain, we can obtain:

ǫout(SNR)
.
= SNR−(K+1). (18)

⊓⊔
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5 Utility Function and Selfishness Index

To achieve the fairness in relay selection and power allocation, we associate each
node with autility representing its net payoff (or the actual benefit) receivedfrom
cooperative transmission. Existing literatures have shown that by using relaying, a
source node can gain a certain degree of power saving. However, if a node serves as
a relay, it contributes its own resource to help others. Given the non-uniform packet
arrival process at each node in the network and some specific MAC scheduling algo-
rithm is employed, some nodes act more as the source while others may serve more
as the relay. Therefore by introducing the utility, we aim tobalance the power saving
and loss of each node and offer a certain degree of fairness.

We use parametergain, denoted asG, to represent the power saving of a source
from cooperative communication. The instantaneous gain ofnodei at timet is de-
fined as the difference between the direct transmission and cooperative relaying:

Gi(t) = Gi(t− 1) +∆Gi(t), (19)

and,

∆Gi(t) =

{

PD
i (t)− PC

i (t), i = s,

0, others.
(20)

It is clear that only the source can accumulate a certain amount of gain, but not the
relays.

Next, we introduce a parameterloss, denoted asL, representing the power spend-
ing of a relay from cooperative communication. The instantaneous loss of nodei at
time t is defined as:

Li(t) = Li(t− 1) +∆Li(t), (21)

and,

∆Li(t) =

{

PC
i , ∀i ∈ Ks,

0, others.
(22)

At time t, only relays would accommodate certain amount of loss as they are helpers
to the source and make a sacrifice in relaying packets. Since gain and loss are time-
accumulative parameters, it is obvious that bothGi(0) andLi(0) equals to zero, and
if a node does not transmit any packets at timet, its gain and loss remain unchanged.

We use utilityUi(t) to denote the actual benefit nodei retains at timet and more
benefit means more responsibility in transmission. One straightforward method to
define utility is to subtract the loss from gain. Meanwhile, considering the selfish
behavior of nodes, we incorporate aselfishness index, denoted asγi(t) ∈ [0, 1], into
the utility function to make it more rational. Then, the utility Ui(t) of each nodei at
time t can be formulated as:

Ui(t) = γi(t)
(

Gi(t)− Li(t)
)

, ∀i ∈ N . (23)

It is worth noting thatγ can be arbitrarily chosen where value “0” represents ex-
tremely selfish behavior and “1” indicated highly generous.If considering the energy
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reserve of the node at any time, we further quantifyγ as:

γi(t) =
Ēi(t)

Ei
, ∀i ∈ N . (24)

We argue that selfish behaviors can be fully captured in the parameterγ and utility
function (23). First, if we denote the difference between the gain and loss as the
primal utility, then “selfishness” means that a node is not willing to cooperate so as
to take less responsibility in relay selection and power consumption. Examining (23),
we see that the time-varying selfishness indexγi(t) reflects the percentage of utility
(or net payoff) discount of each node. For instance, in (24),at the initial phase all
nodes have full energy reserve and thusγi(0) = 1, ∀i, and more generous behavior is
expected. When nodes participate in the cooperative transmission, they would spend
more energy, and thus the lower value of the selfishness indexand net payoff; as a
result, higher degree of selfish behavior may exhibit. Giventwo nodes with the same
primal utility, it is obvious that the one with less residualenergy would have a lower
utility and thus take less responsibility in helping others.

Furthermore, we associate the utility with a transmission “responsibility” in two
ways: one is in relay selection process, where only nodes with non-negative utility
have the opportunity to be selected as active relays; secondis in power allocation
process, where the power of a node is proportional to its instantaneous utility value.
In the next section, we will show how the fairness factor performs in the proposed
optimal power allocation.

6 Optimal Fair Power Allocation

Since relay selection criteria and power allocation rules are highly inter-related,
we start with assumption that the active relay setKs is given and illustrate the mech-
anism to find the most appropriateK members.

At time t, for givenK relays, we propose an optimal power allocation scheme
as a constrained optimization problem aiming at minimizingthe sum of weighted
transmission power under a given outage probability threshold ǫ0. In order to derive
a reasonable result, we scale the utilityU into a value range of [0,1], denoted asU̇ .
Then, the weight of nodei is defined as:

wi(t) = g(U̇i(t)), ∀i ∈ N , (25)

whereg(U̇) is a generic non-increasing function of the normalized utility value U̇ ,
and one of its realization can beg(U̇) = exp(−βU̇), whereβ is a constant.

Now, we formally introduce the optimization problem, as:

{PC
i (t)}i∈{s}∪Ks

= argmin
PC

i
(t)

∑

i∈{s}∪Ks

wi(t)P
C
i (t),

s.t. ǫout ≤ ǫ0.

(26)
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According to Theorem 1, letQ be a constant,

Q =
(22R − 1)K+1

(K + 1)!

∏

i∈{s}∪Ks

dαi,d, (27)

whereR,K andKs are given; thenǫout can be rewritten as,

ǫout = Q/
∏

i∈{s}∪Ks

PC
i (t). (28)

Hence, the optimization problem (26) becomes:

{PC
i (t)}i∈{s}∪Ks

= argmin
PC

i
(t)

∑

i∈{s}∪Ks

wi(t)P
C
i (t),

s.t.
∏

i∈{s}∪Ks

PC
i (t) ≥

Q

ǫ0
.

(29)

It is a classic constrained optimization problem, which could be solved by La-
grangian multipliers; and thus we form a Lagrangian problemwith multiplier λ as:

F =
∑

i∈{s}∪Ks

wi(t)P
C
i (t)− λ

(

∏

i∈{s}∪Ks

PC
i (t)−

Q

ǫ0

)

. (30)

The first order (necessary) optimality condition for (30) is:

∇F = 0 andλ

(

∏

i∈{s}∪Ks

PC
i (t)−

Q

ǫ0

)

= 0. (31)

Since the constraint is binding,λ 6= 0 and
∏

i∈{s}∪Ks
PC
i (t) − Q

ǫ0
= 0, the first part

of (31) becomes:

∇F = 0 ⇔ PC
i (t)wi(t) =

λQ

ǫ0
, ∀i ∈ {s} ∪ Ks, (32)

or equivalently,

PC
i (t) =

λQ

ǫ0wi(t)
, ∀i ∈ {s} ∪ Ks. (33)

In other words, the instantaneous power consumption of nodei is inversely propor-
tional to its weightwi(t). It is worth noting that from (25) we definewi(t) as a
non-increasing function of the normalized utilitẏUi(t), and more importantly, it can
be concluded that the optimal power consumption for nodei is proportional to its
instantaneous utility.

Next, we put (33) into the constraint
∏

i∈{s}∪Ks
PC
i (t) = Q/ǫ0, and we have:

λ =
K+1

√

∏

i∈{s}∪Ks
wi(t)

(Q/ǫ0)K
. (34)
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Therefore, the closed-form representation of optimal transmission power for each
node is formulated as:

PC
i (t) = K+1

√

Q

ǫ0
·

K+1

√

∏

i∈{s}∪Ks
wi(t)

wi(t)
, ∀i ∈ {s} ∪ Ks. (35)

From (35), it is clear that higher utility values result in higher optimal power
allocation, when a node benefits more from the help of other relay cooperations or it
has more residual energy. While for those who contribute more frequently as relays or
have less energy reserve, they exhibit different degrees ofselfish behaviors. Hence,
by minimizing the sum of weighted power of each node, optimalpower efficiency
and certain degree of energy consumption fairness can be jointly achieved.

7 Lifetime-Aware Two-Step Relay Selection

This section aims to find the most appropriateK nodes to form relay setKs, given
that the transmission power of theseK relays can already been optimally allocated
in (35). The selection mechanism should allow the selected relays achieve high de-
gree of power efficiency. Furthermore, as the benefit of each node receiving from the
cooperative transmission is different, be fair and equitable, nodes with negative ben-
efit from cooperative transmission will be removed from relay selection. Moreover,
since most terminals are battery-powered, it should balance the energy consumption
of each node as much as possible to maximize network lifetime, which, in this paper,
is defined as when the first node runs out of energy. In the following discussions, we
shall illustrate how we cover these aspects of power efficiency, cumulative benefits,
energy consumption fairness and network lifetime all together in relay selection.

At time t, we denote the nodes with non-negative utility as a setM , {m =
1, 2, . . . ,M}, whereUm(t) ∈ R

+, ∀m ∈ M. Then, the active relay setKs with
variable sizeK is a subset ofM andK = 1, 2, . . . ,M . To this end, by performing
exhaustive search over all possible decoding sets, we have

∑M
K=1

(

M
K

)

different com-
binations, or optimization iterations. We next separate this exhaustive search into two
steps. Step-1 takes power efficiency and energy consumptionfairness into consider-
ation by using (35) to optimally allocate transmission power, and Step-2 covers the
aspect of network lifetime.

Step-1:we choose the most appropriate relay set for eachK = 1, 2, . . . ,M , and
for the totally

(

M
K

)

potential options, we calculate the power as in (35) and find the
set which minimizes the objective function, the result of which is denoted asK∗ |K ,

K∗ |K= argmin
Kj |K

∑

i

wi(t)P
C
i (t),

∀i ∈ {s} ∪ Kj |K , ∀j ∈

{

1, 2, . . . ,

(

M

k

)}

,

(36)

whereKj |K represents thej-th subset ofM with its size |Kj | = K. Then, we
calculate the estimated network lifetimeT of setK∗|K as:

T (K∗ |K) = min
i

Ēi(t)

PC
i (t)

, ∀i ∈ {s} ∪ K∗ |K . (37)
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Algorithm 1 : Proposed Power Allocation and Relay Selection Approach
M = ∅;1
foreach i ∈ N do2

if i 6= s andi 6= d andUi(t) ∈ R
+ then3

M = M∪ {i};4
end5

end6
M = |M|;7
for k = 1 to M do8

for j = 1 to
(

M
k

)

do9
setKj |K as thej-th subset ofM with sizeK;10

calculate the power of each nodei as (35), ∀i ∈ {s} ∪ Kj |K ;11

end12
calculateK∗ |K as in (36);13
calculateT (K∗ |K) as in (37);14

end15
Ks = argmaxK∗|K

T, ∀K ∈ {1, 2, . . . ,M};16

calculate the power of each nodei as in (35), ∀i ∈ {s} ∪ Ks.17

if PD
s >

∑

i∈{s}∪Ks
PC
i (t) then18

cooperative transmission withKs;19
else20

direct transmission;21
end22

Following the same steps above, we are able to further obtainM sets{K∗|K=1,2,...,M}.
Step-2: from the previous obtainedM optional sets, we select the one with the

longest estimated network lifetime as the active relay setKs:

Ks = argmax
K∗|K

T, ∀K ∈ {1, 2, . . . ,M}. (38)

Through the two-step relay selection, we are able to obtain the active relay set
Ks and the power of each node. Note that cooperative transmission is not always the
best solution, and in particular when the source and destination are very close to each
other. Therefore, for sake of power efficiency, we use cooperative relaying if and only
if:

PD
s >

∑

i∈{s}∪Ks

PC
i (t). (39)

Algorithm 1 shows the pseudo-code of the proposed power allocation and relay
selection algorithm. At timet, given the sources, destinationd and the candidate re-
lays, we run this algorithm to generate the active relay setKs and calculate the power
of source and active relays, then select direct transmission or cooperative transmis-
sion based on power efficiency consideration. From line 1-6,we select the relays with
non-negative utilities to form a setM. Line 8-15 show the exhaustive search over all
possible decoding sets, where the internal iteration is theStep-1 of relay selection
and external iteration is the Step-2 of relay selection, as stated above. Finally, we get
the active relay setKs at line 16 and calculate the power of each node at line 17. Line
18-22 is the transmission scheme selection process. Cooperative transmission will be
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utilized only if it can achieve power saving compared with the direct transmission
scheme.

8 Performance Evaluation

In this section, we first provide extensive numerical results by using two different
network settings to investigate the impact of selfish behavior on power consumption,
the relationship between node utility and power allocation, and demonstrate the su-
periority of our proposed approach in power saving and allocation fairness. Then,
we study the achieved QoS outage of the proposed approach under the realistic en-
vironment, and further propose an improvement “channel-aware packet selection”
approach, which can significantly lower the QoS outage and increase the network
goodput.

8.1 A Five-Node Network Example

In this scenario, five nodes are randomly deployed in an area of 100× 100m2 re-
gion (the edges of the region are wrapped (toroid) to eliminate edge effects). Through-
out the simulation, we set the path-loss exponentα = 3, expected data rateR = 1
bps/Hz and targeted outageǫ0 = 0.01, all as constants. Furthermore, we useg(U̇) =
exp(−U̇). At each timet, a packet is transmitted by a randomly selected source and
received by a randomly selected destination. Other three nodes are treated as candi-
date relays from which the source generates the active relaysetKs. A total of 1000
packets are simulated within the network and all nodes have adequate energy reserve
being alive after the simulation.

We run our proposed approach in four different parameter settings. In the fully
generous condition,γi = 1, ∀i, t, representing that none of them behave selfish at any
time. In the second and third conditions, we partially assign nodesi = 3 andi = 5
as selfish nodes withγ3,5(t) = {0.5, 0.1}, ∀t, respectively, while for other nodes we
setγ1,2,4(t) = 1, ∀t. Finally, in the energy-aware selfish condition, all nodes exhibit
time-varying selfish behavior proportional to the percentage of remaining energy, i.e.,
γi(t) = Ēi(t)/Ei, ∀i, t.

It is observed in Fig. 2(a) that power consumptions of selfishnodes 3,5 are much
smaller than the fully generous case (as shown by the arrows), and their total amount
of power saving increases when selfishness indexγ changes from 0.5 to 0.1. Mean-
while, for the rest of generous node 1, 2 and 4, their power consumptions would have
to increase to complement the more selfish behaviors of othernodes to guarantee the
requested QoS parameterR andǫ0.

Fig. 2(b) shows the total power consumption with different numbers of selfish
nodes assigned in the afore-mentioned partial selfishness case. In contrast to the fully
generous setting, partial selfishness leads to more energy consumption and this gap
becomes even larger whenγ reduces significantly from 1 to 0.1, showing that the to-
tal network consumption and network lifetime sacrifices although selfish nodes save
their own energy. However, it is very interesting to observethat when all nodes ex-
hibit energy-aware selfishness the network energy consumption achieves the least,
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Fig. 2 Simulation results for selfishness impact in four differentconditions: fully generous case, partial
γ = 0.5 selfishness, partialγ = 0.1 selfishness, and all energy-aware selfish case. (a) Normalized power
consumption. (b) Total power consumption vs. the number of selfish nodes.

resulting in an optimum. This is because by the rational energy-aware selfishness,
power consumption is well balanced and no one is excessivelydepleted at any time.

Therefore, the simulation results of five-node example firmly demonstrate that
our proposed approach captures the selfish behavior in an appropriate way, and the
all energy-aware selfish condition achieves the best power saving, thus paving the
way for its superior performance under a more practical and complex environment.

Next, we carefully examine the system behavior in detail, focusing to study the
relationship between node utility and power allocation. Recall that in Section 5 we
demonstrate the use of node utility to represent the actual benefit obtained from co-
operative transmission and offer a certain level of fairness in power allocation. In
order to understand the change of utility values and the result of power allocation, we
consider the all energy-aware selfish condition and plot thepower and utility change
of each node over time, as shown in Fig. 3 and Fig. 4, respectively. From Fig. 4(a)
we observe that since nodes are randomly selected as the source, their utility val-
ues increase when time evolves, and they converge quickly inabout 25 time slots.
With reference to Fig. 3(a) where power is allocated proportional to the utility, it also
converges in the fast pace.

We zoom in the initial time period before convergence and obtain Fig. 3(b) with
reference to Fig. 4(b). It is clear to verify the relationship between two parameters.
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Fig. 3 Power allocation vs. time. The disconnected points are the time when a particular node does not
participate in cooperative transmission.

Taket = 19 as an example. Att = 19, node 1 is the source while node 3 and 5 serve
as relays. Because ofU1(19) > U5(19) > U3(19), we derivePC

1 (19) > PC
5 (19) >

PC
3 (19). Examining Fig. 4(b), we can also figure out the role of each node at time

t, since the source utility would increase, relay utility decreases and all other nodes
unchanged. For example, node 2 is the source and the active relay set consists of node
3-5 att = 20.

8.2 A Complete Network Setting

In this scenario, we placeN (varied between 5 and 10) nodes at uniformly ran-
dom locations in a100× 100m2 region. A total of1000×N packets are transmitted,
and at each timet, a packet is transmitted by a randomly selected source and a ran-
domly selected destination. The simulation result is averaged over 100 runs for each
N . We use the all energy-aware selfish condition and the weightis also chosen as
g(U̇) = exp(−U̇). We aim to investigate the average power consumption for each
node of our proposed approach under different parameter settings, i.e., by varying the
path-loss exponent, outage probability threshold and desired data rate, to compare
its performance with direct transmission and random relay selection approach. The
random relay selection applies the same power allocation scheme as our proposed
approach, but selects relay set randomly.
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Fig. 4 Node utility vs. time.

Fig. 5 shows the average normalized power consumption with respect to (w.r.t.)
different network sizes andα. We observe that our proposed approach consumes
less energy than both the random relay selection approach and direct transmission
by a factor of 1/2 and 1/9 whenN = 5, respectively; and this gain becomes larger
whenN increases. Furthermore, as the network density increases,both the average
energy consumption of the proposed approach and random relay selection approach
decrease significantly since nodes in the nearby proximity can be leveraged as relays.
With the increase ofα, it is not surprising the network would spend more energy to
combat the large scale fading factor. The effects of different ǫ0 andR can be seen
in Fig. 6 and Fig. 7 , where overall one can observe the similartrends that lower
outage probability threshold and higher data rate (more stringent QoS requirements)
eventually lead to higher power consumption; however the proposed approach always
outperform the other two schemes.

Table 1 illustrates the fairness performance by applying Jain’s fairness index
to relay’s power in the proposed approach when setting network parameterǫ0 =
0.01, R = 1. This index is defined by

∑

(PC
i )2/

(

N
∑

(PC
i )2

)

, ∀i ∈ Ks. The result
ranges from1

N (worst case) to 1 (best case). The larger the index is, the better fairness
that we can achieve.It can be seen that the power allocation between multiple relays
reaches a relatively high level of fairness and does not change dramatically over dif-
ferent large scale fading factorα. This is achieved by the proposed utility function
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Fig. 5 Normalized average power consumption vs. the number of nodes,α = {2, 3, 4}, ǫ0 = 0.01, R =
1.

Table 1 Fairness index (Jain’s) among the relay power.

α = 2 α = 3 α = 4

N = 5 0.9484 0.9485 0.9457

N = 8 0.9478 0.9421 0.9465

N = 10 0.9443 0.9450 0.9473

and the two-step relay selection algorithm on balancing theenergy consumption of
each node at each packet transmission.

8.3 Channel-Aware Approach

From our proposed approach, we are able to find the optimal active relay setKs

and allocate power of each node to achieve a high degree of fairness and energy ef-
ficiency. Nevertheless, the question still remains since results are statistically correct
for Rayleigh fading channel, but how can we guarantee the lowQoS outage from time
slot to time slot? QoS outage events are mainly caused by the deep fading channel
when a pair of source-destination nodes are randomly chosen(as simulated above).
From (6), we observe that when the channel fading is severe, the mutual information
obtained by the proposed approach tends to be small, thus having higher probability
to be less than the desired data rate. Therefore, in order to lower the QoS outage, we
use the channel state of previous time slot to aid the decision-making of relay selec-
tion for the current node pair. We call a channel between a specific source-destination
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Fig. 6 Normalized average power consumption vs. the number of nodes,α = 3, ǫ0 = {0.1, 0.01, 0.001},
R = 1.

pair with relay setK is “good” channel if,

∑

i∈{s}∪K

PC
i (t)

|hi,d(t− 1)|2

dαi,d
>

∑

i∈{s}∪K

PC
i (t)

ξ2

dαi,d
, (40)

satisfies, whereξ is a tunable threshold to judge the channel condition to be “good” in
the next time slott. The higher values ofξ indicates more stringent QoS requirements.

The purpose of this section is not to propose any novel MAC protocols/scheduling
algorithms, but study the impact of different realistic channel conditions on the per-
formance of our proposed relay selection scheme. Towards this end, without loss of
generality, we also assume traffic arrive at each node independently and each node has
a separate queue buffering these packets. We further assumethat the queueing pack-
ets and channel conditions between any pair of source-destination node are known
to the relay selection algorithm. It is worth noting that this assumption does not nec-
essarily mean a centralized scheduling algorithm, but can be realized by distributed
solutions like in [34] that exploits the multi-user diversity gain while satisfying the
long-term throughput requirement.

We improve our previous “proposed approach”, referred as “channel-aware: packet
selection” scheme. It works as follows. At each time slot, a packet arrives at the buffer
of the randomly selected source, intended to be transmittedto the randomly chosen
destination. After theStep-1of Algorithm 1, based on the previous time slot channel
information, the network evaluates the channel condition of the source-destination
pair, and the ones betweenM obtained relay sets{K∗|K=1,2,...,M} and the destina-
tion as in (40). The relay sets with “good” channel conditionwill be passed to the
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Fig. 7 Normalized average power consumption vs. the number of nodes, α = 3, ǫ0 = 0.01, R =
{1, 2, 3}bps/Hz.

Step-2of Algorithm 1, the relay selection phase. However, if no relay sets exist af-
ter the channel evaluation, this transmission will be suspended and the network will
follow the same procedure to examine the next communicationpair until the packet
with good transmitting channel is found. In the extreme condition where no commu-
nication pair in the network is associated with good channel, the cooperative relaying
will be suspended and wait for next time slot. It is worth noting that the network
remembers the packet arrival sequence, so that they are handled in a FIFO manner.
Therefore, through packet selection, cooperative relaying happens only undersatis-
factorychannel conditions for each time slot, and thus the QoS outage can be lowered
at a maximum extent, but with the sacrifice of packet delay. Fig. 8 shows the revised
system flow of channel-aware packet selection approach.

To assess its performance in terms of QoS outage, goodput (defined as the av-
erage number of transmitted packets without QoS outage per time slot), and power
consumption, we still use the topology of five randomly deployed nodes in an area
of 100 × 100m2 region, and varyǫ0 as 0.1 and 0.01. A total of 20,000 packets are
simulated, and the result is averaged for 100 runs. Data rateR is set to 1 bps/Hz. The
selfishness index and weight function are the same as the one used in Section 8.2.
Table 2 shows the practical simulation parameters including the channel and antenna
model, and modulation and coding scheme. We compare the “channel-aware: packet
selection” approach with the previously “proposed approached” in Section 7, and we
investigate their performance by varyingǫ0 and the doppler frequency.ξ is set to 0.3
and 0.18 forǫ0 = 0.1 andǫ0 = 0.01, respectively.
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Fig. 8 System flow of the channel-aware packet selection approach.

Table 2 Simulation parameters

Parameter Value

Channel Model Rayleigh fading, Jake’s Model [35]
Path-loss Exponent 2
System Bandwidth 50MHz
Time Slot Duration 81.92µs
Doppler Frequency 50, 60, 70, 80, 90, 100 Hz
Packet Length 512 bytes
Modulation and Coding BPSK-1/1
Antenna Model Omnidirectional

Fig. 9 shows that when the targeted outage probabilityǫ0 = 0.1, the proposed ap-
proach suffers from average QoS outage 0.2 due to the potential deep fading between
the randomly selected source-destination node pair. However, the channel-aware ap-
proach can successfully lower the outage close to the targetedǫ0. Whenǫ0 = 0.01,
the QoS outage under channel-aware approach is nearly zero.

Fig. 10 shows the trend of network goodput w.r.t. the dopplerfrequency. Since
BPSK 1/1 is used in the PHY layer and the duration of the time slot is set to the
length of transmitting one packet only, the upper-bound maximum goodput is 1. We
can see that the goodput under channel-aware approach is higher than that under
channel-unaware approach, and in particular, whenǫ0 = 0.01, the goodput under
channel-aware approach is nearly 1. This is because the QoS outage is very low and
the packet delay is well acceptable.

Table 3 shows the average packet delay of the channel-aware packet selection
approach. Whenǫ0 = 0.1, due to the higher possibility of deep fading, the average
delay is higher if compared with the one whenǫ0 = 0.01. We also observe that this
value experiences a decreasing trend with the increase of the doppler frequency. Note
that “proposed approach”, unaware of the channel conditions, provides the average
packet delay equals to 1 slot. With reference to Fig. 9 and 10,it is interesting to
highlight the trade-off between goodput/QoS outage and packet delay.
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Fig. 10 Goodput vs. doppler frequency.

Fig. 11 demonstrates the power consumption of two approaches, where the newly
proposed packet selection scheme does not yield extra energy usage, but its consump-
tion is very close to the original approach.



24 Chi Harold Liu et al.

Table 3 Average packet delay (in time slots) w.r.t different doppler frequencies and targetedǫ0 under the
channel-aware packet selection approach

50Hz 60Hz 70Hz 80Hz 90Hz 100Hz

ǫ0 = 0.1 44.5652 49.8665 38.4855 36.5292 31.7008 31.8160

ǫ0 = 0.01 36.6310 26.6589 32.3046 19.3332 19.6480 10.8629
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Fig. 11 Normalized power consumption vs. doppler frequency.

9 Practical Consideration: Mode Switching

In this section, we investigate our proposed approach in a more practical sce-
nario, considering the energy cost inON(active)/OFF(sleeping) mode switching. In
practice, nodes may operate under certain duty cycles, and MAC protocols may en-
force to wake up/sleep a set of nodes for the next time frame, according to the output
of the relay selection algorithm. Towards this end, not all nodes in the network are
available for relay selection. And even so, the energy cost of switching mode ac-
cording to the selection decision may sometimes larger thantransmitting one single
packet to the nearby neighbor, and thus potentially significantly impact on the overall
network lifetime. As far as the authors’ knowledge, this is the first piece of research
investigating this factor explicitly in the relay selection problem.

Towards this end, our focus in this section is to study the impact of energy cost
in switching mode, and we assume that each nodei is associated with a stateSi(t),
and if it acts as the source or relay,Si(t) = 1; otherwiseSi(t) = 0. We useP switch

i (t)
to denote the amount of energy cost when switching the mode betweenON andOFF,
whenever the previous state is different from the current one. Then, we re-formulate
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Fig. 12 Switching mode topology. Four relay groups and one permanent source-destination pair.

the optimization problem in (29), as:

{PC
i (t)}i∈{s}∪Ks

= argmin
PC

i
(t)

∑

i∈{s}∪Ks

wi(t)P
C
i (t) +

∑

i∈N

P switch
i (t),

s.t.
∏

i∈{s}∪Ks

PC
i (t) ≥

Q

ǫ0
.

(41)

where

P switch
i (t) =

{

P0, if Si(t) 6= Si(t− 1),

0, if Si(t) = Si(t− 1).
(42)

Accordingly, the estimated network lifetime calculated in(37) in relay selection
process is rewritten as:

T (K∗ |K) = min
i

Ēi(t)

PC
i (t) + P switch

i (t)
, ∀i ∈ {s} ∪ K∗ |K . (43)

where the denominator denotes the total amount of energy usage considering the
switching mode energy cost. The above optimization problemcan be solved by many
well-known method, like the projected subgradient algorithm [36].

To better demonstrate the effect ofP0 on relay selection, we use a scenario where
node 1 and 14 always serve as the source-destination node pair, while 12 other nodes
are grouped into four clusters located from the neighborhood of the source to the
far end of it, as shown in Fig. 12. For simplicity reasons, in this section, we do not
study the intra-cluster relay selection (i.e., which subset of nodes within a cluster are
selected, but assuming their homogeneous operations). Nevertheless, we here focus
on theinter-cluster selection, given that the relaying behaviors overtime of these four
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Fig. 13 The effects of energy cost when switching modes among four groups at different locations, where
(a) ON/OFF energy cost:2P0 (b) ON/OFF energy cost:P0. P0 equals to the direct transmission power
where the distance is 10 meters.

groups at different locations may inter-relate with the amount ofON/OFF energy cost.
We denote the four relay groups asGi, ∀i ∈ {1, 2, 3, 4} and the selected active relay
group asG∗.

At time t, by solving the optimization problem in (41), we obtain the power of
each node in every candidate relay group. Then, we calculatethe estimated network
lifetime of each group. Here we exclude the source in networklifetime calculation
because we assume the source to be equipped with sufficient energy supply. Finally,
the group with the longest estimated lifetime is selected asthe active relay groupG∗:

G∗ = argmax
Gi

min
j

Ēj(t)

PC
j (t) + P switch

j (t)
, ∀j ∈ Gi, i = {1, 2, 3, 4}. (44)

Fig. 13 shows the effect of extra power consumption when a group of nodes
switch modes. In Fig. 13(b), we set the extra power consumption asP0 with its value
equivalent to the direct transmission power when the distance is 10 meters, and2P0

in Fig. 13(a). The simulation initializes with all relays having different but limited
residual energy supply and sufficient utility values, to avoid the problem of negative
utility values in (25). As shown in Fig. 13(a), for the former650 time slots, group 2
and group 4 are chosen as the candidate relay sets, alternating to service the packet
transmission, due to their relatively shorter distances towards the destination; and
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thus, the lower power consumption per transmission, and longer network lifetime are
expected, if compared with using group 1 and 3. Interestingly, the length of this “alter-
nating period” is highly related toP0, as higher energy cost (2P0 in Fig. 13(a) andP0

in Fig. 13(b)) makes the network reluctant to activate another group for service, until
the gap is large enough to accommodate this energy cost for the purpose of extending
the network lifetime. With the passage of time, theON period becomes shorter, and
even replaced by group 1 and 3 after time slot 650. This is because as more energy
is consumed, the relative benefit of using the nearby relays becomes weak, and even
though activating the sleeping group 1 and 3 may incur extra energy cost, its con-
tribution to the overall network lifetime extension worth performing the switching
decision. Nevertheless, even though group 1 and 3 are chosenfor service nearly at
the end of simulation, nearby groups 2 and 4 sometimes are also activated and back to
service due to their relatively smaller energy consumptionper transmission. Towards
this end, we see how the network balances the switching cost and network lifetime
(transmission power consumption).

The same effects become even clearer when considering the smaller energy cost
when switching the mode, as shown in Fig. 13(b). Hence, it is very clear to see that
higher energy cost in mode switching leads to a lower switching frequency.

10 Conclusion

In this paper, we investigated the problem of relay selection in cooperative com-
munication, focusing on multiple simultaneous relays. We first derived a closed-form
expression of the outage probability under repetition-coded DF cooperation. Then,
we introduced the novel concept of selfishness index to capture the selfish behavior
in cooperative transmission and incorporated it into a novel utility parameter repre-
senting the attained net payoff. After that, we proposed a two-step relay selection
mechanism covering all aspects of power efficiency, energy fairness and network
lifetime, by using the utility function that makes the process reasonable and rational.
Extensive simulation results with different network sizesand QoS parameters showed
that our scheme outperforms both the direction transmission and random relay selec-
tion scheme by a factor of 1/2 and 1/9 in power saving, respectively, when five nodes
are randomly deployed. Furthermore, we evaluated our approach under realistic wire-
less environments and improved the proposed approach by considering the channel
information in the previous time slot. This approach successfully lowers the QoS out-
age with tolerable delay penalty. Finally, we considered the practical situation when
nodes consume energy in mode switching, and reformulated the power allocation op-
timization problem. We also have studied the behavior of inter-cluster relay switching
and the trade-off among network lifetime, switching cost and switching frequency.
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