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Abstract

In this paper, a game theoretic relay load balancing and power allocationscheme is proposed for downlink transmission in
a decode-and-forward orthogonal frequency division multiple access-based cellular relay network. A system with a base
station communicating with multiple users via multiple relays is considered. The relays have limited power, which must be
divided among the users they support. In traditional scheme, each relay simply divides its transmit power equally among all
its users. Moreover, each user selects the relay with the highest channel gain. In this work, we do not apply the traditional
relay scheme. It is because the users are distributed randomly, and by applying the traditional relay selection scheme, it
may happen that some relays have more users connected to them than other relays, which results in having unbalanced
load among the relays. In order to avoid performance degradation, achieve relay load balancing, and maximize the total
data rate of the network, a game theoretic approach is proposed, which efficiently assigns the users to relays. The power of
each relay is wisely distributed among users by the efficient power allocation scheme. Simulation results indicate that the
proposed game-based scheme can considerably improve the average sum-spectral efficiency. Moreover, it shows that by
applying the game, users who can connect to uncongested relays join them as opposed to connecting to congested relays.
Copyright © 2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Wireless communication networks have significantly
grown in the past few years. These wireless networks such
as long-term evolution advanced have to satisfy stringent
requirements of all users irrespective of their locations.
Very high data rates and ubiquitous coverage are examples
of these requirements. Because the service quality of users
cannot be guaranteed in conventional cellular networks, to
satisfy the increasing demands of wireless communication
networks, efficient utilization of the transmission resources
that are scarce and expensive is required.

Orthogonal frequency division multiple access
(OFDMA) eliminates the frequency selectivity effect,
combats channel noise, and promises higher data rate
transmission. In addition, many benefits such as path loss
reduction, coverage extension, and cooperative diversity
can be achieved by employing relays in cellular networks

[1,2]. The incorporation of OFDMA and relaying techn-
iques offers a promising structure for providing ubiquitous
high data rate coverage [3]. To utilize resources that are
scarce and expensive efficiently, advanced radio resource
management schemes are crucial, and employment of
conventional schemes will be highly inefficient [4].

There have been many research focused on improving
the system throughput by resource allocation in OFDMA-
based relay networks. In [5], relay selection is solved
with the assumption of equal power allocation, and then
the suboptimal power allocation is solved by an itera-
tive method. In [6], the authors use the Lagrange dual-
decomposition method to propose a modified water-filling
algorithm for power allocation solution. Power alloca-
tion is proposed in [7], where each node may act as a
source/destination or relay simultaneously, and the work in
[8] aims at maximizing the downlink capacity with mini-
mal rate requirements from users. Most of the works that
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consider the resource allocation in OFDMA-based relay
networks focus on maximizing the system throughput,
such as [6,9–11] and [12].

In [13], the power allocation aims to maximize the
achievable rate for the deterministic channel, and the
optimal resource allocation problem was formulated as
a convex problem. Power allocation for maximizing the
instantaneous sum rate was studied in [14], which was for-
mulated as a geometric programming problem. In [15],
efficient greedy algorithms are proposed to maximize the
total capacity of a single-cell OFDMA-based relaying net-
work. In practice, the solutions of those problems often
require global information and coordination among all
nodes, which is very costly and sometimes infeasible.

It should be noted that most existing works on resource
allocation in cooperative OFDMA systems have focused
on users with the same demands, without considering com-
munication services with diverse requirements. Moreover,
besides resource allocation, relaying brings in issues such
as relay selection and relay load balancing, which should
be considered as well. In this paper, a game theoretic
scheme is proposed to tackle the aforementioned issues.

The game-based radio resource allocation has been
investigated for relay networks in the literature. In [16],
authors formulate the optimization as a Stackelberg game,
by bargaining between source and relay nodes to obtain
a larger utility value. In [17], an auction-based algorithm
is introduced to select relay and allocate power among
competing users. Authors in [18] proposed a cure for the
curse of boundary nodes in selfish packet-forwarding wire-
less networks based on coalitional game with cooperative
transmission. Most of these studies focused on maximizing
the system throughput without considering load balancing
among the relays. However, in this paper, we consider the
joint power allocation and the load balancing to avoid relay
overloading and efficiently improve the performance.

In this paper, a system with a base station communicat-
ing with multiple users being assisted by multiple relays
is considered. The relays have limited power, which must
be divided among the users they support. Thus, a relay
selection and power allocation scheme is proposed by con-
sidering relay load balancing. In our previous work [19],
we assumed that the network is formed by applying the
traditional relay selection scheme based on channel gains.
Then, a power allocation scheme was proposed based on
the knapsack problem to maximize the total data rate of
the network. However, in this paper, we do not apply the
traditional relay selection scheme. It is because the users
are distributed randomly, and by applying the traditional
relay selection scheme, it may happen that some relays
have more users connected to them than other relays, which
results in having unbalanced load among the relays.

The major contributions of this paper are power alloca-
tion and relay load balancing, which are important issues
that aim to utilize resources effectively and avoid over-
load of any relays. By applying relay load balancing,
users who can connect to uncongested relays join them
as opposed to connecting to congested relays, so users

are evenly distributed among the relays. In this paper, by
considering load balancing among relays, an optimiza-
tion problem is formalized in order to maximize the total
throughput of the network. For solving the problem, a
game theoretic approach is proposed to jointly consider
relay selection and relay load balancing. To distribute the
power of relays among the users wisely, an efficient power
allocation scheme is proposed. By defining the coalition
value and the cost function and using merge-and-split rule,
the coalitional formation game is run. After the termination
of the merge-and-split rule, the coalition with the highest
coalition value among the formed coalitions is selected.
The same procedure continues for all relays as well, until
coalitions are formed around all relays of the network. Sim-
ulation results show that the proposed game-based power
allocation scheme can improve the average sum-spectral
efficiency approximately 20% compared with the tradi-
tional scheme. Moreover, by applying the game, users are
evenly distributed among the relays, and load balancing
is obtained.

The rest of this paper is organized as follows. Section
2 describes the system model and the problem definition.
Preliminary coalitional game theory along with the coali-
tional game scheme is introduced in Section 3. In Section 4,
a new coalitional game-based power allocation scheme is
proposed. Moreover, by defining the coalition value and the
cost functions, coalitional game design is discussed. The
coalitional formation of the proposed scheme is discussed
in Section 5. Simulation results are shown in Section 6,
followed by conclusions and future works in Section 7.

2. SYSTEM MODEL AND PROBLEM
DEFINITION

In this work, the downlink scenario of a wireless decode-
and-forward (DF) cellular relay network with K relays and
N users is considered. In the cell, a base station (BS) is
located at cell center; K fixed relay stations are located uni-
formly. There are N users distributed randomly over the
cell. The cell radius is R, and the distance from BS to each
relay is �R, where 0 < � < 1. The channels between sta-
tions are frequency-selective, and OFDMA is employed to
convert the channel into orthogonal subcarriers with flat
fading. For simplicity, we assume that each relay uses the
same subcarrier to relay information that it received and
no more than one relay assists each user. In the proposed
model, each time slot has two phases, and the policy is as
follow. In the first phase, the BS transmits, and the rest of
the nodes receive. In the second phase, the relays transmit
what they have received in the first phase to users by using
DF cooperative scheme. By pre-subcarrier allocation, the
best unallocated subcarrier is assigned to each user, and the
power of BS is equally allocated among all users. The over-
all bandwidth B is divided equally among the N users. The
user combines the received signal from BS and the relayed
signal from the relay together using the maximal ratio com-
bining. As a result, the achievable data rate between BS and
user i with the help of relay j is [20]

2



DRj
.BS,i/ D

1

2
min

(
B

N
log2

 
1C

PBSjjhBS,jj
2

BN0=N

!
,

�
B

N
log2

 
1C

PBSijhBS,ij
2

BN0=N
C

Pjijhj,ij
2

BN0=N

!) (1)

where hBS,i (hBS,j) denotes the channel gain between BS
and user i (relay j), hj,i is the channel gain between relay
j and user i, PBSi (PBSj) is the transmit power from BS to
user i (relay j), and Pji is the transmit power from relay j
to user i. N0 is the power spectral density of additive white
Gaussian noise. In the first phase, the BS transmits, and the
rest of the nodes receive, so PBSj is equal to PBSi. The first
term in (1) represents the maximum rate at which the relay
j can reliably decode the BS message, while the second
term in (1) represents the maximum rate at which the user
i can reliably decode the BS message given the repeated
transmissions from the BS and the relay j.

BS transmits the data to user i either directly or via a
relay, depending on the quality of the channel between the
BS and the user i. Let us define IBSi as

IBSi D log2
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The direct link between the BS and the user i is used if
the signal is strong enough to be decoded by the user, that
is, IBSi > �, where � is the spectral efficiency determined
by designer depending on the application. Otherwise, BS
should transmit the data to user i with the help of a relay. In
case of using the relay, the second term of (1) should meet
� , which requires Pji to satisfy a threshold, called Pth

ji . To

obtain Pth
ji , we can write
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Therefore, Pth
ji can be calculated as

Pth
ji D
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2
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2

(4)

By this, if Pth
ji has a negative value, we let it be zero.

In this work, we want to maximize the total data rate of
the network while having load balancing among the relays.
Therefore, the optimization problem is defined as

Problem PA:

max
x,P

KX
jD1

NX
iD1

xijDRj
.BS,i/ (5)

s.t.
KX

jD1

xij � 1 8i (6)

Nmin <

NX
iD1

xij < Nmax 8j (7)

NX
iD1

xijPji � Pmax
j Pji > 0,8i, j (8)

where xij 2 Œ0, 1� is a binary variable that indicates whether
or not user i is assigned to relay j, that is,

xij D

�
1 user i is assigned to relay j
0 otherwise

(9)

There are K relays and N users in the network. Constraint
(6) implies that each user can be assigned to one relay at
most. In constraint (7), Nmax and Nmin define the maximum
and minimum number of users, which can be assigned to
each relay j. Moreover, the total transmission power of each
relay j is limited to Pmax

j according to (8).
It is difficult to find the optimal solution to the Problem

PA, because Problem PA is more complicated than gener-
alized assignment problem, which is an Non-deterministic
Polynomial-time hard (NP-hard) combinatorial optimiza-
tion problem [21]. Compared with generalized assignment
problem, assigning each user to one relay with limited
power of relays should be carried out, while constraints
(7) should be met and power allocation and load balanc-
ing should be applied among relays as well. Therefore,
we should exploit the nature of the problem and find an
approach to achieve a reasonable performance.

In a traditional relay selection scheme [22], for each
user, a relay with the highest channel gain is selected
among all available relays. However, by following the tra-
ditional relay selection scheme, it may happen that some
relays have more users connected to them than other relays,
which causes overloading and performance degradation.
As a result, the load is unbalanced among the relays,
which leads to the decrease in the assigned power to users
that connected to relays with high load. Hence, in this
work, a game theoretic relay selection and power allocation
framework is designed to enhance the system throughput
while considering relay load balancing as well. In order to
achieve relay load balancing, we define Nmax and Nmin, in
constraint (7), as the maximum and minimum number of
users that can be assigned to each relay j, respectively.

In order to solve the problem, first, Nmax should be
determined. The maximum number of users that a relay
j can support, Nmax, is a system parameter, which can be
calculated as

Nmax D b
Pmax

j

Npk
c (10)

where Npk is the average power that should be allocated
to an arbitrary user k in order to satisfy the spectral effi-
ciency requirement. The corresponding Pjk, which satisfies
�, called Npk, can be obtained as

Npk D
.BN0=N/.2� � 1/ � PBSkjhBS,kj

2

jhj,kj
2

(11)
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where hBS,k and hj,k are the average channel gains of an
arbitrary user k in the network by considering path loss.
The minimum number of users connected to relay, that is,
Nmin, is a system parameter that can be determined by the
network designer.

The coalitional game scheme will be discussed in the
next section.

3. COALITIONAL GAME SCHEME

Finding the optimal structure for assigning users to relays
and power allocation in a centralized manner leads to an
optimization problem, which is NP-complete [23]. This is
mainly due to the fact that the number of possible coali-
tion structures in a centralized manner, given by the Bell
number, grows exponentially with the number of users
N [24]. With the emergence of cooperation as a new
communication paradigm and the need for decentralized
networks, game theory that allows us to study the behav-
ior and interactions of the nodes is a very suitable tool.
The main branch of cooperative games describes the for-
mation of cooperating groups of players, referred to as
coalitions [25].

In this work, users make coalition in order to join relay j.
Having more users connected to relay j increases the total
data rate of relay j, but if too many users are connected
to relay j, the power that relay j can assign to each user
decreases. As a result, in order to maximize the data rate
and satisfy the constraint (7) as well, coalitional game the-
ory is proposed to study the behavior of users and achieve
balance between the assigned power and the total data rate.
By applying the game, users join the uncongested relays,
instead of the congested relays. Thus, users are evenly
distributed among the relays, and load balancing can
be obtained.

3.1. Preliminary coalitional game theory

Coalitional game theory aims at finding an optimal struc-
ture of players to optimize the worth of each coalition.
The game can be described by a pair .N , v/, where N is
the set of players and v denotes the coalition value, which
designates each coalition a number, to reflect the value of
the corresponding coalition [25]. In addition, a comparison
relation B is defined to compare two collections of coali-
tions. Consider two sets of coalitions T D fT1, � � � ,Tsg

and R D fR1, � � � ,Rtg, which are formed by the same
set of the players (i.e.,

Ss
aD1 Ta=

St
bD1 Rb), and the num-

ber of disjoint coalitions in them is s and t, respectively.
T B R implies that the way T partitions the set of the
players is preferred to the way R partitions the set of the
players. Various well-known orders can be used as com-
parison relations [26]. In the cooperation game, the Pareto
order is highly appealing as a comparison relation for
the merge-and-split rules. The comparison relation, called
Pareto order, can be defined as

T B R, f�n.T / � �n.R/,8n 2 T ,Rg (12)

with at least one strict inequality (>) for a player. Note
that �n.T / and �n.R/ denote the payoff of the same
player n in two different collections of coalitions T and
R, respectively, and are determined by the coalition value.
The Pareto order implies that a collection T is preferred
over R, if at least one player is able to improve its payoff
when the coalition structure changes from T to R without
decreasing other players’ payoffs.

The approaches used for distributed coalitional game are
quite varied and range from heuristic approaches [23] to
set theory-based methods [26]. There are no general rules
for distributed coalition formation. The coalitional game
can be implemented through two main rules for forming or
breaking coalitions referred to as merge-and-split relying
on the interaction among players [26]. Consider a collec-
tion of coalitions, for example, C D fC1, � � � , Cmg, and a
coalition formed by all players in C, that is, f

Sm
iD1 Cig. The

merge-and-split rules are defined as follows:

� Merge rule: If
˚Sm

iD1 Ci
�
B fC1, � � � , Cmg, the m

coalitions in C merge together to form one coalition˚Sm
iD1 Ci

�
, that is, fC1, � � � , Cmg !

˚Sm
iD1 Ci

�
.

� Split rule: If fC1, � � � , Cmg B
˚Sm

iD1 Ci
�
, the players

in coalition
˚Sm

iD1 Ci
�

split into m disjoint coalitions
fC1, � � � , Cmg, that is,

˚Sm
iD1 Ci

�
! fC1, � � � , Cmg.

The basic idea behind merge-and-split rule is that, given
a set of players, any collection of disjoint coalitions can
merge into a single coalition, if this new coalition is
preferred over the previous state. Similarly, a coalition
splits into smaller coalitions if the resulting collection is
preferred. It has been proved in [26] that any arbitrary
sequence of these two rules (merge-and-split) converges
into a final partition and the optimal structure is formed
with the feature that each player has no incentive to leave
its coalition.

4. GAME-BASED JOINT POWER
ALLOCATION AND RELAY LOAD
BALANCING

Before defining the coalition value and the cost function,
we first propose a power allocation scheme in the next
subsection. After that, the coalitional game design will
be discussed.

4.1. Power allocation scheme

The distribution of the transmit power of the relay j among
users who use this relay is based on our proposed method in
[19]. Note that, in (1), all parameters except Pji are known.
To find the appropriate power distribution of each relay j,
let us define ai, bi, and ci as

ai D 1C
PBSijhBS,jj

2

BN0=N

!
(13)
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We can rewrite (1) as shown next.
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log2.ai/,

B

N
log2.bi C .ci � Pji//

�
(16)

To determine the appropriate power distribution of each
relay j, we should consider all possible states. As (16)
shows the data rate of each user, i is the minimum between
the first term and the second term. In (16), where all param-
eters except Pji are known , if ai < bi, the minimum
function will select the first term. Moreover, the first term
will be selected if ai > bi and .ci � Pji/ > ai � bi.
Otherwise, if ai > bi and .c � Pji/ < ai � bi, the min-
imum function will select the second term as illustrated
in (17).

DR j
.BS,i/ D

8̂̂̂
<̂
ˆ̂̂̂:

1
2

B
N log2.ai/ ai < bior

ai > bi,
.ci � Pji/ > ai � bi

1
2

B
N log2.bi C .ci � Pji// ai > bi,

.c � Pji/ < ai � bi
(17)

The case where ai < bi means that the channel gain
between the BS and the relay j is worse than the chan-
nel gain between the BS and the user i. Therefore, in this
case, the direct link is selected, and there is no need to
use a relay. In the case where ai > bi, the best strategy
for power distribution of the relay is to let the first term
and second term of (16) become equal. It is due to the fact
that, if we make .ci � Pji/ > ai � bi, the minimum func-
tion will select the first term and the extra given power of
the relay j allocated to user i will be wasted. If we make
the .c � Pji/ < ai � bi, the minimum function will select
the second term, while it would be possible to select the
first term with greater value and maximize the minimum
value. As a result, we let these two terms of (16) become
equal. The corresponding Pji, which let this equality take
place, called P�ji , is the optimal power requirement of
user i,

P�ji D PBSi
jhBS,jj

2 � jhBS,ij
2

jhj,ij2
(18)

As a result, the appropriate power distribution for the
relay j is to assign P�ji to each user i who uses relay j. Let Nj

be the set of users who use relay j and Nj D jNjj. It should
be noted that, because the power of each relay is limited, it
may happen that the relay j cannot support the total P� of
all users who select the j. Hence, our proposed power allo-
cation scheme considered all these states and explained as

Algorithm 1 Power allocation scheme
1: Initialization:

� For each user i, P�ji and Pth
ji are calculated.

2: if
PNj

iD1 P�ji � Pmax
j then

� Relay allocates P�ji to each corresponding user
i.

3: else if
PNj

iD1 P�ji > Pmax
j then

� Run Pth-check scheme.
4: end if

Algorithm 2 Pth-check scheme

1: if
PNj

iD1 Pth
ji D Pmax

j then

� Relay allocates Pth
ji to each corresponding user

i.

2: else if
PNj

iD1 Pth
ji > Pmax

j then

� Run weighted-based scheme.

3: else if
PNj

iD1 Pth
ji < Pmax

j then

� Relay allocates Pth
ji to each corresponding user

i
� Run weighted-based scheme to allocate the

remaining amount of power (Pmax
j �

PNj

iD1 Pth
ji ).

4: end if

follows, shown in Algorithm 1. The information of P�ji and

Pth
ji of each user i is calculated as explained earlier, (4) and

(18). In the case that the relay j can support the total P�

of all users who select the j as their relay, the relay j allo-
cates to each user i its corresponding P�ji . However, if the
power of the relay j is less than the total P� of all aforemen-
tioned users, the Pth-check scheme will be run, shown in
Algorithm 2. As it is explained in Pth-check scheme,
relay j allocates Pth

ji to each corresponding user i, if its
power can support the total Pth of all users who use relay
j. By this allocation, the minimum data rate requirement
of all users can be satisfied. Moreover, the remaining
amount of power, denoted as Prem in (19), is distributed
among the users by weighted-based scheme, shown in
Algorithm 3.

Prem D Pmax
j �

NjX
iD1

Pth
ji (19)

The weighted-based scheme, by preferential weighting,
assigns a weight to each user. Different users have different
resource shares based on their pre-assigned weights. Chan-
nel gain and the optimal power requirement of each user i
(P�ji ) define the weight for each user i as P�ji h

2
i . As a result,

the relay j allocates to each user l the fraction pl of the total
relay power (Pmax

j ), as follows:
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Algorithm 3 Weighted-based scheme
1: Initialization:

� Having the channel gain (hi) and P�ji of each
user i.

2: Calculate the corresponding weight of each user i
based on P�ji h

2
i

3: Allocate the fraction
P�jl h2

lPNj
iD1 P�ji h2

i

of the total relay

power, Pmax
j , to each user ‘l.

pl D
P�jl h

2
lPNj

iD1 P�ji h
2
i

(20)

This scheme prevents poor users (users with bad channel
gains) from overwhelming the resources of the network.
Note that conventional power allocation algorithms have
some weak points that degrade the system performance.
As an example, equal power allocation algorithm does not
take the channel state information of each user into consid-
eration. However, in the proposed model, both the channel
gain and optimal power requirement of each user (P�) are
considered. After obtaining the power allocation scheme,
the coalitional game design will be discussed in the next
subsection.

4.2. Coalition value

In the initialization phase of our scheme, each user pre-
selects the relay with the highest channel gain. The set
of all users that pre-selected relay j as their relay is Mj.
After that, coalitional game by applying merge-and-split
rule over users, who pre-select relay j, forms the optimal
structure and selects the coalition with the highest coali-
tional value among the formed coalitions for relay j. Note
that Pji, which is needed to calculate the data rate, should
be obtained from the proposed power allocation scheme. In
our system, each user can be regarded as a player. Hence,
the key issue is to find a suitable coalition function for the
game on relay j as vj.S/, with S 	Mj being a coalition of
users of Mj.

According to (5), our aim is to maximize the total data
rate satisfying all the constraints (6)–(8). Constraint (7) is
applied in order to have load balancing among the relays
in the network. The value vj.S/ of a coalition S must cap-
ture the trade-off between increasing the total data rate
and having load balancing. Therefore, vj.S/ should be an
increasing function of data rate and a decreasing function
of the cost. Thus, the coalition value vj.S/ can be defined as

vj.S/ D TDj.S/ � Cj.S/ (21)

where TDj.S/ and Cj.S/ are the total normalized data rate
of the coalition S and the cost function of the coalition S on
relay j, respectively. It should be noted that the proposed
coalitional game is a non-transferable utility game. In

non-transferable utility games, the coalition value of any
given coalition is not divisible among its users, and the pay-
off of each user is the same as the value of the coalition, that
is, �i.S/ D v.S/. To calculate the data rate, Pji is obtained
by the proposed power allocation scheme (subsection A).

One of the most important contributions of this paper
is to achieve relay load balancing. In order to determine
Cj.S/, the cost function should reflect the constraint (7),
where Nmax and Nmin define the maximum number and
minimum number of users that can be assigned to each
relay j. To do so, we first define two cost functions, that
is, Cdec

j .S/ and Cinc
j .S/, such that the requirements for load

balancing (constraint (7)) are satisfied.
By applying the traditional relay selection scheme for

randomly distributed users, it may happen that some relays
with small number of connected users are being under-
utilized. The cost function Cdec

j .S/ is defined to allevi-
ate underutilization of relays, while satisfying Nmin <PN

iD1 xij. Then, Cdec
j .S/ should tend to1, when the con-

straint Nmin is violated, that is, Nmin >
PN

iD1 xij, and
decrease, while more users connect to relay j. As a result,
a well-suited cost function can be derived as

Cdec
j .S/ D

� 1
NS�Nmin

, Ns > Nmin

1 otherwise,
(22)

where NS is the number of users in the coalition S.
On the contrary, if too many users connect to a relay,

the power, which can be assigned to each user by the
relay, decreases significantly, and the relay is being overuti-
lized. Thus, Cinc

j .S/ is defined to mitigate this issue and

satisfy
PN

iD1 xij < Nmax. Then, Cinc
j .S/ should tend to

1, when
PN

iD1 xij > Nmax, while it should increase with
the increase in the number of connected users. A proper
function for Cinc

j .S/ can be defined as

Cinc
j .S/ D

� 1
Nmax�NS

, Ns < Nmax

1 otherwise.
(23)

Finally, the cost function in (21) can be determined as

Cj.S/ D Cdec
j .S/C Cinc

j .S/ (24)

After obtaining the coalition value, the detail procedure of
the game will be discussed in the next section.

5. COALITIONAL FORMATION
DESCRIPTION

In the initialization phase of the game, each user pre-selects
the relay with the highest channel gain, shown in Algo-
rithm 4. Based on relay pre-selection algorithm, the direct
link from BS to user i will be used, if the corresponding IBSi
is greater than �. Otherwise, BS should transmit the data to
user i with the help of a relay.

The game starts with the relay that has the most pre-
selected users, and continues for the other relays with less

6



Algorithm 4 Relay pre-selection
1: Initialization:

� Each user i calculates IBSi and compares it to �.

2: if IBSi > � then
3: Direct link is selected.
4: else
5: if IBSj > � then
6: Calculate channel gains between user i and

relays
7: sort channel gains based on descending order.
8: Pre-select the relay j with the highest channel

gain.
9: end if

10: end if

pre-selected users until coalitions have been formed around
all relays of the network. As explained earlier, vj.S/ must
capture the trade-off between increasing the data rate and
load balancing. The cost of each coalition is obtained from
(24), and the data rate of each user is calculated by (1).
Note that TDj.S/ can be calculated by knowing Pji, which
is obtained by the proposed power allocation scheme.

Coalitional game is formed, and merge-and-split rule is
run over users who pre-select relay j. After the termina-
tion of the merge-and-split rule, the optimal structure is
obtained, and several coalitions might be formed around
relay j. The coalition S�j with the highest coalition value
among the formed coalitions, Sj, will be selected for relay
j, that is,

S�j D argmin
S2Sj

vj.S/ (25)

This coalition is the best one among all possible coalitions
because no user has incentive to leave its coalition to avoid
coalition value reduction. Note that users, who pre-selected
relay j but are not in a final coalition of relay j, should
select another relay on which they have highest channel
gain. The same procedure continues for the other relays as
well, until coalitions have been formed around all relays
of the network. The coalition formation scheme is shown
in Algorithm 5.

The complexity of the game lies in the complexity of the
merge-and-split operations. In the merge operation, con-
sider the number of coalition formation proposals sent by
each of the N nodes. The most complex and worst case for
the merge occurs when all the proposals are rejected. In
this case, if the first node submits N � 1 proposals and the
second one submits N � 2 proposals and so on, then the
total number of proposals is N.N � 1/=2. In practice, the
process is far less complex, and the number of proposals is
much lower than N.N�1/=2. It is because once a group of
users merges into a larger coalition, the number of merging
possibilities for the remaining users will decrease. Thus, in
the worst case, the complexity is of the order O.N2/. As
for the split operation, a coalition is not required to search
all the split forms. As soon as a coalition finds a split form

Algorithm 5 Coalition formation of the relay j

1: Initialization:

� Find the number of users who select the relay
j, Nmin and Nmax.

2: Run the coalition formation scheme (merge-and-
split rule)

3: Among the formed coalitions, select the coali-
tion with the maximum coalition value, that is,
S�j D argmin

S2Sj

vj.S/.

4: Find the users, who pre-selected the relay j and are not
in the final formed coalition.

5: For each aforementioned user n, sort channel gain
based on descending order.

6: if user n has not selected the relay m previously then
7: select the relay m with the highest channel gain.
8: end if

verifying the Pareto order, the users in this coalition will
split, and the search for further split forms is not required.

In order to evaluate the proposed game scheme, simula-
tion results are presented in the next section.

6. SIMULATION RESULTS

In this section, we evaluate the performance of the pro-
posed game theoretic scheme. We consider a wireless DF
cellular network with 1-km radius. The BS is located at the
cell center, the fixed relays are located uniformly where
� D 2

3 R, and the users are distributed randomly. The fad-
ing coefficients are i.i.d. Rayleigh random variables, and
the standard deviation of zero mean lognormal random
variable of shadowing is 4 dB. The parameters for path
loss exponent, noise power, Nmin, and � are equal to 3,
�50 dBm, 1 and 0.9, respectively, and the power of BS is
0.1 W. The results are obtained using 100 simulation runs.
The system and the channel parameters are summarized
in Table I.

Simulation results illustrate the comparison among the
game theoretic approach with applying the proposed power
allocation scheme, the proposed power allocation scheme
without game, and the traditional and weighted max–min
schemes. In the traditional scheme and the proposed power
allocation scheme without game, each user selects the relay
with the highest channel gain. In the traditional scheme,
each relay simply divides its transmit power equally among
all its users. In the proposed power allocation scheme with-
out game, the proposed power allocation is applied, but
load balancing issue is not considered.

Figure 1 shows the average sum-spectral efficiency of
the network versus the number of users using relay. The
average sum-spectral efficiency is the total normalized data
rate. The number of users in the network increases from 20
to 60, and the number of relays is 3. In Figure 1, the axis
x projects the number of users using relay. Note that there
are some users in the network that are not connected to any
relays and use the direct link.
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Table I. Simulation parameters.

Parameters Value

Path loss exponent 3
Standard deviation of lognormal shadowing 4 dB
Network radius 1 km
Noise power �50 dBm
Nmin 1
Spectral efficiency, � 0.9
BS power 0.1 W

Figure 1. The average sum-spectral efficiency of the network
versus the number of users using relay (the number of relays
and users is 3 and 20–60, respectively, and the maximum power

of each relay is 0.05).

As the number of users in the network increases, the
number of users using relay increases, and the average
sum-spectral efficiency increases. In addition, when the
number of users increases, game-based scheme is more
effective as users are distributed among relays and the
power of the relays is not wasted. By using game-based
scheme along with the proposed power allocation scheme,
the average sum-spectral efficiency improves furthermore.
The proposed game-based power allocation scheme can
improve the average sum-spectral efficiency approximately
20% compared with the traditional scheme. In traditional
scheme, each relay simply divides its transmit power
equally among all its users.

Figure 2 shows the number of users connected to each
relay. It shows the effect of applying the game on the load
balancing of the relays. Note that the first bar of each relay
indicates our proposed power allocation scheme with the
game; the second and third bars of each relay indicate our
proposed power allocation scheme without the game and
the traditional scheme, respectively. The figure indicates
that, when the game is not applied, it may happen that some
relays have more users than other relays, which results in
having unbalanced load among the relays. By applying the
game, users who can connect to uncongested relays join
them as opposed to connecting to congested relays. Thus,

Figure 2. The number of users connected to each relay versus
the relay index (the number of relays and users is 3 and 50,

respectively, and the maximum power of each relay is 0.05).

Figure 3. The average sum-spectral efficiency of each user ver-
sus the relay index (the number of relays and users is 3 and 50,

respectively, and the maximum power of each relay is 0.05).

users are evenly distributed among the relays, and load
balancing is obtained.

Figure 3 shows the average spectral efficiency of a user
in each relay. The results are obtained by dividing the
total sum-spectral efficiency of each relay by its corre-
sponding number of connected users. Because the relay’s
power is distributed among the connected users more effi-
ciently by applying the power allocation scheme, average
sum-spectral efficiency is improved compare with the tra-
ditional scheme. In addition, game-based scheme can even
more improve the user’s average sum-spectral efficiency as
less congested coalitions formed for each potentially con-
gested relay and each user is given more share of relay’s
power. The sum-spectral efficiency is different in each
relay because different numbers of users are connected to
each relay.

Figure 4 illustrates the average sum-spectral efficiency
of the network versus the number of users using relay
considering the effect of increasing the relay power. The
maximum power of each relay is limited. As the maxi-
mum power of each relay increases, the amount of power
that can be allocated to each user increases, and the sum-
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Figure 4. The average sum-spectral efficiency of the network
versus the number of users using relay (the number of relays
and users is 3 and 60, respectively, and the maximum power of

each relay is 0.06 and 0.09).

spectral efficiency of the network increases. Figure 4 indi-
cates that instead of increasing the power of each relay,
the proposed game-based power allocation scheme can
be used to achieve higher average sum-spectral efficiency.
This improves the energy efficiency of the network as
the resources are scarce and expensive. In Figure 5, the
average sum-spectral efficiency of the network versus the
maximum power of each relay is shown for the proposed
power allocation scheme, the weighted max–min power
allocation and the traditional scheme, without applying
coalitional game. It should be noted that for the weighted
max–min scheme, demand and weight vectors of users
should be defined, which are set to be the corresponding P�

and the channel gains, respectively. Moreover, in the tradi-
tional scheme, each relay divides its power equally among
all its users.

Figure 5. The sum-spectral efficiency of the network versus the
maximum power of each relay (the number of relays and users
is 4 and 50, respectively, and the maximum power of each relay

is 0.01–0.08).

As shown in Figure 5, when the maximum power of each
relay increases, the amount of power that can be allocated
to each user increases, and the sum-spectral efficiency of
the network increases.

As Figure 5 depicts, the weighted max–min scheme has
the lowest sum-spectral efficiency. It is because, per defini-
tion, it helps users with bad channel gain, by maximizing
the minimum rate. In addition, the sum-spectral efficiency
of the proposed scheme is 11% more than that of the tra-
ditional scheme. Note that the sum-spectral efficiency of
the proposed scheme increases slowly for higher values of
the maximum power of each relay. The reason is that, by
increasing the maximum power of each relay, every relay
can support the total P� of more users connected to them,
up to the point that all users are given P� and do not need
extra power.

Figure 6 shows the average sum-spectral efficiency of
the network versus the number of users using relay for
the proposed power allocation scheme, the weighted max–
min power allocation, and the traditional scheme, without
applying coalitional game. As shown in the figure, the
average sum-spectral efficiency increases with the increase
of the number of users for all schemes. The figure also
shows that the proposed scheme outperforms the other two,
because it allocates power to users more efficiently. In
addition, the performance of the proposed scheme is sig-
nificantly better for larger number of users, compared with
weighted max–min scheme. It is due to the fact that when
the number of users using relay increases, the weighted
max–min scheme helps more poor users (users with bad
channel gains). For example, the difference between the
average sum-spectral efficiency of the proposed scheme
and the weighted max–min scheme increases from 32% to
71%, when the number of users using relays changes from
15 to 40.

Figure 6. The sum-spectral efficiency of the network versus the
number of users using relay (the number of relay is 3, the max-
imum power of each relay is 0.05, and number of users in the

network is 10–50).
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7. CONCLUSIONS

In this paper, a game theoretic relay load balancing and
power allocation approach is proposed for downlink trans-
mission in DF cellular relay networks. Relays have limited
power, which must be divided among the users they sup-
port. Moreover, in order to avoid performance degradation
due to relay overloading, the relay load balancing scheme
is considered. To maximize the total throughput of the net-
work in a distributive manner, a game theoretic approach
is proposed to jointly consider relay selection, relay load
balancing, and power allocation. After the termination of
the game, the coalition with the highest coalition value
among the formed coalitions is selected. The same pro-
cedure continues for the all relays, until coalitions are
formed around all relays of the network. By applying the
game, users join the uncongested relays, instead of the con-
gested relays. Thus, users are evenly distributed among
the relays, and load balancing is obtained. Simulation
results indicate that the proposed game-based scheme can
considerably improve the average sum-spectral efficiency
compared with the traditional scheme.
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