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Abstract

Cooperative relaying is an important feature for the fourth generation wireless system to upgrade system
performance. Mobile relays can offer better results than fixed relays without any additional infrastructure cost.
However, efficient cooperation decision as well as resource allocation are critical to satisfy model constraints as
required quality of service (QoS). In this work, simple mobile users with advantageous channels can act as potential
relays for cell edge users for an uplink transmission. They multiplex, in the frequency domain, their own data to that of
the relayed sources, with the objective for both relay and sources to reach a target data rate. An optimal joint resource
blocks (RB) allocation and power allocation scheme under a required data rate constraint per user is proposed. The
optimization problem is formulated to minimize the total system power. Dual decomposition and subgradient
method are used to solve the optimization problem after dividing it into independent subproblems with less
complexity to find the optimal solution. The cooperation decision and the sources-relays association is either
performed as a first step of resource allocation, or jointly optimized with RB and power allocation. Simulation results
show that these proposed algorithms both reduce system’s power consumption while ensuring the required QoS.
Joint optimization of relay selection, RB and power allocation provides a higher power consumption decrease, but
requires higher complexity and overhead.
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1 Introduction
Replying to quality of service requirement with always
greedy data application is still an important challenge
for wireless cellular networks. Technical constraints push
researchers and operators to provide solutions allow-
ing users to acquire high performances independently
of their geographical distance from Base Station (BS).
In addition to the orthogonal frequency division multi-
ple access (OFDMA) technology, relays are among the
principal features of the fourth generation (4G) wireless
systems. Relaying technologies, inspired from ad hocmul-
tihop networks, are currently receiving much attention to
improve cellular network’s performance where bandwidth
and power are limited. Instead of deploying BS, relay sta-
tions become a solution to reduce high deployment cost
and can provide capacity and coverage comparable to
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small cells. Relaying data aims to upgrade user’s perfor-
mance especially in cell border where users suffer from
large signal attenuation. Relaying topology and behav-
ior are standardized in both long term evolution (LTE)
Advanced [1] and International Mobile Telecommuni-
cation Advanced (IMT-Advanced). In these standards,
relays have to be fixed in positions beforehand planned by
the operators and become a part of the fixed access net-
work. Each relay is then attached to a designated BS in
a static topology. Moreover, relaying data can be consid-
ered for a single hop or for multihop using one or multiple
relays to transmit information from source to destination.
In this context, the LTE Advanced standard allows only
two hops when the IEEE.802.s standard offers a multihop
relaying scheme [2].

1.1 Literature overview
Many relay transmission schemes are proposed to relay
information from source to destination in two time inter-
vals [3, 4]. A relay can use the decode and forward scheme
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(DF) where it decodes the received signal in the first trans-
mit time interval (TTI), re-encodes and then forwards it
to destination in the second TTI [5]. A relay may also
use amplify and forward scheme (AF) where it just for-
wards the received signal with an amplification factor. It
is proven in [3] that DF scheme can achieve better per-
formance than AF scheme but it is more complex. Several
solutions using relays are proposed in the litterature. We
can differentiate relays used as virtual multiple input mul-
tiple output (MIMO) to exploit spatial diversity [5, 6]
which need combining techniques at the destination and
relays used as repeaters where source has no direct link to
destination [7].
While only fixed relays’ architecture is optimized in the

standards [8], mobile relays are studied to offer dynamic
relaying topology. Mobile relaying has been investigated
in the Wireless World Initiative New Radio (WINNER)
project [9] contributing in the development and the
assessment of 3GPP LTE and IEEE 802.16 (WiMAX) [10]
standards and in the Advanced Radio Interface Technolo-
gies for 4G Systems (ARTIST4G) project providing inno-
vative concepts to cellular mobile radio communications
[11]. Mobile relays can be considered as a serious candi-
date for the 5G wireless systems. A mobile relay can have
the same technical characteristics as a fixed relay but its
location dynamically changes. In [12], relaying use cases
are studied to prove the relaying improvement for mobile
relays. Some examples for this type of mobile relays are
relays placed on transportation vehicles such as buses or
trains. These relays can be placed to serve users traveling
in theses vehicles or to serve users in the street. Another
type of mobile relays is to use simple user terminals as
relays. Users can have advantageous location and chan-
nel conditions to relay some cell border users. This type
of mobile relay can upgrade system performance with-
out any additional infrastructure cost. An unpredictable
dynamic topology is offered depending on sources and
relays mobility [13].
Resource allocation for cooperative networks has been

actively studied in the literature for both downlink and
uplink. The principal features to discuss are relay selec-
tion, subcarriers’ allocation and power allocation that can
be treated separately or jointly. The selection of relay part-
ners is an important element to successful cooperative
strategy [4]. The pairing step may be realized as a central-
ized process where the BS collects necessary channel and
location information from users and relays and decides
then to attach users to appropriate relays. Relays selection
may also be established in a distributed manner where
users or relays decide to make cooperative pairs [3]. It can
be made before transmission with the objective to achieve
some required level of performance [4]. It can also occur
during the transmission time as a proactive selection or
as an on-demand relay selection when the direct link’s

channel quality to the destination decreases. We note that
for multihop relaying, an initial path selection from the
source to the BS can be initially defined, involving all
potential relays [13, 14].
Depending on the system objective and the constraints

to respect, resource allocation for a system with relays
is generally formulated as an optimization problem.
The resource allocation problems are then solved via
mathematical tools or heuristics to find the optimal or
suboptimal solutions. In [7, 15], the authors formulate
an optimization problem to maximize the total system
throughput with one source, one destination and a set of
fixed AF and DF relays, respectively, where the sourcemay
use one or multiple relays to transmit data to destination.
In [16], resource allocation considering an uplink relaying
system with one destination, several sources, and several
fixed relays are studied to maximize system throughput
using AF and DF schemes with a minimum data rate
constraint per user. In [17], joint power allocation, relay
selection, and subcarrier assignment with a minimal data
rate per user is discussed for a downlink system model
with fixed relays. Downlink energy-efficiency maximiza-
tion under proportional rate constraint is investigated
in [18]. Resource allocation for the multiple access relay
channel, with successive interference cancellation at the
relay, is studied in [19]. In [20], joint resource allocation
is considered for uplink system where relays are fixed. It
is solved via an iterative algorithm based on dual decom-
position theory. Dual resolution method is adopted after
problem adaptations to solve optimization problems in
[7, 13, 16]. Dual decomposition [21] consists in dividing
the global problem into subproblems to be solved inde-
pendently. It is a resolution method for convex problems
[22] and can be adopted for non-convex problems [23]
with some adaptations in the initial problem.

1.2 Contributions
In this work, we propose a new resource allocation algo-
rithm for an uplink multiuser OFDMA relay network
in the context of green communications where we aim
to save battery life by minimizing the consumed trans-
mit power. We consider a relaying system model where
DF relays are simple users with advantageous positions
to relay cell-edge users. The main novelty of this work
is that relays forward relayed data to the BS and multi-
plex the relayed data with their own data in different RB.
Multiplexing in the frequency domain allows all mobile
users to fulfill their QoS constraints, even though some
users help others through relaying. In the literature, fixed
relays are generally investigated. In addition, relays have
no data to transmit to the BS. The major contribution of
this work is that relays are mobile users and that have
their own information to transmit. To the best of our
knowledge, this is the first work studying this system



Hamda et al. EURASIP Journal onWireless Communications and Networking  (2016) 2016:215 Page 3 of 13

model where mobile relays multiplex their own data to the
relayed data.
Two different strategies are studied regarding relay

selection: it is either performed before resource allocation,
depending on average channel gains. In this case, relayed
sources are cell edge users, and a relayed source chooses
only one relay. In the second method, relay selection
is dynamically performed in each RB, depending on its
channel gain. Then, any user may become a relayed source
or a relay, and a relayed source may choose different relays
on different RB. The RB and power allocation problem is
formulated as an optimization problem that aims to min-
imize the total consumed power, while achieving a target
data rate for all users, whether they are relayed source,
relays of non relayed sources. Dual Lagrange decomposi-
tion is adopted for theoretical resolution and an iterative
algorithm is proposed to find the optimal solution.
To summarize, the main contributions of this paper are

as follows:

• A cooperative relaying model is proposed, where
mobile users may serve as relays to other users, while
still transmitting their own data to the BS.

• The corresponding RB and power allocation
algorithm, aiming at minimizing the total consumed
power, is determined using Lagrange dual
decomposition.

• Two relay selection algorithms are proposed: a fixed
relay selection strategy, where a source uses the same
relay on all RB, and an adaptive strategy where relay
selection is jointly optimized with resource
allocation. In this case, a source may use different
relays on different RB, and may also directly transmit
to the BS on some other RB.

• The complexity and overhead of the two algorithm’s
variants are evaluated, and several simulation results
are provided to assess their performance.

This paper is organized as follows. Section 2 describes
the adopted system model and the constraints to respect,
formulates the associated optimization problem, and
provides the proposed resolution algorithm. Section 3
details the resolution steps of the optimization problem.
Section 4 presents simulation results. Finally, Section 5
concludes the paper.

2 Systemmodel and problem formulation
In this section, we present the adopted system model and
assumptions. Then, we formulate the optimization prob-
lem and the associated constraints. We finally enumerate
the resolution steps in the proposed resolution algorithm.

2.1 Systemmodel
Relaying is used in this work to improve uplink sys-
tem performance from users to BS. Simple mobile are

used as relays and transmission can be made according
to two possible schemes: direct transmission where each
user directly transmits to the BS (Fig. 1a) or cooperative
scheme where a user R can relay a source S in addition to
its own data (Fig. 1b) thanks to its position approximately
in the halfway between S and BS. We consider a sin-
gle cell uplink OFDMA transmission system with one BS
with an omnidirectional antenna, K users and N RBs. The
channel is assumed a frequency-selective Rayleigh fading
channel with slow fading and the noise is Additive White
Gaussian (AWGN). The users are uniformly distributed
in the cell and experience pathloss and log-normal
shadowing.
Our model is a cooperative system where some users

can be relays for other users while still transmitting
their own data. Source’s relayed data and relay’s data are
then multiplexed by the relay and transmitted to the BS.
Users are divided into three groups: Not Relayed Sources
(NRS), Relays (R), and Relayed Sources (RS) (Fig. 2). These
groups are either defined in a first step, if relay selec-
tion is fixed, or determined by the joint relay selection
and resource allocation algorithm. These strategies are
detailed in Sections 2.3.1 and 2.3.2, respectively.
Mobile users are assumed half-duplex and thus cannot

transmit and receive during the same TTI. Full duplex
transmission would require that received and transmit
data would use distant RBs, to avoid inter-RB interfer-
ences. We did not consider that case in this work. The
transmission process takes then two phases: In the first
TTI, NRS transmit to the BS and RS transmit to their
relays while relays are listening. In the second TTI, RS
are silent, NRS and R transmit to the BS. R transmit at

Fig. 1 Example 1: transmission schemes
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the same time their own data and the data of their RS
thanks to multi-carrier transmission. For relayed data, the
DF method is adopted at the relay.
The objective of our model is to outperform the sys-

tem without cooperation in minimizing the whole system
transmit power subject to a constraint of minimal rate per
user. The objective has been chosen as optimizing energy
consumption to reduce the overall environmental effects.
We consider the average data rate and power per TTI.

The user rate for user k and RB j, with DF if relaying is
used, can be expressed as follows:

R(j)
k = log2

(
1 + P(j)

k γ
(j)
k,k

)
, if k is a not relayed source

(1a)

R(j)
k = 1

2
min

{
log2

(
1 + P(j)

k γ
(j)
k,r

)
; log2

(
1+ P(j)

r γ
(j)
r,r

)}
,

if k is a relayed source with relay r
(1b)

R(j)
k = 1

2
log2

(
1 + P(j)

k γ
(j)
k,k

)
, if k is a relay (1c)

where P(j)
k is the transmit power of user k in RB j and γ

(j)
k,k′

is the channel coefficient gain expressed as:

γ
(j)
k,k′ = g(j)

k,k′

Lk,k′ Sk,k′ Nrb
(2)

g(j)
k,k′ is the square Rayleigh fading in RB j between user k
and user k′ if k �= k′, or between user k and the BS if
k = k′. Lk,k′ and Sk,k′ are respectively the pathloss and the
shadowing experienced by user k considering their direct
links when k = k′ and considering the indirect links via
user k′ when k′ �= k. Nrb is the noise power per RB.

2.2 Problem formulation
Our objective is to minimize the whole system transmit
power subject to several constraints. If we consider one
NRS, one RS and one R having RBs j, j′ and j′′, respectively,
Table 1 details the consumed transmit power per user per
TTI:

Table 1 Power expended per user per TTI

NRS RS R

TTI 1 P(j)
NRS P(j′)

RS 0

TTI 2 P(j)
NRS 0 P(j′)

R + P(j′′)
R

Average Power per TTI P(j)
NRS

1
2 P

(j′)
RS

1
2

(
P(j′)
R + P(j′′)

R

)

Let SK = {1, ..,K} be the set of K users and SN =
{1, ..,N} be the set of N RBs. The general optimization
problem is expressed as:

minimize
a,b,P

K∑
k=1

N∑
j=1

(
1 − bk

2

)
a(j)
k,kP

(j)
k

+ 1
2

K∑
k=1

∑
r �=k

N∑
j=1

bka
(j)
k,r

(
P(j)
k + P(j)

r
)

(3a)

subject to
K∑

k=1

K∑
r=1

a(j)
k,r ≤ 1 ∀j ∈ SN (3b)

K∑
r=1

N∑
j=1

a(j)
k,rR

(j)
k ≥ Rt ∀k ∈ SK (3c)

a(j)
k,r ∈ {0, 1} ∀ (

k, r, j
) ∈ SK × SK × SN (3d)

bk ∈ {0, 1} ∀k ∈ SK (3e)
P(j)
k ≥ 0 ∀k, j ∈ SK × SN (3f)

where

• b =[ b1, b2, ...., bK ]T is the vector of users decisions of
cooperation. bk = 1 is k is a R or a RS, and bk = 0
otherwise. Please note that in the joint relay selection
strategy, a user is considered a RS if its data is relayed
in at least one RB. Similarly, a user is considered a R if
it relays some data in at least one RB.

• P is the power matrix per user in each RB:

P =

⎛
⎜⎜⎜⎜⎜⎝

P(1)
1 P(2)

1 .... P(N)
1

P(1)
2 P(2)

2 .... P(N)
2

. . . .

. . . .
P(1)
K P(2)

K .... P(N)
K

⎞
⎟⎟⎟⎟⎟⎠

(4)

• a is the RB allocation matrix per couple of (source,
relay) and each RB j :

a =

⎛
⎜⎜⎜⎜⎜⎝

a(1)
1,1 .. a(1)

1,K a(2)
1,1 .. a(N)

1,K
a(1)
2,1 .. a(1)

2,K a(2)
2,1 .. a(N)

2,K
. . . . . .
. . . . . .
a(1)
K ,1 .. a(1)

K ,K a(2)
K ,1 .. a(N)

K ,K

⎞
⎟⎟⎟⎟⎟⎠

(5)

• Constraint (3e) represents the cooperative decision
for user k, bk = 1 if user k is involved in a cooperative
manner (k is a RS or a R), bk = 0 otherwise.

• Constraints (3b) and (3d) represent the RB allocation
constraints, a(j)

k,k = 1means that RB j is assigned to
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the transmission of user k towards the BS. a(j)
k,r = 1

with k �= r means that RB j is assigned to the
transmission of user k towards relay r in the first TTI
and transmission of relayed data from r to BS in the
second TTI. If there exists at least one subcarrier j
such that a(j)

k,r = 1, then bk = 1 and br = 1.
• Constraint (3c) indicates the required target data rate

per user Rt .
• Constraint (3f) ensures that all powers are positive.
• The first item of the optimization problem (3a)

represents both the transmit power for a NRS in two
TTIs and the transmit power for a relay for its proper
data for only one TTI (expressed by the 1

2 factor).
The second item of the optimization problem
represents the transmit power consumed to transmit
relayed data.

The different natures of the constraints makes the prob-
lem difficult to solve. Having both continous and boolean
variables makes the problem a combinatorial optimiza-
tion problem with excessive computational complexity to
find the global optimal solution. To put our problem in a
resolvable form, we relax the boolean variable ajk,r to be
continous in [ 0, 1] based on the time sharing process. A
RB is then shared by several users that can have the same
RB j but not at the samemoment. It is proved that relaxing
the optimization problem leads to an upper bound solu-
tion of the primal optimization problem [24]. It is also
proved in [23, 25] that the duality gap of an optimiza-
tion problem is considered insignificant if the number of
subcarrier is high1.
To solve our optimization problem, we propose a sub-

optimal heuristic based on the dual method [23] that
consists to find iteratively the optimal solution for the two
following subproblems:

1. The optimal power allocation subproblem
2. The optimal resource block allocation subproblem

(and relay selection if relay selection is not fixed)

The Algorithm 1 presents the proposed iterative algo-
rithm, the details of each step will be detailed in
Sections 3.1 and 3.2.

2.3 Relay selection strategy
Two different relay selection strategies are proposed: a
sub-optimal heuristic, and a relay selection that is jointly
performed with resource allocation.

2.3.1 Fixed relay selection
The fixed relay selection strategies aims at decreasing the
computational complexity of the resource allocation algo-
rithm, and at decreasing the overhead due to information
exchange between RS and R as well. With this strategy,

Algorithm 1 Proposed Sub-Optimal algorithm for
Resource Block and Power Allocation (Problem (3))
1: Initialize the RB Allocation
2: Optimal Power Allocation for the given RB Allocation

(subproblem (14a))
3: Optimal RB Allocation (and relay selection if relay

selection is not fixed) using resulting powers from
step 2 (subproblem (21))

4: Update Lagrangian variable (Eq. (28))
5: if condition of convergence is verified (Eq. (29)) then
6: The sub-optimal solution is the RB Allocation

resulting from step 3 with power values resulting from
step 2.

7: else
8: return to step 2.
9: end if

potential RS are paired with potential R in a first step,
before resource allocation. In this case, the value of bk
is fixed in the resource allocation algorithm. In order to
simplify relay search, considering dk the distance of user k
to the BS, it has been decided the following:

• Users with distance dk < R
3 will not have any

advantage of being relayed because of their low
distance to BS. Furthermore, they are far from cell
border users so they are not seen as potential relays.
Users with dk < R

3 will be thus non relayed sources
and will not act as potential relays.

• Users with distance dk > 2R
3 are in the cell border

and will take advantage of being relayed if a user at
mid distance from them and the BS exists. Users with
dk > 2R

3 are thus potential relayed sources.
• Users with distance R

3 < dk < 2R
3 can act as potential

relays for users with dk > 2R
3 . Because of their

relative low distance from the BS, these users will not
be relayed.

• A mobile user with dk > 2R
3 can have only one

associated relay in order to lower signaling.

First, each user in the border finds its potential best relay
and compares the data rate that it can achieve with the
indirect link using this relay to the data rate with the direct
link to the BS. It then decides between direct or indirect
links. If the user chooses the direct link, it becomes a NRS
even if it is in the cell border. A potential Relay not used by
any RS becomes also a NRS. At the end of this first step,
we have initialized sets of NRS, R and RS depending on
the users cooperation decision (see example 1 in Fig. 2).
We assume that a relay can support one or more RS but a
RS can have only one relay.
The relaying decision consists in comparing direct link

to the BS to the best indirect available link. For this, a
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Fig. 2 System model - initialized example, fixed relay selection

potential RS s chooses first the best relay r∗ for it as
follows:

r∗ = max
r

min
(
γ̃s,r , γ̃r,r

)
(6)

with γ̃s,r the average channel coefficient gain between s
and r defined as follows:

γ̃k,k′ = 1
Lk,k′ Sk,k′ Nrb

(7)

Once r∗ is found, s compares it with its direct link to the
BS. If γ̃s,s < min

(
γ̃s,r∗ , γ̃r∗,r∗

)
, then relaying will be advan-

tageous for s, relaying scheme via r∗ is then adopted. Else,
relaying is considered not advantageous and s will be a
NRS.

2.3.2 Joint relay selection, RB, and power allocation
The second proposed relay selection strategy includes
relay selection in the resource allocation algorithm. Then
the optimization variables are a, P, and b. Users can trans-
mit directly to the BS, or via relay cooperation. A relay can
support one or more RS, and a RS can be relayed by one
or more relays, but in different RB. In a specific RB, only
one relay is assigned for cooperation.
This implies that in Algorithm 1, users nature (R, RS,

or NRS) is updated after RB allocation has been opti-
mized, in step 3. This provides a higher flexibility since
a RS is not compelled to transmit all its data through
the relay, and can choose several relays. Besides, fre-
quency diversity is exploited in the relay selection and in
the RB allocation, which cannot be performed with fixed
relay selection. Consequently, higher power consumption
decrease are expected. They will, however, be achieved at
the expense of additional computational complexity and
signalling overhead. These additional costs are detailed in
Section 3.4.

3 Problem resolution
The dual method is adopted to resolve theoretically the
optimization problem (3). Solving the hard primal prob-
lem in the dual domain begins by decomposing it into
subproblems easier to solve. The master problem dis-
tributes to each subproblem the resources it can use and
the price to pay. In turn, each subproblem returns to
the master problem its solution with the amount of the
resources it uses [21].
The Lagrangian function of problem (3) is written as:

L (a, b, P, λ) =
K∑

k=1

N∑
j=1

(
1 − bk

2

)
a(j)
k,kP

(j)
k

+ 1
2

K∑
k=1

∑
r �=k

N∑
j=1

bka
(j)
k,r

(
P(j)
k + P(j)

r
)

−
K∑

k=1

K∑
r=1

N∑
j=1

λk a
(j)
k,r R

(j)
k +

K∑
k=1

λkRt

(8)

where λ = [λ1, λ2, ...., λK ]T is the vector of dual variables
associated to the required data rate constraint.
The Lagrangian dual function is then expressed as:

g (λ) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

min
a, b, P

L (a, b, P, λ)

subject to∑K
k=1

∑K
r=1 a

(j)
k,r ≤ 1 ∀j ∈ SN

a(j)
k,r ∈[0..1] ∀k, r, j ∈ SK × SK × SN

bk ∈[0..1] ∀k ∈ SK
P(j)
k ≥ 0 ∀k, j ∈ SK × SN

(9)

The problem can be solved by solving its dual problem as
follows:

maximize
λ

g(λ) (10)

subject to λk ≥ 0 ∀k ∈ SK
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The dual problem is solved with two levels of optimiza-
tion. At the lower level, the Lagrangian (8) is decomposed
into N subproblems with Lagrangian L(j)(a, b, P) at each
RB that can be solved independently. They are solved with
a fixed λ. Then, the obtained subproblems solutions are
used to update λ. This step is detailed in Section 3.3.
The subproblem for each RB j can be expressed as:

minimize
a, b, P

=
K∑

k=1

(
1 − bk

2

)
a(j)
k,kP

(j)
k

+ 1
2

K∑
k=1

∑
r �=k

bka
(j)
k,r

(
P(j)
k + P(j)

r
)

−
K∑

k=1

K∑
r=1

λk a
(j)
k,r R

(j)
k

(11)

Subject to:

K∑
k=1

K∑
r=1

a(j)
k,r ≤ 1 ∀j ∈ SN

a(j)
k,r ∈ [0..1] ∀k, r, j ∈ SK × SK × SN (12)

bk ∈ [0..1] ∀k ∈ SK (13)

P(j)
k ≥ 0 ∀k, j ∈ SK × SN

To solve problem (11), a second decomposition is neces-
sary to solve independently the two subproblems: optimal
power allocation and optimal RB allocation (and relay
selection in the second relay selection strategy).

3.1 Optimal power allocation for a given resource block
allocation and relay selection

For a given RB allocation, we aim in this section to find the
optimal power allocation. Assuming bk and a(j)

k,r fixed for
all k, r and j, only the positive power’s constraint remains
(Eq. (3f)) and the optimization problem can be expressed
as:

minimize
P

K∑
k=1

(
1 − bk

2

)
a(j)
k,kP

(j)
k

+ 1
2

K∑
k=1

∑
r �=k

bka
(j)
k,r

(
P(j)
k + P(j)

r
)

−
K∑

k=1

K∑
r=1

λk a
(j)
k,r R

(j)
k (14a)

subject to P(j)
k ≥ 0 ∀k, j ∈ SK × SN (14b)

Since only P is a variable, the optimization Lagrangian
of this problem is convex by definition and can be written
as:

L(j)
bis (P, λ) =

K∑
k=1

(
1 − bk

2

)
a(j)
k,kP

(j)
k

+ 1
2

K∑
k=1

∑
r �=k

bka
(j)
k,r

(
P(j)
k + P(j)

r
)

−
K∑

k=1

K∑
r=1

λk a
(j)
k,r R

(j)
k −

K∑
k=1

ν
(j)
k P(j)

k

(15)

where ν
(j)
k is the Langrangian variable associated to the

power constraint. Since the optimization problem (15) is
convex, the Karush-Kuhn-Tucker (KKT) conditions are
used to find its global optimum:

�L(j)
bis = 0 (16a)

ν
(j)
k P(j)

k = 0 ∀k ∈ SK (16b)

ν
(j)
k ≥ 0 ∀k ∈ SK (16c)

Considering the different types of users, we evaluate the
optimal transmit power for each user in each RB. This is
done by differentiating L(j)

bis with respect to P, substitut-
ing Eq. (1) into Eq. (15) and applying the KKT conditions.
Depending on the user’s nature, the theoretical optimal
power expressions are calculated as follows:

• k is a not relayed source or a relay transmitting its
own data in RB j :

P(j)
k =

⎡
⎣ λk
ln(2)

− 1
γ

(j)
k,k

⎤
⎦

+
(17)

with [ x]+ = max{0, x}.
• k is a relayed source with relay r

Let us first remind the throughput expression (1b):

R(j)
k = 1

2
min

{
log2

(
1 + P(j)

k γ
(j)
k,r

)
; log2

(
1 + P(j)

r γ
(j)
r,r

)}

In cooperative mode, the total transmit power is
minimized when the source and the relay forward the
same amount of data. Consequently, the rate is the
minimum of the rates on the two links (see Eq. (1b)).
To achieve this, we assume that:

P(j)
k γ

(j)
k,r = P(j)

r γ
(j)
r,r (18)

– Solving problem (15) leads to the following
expression for the power of the RS k in RB j :

P(j)
k =

⎡
⎣ λk γ

(j)
r,r

ln(2)
(
γ

(j)
k,r + γ

(j)
r,r

) − 1
γ

(j)
k,r

⎤
⎦

+

(19)
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– From Eq. (18), we obtain that the power of the
relay r for the relayed data of RS k is: :

P(j)
r =

⎡
⎣ λk γ

(j)
k,r

ln(2)
(
γ

(j)
k,r + γ

(j)
r,r

) − 1
γ

(j)
r,r

⎤
⎦

+

(20)

Corresponding to user’s nature, optimal power expres-
sions are calculated. We can notice that a relay has dif-
ferent power expressions for its own data (Eq. (17)) and
for the data it relays (Eq. (20)). If relay selection is fixed,
users nature is known. But in the joint relay selection and
resource allocation strategy, for each user, K power values
must be computed (one for each RB and for each poten-
tial source-relay pair, as well as the power is k is a NRS),
although eventually only one of them will be chosen.

3.2 Optimal resource block allocation
The second subproblem to solve is the optimal RB allo-
cation using the optimal power allocation studied above.
The Lagrangian per RB j can be written as:

L(j) (a, λ) =
K∑

k=1

(
1 − bk

2

)
a(j)
k,kP

(j)
k

+ 1
2

K∑
k=1

∑
r �=k

bka
(j)
k,r

(
P(j)
k + P(j)

r
)

−
K∑

k=1

K∑
r=1

λk a
(j)
k,r R

(j)
k +

K∑
k=1

λk Rt

(21)

The objective is to minimize L(j), subject to constraints
(3b), (12), and (13).
The Lagrangian dual function is written as follows:

g(λ) = min
a

(
L(j)

)
= max

a

(
−L(j)

)
(22)

g(λ) can be written as:

g(λ) = maximize
a

K∑
k=1

K∑
r=1

a(j)
k,r G

(j)
k,r −

K∑
k=1

λk Rt (23)

where G =[G(j)
k,r] is a K × K × N matrix representing the

potential gain of couple (k, r) if it earns RB j. The gain
function is expressed according to users nature as:

• if k = r and k is a not relayed source:

G(j)
k,r = λk log2

(
1 + P(j)

k γ
(j)
k,k

)
− P(j)

k (24)

• if k = r and k is a relay transmitting its own data in
RB j :

G(j)
k,r = λk

2
log2

(
1 + P(j)

k γ
(j)
k,k

)
− 1

2
P(j)
k (25)

• if k is a relayed source and k �= r:

G(j)
k,r = λk

2
log2

(
1 + P(j)

k,rγ
(j)
k,r

)
− 1

2

(
P(j)
k,r + P(j)

r,r
)

(26)

The gains are calculated for each RB j, then, j is allocated
to couple (k, r) maximizing its gain on it:

a(j)
k,r =

{
1for (k, r)∗ = arg max

(k,r)
G(j)
k,r

0otherwise
(27)

In the joint relay selection, RB and power allocation
strategy, if k = r, then user k is a NRS, and bk is set to 0.
Otherwise, if k �= r, then k and r are cooperating, which
implies that bk = 1 and br = 1. If there exists at least one
j such that a(j)

k,r = 1, then user k becomes a RS, and user
r a R. Please note that a relay cannot itself be relayed by
another mobile user.

3.3 Lagrangian variable update
The last step in our algorithm is to update dual variables
and to test the convergence condition for solving problem
(10). Using results of current iteration t, λ for iteration t+1
is updated for each user as follows:

λk(t + 1)=
⎡
⎣λk(t) + ηk(t)

⎛
⎝Rt −

K∑
r=1

N∑
j=1

a(j)
k,r(t)R

(j)
k (t)

⎞
⎠
⎤
⎦

+

(28)

where η is the diminishing step size as the update of dual
variable is performed according to the diminishing step
approach [26] for each user k. Equation (28) shows that
if user k has a data rate higher than Rt , it has to reduce
its λk and then to reduce its power consumed to achieve
the required data rate. On the other hand, if user k has a
lower data rate than Rt , the dual variable update allows it
to increase its λk and so its powers’ value, it can then reach
Rt by earning more RB or by raising its consumed power
amount.
The algorithm is considered to converge when the vari-

ation of λk is negligible for all k as follows:
∣∣∣∣
λk(t + 1) − λk(t)

λk(t + 1)

∣∣∣∣ < ε ∀k (29)

where ε is set close to zero.

3.4 Complexity and overhead comparison of the relay
strategies

The complexity of Algorithm 1 depends on the number
of iterations until convergence. In each iteration, step 2
requires to compute N ×K power values P(j)

k per user and
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RB if the relay selection is fixed. In the joint relay selec-
tion and resource allocation strategy,N2×K power values
must be computed, as explained in Section 3.1.
Similary, step 3 of the algorithm also requires N × K

computations of G(j)
k,r if the pairs (k, r) are already known,

and N2 × K is they are not. Finally, the determination of
bk value at the end of step 3 in the joint relay selection and
resource allocation strategy does not incur any additional
complexity. We can conclude that the additional complex-
ity of the second relay selection strategy may become an
issue only if the number of users is high.
The second relay selection strategy also increases the

overhead, since the channel gains between any two pairs
of users must be known by the BS. In the fixed relay strat-
egy, only the channel gains between fixed source-relay
pairs must be known. Once the BS has determined the
values of P, a, and b, one signalling message must be sent
to any user, indicating which RB it must use for its own
data transmission, and if the user is a relay, which RB it
should listen to perform decode and forward. Relays do
not need to know which sources they are relaying, and
sources omnidirectionnally transmit, so they do not need
to know their relays.

4 Performance evaluations
Simulations are presented in this section to analyze the
proposed approach’s performance. We consider a single
circular cell with radius R = 1 Km, K users and N RBs that
we vary along simulations. We assume a total bandwidth2
B = 20 MHz equitably divided between the RBs. Rayleigh
channels with slow fading are considered and the power
density for AWGN noise is N0 = −174 dBm/Hz. Users
are uniformly distributed in the cell and suffer from log-
normal shadowing with standard deviation equal to 6 dB
and from pathloss according to the LTE model with fre-
quency F = 2.6 GHz: LdB(dk,k′) = 128.1+37.6 log10(dk,k′)
where dk,k′ is the distance in Km from user k to user k′. If
k = k′, dk,k′ is the distance of user k to the BS.
The step size for λk is set to ηk = λk√

t for t < 2000
where t is the iteration index. When t exceeds 2000, ηk
becomes invariant. ε from Eq. (29) is set to 0.001. For
classical mobile cellular networks, the transmit power of
a mobile user is generally of the order of 21 dBm. Con-
sidering such emitted power and for cell radius of 1 Km,
expected data rates for cell border users are lower than 2
bits/s/Hz. Based on this observation, Rt is varied in the
simulations in the range [ 0.5..1.5] bits/s/Hz. Results are
averaged over 1000 simulations to get realistic results.
In the following, the proposed solution is compared to

the optimal exhaustive solution for a special case with
low users and RB number for evaluation. Then, conver-
gence of the proposed solution is studied and the achieved
performances are presented.

4.1 Performance results with fixed relay selection strategy
4.1.1 Optimality Evaluation
To find the optimal solution, exhaustive search is nec-
essary for both RB allocation and power allocation. The
best solution minimizing the system transmit power is
then equal to the optimal solution. The complexity of this
search is high and grows with the number of users and
RBs. For a given number of users, all possible combina-
tions of RB allocations have to be studied. Then, for each
RB allocation, optimal power allocation for all users is
established ensuring required target data rate. The opti-
mal solution offering the lowest total system power is
finally identified. All possible source-relay pairs must be
considered which increases again the complexity of the
optimal solution search.
With 2 users where user 1 is relay and user 2 is relayed

source, the number of RB allocation’s possible combina-
tions is

M =
N−1∑
i=1

Ci
N = 2N − 2 (30)

where N is the number of RB. Having N = 8 RBs, we have
M = 254, for N = 16 RBs, M = 65 534 and for N = 32
RBs,M exceeds 109 possible RB allocation’s combinations.
If we consider three users when one is a not relayed

source, one is a relayed source and one is a relay, the
number of RB allocation’s possible combinations is

L =
N+2∑
i=1

Ci
N

N−1−i∑
j=1

Cj
N−i = 3N − 2N − 2N+1 + 3 (31)

For N = 8 RBs, L = 5 796, for N = 16 RBs, L =
42 850 116, and for N = 32 RBs, L exceeds 1015 possible
RB allocation.
The optimal power allocation via waterfilling method is

then performed for each possible RB allocation respecting
the required QoS.
Finding the optimal solution requires high computa-

tional cost and high time period that can not be realized in
realistic cellular networks. Suboptimal solutions are there-
fore involved to approach the optimal solution. Table 2
compares system transmit powers with our proposed
solution and with the optimal solution for two users and
eight RBs. Both system models with and without relaying
are considered. We can remark that the proposed solution
approaches the optimal solution. The difference of pro-
posed model applied to system without relaying is only
1% comparing to the optimal solution. For the model with

Table 2 System transmit power (dBm)

Proposed Exhaustive Proposed Exhaustive
with relay with relay without relay without relay

7.16 6.24 9.39 9.34
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Fig. 3 System transmit power for 18 users, first relay selection strategy

relay, the difference is 17%. The proposed solution can
reduce the system transmit power by 39% comparing to
the optimal solution without relaying. Applying the pro-
posed solution to a system model with a higher number
of users especially in cell edge can be very interesting in
order to decrease system energy consumption3.

4.1.2 Convergence analysis
In this section, the convergence rate of the proposed algo-
rithm is studied. A simulation is considered convergent if
it respects the Lagrangian variable variation constraints

(Eq. (29)) and the required data rate per user constraint
as Rk = Rt ± 0.1 Rt ∀k. The convergence rate is stud-
ied for 18 users and different RBs numbers and Rt values.
The minimal convergence rate is 30% for 60 RBs and
Rt = 1.5 bits/s/Hz and it can reach 65% for 192 RBs for
the same Rt . The convergence rates can be justified by
the hard convergence constraints. If we relaxed these con-
straints by expanding the Rt admissible variation range for
example, convergence rates would be improved. Then, we
can observe that the convergence rate increases when the
number of RBs grows, thanks to the increase in frequency
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diversity. Indeed, users are more likely to find RB with
good channel gains, and thus to achieve their required
data rate.

4.1.3 Achieved performances
The system transmit power for different users and RB
numbers and various Rt values is presented in this section.
Figures 3 and 4 show the system transmit power for,
respectively, 18 and 30 users. The gain offered by the pro-
posed algorithm reaches 21% for 18 users, 192 RBs and
Rt = 1.5 bits/s/Hz as global gain, and achieves up to 28%
with 576 RB and 30 users. Higher gains are obtained when
the number of users increases, since it is then more likely
that a mobile user will find another mobile user with ade-
quate location to efficiently serve as a relay. We can also
observe that the system transmit power decreases when
the number of RB number grows, this is obtained thanks
to the frequency diversity. When a high number of RB is
available, the RB allocation step can be established more
efficiently and the transmit power is then saved.
From simulation results, it is shown that the proposed

algorithm offers better performance comparing to the
model without relaying. The transmit power can be saved
especially in the cell edge. This result can be exploited to
reduce interference level in a multicell system model.

4.2 Performance results with joint relay selection, RB, and
power allocation

4.2.1 Achieved performances
When joint relay selection, RB and power allocation is
used, the system transmit power is even more decreased,
as shown by Fig. 5 for 18 users. The power gain is up to

47% when Rt = 1 bit/s/Hz, 50% when Rt = 1.5 bits/s/Hz
and 59% when Rt = 0.5 bits/s/Hz.
The average percentage of RS, R and NRS as well as the

average distance between each user and the BS, depend-
ing on its nature, are gathered in Table 3. It is averaged
on all RB values (from 60 to 192), with Rt = 1 bit/s/Hz.
Relayed sources are mainly located at the border of the
cell, whereas relays are in the second ring in the cell. This
is consistent with the areas that are chosen in the fixed
relay selection strategy, and thus justifies this choice. The
main difference with the fixed relay selection strategy is
that NRS can be located anywhere in the cell when relay
selection is optimized. Besides, since source-relay pairs
may be located anywhere in the cell with this relay selec-
tion strategies, the ratio of R and RS is high, and few users
remainNRS. The average ratio per users nature also shows
that relays help several RS in their transmission.
Finally, Figs. 6 and 7 represent the average transmit

power per user depending on its nature, as well as the
average transmit power among all users when Rt = 1
bit/s/Hz and Rt = 0.5 bits/s/Hz, respectively. Relays con-
sume more power than RS, because they have to transmit
their data as well as the relayed data and are inactive
half of the time. Nevertheless, the average power per
relay remains lower than the average power per user if

Table 3 Average ratio per user type and distance to the BS,
when Rt = 1 bit/s/Hz

NRS RS R

Average ratio (%) 11.3 53.1 35.6

Average distance to the BS (m) 689 782 517
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no relaying is allowed. Consequently, using relays remains
beneficial, when considering all users. Besides, RS have
low transmit power, even though they are located at the
border of the cell. The sum transmit power decrease is
only due to the RS power decrease, and the R power
increase remains limited enough to achieve a global gain.
We can notice that NRS have high transmit power values
when Rt = 1 bit/s/Hz. These users may be located any-
where in the cell (as shown in Table 3), and some of them
may be located at the border of cell, with no potential

helpful relay. The average transmit power is high because
of some NRS users with very high power values. This ten-
dency is less important when the target data rate is low, as
shown on Fig. 7.
Besides, since mobile users are moving in the cell,

they are relays at some location, but will become relayed
sources whenever they move towards the cell edge. The
proposed cooperative scenario is based on the assumption
that some mobile users accept to relay some other mobile
users at some point, knowing that they will be helped
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Fig. 7 Average transmit power per user for 18 users, with Rt = 0.5 bit/s/Hz
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through relaying by other mobile users later. The local
power consumption increase when a mobile user acts as
a relay is compensated for by an important power con-
sumption decrease when the same mobile user becomes a
relayed source.

5 Conclusions
In this paper, we have studied resource allocation for
relayed uplink transmission in OFDMA system. Com-
pared to previous published results, our system model
considers mobile relays that have to multiplex their own
data to the relayed data, so that the relay as well as the
relayed sources all achieve the same target data rate. Two
strategies have been proposed for relay selection: it is
either performed as an initialization phase by the BS,
based on average channel gains, or it is jointly optimized
with RB and power allocation. An iterative algorithm
solving the optimization problem that aims at minimizing
the total system transmit power under the target data rate
constraint has been determined. The primal optimization
problem has been decomposed into subproblems where
resource allocation and power allocation are solved in
an iterative manner. Dual decomposition and subgradient
methods have been used for this purpose.
Simulation results show that the proposed algorithm is

very close to optimal solutions found by exhaustive search,
with low number of users and RB. When the number of
users and RBs is growing, the proposed algorithm gives
valuable performances enhancement compared to solu-
tions without relay with the fixed relay selection strategies.
With the joint relay selection strategy, power consump-
tion is even lower. This strategy is more flexible and thus
better benefits from frequency and multi-user diversity.
However, its complexity is higher, and it incurs additional
overhead. Comparing the average power per user type
(relay, relayed source and non-relayed source) and their
location in the cell allows to conclude that the sub-optimal
fixed relay strategy achieves a good compromise between
transmit power decrease and complexity.

Endnotes
1We must note that in the final step of problem resolu-

tion, a(j)
k,r are converted to boolean variables (Eq. (27))

2Please note that we do not use RB number compli-
ant with the LTE standard and that the total bandwidth is
fixed and does not vary for all simulations.

3We note that gain values consider power values in mW
and not in dBm.
Received: 16 April 2016 Accepted: 23 August 2016
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