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Abstract—In this paper, the problem of energy efficiency in
cellular heterogeneous networks (HetNets) is investigated using
radio resource and power management combined with the base
station (BS) ON/OFF switching. The objective is to minimize
the total power consumption of the network while satisfying the
quality of service (QoS) requirements of each connected user.
We consider the case of co-existing macrocell BS, small cell
BSs, and private femtocell access points (FAPs). Three different
network scenarios are investigated, depending on the status of the
FAPs, i.e., HetNets without FAPs, HetNets with closed FAPs, and
HetNets with semi-closed FAPs. A unified framework is proposed
to simultaneously allocate spectrum resources to users in an
energy efficient manner and switch off redundant small cell BSs.
The high complexity dual decomposition technique is employed
to achieve optimal solutions for the problem. A low complexity
iterative algorithm is also proposed and its performances are
compared to those of the optimal technique. The particularly
interesting case of semi-closed FAPs, in which the FAPs accept to
serve external users, achieves the highest energy efficiency due to
increased degrees of freedom. In this paper, a cooperation scheme
between FAPs and mobile operator is also investigated. The
incentives for FAPs, e.g., renewable energy sharing and roaming
prices, enabling cooperation are discussed to be considered as a
useful guideline for inter-operator agreements.

Index Terms—Base station ON/OFF switching, femtocell access
points, green networking, heterogeneous networks.

I. INTRODUCTION

With the ever increasing number of mobile broadband data
users and bandwidth-intensive services, the demand for radio
resources has increased tremendously. One of the methods
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used by mobile operators to meet this challenge is to deploy
additional low-powered base stations (BSs) in areas of high
demand. The resulting network, referred to as heterogeneous
network (HetNet) [1], helps in maintaining the quality of
service (QoS) for a larger number of users by reusing the
spectrum. However, with the densification of these HetNets,
energy consumption and hence the carbon footprint have sig-
nificantly raised. Therefore, conserving energy while meeting
the user’s QoS requirements has been the focus of the green
communications researchers.

Most of the wireless data usage is in indoor environments
such as offices, residential buildings, shopping malls, etc.,
where the users may face difficulties in achieving high data
rates while connecting to the macrocell BSs. This is mainly
due to the penetration loss incurred by the wireless signals
inside the buildings. Therefore, to increase the capacity of the
network in these hotspots, small cell BSs1 are deployed in
close proximity to the buildings [2], [3]. In addition to small
cell BSs, there are often additional privately owned femtocell
access points (FAPs) or home BSs installed inside buildings
that co-exist alongside macrocell BS and small cell BSs [4].
These FAPs use the local broadband connection to provide
cellular services to their subscribers.

Small cell BSs provide increased coverage and network
capacity during peak times, however, they might not be very
useful under light traffic load scenarios. Instead, they might be
under-utilized or completely redundant leading to inefficient
use of energy and communication resources. Hence, during
periods of low traffic, it is appropriate to turn off the small
cell BSs and offload the users to a nearby macrocell BS. The
presence of FAPs provides additional flexibility in this regard,
since the small cell users can be offloaded to the FAPs, if
it is permitted. In fact, FAP access control schemes can be
classified into three categories [5], [6], i.e., open access, closed
access, and hybrid or semi-closed access. Open access allows
a nearby mobile subscriber to connect to the FAP without any
restriction, thus acting as a small cell BS. On the other hand,
closed access is only limited to registered subscribers, also
called femto owners. In hybrid access, unregistered users con-
nected to the macrocell or small cell BS might be allowed to
use some FAP resources subject to their availability and certain
constraints. If private FAPs cooperate with the mobile operator,

1The term small cell BS in this paper refers to picocell BS, which is much
smaller than macrocell BS and larger than femtocell BS (typically has a range
of 100 or 300 meters).
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there will be an increased potential of saving considerable
amount of energy without compromising the subscribers’ QoS.

Although energy consumption cost and the environmental
impact of redundant small cell BSs can be reduced by lo-
cally generating renewable energy at the small cell BS sites,
cooperation with private FAPs provides an opportunity to
further improve energy efficiency. Also, the impact of such
energy saving is high since cooperation may allow some small
cell BSs, which consume higher energy than FAPs, to be
turned off that would otherwise be on. In addition, the mobile
operator can use a portion of its energy savings, achieved
from cooperation, as well as excess resources, e.g., renewable
energy, to provide incentives to the FAP operator.

To exploit this envisioned potential for energy saving, and
hence the carbon footprint reduction in cellular HetNets,
an effective resource and power management framework is
required along with the BS ON/OFF strategy. The proposed
framework aims to efficiently allocate spectrum resources to
users in a way that cross-tier interference is minimum and
hence minimum transmit power is used by the BSs. Moreover,
it will decide the optimal set of small cell BSs that should
remain active given a pre-defined spatial distribution of users.
Finally, it will specify the conditions for FAP cooperation on
the basis of which agreements can be reached with the mobile
operator.

A. Related Work

In the recent years, many studies have been proposed to
investigate the energy efficiency problem of cellular Het-
Nets using dynamic BS ON/OFF switching technique [7]–
[9]. In [7], the impact of turning off macrocell BSs on the
energy efficiency of the HetNet is studied while keeping the
small cell BSs active. In contrast, [8] investigates the energy
saving potential of HetNets using different sleeping strategies
for small cell BSs. In [9], the authors studied the dynamic
small-cell ON/OFF operation while serving the offloaded
traffic using the macrocell BS to minimize the total power
consumption of the HetNet. Two algorithms are proposed
to make ON/OFF switching decision. The first one is an
optimal location-based operation algorithm applied in the case
of uniformly distributed users. The second algorithm is a
suboptimal approach proposed for non-uniformly distributed
users. It has been shown that power saving is achieved thanks
to the proposed dynamic ON/OFF switching operation. In [6],
three different approaches for small cell BS ON/OFF switching
in HetNets are discussed. The ON/OFF status of the small cell
BSs is controlled by either the detection of active users by the
small cell BSs, wake-up signals by the core network, or wake-
up signals by the users. The authors of [10] have introduced
two sleep modes to cater for the short and long idle periods
of the users. It is shown that dense HetNets can be used to
achieve higher capacity and performance while simultaneously
reducing energy consumption.

Another dimension of energy saving in HetNets is the
management of cross-tier interference [11], [12]. With reduced
interference, the transmit power of BSs can be reduced while
achieving the same QoS level. Several approaches are used

in literature to manage the interference problem [13]–[15].
One of the approaches is the radio resource management
that divides the available spectrum into sub-frequency bands
where the femtocells and small cell BSs use non-overlapping
spectrum bands with the macrocell BS [13]. A decentralized
spectrum allocation policy for two-tier (macrocell and femto-
cell) orthogonal frequency division multiple access (OFDMA)
networks is provided in [14]. In [15], an iterative algorithm
for optimal power and resource block allocation is proposed
for two-tier HetNets with a cross-tier interference constraint.
Finally, a survey on self-configuring and self-optimizing tech-
niques for interference management in OFDMA HetNets is
provided in [16]. A second approach for managing cross-tier
interference is related to spectrum sensing, whereby femtocells
can sense the activity of the macrocell and opportunistically
use the available spectrum [17], [18]. The authors in [17]
proposed a cognitive resource management scheme inspired
from the spirit of cognitive radio technology that mitigates the
interference between macrocell BSs and small cell BSs. Simi-
larly, in [18], the authors proposed a priority based frequency
resource allocation scheme that favors the macrocell over the
femtocell. Another method to counter cross-tier interference
in HetNets is to use power control. In [19], a self-optimized
coverage coordination framework between macrocell and fem-
tocell is proposed based on the distributed power control by
the femtocell BSs. In [20], a power control approach for two-
tier femtocell networks is introduced to reduce the transmit
power levels of the strongest femtocell interferers.

In addition to energy conservation methods, the use of
renewable energy to power cellular HetNets is also considered
in literature [21]–[23]. Availability of locally generated renew-
able energy helps in reducing the carbon footprint of the BSs
by limiting the required fossil fuel based energy. For instance
in [22], a HetNet with hybrid energy supplies, i.e., the small
cell BSs are powered by either the traditional electricity grid or
green energy sources, has been used to minimize energy costs
of the network. In [23], user association in spatial domain
and the renewable energy allocation in the time domain are
optimized to reduce the operational expenditures of cellular
networks.

B. Contributions

Existing works for energy saving in cellular HetNets con-
sider either BS ON/OFF strategy [6], [10], [24], [25] or energy
efficient resource allocation [13]–[16], [26]. However, the joint
resource and transmit power management for cellular HetNets
including macrocell BS, small cell BSs and private FAPs
along with BS ON/OFF strategy has not been investigated
previously. In contrast to literature, we develop a unified
framework that aims to reduce energy consumption using
efficient resource allocation, transmit power allocation, and
BS ON/OFF switching. We also incorporate the availability
of renewable energy sources in the proposed framework.
Additionally, we investigate the cooperative scenario between
cellular HetNets and private femtocell networks to form a
virtual network, which contributes significantly in the resource
allocation and BS ON/OFF decision.
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It should be noted that, in this study, we are developing a
green networking technique for HetNets where the objective is
to curtail negative environmental impacts of cellular networks
by minimizing their total energy consumption and exploiting
renewable energy whenever it is possible. Indeed, radio access
networks are consuming around 80% of the total energy
consumed by a cellular network [27]. Moreover, recent studies
show that for a typical cellular network, 50% of the deployed
BSs serve only 15% of the total traffic, while 5% of the sites
serve 20% of the traffic [28]. Therefore, we focus essentially
on this part of the network and correspondingly the downlink
direction. The main contributions of this paper are summarized
as follows:
• An optimization problem aimed at minimizing the total

power consumption of cellular HetNets is formulated.
Problem formulation takes into account the power budget
of the BSs and the cross-tier interference while respecting
QoS requirements, i.e., minimum data rate for each served
user. Energy efficiency is achieved using effective radio
resource management, power allocation, and BS ON/OFF
switching. Different network scenarios emanating from
the FAP access method, i.e., open access, closed access,
and hybrid access, are considered.

• The optimal carrier assignment and power allocation
solution for the cellular HetNet is reached using the dual
decomposition technique. Due to the high computational
complexity of the optimal solution, a practical and low
complexity algorithm is also developed and the obtained
results are compared with those of the optimal solution.

• A cooperative framework between mobile networks and
private FAPs, using hybrid access, is proposed. An eco-
nomically viable criterion for cooperation agreements is
also developed taking into account the interests of both
the mobile operator as well as the FAP operators. The
incentives from the mobile operator to the FAP operator
include cost effective renewable energy sharing and direct
monetary payment to cover the additional costs incurred
by the FAPs.

The remainder of this paper is organized as follows: Sec-
tion II presents the system model. The problem formulation
and the different network scenarios are presented in Sec-
tion III. The dual decomposition method and the low complex-
ity solution are investigated in IV. The cooperation scheme in
the context of hybrid access is presented in Section V. The
numerical results are presented and explained in Section VI.
Finally, the paper is concluded in Section VII.

II. SYSTEM MODEL

We consider an OFDMA cellular HetNet that consists of one
macrocell BS placed at the center of the cell, and Ls

2 small
cell BSs placed around the center. We assume that L f FAPs,
belonging to private owners other than the mobile operator, are
placed within each small cell to serve registered subscribers as
shown in Fig. 1. The FAPs, that are placed outside the range
of small cell BSs, are not considered in the system model

2For the readers’ convenience, the symbol notations in this paper are
summarized in Table II of the appendix.

Fig. 1 HetNet with one macrocell BS, 4 small cell BSs, and
3 FAPs per small cell.

since they will not find a small cell BS to cooperate with in
the hybrid access scenario and will not provoke interference
to any of the deployed small cell BSs. In fact, in OFDMA
HetNets, the available spectrum of bandwidth BC is divided
into NC carriers. These carriers are separated depending on the
type of the BS. We denote by N (χ)C , the number of available
carriers at the BS of type χ, where χ ∈ {M,S,F} referring to
macrocell, small cell, and femtocell, respectively. It is worth
mentioning that separating the available carriers into two or
more groups is widely used in literature and is particularly
advisable in the context of HetNets. Infact, it is recommended
that small cell BSs and FAPs use higher frequency bands
that are not well suited for macrocell BSs to avoid harmful
interference and enhance performance [29], [30]. We denote
by U the total number of outdoor users in the network, and
Vil the total number of indoor subscribers connected to FAP
Fil , i.e., the l th FAP under the coverage of small cell BS Si .
Finally, we make the following two assumptions:
• A user is served by only one BS (macrocell, small cell,

or FAP).
• Each carrier is exclusively allocated to only one user.
• There is no intra-cell interference on the downlink and no

interference between macrocell BS and small cell BSs as
they are using different sets of orthogonal carriers.

A. Path loss and Channel Model
In a cellular HetNet, there are several possible radio prop-

agation paths in the system emanating from the location of
any BS and the location of the user connected to that BS. A
BS can either be located outside the building (e.g., macrocell
BS and small cell BSs), or inside the building (e.g., FAP).
Similarly, the user can also be located either inside or outside
the building. Hence, the possible propagation paths between a
user and a BS are: indoor-indoor, outdoor-indoor (equivalent to
indoor-outdoor), and outdoor-outdoor. The path loss between
an indoor user v and a FAP Fil (indoor-indoor path loss) is
given by [31]:

PL(in,in)
v,Fil,dB = 38.46 + 20 log10 dv,Fil

+ 0.3dv,Fil
, (1)

i = 1, . . . , Ls, l = 1, . . . , L f ,
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where dv,Fil
is the distance between the indoor user v and

FAP Fil . In (1), the first two terms, i.e., 38.46+20 log10 dv,Fil
,

account for the distance dependent free space path loss. The
last term 0.3dv,Fil

models the indoor distance dependent
attenuation.

The path loss between an outside user u and a FAP Fil

(outdoor-indoor path loss) is given as follows [31]:

PL(out,in)
u,Fil,dB = 15.3 + 37.6 log10 dout,u,Fil

+ 0.3din,u,Fil
+ Low,

(2)
i = 1, . . . , Ls, l = 1, . . . , L f ,

where dout,u,Fil
is the distance between the outdoor user u

and the building external wall, din,u,Fil
is the indoor distance

between the building wall and FAP Fil , and Low is an outdoor-
indoor penetration loss (loss incurred by the outdoor signal to
penetrate the building).

The path loss between outside user u and an outdoor
macrocell BS or small cell BS (outdoor-outdoor path loss)
is given as follows [31]:

PL(out,out)
u,χi,dB = κ + ν log10 du,χi , χi = M, S1, · · · , SLs , (3)

where du,χi is the outdoor distance between the outside user
u and the ith BS of type χ. Note that for outdoor BSs, χ can
only take the values in the set {M, S} corresponding to the
macrocell BS and small cell BSs, respectively. In (3), κ and ν
correspond to the path loss constant and path loss exponent,
respectively.

Taking into account fading and shadowing fluctuations in
addition to the path loss, the channel gain between a user t
(t = u for outdoor user and t = v for indoor user), and a
transceiver station χi (BS or FAP) over a generic carrier r
can be expressed as:

h(x,y)
t,χi,r,dB = −PL(x,y)

t,χi,dB + ξt,χ + 10 log10 Ft,χi,r, (4)

where the first term captures the propagation loss correspond-
ing to the considered link where (x,y ∈ {out, in}), according
to the path loss expressions given (1)-(3), the second term
ξt,χ, captures the effect of shadowing, and the last term Ft,χi,r

accounts for the fast fading between user t and the BS χi over
carrier r .

B. Base Station Power Model

Since we utilize the BS ON/OFF switching strategy in the
developed framework, we consider that each BS is either in
active or sleep mode. In the active mode, the BS is serving a
certain number of users connected to the network. The power
consumption of the ith BS of type χ, denoted by Pχi , in this
mode is computed as follows [32]:

Pχi =

Ptx
χi

ηPA(1−σfeed) + PRF + PBB

(1 − σDC)(1 − σMS)(1 − σcool)
, (5)

where Ptx
χi

represents the transmit power radiated by BS χi ,
ηPA is the efficiency of the power amplifier, PRF represents the
small-signal RF transceiver power, and PBB is the baseband
power. The parameters σfeed, σDC, σMS, and σcool account for
the feeder losses, DC-DC power supply losses, main supply

losses, and cooling losses, respectively. The BS radiated power
Ptx
χi

can be expressed as:

Ptx
χi
=

N
(χi )
C∑
r=1

Pχi,r . (6)

It corresponds to the sum of the radiated power level Pχi,r
over the carriers r = 1, · · · , N (χi )C . If carrier r is allocated to a
certain user, then Pχi,r > 0, , Pχi,r = 0 otherwise.

In the sleep mode, the BSs consume power equal to Psleep
χ .

The sleep mode is a reduced power consumption state in
which the BS in not completely turned off and can be readily
activated. Although the BS is not radiating power in this mode,
elements such as power supply, baseband digital signal pro-
cessing, and cooling are still active. Therefore, the BS keeps
consuming power unless it is in a state of complete shutdown.
For the sake of simplicity, the total power consumption of a
BS given in (5) can be approximated by a linear model as
follows [32]:

Pχi ≈
{

aχPtx
χi
+ bχ, if 0 < Ptx

χi
≤ Pmax

χ ,

Psleep
χ , if Ptx

χi
= 0,

(7)

where aχ is a factor that scales with the radiated power due
to amplifier and feeder losses and bχ models an offset of
site power which is consumed independently of the average
transmit power. We consider that the total power consumption
of any BS is limited by a peak power constraint, Ptx

χi
≤ Pmax

χ ,
where Pmax

χ corresponds to the maximum transmit power
consumption of a BS of type χ at full load. Note that aχ, bχ,
and Pmax

χ are different for each type of BS χ. Additionally, in
the case of FAPs, the index χi is replaced by Fil , e.g., PFil

denotes the power consumption of FAP Fil .
We also consider that small cell BSs can be powered by

locally generated renewable energy sources, e.g., solar, wind,
etc. Each small cell BS has an available amount of renewable
energy, denoted by Q̄i, i = 1, . . . , Ls , that is used to partly cover
the power consumption of the small cell BSs. The availability
of renewable energy is modeled as a random variable with
mean µg and standard deviation σg. It should be noted that it is
possible to consider that macrocell BS and FAPs are powered
with renewable energy sources. However, in this study as it
will be shown in Section V, renewable energy is employed as
a potential way for cooperation between small cell BSs and
FAPs. In addition to the roaming prices, small cell BSs can
share their surpluses of renewable energy with FAPs belonging
to private owners to compensate the extra energy cost paid by
FAPs. Considering renewable energy for the macrocell BS and
FAPs will not affect the cooperation process in our context.

C. Downlink Data Rates

The achievable data rate of the uth outdoor user served by
a BS over the r th carrier, with an allocated power Pχi,r , can
be evaluated as:

Ru,χi,r (Pχi,r ) =
BC

NC
log2

(
1 +

Pχi,r h(out,y)
u,χi,r

I +N0

)
, (8)



0018-9545 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVT.2016.2636455, IEEE
Transactions on Vehicular Technology

where BC
NC

is the bandwidth per carrier, N0 is the noise power,
y depends on the serving BS (macrocell, small cell, or FAP),
and I is the total interference that can be expressed as:

I = I0 + Iu,r, (9)

where I0 is the average interference caused by neighboring
small cell BSs. Iu,r is the cross-tier interference on carrier
r measured at the receiver u caused by the closest FAPs
(no intra-cell interference on the downlink direction) and
expressed as follows:

Iu,r =
Ls∑
i=1

L f∑
l=1

(
Vil∑
vil=1

υvil,Fil,r

)
· Pχi,r h(out,in)u,Fil,r

, (10)

where, υvil,Fil,r is a binary variable representing the exclusiv-
ity of the FAP carrier allocation: υvil,Fil,r = 1 if carrier r is
allocated to another user from a FAP Fil , and υvil,Fil,r = 0
otherwise. In fact, since the same carrier might be allocated
to an indoor FAP user and outdoor small cell BS user
simultaneously, a cross-tier interference might be caused to
each user. In each cell, an OFDMA carrier can be allocated
to a single user at a given transmission time interval. Hence,
we have:

Vil∑
vil=1

υvil,Fil,r ≤ 1 (11)

Similarly, an indoor user might be subject to an interference
caused by a small cell BS serving an outdoor user. The same
equations described above are kept for the data rate expression
by considering the corresponding path loss expressions.

In practice, when switching off a BS, both directions (down-
link and uplink) would need to be investigated. In this case,
the proposed optimization problem can be considered after
adding another constraint for the uplink direction, i.e., meet the
uplink target data rate. However and for simplicity, we focus
on the dowlink data rate only since, in the uplink, each user
has its own power source (battery of the phone), whereas in the
downlink the BS is the single source of power to be subdivided
over all users, which makes the downlink direction more
challenging. Hence, if the downlink constraints are satisfied,
then uplink constraints are most probably satisfied.

III. NETWORK SCENARIOS AND OPTIMIZATION
PROBLEMS

The objective of the developed framework is to minimize
the total power consumption of the network (i.e., macrocell BS
and small cell BSs) while satisfying certain QoS requirements
for each user. This will be performed by:
• Switching off redundant small cell BSs by optimizing a

binary vector denoted by π = [πS1, · · · , πSLs
]T , where

πSi = 0 if small cell BS Si is turned off, otherwise, πSi =

1, and (.)T denotes the vector transpose operation.
• Optimizing the resource allocation procedure in terms of

carrier-user assignment and power allocation. This will
be done by optimizing the binary variables εu,χi,r that
correspond to the status of each carrier r of BS χi ,
and the power variables Pχi,r that are constrained by the
maximum transmit power of each BS.

The QoS of the network is defined by the achieved data rate
by each user, which has to be greater than a pre-defined data
rate threshold denoted by R0. In this section, we present the
formulation of the optimization problems to determine the
optimal resource and power allocation, along with the BS
ON/OFF strategy for different HetNet scenarios depending on
the availability and access scheme of FAPs. In the sequel,
we identify the different network scenarios and provide the
corresponding optimization problem. The investigated scenar-
ios are: macro-plus-small cells (MS), macro-plus-small-plus-
closed FAP (MSF-closed), and macro-plus-small-plus-hybrid
FAP (MSF-hybrid), and are given as follows:

Macro-plus-small cell (MS): In this situation, the users
have the possibility to communicate with the small cell BSs
in addition to the macrocell BS. Cross-interference is not
considered due to the absence of FAPs (i.e., Iu,r = 0, ∀u =
1, · · · ,U). Operator has the possibility to turn off small cell
BSs during low traffic period. Corresponding users might be
served by the macrocell BS only if its capacity allows. Thus,
the optimization problem is formulated as follows:

minimize
π,ε,P≥0

Ptot =

Ls∑
i=1

πSi

(
aS


U∑
u=1

N
(S)
C∑

r=1
εu,Si,rPSi,r

 + bS

)

+

Ls∑
i=1

πSi (1 − πSi )P
sleep
S + aM


U∑
u=1

N
(M)
C∑

r=1
εu,M,rPM,r

 + bM,

(12)
subject to:

(C1: Power budget constraint):

0 ≤
U∑
u=1

N
(χ)
C∑

r=1
εu,χi,rPχi,r ≤ Pmax

χ , ∀χi = M, S1, . . . , SLs ,

(13)
(C2: User rate constraint):∑
χi=M,S1,...,SLs

N
(χ)
C∑

r=1
εu,χi,r Ru,χi,r (Pχi,r ) ≥ R0, ∀u = 1, . . . ,U,

(14)
(C3: Carrier selection constraint):

N
(χ)
C∑

r=1

U∑
u=1

εu,χi,r ≤ 1, , ∀χi = M, S1, . . . , SLs . (15)

The first constraint C1 given by (13) indicates that the total
transmit power of each BS (i.e., marco cell (χi = M) or small
cell BS (χi = Si for i = 1, · · · , Ls) has to be lower than
the peak power budget. The second constraint C2 given by
(14) is imposed to meet the QoS requirements for each user,
and the last constraint C3 in (15) indicates that a user can
be served by only one carrier from one BS. Note that in the
optimization problem, we are optimizing the transmit power
of all BSs belonging to the network. However, we always keep
the macrocell BS activated to ensure coverage and connectivity
in the area when turning off the small cell BSs; in other
words, πM = 1. We denote by P the vector containing all
the power values Pχi,r in (12), and by ε in (16) the binary
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matrix containing all the parameters εu,χi,r with U rows and
Ls N (S)C + N (M)C columns. The matrix ε is given as follows:

ε =
©«
ε1,M,1 · · · ε1,M,N (M)C

ε1,S1,1 · · · · · · ε1,SLs ,N
(S)
C

...
...

...
...

...
...

...
εU,M,1 · · · ε

U,M,N (M)C
εU,S1,1 · · · · · · ε

U,SLs ,N
(S)
C

ª®®®¬ .
(16)

Macro-plus-small-plus-closed FAPs (MSF-closed): In this
scenario, only registered users can communicate with the
closed FAP, outdoor users are not allowed to exploit the FAP
resources. Thus, they are subject to the interference caused
by deployed FAPs (i.e., Iu,r ≥ 0, ∀u = 1, · · · ,U). Hence, the
same optimization problem provided in (12)-(15) is adopted
but with the consideration of the cross-interference in the user
rate expression in constraint (14). In this scheme, we assume
that the carriers exploited by the FAPs are known as well as the
power PFil,r, ∀i = 1, · · · , Ls, l = 1, · · · , L f . For instance, they
can be determined by solving the same optimization problem
given in (12)-(15) on each FAP or assuming a uniform power
allocation.

Macro-plus-small-plus-hybrid FAPs (MSF-hybrid): This
scenario is similar to the MSF-closed, except that outdoor
users are also able to exploit available FAP resources. After
allocating its resource to the indoor users, a FAP can serve
outdoor users by providing them with the remaining resources
in terms of carriers and/or power. The optimization problem
for the MSF-hybrid scenario is written as follows:

minimize
π,ε,P≥0

Ptot =

Ls∑
i=1

πSi

©«aS


U∑
u=1

N
(S)
C∑

r=1
εu,Si,rPSi,r

 + bS
ª®®¬

+

Ls∑
i=1

πSi (1 − πSi )P
sleep
S + aM


U∑
u=1

N
(M)
C∑

r=1
εu,M,rPM,r

 + bM,

(17)
subject to:

(C1-1: Power budget constraint for mobile operator’ BSs):

0 ≤
U∑
u=1

N
(χ)
C∑

r=1
εu,χi,rPχi,r ≤ Pmax

χ ,

∀χi = M, Si, where i = 1, . . . Ls, (18)

(C1-2: Power budget constraint for FAPs):

0 ≤
U∑
u=1

N
(χ)
C∑

r=1
εu,χi,rPχi,r ≤ Pmax

Fil
,

∀i = 1, . . . Ls, and ∀l = 1, . . . , L f , (19)

(C2: User rate constraint):∑
χi=M,Si,Fil

N
(χ)
C∑

r=1
εu,χi,r Ru,χi,r (Pχi,r ) ≥ R0,

∀u = 1, . . . ,U, i = 1, . . . Ls, and l = 1, . . . , L f , (20)

(C3: Carrier selection constraint):

N
(χ)
C∑

r=1

U∑
u=1

εu,χi,r ≤ 1,

∀χi = M, Si, Fil, where i = 1, . . . Ls, and l = 1, . . . , L f .
(21)

Notice that, in this case, the objective function and the
rate expression given in (17) and (20), respectively, remain
similar to the ones of the MSF-closed scenario. However,
thanks to the hybrid FAP access scheme, more degrees of
freedom are offered to the mobile operator. Indeed, it has
the potential to exploit the unused resources of FAPs. To
enable this cooperation between the mobile operator and the
FAP operators, the matrix ε constructed in (16) contains, in
addition to the macrocell BS and small cell BSs’ carriers, the
remaining available FAPs’ carriers. Moreover, the previous
constraint C1 is divided into two constraints: C1-1 for the
mobile operator BSs and C1-2 for FAPs. We notice here that
the power budgets of FAPs available for the mobile operator’s
users, denoted by Pmax

Fil
, where Pmax

Fil
≤ Pmax

F , is different for
each FAP depending on the number of registered users at each
FAP Fil . In this case, the problem complexity will increase
compared to the other scenarios but it is expected that the
MSF-hybrid scheme achieves better performances as it will
be shown in Section VI-B.

The power consumption of FAPs are ignored from the
optimization problem (17)-(21) as these FAPs are out of
control of the mobile operator. Therefore, we have proposed
in Section V a cooperative framework for the MSF-hybrid to
compensate the losses of FAPs’ owners.

IV. JOINT RESOURCE ALLOCATION AND ON/OFF
SWITCHING APPROACHES

The optimization problems formulated in Section III are
non-convex ones due to the existence of the binary matrix ε as
a decision variable. In this section, we propose two approaches
to solve these problems: A complex dual decomposition based
method developed to find the optimum solution of the problem,
and a practical but low complexity iterative algorithm that
achieves sub-optimal results. In the sequel and without loss
of generality, we develop the steps for each of the proposed
approaches to solve the optimization problem for the MS and
MSF-closed scenario. It is worth to note that the same steps
can be followed to find the solutions corresponding to MSF-
hybrid scenario by considering the corresponding FAPs’ power
budgets and the available FAPs’ carriers.

A. Dual Decomposition Method and Optimal Solution

The problem in (12)-(15) is satisfying the dual time sharing
condition [33]. Thus, the duality gap of the non-convex
resource allocation problem in OFDMA multi-carrier system
is negligible as the number of carriers is sufficiently large
compared to the number of users. Hence, the dual optimization
problem associated with the primal problem is given by

maximize
λ,µ≥0

g(λ, µ), (22)

subject to: (15).



0018-9545 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVT.2016.2636455, IEEE
Transactions on Vehicular Technology

where λ = [λM, λS1, λS1, ..., λSLs
] and µ = [µ1, µ2, ..., µU ]

are Lagrange vectors that contain the Lagrange multipliers
associated to constraints (13) and (14), respectively. The dual
function g(λ, µ) is defined as follows:

g(λ, µ) , minimize
π,ε,P≥0

L(λ, µ), (23)

subject to: (15).

where L(λ, µ) is the Lagrangian given as follows:

L =
∑

χi=M,S1,...,SLs

πχi
©«aχ


U∑
u=1

N
(χ)
C∑

r=1
εu,χi,rPχi,r

 + bχ
ª®®¬

+
∑

χi=S1,...,SLs

(1 − πχi )P
sleep
χi

∑
χi=M,S1,...,SLs

λχi
©«

U∑
u=1

N
(χ)
C∑

r=1
εu,χi,rPχi,r − P̄χ

ª®®¬
−

U∑
u=1

µu
©«

∑
χi=M,S1,...,SLs

N
(χ)
C∑

r=1
εu,χi,r Ru,χi,r (Pχi,r ) − R0

ª®®¬ .
(24)

Thus, by regrouping the terms including Pχi,r , the dual
problem in (23) can be rewritten as follows:

g(λ, µ) = minimize
π,ε,P≥0

∑
χi=M,S1,...,SLs

U∑
u=1

N
(χ)
C∑

r=1
πχi εu,χi,rD

(
Pχi,r

)
+

∑
χi=M,S1,...,SLs

πχi bχ +
∑

χi=S1,...,SLs

(1 − πχi )P
sleep
χi

−
∑

χi=M,S1,...,SLs

λχi P̄χ +
U∑
u=1

µuR0, (25)

subject to: (15),

where D
(
Pχi,r

)
= (aχ+λχi )Pχi,r−µuRu,χi,r (Pχi,r ). The steps

to solve the dual problem can be described as follows:

• Step 1: Initialize the Lagrange multipliers values λ and
µ.

• Step 2: Find the optimal value of Pχi,r for each pair (u, r)
by solving the following problem

minimize
Pχi ,r ≥0

D
(
Pχi,r

)
. (26)

Hence, by solving (26), the optimal power P∗χi,r can be
given as follows:

P∗χi,r =
[

µuBC

ln 2NC(aχ + λχi )
− I +N0

hu,χi,r

]+
, (27)

where [x]+ = max(0, x).

• Step 3: Substitute the optimal power levels derived in
(27) into (25). Thus, the dual problem becomes:

g(λ, µ) = minimize
π,ε≥0

∑
χi=M,S1,...,SLs

U∑
u=1

N
(χ)
C∑

r=1
πχi εu,χi,rD

(
P∗χi,r

)
+

∑
χi=M,S1,...,SLs

πχi bχ +
∑

χi=S1,...,SLs

(1 − πχi )P
sleep
χi

−
∑

χi=M,S1,...,SLs

λχi P̄χ +
U∑
u=1

µuR0, (28)

subject to: (15).

It can be shown that (28) is a linear assignment problem
with respect to εu,χi,r and πχi and can be efficiently
solved by using standard integer programming [34]. The
solution obtained by the dual method is an asymptotically
optimal solution [33].

• Step 4: After finding the optimal solutions P∗χi,r , ε∗u,χi,r ,
and π∗χi corresponding to the initialized Lagrange multi-
pliers in Step 1, we can employ the sub-gradient method
to find their optimal values and thus, the optimal solution
of the problem [35]. Hence, to obtain the solution, we can
start with any initial values for the Lagrange multipliers
and evaluate the optimal solutions (i.e., P∗χi,r , ε∗u,χi,r , and
π∗χi ). We then update the Lagrange multipliers at the next
iteration (τ + 1) as follows:

λ
(τ+1)
χi = λ

(τ)
χi − δ

τ
©«P̄χ −

U∑
u=1

N
(χ)
C∑

r=1
εu,χi,rPχi,r

ª®®¬ , ∀χi, (29)

µ
(τ+1)
u = µ

(τ)
u +$

τ
©«R0 −

N
(χ)
C∑

r=1
εu,χi,r Ru,χi,r (Pχi,r )

ª®®¬ , ∀u,

(30)
where δτ and $τ are the updated step size according
to the nonsummable diminishing step length policy (see
[35] for more details). The updated values of the optimal
solution and the Lagrange multipliers are repeated until
convergence.

B. Low Complexity Algorithm for Switching off Small Cell BSs

As it will be shown in Section VI-D, the run-time of
the optimal dual decomposition solution proposed in Sec-
tion IV-A, where the optimization of carrier allocation, power,
small cell BS ON/OFF status is simultaneously performed,
is considerably high. Thus, we propose a low complexity
suboptimal algorithm to cope with this issue. In this section,
we propose to optimize the binary vector π, the binary matrix
ε , and the transmitted power vector P in an iterative way such
that the algorithm complexity is significantly reduced.

The basic idea of the algorithm is to eliminate redundant
small cell BSs without affecting the QoS. At each iteration,
we initially consider a uniform power allocation. Then, we
perform carrier allocation using standard integer programming
[34] considering only the active BSs. This will reduce the
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complexity problem since the method is no more based on
the sub-gradient method to find the Lagrange multipliers. In
addition to that, the size of the matrix ε will be only based
on the carriers of the switched on BSs. At each iteration, the
algorithm switches off one BS, finds the related suboptimal
power and carrier allocation and verifies whether the absence
of this BS degrades the QoS. If it is the case, the BS can not
be eliminated. Otherwise, it can be safely switched off.

In order to solve the optimization problem formulated in
(12)-(15) in a low complexity manner, we proceed, at each
iteration, as follows:
• Step 1: Simplify the optimization problem by distributing

the peak power of the χth
i BS uniformly over its belonging

carriers (i.e., P̄χi,r =
P̄χ

N
(χ)
C

) where P̄χi,r is the peak

transmit power at the r th carrier of the χth
i BS. This means

that constraint (13) can be expressed as:

Pχi,r ≤ P̄χi,r, ∀r = 1..., N (χ)C , ∀χi = M, S1..., SLs . (31)

Thus, the solution of the optimization problem becomes
as follows:

Pχi,r =

{
A0

hu, χi ,r
, if hu,χi,r ≥

A0
P̄χi ,r

,

0, otherwise,
(32)

where A0 =

(
2

R0 NC
BC − 1

)
(I + N0) . The obtained solution

derived in (32) means that the user u served by the χth
i

BS over carrier r can achieve its data rate only if the
corresponding channel is relatively good.

• Step 2: Compute Pχi,r for all possible (carrier, outdoor
user) combinations.

• Step 3: Employ the combinatorial optimization approach:
a standard integer programming [34], such as the Hun-
garian method [36], is used to find the best (carrier, user)
combinations that maximizes the total number of served
users with minimum power consumption. However, in
some cases due to the modification of constraint (13),
uniform distribution of power may not be enough to serve
all the outdoor users. Indeed, after allocating the carriers,
some users may not achieve the required rate because of
the power limitation as expressed in (31).

• Step 4: If the number of served users denoted by Userved
is less than U, redistribute uniformly the remaining power

over the remaining carriers (P̄χi,r = P̄χi,r −
∑N

(χ)
C

s=1 Pχi,r )
and repeat Steps 1 to 3 for the non-served users. In fact,
the peak power per carrier may increase compared to
Step 1. This step is repeated until serving all users or the
remaining power per carrier is not enough to achieve the
user’s target data rate. In fact, assuming a well-planned
network, the latter case only happens if at least one of
the small cell BSs is off.

Details of the proposed low complexity algorithm are sum-
marized in Algorithm 1. Once we find the BS status vector
π∗, the allocation matrix ε∗, and the corresponding total
power consumption P∗ using the low complexity suboptimal
approach, we compare the results with the optimal solution
obtained using the dual decomposition method. As it will be

shown Section VI, the performances of the proposed approach
are close to those of the optimal solution with a notable gain
in terms of computational complexity.

Algorithm 1 Iterative Algorithm for Green Switching off
Small Cell Base Stations with Power and Carrier Allocation

1: Compute the total power consumption function Pmin = P(0)tot
when all small cell BSs are switched on (Assume the set S
contains all small cell BSs and π = [1, · · · , 1]).

2: Initialize for the current iteration Siter = S and Liter
s = Ls .

3: repeat
4: for χi = S1, · · · , SLiter

s
do

5: Eliminate the small cell BS χi from Siter, π(χi ) =
[1 · · · 1 0︸︷︷︸

χth
i position

1 · · · 1]

6: InitializeU = {1, ...,U}, NC = {1, ..., N
(Siter)
C }, Userved = 0.

7: repeat
8: Compute the transmit power levels Pχi,r as it is given

in (32) for each (u, r) ∈ (U,NC) pairs.
9: Find (u∗, r∗) combinations by employing the standard

integer programming in order to serve the maximum
number of users with minimum power consumption.

10: Mark (u∗, r∗) combinations as occupied (i.e., update ε ).

11: U = U\{u∗’s},NC = NC\{r∗’s} and Userved = U−|U|.

12: P̄χ = P̄χ −
∑

r ∈N(χ)C

Pχi,r .

13: until (Userved = U | | P̄χ remains constant).
14: end for
15: Find small cell BS χ

op
i

that, when eliminated, provides the
lowest total power consumption while satisfying the network

QoS
(
P
(χop

i )
new = min

χi
P(χi )tot

)
.

16: if P
(χop

i )
new ≤ Pmin then

17: BS χ
op
i

is eliminated, Siter = Siter \ {χop
i
}, Liter

s = Liter
s −1

and Pmin = P
χ

op
i

new.
18: end if
19: until (No BSs can be eliminated).
20: The final optimal set of active small cell BSs is Siter.

V. COOPERATION AGREEMENT FOR THE HYBRID ACCESS
CONTROL SCENARIO

In this section, we discuss the particularly interesting case
of cooperation between mobile operator and the FAP operators
corresponding to the MSF-hybrid scenario. In this case, private
FAPs allow their resources to be used by the outdoor users
of the mobile operator. The latter can avail the opportunity
to turn off its small cell BSs and save considerable energy,
while maintaining connectivity for its users via the host FAP.
Hence, the FAP operators cooperate with the mobile operator
in helping them reduce energy consumption. However, this
will lead to an increased power consumption for the FAPs
and hence, cooperation will not be possible if it results in
monetary loss due to increased FAPs’ energy bills. Therefore,
in order to enable cooperation, the mobile operator needs to
compensate for the additional expenses of the FAP operator.

In this framework, we consider two forms of compensation
that can be exploited by the mobile operator, either by paying
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directly to the FAP operator or providing FAPs with cheaper
renewable energy if available in excess at small cell BS sites.
It is important to note that if there is a possibility to turn off a
small cell BS and offload its users to the corresponding FAPs,
then its locally generated renewable energy exceeding Psleep

Si

for small cell BS Si will be un-utilized. Hence, it is favorable to
allow the FAPs to use this extra energy via the smart grid and
cover the remaining compensation (if any) through monetary
payment. Note that the mobile operator will sell the extra
energy to the utility company (electricity provider) via smart
grid. The FAP operator will receive an equivalent amount of
electricity (to power the FAP), from the utility company at a
preferential price denoted by cRE. However, this will require
mutual agreements between the mobile operator, electricity
provider, and FAP operators to put in place suitable pricing
and billing mechanisms.

The excess renewable energy after fulfilling the power
requirements of small cell BS i, denoted by qi is defined as:

qi = max(0, Q̄i − PSi∆t), i = 1, . . . , Ls, (33)

where ∆t is the BS operation time. Without loss of generality,
we can assume that ∆t = 1 second. The profit of the FAP
operator in the closed access, i.e., un-cooperative mode, is
calculated as follows:

Π
(u)
i = R − cf

©«
L f∑
l=1

PFil
∆tª®¬ , i = 1, . . . , Ls, (34)

where R is the fixed revenue earned from the registered users
by each FAP operator, cf is the cost per unit of traditional
fossil fuel based energy. Under the cooperative scenario, the
profit of the FAP operator can be expressed as:

Π
(c)
i (cRE, pr ) = R − cREqi + pr

L f∑
l=1

N (Fil )
C

− cf (max(0,
L f∑
l=1

PFil
∆t − qi)), i = 1, . . . , Ls, (35)

where pr is the price charged per user to the mobile operator
for offloading its users, also referred to as offloading price.
Notice here that renewable energy plays a key role in the
ON/OFF switching decision. Its availability may increase the
chance of cooperation and hence, the mobile operator can turn
off more small cell BSs. Indeed, the mobile operator will
have sufficient green energy to share with FAPs which will
have the possibility to reduce their fossil fuel consumption.
In order to make agreements between the mobile operator
and the FAP operator, the optimal values of cRE and pr
must be determined. These parameters are evaluated using the
following optimization framework:

minimize
pr ,cRE

pr
Ls∑
i=1

L f∑
l=1

N (Ft l )
C , (36)

Subject to:

Π
(c)
i (cRE, pr ) ≥ Π(u)t , i = 1, . . . , Ls . (37)

cRE ≤ cf . (38)

The objective is to minimize the monetary payments made
by the mobile operator. Instead, the focus is to use excess
renewable energy to compensate the additional cost incurred
by the FAP operator. The constraint in (37) ensures that
FAP operators do not lose in terms of profit as a result
of cooperation. The constraint in (38) enforces the cost of
renewable energy to be lower than the cost of traditional fossil
fuel energy in order to maintain the incentive for the FAP
operator to buy renewable energy from the mobile operator.
The problem in eqs. (36) to (38) is a convex problem and can
be solved using standard linear programming methods [37].
Explicit expressions of the optimal decision variables cannot
be derived. However, there are many methods that can be
employed to solve this type of problem, e.g., reducing the
problem to its canonical form. In this paper, we employ the
off-the-shelf solvers CVX [38] as the problem is convex by
construction.

With the MSF-hybrid scenario, additional constraints must
be imposed while turning off BSs in Algorithm 1 (line
15) apart from ensuring the QoS of the offloaded users.
This includes respecting the power budget of the FAPs, the
profitability, and price constraints given by (37) and (38),
respectively. In other words, the algorithm will not turn off
a small cell BS if this action leads to a loss in terms of FAP
operator’s revenue.

VI. SIMULATION RESULTS

A. Simulation Parameters

A cellular HetNet consisting of one macrocell BS, Ls small
cell BSs uniformly placed around the macrocell BS, and L f

FAPs per small cell BS is deployed to serve U outdoor users
and L f Ls V indoor users (we assume that the number of indoor
users is the same for each FAP; Vtl = V = 3, t = 1, . . . , Ls, l =
1, . . . , L f ). An orthogonal OFDMA transmission is assumed
where the total bandwidth of BC = 9 MHz is subdivided into
two sets of orthogonal carriers. The first block of 6 MHz
(equivalent to 30 carriers) is owned by the macrocell BS
(N (M)C = 30), while the other block, of 3 MHz (equivalent to 15
carriers), is owned by small cell BSs and their corresponding
FAPs (N (S)C = 15). Hence, the same frequency blocks are
reused with two consecutive small cell BSs or FAPs. We
assume that all users within the small cell BSs are protected
from the co-channel interference caused by other small cell
BSs as they are deployed sparsely. The only interference
considered in the simulations is the cross-tier interference
between the small cell BS and its corresponding FAP. We
consider that each user is served by a single carrier and
we employ the Hungarian method [36] for the solution of
all integer programming problems in the paper. The channel
parameters are selected according to the 3GPP standards [39]
as follows: the path loss constant κ = 128.1 dB; path loss
constant ν = 3.76; the penetration loss Low = 6 dB; the
shadowing is assumed to be log-normal with zero mean and
a standard deviation σξ = 8 dB; the fast fading between users
and BSs is assumed to be Rayleigh with parameter a such that
E[‖a2‖] = 1. The power consumption parameters are selected
according to the energy aware radio and network technologies
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(EARTH) model [32] as follows: aM = 4.7 W, bM = 130 W,
Psleep

M = 75 W for macrocell BS; aS = 4.0 W, bS = 6.8 W,
Psleep

S = 4.3 W for small cell BSs; aF = 8 W and bF = 4.8
W for FAPs. The maximum transmit power levels for the BSs
are set as Pmax

M = 20 W, Pmax
S = 2 W, and Pmax

F = 1 W. We
assume that the energy generated from renewable sources is
a Photovoltaic energy and is available at each small cell BS
site. It is modeled as a Gaussian random variable with a mean
of 50 J and standard deviation of 15 J [40], [41].

B. Performance of the Proposed Resource Management
Schemes

We start by investigating the performances of the proposed
approach, denoted by “Proposed-ON/OFF”, that jointly al-
locates the radio resources, optimizes the associated power
levels, and applies the small cell BSs’ ON/OFF switching
scheme for the MS scenario versus the number of outdoor
users U. In Fig. 2, we compare its total power consumption to
that of five simple combinations of the aforementioned tech-
niques: 1) an optimized channel-aware resource allocation with
uniform power management and active small cell BSs denoted
by “Uniform-all active”, 2) same as (1 but with small cell
BSs ON/OFF switching, denoted by “Uniform-ON/OFF”, 3)
frequency-hopping resource allocation with optimized power
management and active small cell BSs, denoted by “Hopping-
all active, 4) same as 3) with small cell BSs ON/OFF
switching, denoted by “Hopping-ON/OFF”, and 5) same as
the proposed scheme but with active small cell BSs denoted
by “Proposed-all active”. The network power consumption is
defined as the sum of the power consumption of the macrocell
BS, excluding bM, and the small cell BSs. The fixed site
power of the macrocell BS bM is a constant factor that inflates
the overall power consumption and is removed to gain useful
insights from the results without obscuring the differences. As
it is expected, the Proposed-ON/OFF approach outperforms
the other approaches as it deals with the different parameters
of the network. With Hopping-ON/OFF, the existence of
minor fluctuations in the total power consumption can be
noticed, due to the randomness in the selection of the serving
frequency carriers. Indeed, with the frequency-hoping scheme,
the carriers are randomly allocated to a given user without
taking into account the channel quality. With the Uniform-
ON/OFF, the power is linearly increasing as U increases.
Thanks to the ON/OFF switching important gains are obtained
with all the schemes mainly for lightly-loaded networks.

In Fig. 3, we plot the total power consumption of the
mobile network versus the number of outdoor users using the
proposed methods, i.e., the dual decomposition method and
the low complexity iterative algorithm, for three different sce-
narios (MS, MSF-closed and MSF-hybrid). We also compare
their performances with the traditional scenario where all small
cell BSs are kept active. We assume that Ls = 4 small cell
BSs are deployed and R0 = 1.0 Mbps. In general, it can be
observed that the total power consumption increases with the
total number of outdoor connected users for all cases. This is
because additional small cell BSs are successively activated as
the number of users increase. For example, when the number

10 20 30 40 50 60 70 80
10

20

30

40

50

60

70

80

Number of outdoor users

N
et

w
or

k 
P

ow
er

 C
on

su
m

pt
io

n 
(W

)

 

 
Uniform−all active
Uniform−ON/OFF
Hopping−all active
Hopping−ON/OFF
Proposed−all active
Proposed−ON/OFF

Fig. 2 Comparison with other resource allocation and power
management schemes for Ls = 4, R0 = 0.5 Mbps, and values
of U.
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Fig. 3 Total network power consumption of the MS scenario
versus the number of outdoor users for Ls = 4 and R0 = 1
Mbps.

of users is small, i.e., U = 10 or 20, all the users are supported
by the macrocell BS and the small cell BSs are inactive.
However, as the number of users increase to U = 30, one small
cell BS is activated. This trend continues until all four small
cell BSs are activated for U = 80. The MSF-closed scenario
has a slightly higher power consumption than that of the MS
scenario as it considers the existence of indoor interferers that
enforces BSs to increase their transmit power. On the other
hand, the MSF-hybrid scenario achieves considerable energy
savings, primarily due to the cooperation with the FAPs. The
mobile operator is able to offload its users to the FAPs and
switch off (change to sleep mode) small cell BSs to conserve
energy. Compared to the traditional scenario, when all BSs
are active, we can observe significant gain in terms of energy
saving for the proposed scenarios. The gain is higher for small
number of users, e.g., for U = 20, almost 40% of energy is
saved. As the number of users increases, the energy saving
potential reduces since additional BSs need to be activated.

Fig. 4 plots the total power consumption of the network
versus the number of outdoor users in the MS and MSF-
hybrid scenario for two different values of R0, i.e., 0.5 and
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Fig. 5 Total power consumption using the dual-decomposition
method versus the power budget of FAPs for U = 60 and
R0 = 0.5 Mbps.

1 Mbps. The number of deployed small cell BSs is fixed
to four and V = 3 for the MSF-hybrid scenario. The figure
shows the behavior of the small cell BS ON/OFF strategy
for different target data rates. We notice that the power
consumption profile is the same for both scenarios and that
increasing R0 only imposes additional transmit power instead
of activating additional small cell BSs. Note that the number of
active small cell BSs can be determined from the total power
consumption. Due to the dominating constant power per small
cell BS bS, we can see that the total power consumption jumps
by roughly bS when a small cell BS is activated.

Fig. 5 shows the network power consumption against the
power budget, Pmax

F of the FAPs in the MSF-hybrid scenario
for U = 60 and R0 = 0.5 Mbps. The transmit power of the
FAPs serves as a bottleneck to support outside users. This
is mainly because the channel between outdoor users and the
FAPs experiences a penetration loss and thus, a higher transmit
power is required to achieve the desired rate. Therefore, a FAP
will only accommodate users until its transmit power capacity
is reached. In Fig. 5, it can be observed that the network power
consumption decreases successively as the transmit power
budget of the FAPs increases. A higher power budget allows
the FAPs to accept more outdoor users, thus, allowing the
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Fig. 6 Total network power consumption versus the number
of small cell BSs.

mobile operator to offload its users and deactivate the small
cell BSs.

In Fig. 6, we plot the total network power consumption
versus the number of deployed small cell BSs Ls with a
constant L f = 4. We set U = 60 users and R0 = 0.5 Mbps.
The diagonal hatch pattern on the bars corresponding to two
small cell BSs indicate that there are several users in outage
due to the capacity constraints of the network. It can be
noticed that having more small cell BSs provides more degrees
of freedom to the network to activate the best combination
small cell BSs and thus, reduce the power consumption. For
the MSF-hybrid access scenario, the number of FAPs also
increases with growing number of small cell BSs. Hence,
there is more room for cooperation and the opportunity to
deactivate small cell BSs. From Fig. 6, it can be seen that for
the MSF-hybrid scenario, the number of active small cell BSs
is reduced from two to zero as the number of small cell BSs
increases from two to eight. On the other hand, for the MSF-
closed access scenario, the number of active small cell BSs
does not change since offloading is not allowed. Nevertheless,
the network power consumption increases with increasing the
number of small cell BSs despite lower number of active
BSs. This is because the deactivated BSs still consume Psleep

S
and hence, the network power consumption increases linearly
with the number of small cell BSs. Henceforth, we will only
consider the MSF-hybrid access scenario since the objective is
to investigate the benefits of cooperation between the mobile
operator and the FAPs.

In Fig. 7a, the effect of varying the number of FAPs
deployed per small cell BS is investigated. Increasing the
FAPs leads to a higher number of registered users, which will
occupy the carriers allocated to the corresponding small cell
BS. Therefore, the capacity to serve outdoor users decreases
and additional small cell BSs need to be activated. Fig. 7a
shows that increasing the FAPs per small cell L f from two
to six increases the network power consumption since the
number of active small cell BSs increases from two to four.
On the other hand, Fig. 7b investigates the network power
consumption against the number of registered indoor users
connected to FAPs. Similar to the behavior against number of
small cell BSs, the power consumption increases as the number
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Fig. 7 Network power consumption versus (a) number of small
cell BSs (Pmax

F = 0.5 W, R0 = 0.5 Mbps) and (b) indoor users
connected to FAPs (Pmax

F = 0.5 W, U = 60, R0 = 0.5 Mbps,
and Ls = 4).

of indoor users increases. This is because a higher number of
indoor users inhibits the FAPs from accepting outdoor users.
Hence, the mobile network is not able to offload its users to
the FAPs and the small cell BSs need to be activated. For
example, if there is only one indoor user connected to each
FAP, then only one small cell BS needs to be active and the
other three are in sleep mode. The number of active small cell
BSs increases with number of indoor users until all the four
small cell BSs are activated.

C. Behavior of the Cooperation between the Mobile and FAP
Operators

Finally, we investigate the cooperation agreements between
mobile and FAP operator in the case of MSF-hybrid scenario.
The cooperation agreement is based on two main parameters:
1) offloading price pr that serves as the monetary payment by
the mobile operator to the FAP operator, and 2) the cost of
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Fig. 8 Offloading price and price of renewable energy varia-
tion against the cost of fossil fuel energy for µg = 30 J.

renewable energy cRE that is purchased by the FAP operator.
Fig. 8, plots the cooperation parameters against increasing cost
of fossil fuel energy. We use the same simulation settings and
label the four FAP operators corresponding to the four small
cell BSs as FAP Op. 1, FAP Op. 2, FAP Op. 3, and FAP Op.
4. As a result of the optimized BS ON/OFF strategy, only
the small cell BS corresponding to FAP Op. 2 remains active
while the rest of the small cell BSs are in sleep mode and their
users are offloaded to the respective FAPs. It can be observed
that FAP Op. 2 receives zero offloading price and also pays
the least price of renewable energy. This is because it is not
serving outdoor users and just receives the extra renewable
energy available at the small cell BS at a preferential price.
For the other FAP operators, it can be observed that as the
cost of fossil fuel increases, the cRE increases in response to
cover up the extra costs while the offloading price is kept to
the minimum. In Fig. 9, we plot the cooperation parameters
against the mean renewable energy available at the small cell
BSs. The cost of fossil fuel energy cf is set to 0.5 MU. It can
be observed that when the average renewable energy is zero,
the offloading price for the FAP operators is non-zero, i.e.,
the mobile operator is required to pay all the FAP operators
depending on the number of offloaded users. However, as more
renewable energy becomes available, the cost of renewable
energy decreases while the offloading price remains the same.

D. Complexity Analysis of the Proposed Resource Allocation
Schemes

Regarding the employed algorithms, we can notice that the
iterative algorithm is able to achieve a close performance to
that of the optimal solution obtained using the dual decomposi-
tion method for all considered scenarios. The small difference
is because the low complexity method does not achieve the
optimal solution during the resource allocation process and
the ON/OFF switching operation. Indeed, a different active
small cell BSs combination in the ON/OFF switching using
the iterative algorithm might lead to an increase of the energy
consumption compared to the optimal combination. Despite
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Fig. 9 Offloading price and price of renewable energy varia-
tion against mean renewable energy for cRE = 0.5 MU.

this limitation, the iterative algorithm can considerably help
in reducing the computational complexity of the problem
compared to the optimal method that takes a longer time to
converge. To illustrate this, we first determine the number of
operations required by each approach to reach convergence
and then compute the run-time (in seconds) taken by both
algorithms.

For the low complexity algorithm presented in Section IV-B,
the total number of iterations corresponding the REPEAT
loop (Lines 3-19) is at maximum ≈

(∑Ls−1
l=0 l = Ls

(Ls−1)
2

)
in

order to reach a suboptimal active small cell BS combination.
At each loop of the algorithm, if we use the Hungarian
method, in the worst case scenario, the maximum number
of iterations for the resource allocation that can be reached
is U assuming that at each iteration only one pair of user
and carrier is allocated (line 9 in Algorithm 1). Note that,
in general, we can have multiple user-carrier associations per
one iteration and thus, the size of the resource allocation
matrix ε is reduced by more than one every iteration as
indicated in line 11. Therefore, the Hungarian algorithm
complexity as well as the number of operations needed to
compute the power expression given in (31) depend on the
size of ε which is decreasing as the user-carrier associations
are made and as a small cell BS is eliminated. Thus, the
complexity of the low complexity algorithm is in the order of ≈
Ls−1∑
l=1
(Ls −(l−1))

(
U−1∑
u=0

(
(U − u)((Ls − l)) N (S)C + N (M)C − u)

)3
)
+

U−1∑
u=0

(
(U − u)(Ls N (S)C + N (M)C − u)

)3
operations for the worst

case scenario.
Concerning the dual decomposition method given in Sec-

tion IV-A, for a given maximum number of iterations of
the sub-gradient method Imax, the algorithm is executed for
I = min(Imax, 1/ε2) iterations where ε represents the accuracy-
guarantee which is defined by the difference between the best
value and the iterate value [37]. We can easily see that the
number of operations at each iteration is in the order of

≈ I
(((

Ls N (S)C + N (M)C

)
U

)3
+ 13

(
Ls N (S)C + N (M)C

)
U

)
opera-

tions where
((

Ls N (S)C + N (M)C

)
U

)3
is the number of operations

of the Hungarian method and 13
(
Ls N (S)C + N (M)C

)
U is the

number of operations corresponding to the equations given
in (27), (29), and (30). Note here that the optimal active
small cell BSs combination is determined through the resource
allocation process. By comparison, it can be observed that
the iterative algorithm has a significantly lower complexity as
compared to that of the optimal dual decomposition method.
This is due to the fact that the terms containing Ls and U are
successively decremented at each loop of the summation in the
complexity expression of the iterative algorithm. Therefore,
the resulting product is much smaller as compared to the prod-
uct in the complexity expression of the dual decomposition
method.

The run-time of the proposed approaches are given in
Table I. It can be observed that the iterative algorithm requires
considerably lower CPU processing time as compared to
the optimal dual decomposition method. Moreover, another
remark that can be deduced from Table I is that the MS and
MSF-closed scenario requires almost the same CPU times
to converge for both methods. However, the MSF-hybrid,
which achieves a notable energy saving, requires more time
to converge. This is because with MSF-hybrid, the size of the
Hungarian matrix is larger as it also includes the redundant
carriers of FAPs. All tests are performed on a desktop ma-
chine featuring an Intel Xeon CPU and running Windows 7
Professional. The clock of the machine is 2.66 GHz and the
memory is 48 GB. The computation time is obtained via the
TIC/TOC function of Matlab.

TABLE I CPU times in seconds of the proposed methods

Iterative algorithm Dual decomposition method
MS 16.25 73.53

MSF-closed 18.84 76.53
MSF-hybrid 27.32 118.6

VII. CONCLUSION

In this paper, the energy efficiency problem in dense
cellular HetNets is considered. The particular case of co-
existing macrocell BSs, small cell BSs, and private FAPs
is investigated. Three possible network scenarios, based on
the participation of private FAPs (absent, closed, hybrid), are
studied. A joint strategy for radio resource and power man-
agement and BS ON/OFF switching is employed to efficiently
utilize the radio access infrastructure and minimize energy
consumption. The availability of locally generated renewable
energy is also incorporated in the developed framework. A
dual decomposition based method is proposed to achieve the
optimal results. In addition, a low complexity iterative solution
is proposed to achieve a near optimal solution of the non-
convex problem. Results show that the cooperation between
the mobile operator and the FAPs can lead to significant
gains in terms of energy consumption, as compared to the
non-cooperative scenario. We also developed a framework
for cooperation agreements between the mobile operator and
private FAPs based on monetary incentives.
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The introduction of the stochastic parameters in the problem
formulation can be an interesting future extension of this work.
It is more practical but elaborate to consider varying user
densities and varying number of FAPs per small cell BS. In
addition to that, it is important to investigate the effect of the
uncertainty in the channel estimations and renewable energy
generation on the cooperation agreements.

APPENDIX : LIST OF PARAMETERS

In Table II, we summarize the most important symbols used
in the document and their corresponding descriptions.

TABLE II List of notations

Symbol Meaning
Ls Number of small cell BSs
L f Number of FAPs
BC Total available bandwidth
NC Number of OFDMA carriers
N
(χ)
C Number of carriers allocated to BS of type χ
U Total number of outdoor users
Fil lth FAP under the coverage of small cell BS i
Vil Total number of indoor subscribers connected to Fil

PLt, χi ,dB Path loss between a user t and BS χi (dB)
dt, χi Distance between a user t and a BS χi

ht, χi ,r,dB Channel between a user t and BS χi (dB)
Ru, χi ,r Data rate of a user u served by BS χi over carrier r
Pχi Total power consumption of BS χi
Ptx
χi

Total transmit power of BS χi
Pχi ,r Transmit power allocated over carrier r of BS χi

P
sleep
χ Power consumed in the sleep mode of a BS of type χ
aχ Coefficient scaling with Ptx

χi
bχ Fixed power consumption of a BS of type χ
I Total interference
R0 Data rate threshold
πSi

Status of small cell BS Si
εu,Xi ,r Status of carrier r between user u and BS Xi

L Lagrangian
λ, µ Lagrange multipliers
Q̄i Available amount of renewable energy
qi Excess renewable energy at small cell BS Si

at small cell BS Si
Πi Profit of the FAP operator in cell i
pr Cost of serving a roamed user
c f Cost per unit of fossil fuel based energy
cRE Cost per unit of renewable energy

REFERENCES

[1] A. Ghosh, N. Mangalvedhe, R. Ratasuk, B. Mondal, M. Cudak, E. Vi-
sotsky, T. Thomas, J. Andrews, P. Xia, H. Jo, H. Dhillon, and T. Novlan,
“Heterogeneous cellular networks: From theory to practice,” IEEE
Commun. Mag., vol. 50, pp. 54–64, Jun. 2012.

[2] E. Yaacoub, “Green communications in LTE networks with environ-
mentally friendly small cell base stations,” in Proc. IEEE Online Conf.
Green Commun. (GreenCom 2012), Sept. 2012.

[3] J. Andrews, H. Claussen, M. Dohler, S. Rangan, and M. Reed, “Femto-
cells: Past, Present, and Future,” IEEE J. Sel. Areas Commun., vol. 30,
no. 3, pp. 497–508, Apr. 2012.

[4] 3rd Generation Partnership Project (3GPP), “3GPP TS 22.220 Technical
specification group services and system aspects; service requirements
for Home Node B (HNB) and Home eNode B (HeNB), version 13.0.0,
release 13,” Dec. 2015.

[5] V. Chandrasekhar and J. Andrews, “Open and closed access for home
NodeBs,” Nortel, Vodafone, 3GPP document Reference R4-071231,
3GPP TSG-RAN WG4 Meeting 44, Aug. 2007.

[6] I. Ashraf, F. Boccardi, and L. Ho, “Sleep mode techniques for small cell
deployments,” IEEE Commun. Mag., vol. 49, pp. 72–79, Aug. 2011.

[7] Y. S. Soh, T. Quek, M. Kountouris, and H. Shin, “Energy efficient
heterogeneous cellular networks,” IEEE J. Sel. Areas Commun., vol. 31,
no. 5, pp. 840–850, May 2013.

[8] C. Liu, B. Natarajan, and H. Xia, “Small cell base station sleep strategies
for energy efficiency,” IEEE Trans. on Veh. Technol., vol. 65, no. 3,
pp. 1652–1661, Mar. 2016.

[9] S. Cai, Y. Che, L. Duan, J. Wang, S. Zhou, and R. Zhang, “Green 5G
heterogeneous networks through dynamic small-cell operation,” IEEE J.
Sel. Areas Commun., vol. 34, no. 5, pp. 1103–1115, May 2016.

[10] L. Falconetti, P. Frenger, H. Kallin, and T. Rimhagen, “Energy efficiency
in heterogeneous networks,” in IEEE Online Conf. Green Commun.
(GreenCom 2012), Besanon, France, Sept. 2012.

[11] A. Barbieri, A. Damnjanovic, T. Ji, J. Montojo, Y. Wei, D. Malladi,
O. Song, and G. Horn, “LTE femtocells: System design and performance
analysis,” IEEE J. Sel. Areas Commun., vol. 30, no. 3, pp. 586–594, Apr.
2012.

[12] V. Chandrasekhar, J. Andrews, and A. Gatherer, “Femtocell networks:
A survey,” IEEE Commun. Mag., vol. 46, no. 9, pp. 59–67, Sept. 2008.

[13] J. Tang, D. So, E. Alsusa, K. Hamdi, and A. Shojaeifard, “Resource al-
location for energy efficiency optimization in heterogeneous networks,”
IEEE J. Sel. Areas Commun., pp. 2104–2117, Oct. 2015.

[14] V. Chandrasekhar and J. Andrews, “Spectrum allocation in tiered cellular
networks,” IEEE Trans. Commun., vol. 57, no. 10, pp. 3059–3068, Oct.
2009.

[15] J. Jiang, M. Peng, K. Zhang, and L. Li, “Energy-efficient resource allo-
cation in heterogeneous network with cross-tier interference constraint,”
in IEEE 24th Intl. Symp. Pers. Indoor Mobile Radio Commun. (PIMRC
Workshops 2013), London, UK, Sept. 2013.

[16] D. Lopez-Perez, A. Valcarce, G. de la Roche, and J. Zhang, “OFDMA
femtocells: A roadmap on interference avoidance,” IEEE Commun.
Mag., vol. 47, no. 9, pp. 41–48, Sept. 2009.

[17] S.-Y. Lien, C.-C. Tseng, K.-C. Chen, and C.-W. Su, “Cognitive radio
resource management for QoS guarantees in autonomous femtocell
networks,” in Proc. IEEE Intl. Conf. Commun. (ICC 2010), Cape Town,
South Africa, May 2010.

[18] T. Lee, H. Kim, J. Park, and J. Shin, “An efficient resource allocation in
OFDMA femtocells networks,” in Proc. IEEE 72nd Veh. Technol. Conf.
(VTC-Fall 2010), Ottawa, Canada, Sept. 2010.

[19] H.-S. Jo, C. Mun, J. Moon, and J.-G. Yook, “Self-optimized coverage
coordination in femtocell networks,” IEEE Trans. Wireless Commun.,
vol. 9, no. 10, pp. 2977–2982, Oct. 2010.

[20] V. Chandrasekhar, J. Andrews, T. Muharemovict, Z. Shen, and A. Gath-
erer, “Power control in two-tier femtocell networks,” IEEE Trans.
Wireless Commun., vol. 8, no. 8, pp. 4316–4328, Aug. 2009.

[21] H. Ghazzai, E. Yaacoub, A. Kadri, H. Yanikomeroglu, and M. S.
Alouini, “Next-generation environment-aware cellular networks: Modern
green techniques and implementation challenges,” IEEE Access, vol. 4,
pp. 5010–5029, Sept. 2016.

[22] B. Wang, Q. Kong, W. Liu, and L. Yang, “On efficient utilization of
green energy in heterogeneous cellular networks,” IEEE Syst. J., 2015,
to be published.

[23] D. Liu, Y. Chen, K. K. Chai, T. Zhang, and K. Han, “Joint user
association and green energy allocation in hetnets with hybrid energy
sources,” in Proc. IEEE Wireless Commun. Netw. Conf. (WCNC 2015),
New Orleans, USA, Mar. 2015.

[24] E. Oh, K. Son, and B. Krishnamachari, “Dynamic base station switching-
on/off strategies for green cellular networks,” IEEE Trans. Wireless
Commun., vol. 12, no. 5, pp. 2126–2136, May 2013.

[25] G. Koudouridis, H. Gao, and P. Legg, “A centralised approach to power
on-off optimisation for heterogeneous networks,” in Proc. IEEE 76th
Veh. Technol. Conf. (VTC-Fall 2012), Quebec City, Canada, Sept. 2012.

[26] A. Alsharoa, H. Ghazzai, E. Yaacoub, and M.-S. Alouini, “On the
dual-decomposition-based resource and power allocation with sleeping
strategy for heterogeneous networks,” in Proc. IEEE 81st Veh. Technol.
Conf. (VTC-Spring 2015), Glasgow, UK, May 2015.

[27] Nokia Solutions and Networks, “Technology vision 2020 flatten network
energy consumption,” White Paper, Dec. 2013.

[28] Ericsson, “Ericsson mobility report: On the pulse of the networked
society,” White Paper, Nov. 2015.

[29] Qualcomm Technologies, “Enabling hyper-dense small cell deployments
with ultraSON,” White Paper, Feb. 2014.

[30] E. Ternon, P. Agyapong, L. Hu, and A. Dekorsy, “Energy savings
in heterogeneous networks with clustered small cell deployments,” in
International Symposium on Wireless Communications Systems (ISWCS
2014), pp. 126–130, Barcelona, Spain, Aug. 2014.

[31] Qualcomm Inc., 3GPP TSG-RAN WG1 :72 R1-130598, Agenda item:
7.3.7. Channel Models for D2D Deployments. St. Julians, Malta, 2013.



0018-9545 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVT.2016.2636455, IEEE
Transactions on Vehicular Technology

[32] G. Auer et al., “Energy efficiency analysis of the reference systems, areas
of improvement and target breakdown,” tech. rep., INFSO-ICT-247733
EARTH (Energy Aware Radio and NeTwork TecHnologies), 2012.

[33] W. Yu and R. Lui, “Dual methods for nonconvex spectrum optimization
of multicarrier systems,” IEEE Trans. Commun., vol. 54, no. 7, pp. 1310–
1322, Jul. 2006.

[34] R. Rardin, Optimization in Operations Research. Upper Saddle River,
NJ: Prentice Hall, 1998.

[35] S. Boyd and A. Mutapcic, “Stochastic Subgradient Methods.” Notes for
EE364, Stanford University, Winter. 2006-07.

[36] H. W. Kuhn, “The Hungarian Method for the Assignment Problem.” 50
Years of Integer Programming 1958-2008. Berlin, Heidelberg. ch. 2, pp.
29-47, 2010.

[37] S. Boyd and L. Vandenberghe, Convex Optimization. Cambridge
University Press, 2004.

[38] M. Grant and S. Boyd, “CVX: Matlab software for disciplined convex
programming, version 2.1.” http://cvxr.com/cvx, Mar. 2014.

[39] 3rd Generation Partnership Project, “Evolved universal terrestrial radio
access E-UTRA; Physical channels and modulation,” 3GPP TS 36.211
3GPP V 11.2.0, Release 11, Apr. 2013.

[40] D. Thevenard and S. Pelland, “Estimating the uncertainty in long-term
photovoltaic yield predictions,” Elsevier Solar Energy, vol. 91, pp. 432–
445, May 2013.

[41] M. Brabec, E. Pelikan, P. Krc, K. Eben, and P. Musilek, “Statistical
modeling of energy production by photovoltaic farms,” in IEEE Electric
Power and Energy Conference (EPEC 2010), Halifax, Canada, Aug.
2010.

Hakim Ghazzai (S’12, M’15) was born in Tunisia.
He is currently working as a research scientist at
Qatar Mobility Innovations Center (QMIC), Doha,
Qatar. He received his Ph.D degree in Electrical En-
gineering from King Abdullah University of Science
and Technology (KAUST), Saudi Arabia in 2015.
He received his Diplome d’Ingenieur in telecommu-
nication engineering and Master of Science degree
from the Ecole Superieure des Communications de
Tunis (SUP’COM), Tunis, Tunisia in 2010 and 2011,
respectively. His general research interests include

mobile and wireless networks, green communications, internet of things, UAV-
based communications, and optimization.

Muhammed Junaid Farooq received the B.S.
degree in electrical engineering from the School
of Electrical Engineering and Computer Science
(SEECS), National University of Sciences and Tech-
nology (NUST), Islamabad, Pakistan, the M.S. de-
gree in electrical engineering from the King Abdul-
lah University of Science and Technology (KAUST),
Thuwal, Saudi Arabia, in 2013 and 2015, respec-
tively. Then, he was a Research Assistant with the
Qatar Mobility Innovations Center (QMIC), Qatar
Science and Technology Park (QSTP), Doha, Qatar.

Currently, he is a PhD student at the Tandon School of Engineering, New
York University (NYU), Brooklyn, New York. His research interests include
modeling, analysis and optimization of wireless communication systems,
stochastic geometry, and green communications. He was the recipient of the
President’s Gold Medal for the best academic performance from the National
University of Sciences and Technology (NUST).

Ahmad Alsharoa (S’12) was born in Irbid, Jor-
dan. He received the B.Sc degree (with honors)
from Jordan University of Science and Technology
(JUST), Irbid, Jordan, in 2011 and the M.Sc. de-
gree from King Abdullah University of Science and
Technology (KAUST) in 2013 both in Electrical
Engineering. He is currently a PhD candidate in the
Electrical and Computer Engineering department at
Iowa State University (ISU), Ames, Iowa, USA. His
current research interests include: energy harvesting,
drone communications, cognitive radio networks,

cooperative relay networks, MIMO communications, and green wireless
communications.

Elias Yaacoub (S’07, M’10, SM’14) received the
B.E. degree in Electrical Engineering from the
Lebanese University in 2002, the M.E. degree in
Computer and Communications Engineering from
the American University of Beirut (AUB) in 2005,
and the PhD degree in Electrical and Computer
Engineering from AUB in 2010. He worked as
a Research Assistant in the American University
of Beirut from 2004 to 2005, and in the Munich
University of Technology in Spring 2005. From
2005 to 2007, he worked as a Telecommunications

Engineer with Dar Al-Handasah, Shair and Partners. From November 2010
till December 2014, he worked as a Research Scientist / R&D Expert at the
Qatar Mobility Innovations Center (QMIC). Afterwards, he joined Strategic
Decisions Group (SDG) where he worked as a Consultant till February 2016.
He is currently an Associate Professor at the Arab Open University (AOU).
His research interests include Wireless Communications, Resource Allocation
in Wireless Networks, Intercell Interference Mitigation Techniques, Antenna
Theory, Sensor Networks, and Physical Layer Security.

Abdullah Kadri (SM’16) received the M.E.Sc. and
Ph.D. degrees in electrical engineering from the
University of Western Ontario (UWO), London, ON,
Canada, in 2005 and 2009, respectively. Between
2009 and 2012, he worked as a Research Scientist
at Qatar Mobility Innovations Center (QMIC), Qatar
University. In 2013, he became a Senior R&D Expert
and the Technology Lead at QMIC focusing on R&D
activities related to intelligent sensing and monitor-
ing using mobility sensing. His research interests
include wireless communications, wireless sensor

networks for harsh environment applications, indoor localization, internet-of-
things, and smart sensing. He is the recipient of the Best Paper Award at the
WCNC Conference in 2014.

Mohamed-Slim Alouini (S’94, M’98, SM’03, F’09)
was born in Tunis, Tunisia. He received the Ph.D.
degree in Electrical Engineering from the California
Institute of Technology (Caltech), Pasadena, CA,
USA, in 1998. He served as a faculty member
in the University of Minnesota, Minneapolis, MN,
USA, then in the Texas A&M University at Qatar,
Education City, Doha, Qatar before joining King
Abdullah University of Science and Technology
(KAUST), Thuwal, Makkah Province, Saudi Arabia
as a Professor of Electrical Engineering in 2009.

His current research interests include the modeling, design, and performance
analysis of wireless communication systems.

http://cvxr.com/cvx

