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Abstract—In this paper, the green operation of heterogeneous
LTE cellular networks is investigated. In addition to macrocells,
small cells are used to offload traffic and increase the capacity
of the network. A combination of mains powered small cells and
renewable energy small cells (RESC) is considered, where the
latter correspond to small cell base stations (BSs) powered by
renewable energy sources, e.g., solar panels or wind turbines.
Thus, the presence of RESCs allows not only to offload macrocell traffic, but also to optimize energy performance by switching
off other mains powered small cells whenever possible. Both the
uplink (UL) and downlink (DL) directions are considered in the
analysis, while taking into account dynamic resource allocation
and the impact of intercell interference. A utility maximization
approach is proposed, where weighted utility functions take
into account both the quality of service (QoS) performance of
the network and its energy consumption. The use of RESCs
for utility enhancement (RESCUE) leads to interesting results,
especially when the utility function presents a judicious balance
between QoS and energy efficiency.
Index Terms—LTE, heterogeneous networks, energy efficiency, green communications, utility maximization, renewable
energy.

I. I NTRODUCTION
The explosion in rich media content, such as audio, video
and gaming, is significantly increasing the load on cellular
systems. State-of-the-art and next generation cellular systems
have to cope with the mobile data growth. The number of
cells required to meet the capacity demands is expected
to increase significantly. Solutions to meet the increasing
demand include the deployment of heterogeneous networks
(HetNets) involving macrocells and small cells (picocells,
femtocells, etc.), distributed antenna systems (DAS), coordinated multi point (CoMP) communication, relay stations
(RS), and the use of D2D communications [1], [2]. In
fact, HetNets are expected to constitute a paradigm shift in
state-of-the-art cellular networks [3], and they constitute an
interesting solution for network densification, which is a main
theme for the evolution of cellular networks into 5G [2].
On the other hand, energy efficiency is representing an
increasing concern for cellular network operators [4], [5].
Naturally, the main motivation is to minimize their electricity
costs and maintain profitability. Nevertheless, reducing CO2
emissions and other negative impacts on the environment are
also important objectives [6]. In fact, a large portion of the
energy dissipated in a cellular system is actually consumed at
the base stations (BSs). Hence, putting certain BSs in sleep
mode, or switching them off in light traffic conditions, is an

efficient technique to save energy in wireless networks, e.g.,
see [7], [8]. In [9], BS switch-off techniques dependent on
traffic conditions (time of day, day of week) are considered.
However, the focus is on a single BS type, whereas HetNets
and RESCs are left for future research. In [10], the cell size
is adjusted dynamically depending on the traffic load using a
technique called “cell zooming” for the purpose of reducing
energy consumption. The power ratio, corresponding to the
ratio between the dynamic and the fixed power part of a BS
power consumption model, is introduced in [11]. This ratio
is used to propose a solution based on traffic load balancing.
In [12], an efficient, distributed, low complexity, and dynamic
strategy is presented for switching cellular BSs on and off in
order to achieve energy efficiency in green cellular networks.
In most of these previous works, the focus is on downlink
communication, and only macrocell BSs are considered.
Indeed, operating a dense HetNet in an energy-efficient
manner with minimized energy consumption is a challenging
task. In [13], energy efficiency in dense wireless local area
network (WLAN) small cells is studied. Certain access
points are put into sleep mode during periods of low user
traffic in order to optimize the network energy consumption.
In [14], cellular HetNets with small cells deployed at edges
of macrocells are shown to lead to enhanced performance
and reduced energy consumption, compared to macrocell
networks and to HetNets with uniform small cell deployment.
In [15], small cells with multi radio access technology (multiRAT) support are considered. They can offload traffic from
LTE to WiFi in order optimize coverage and boost the
capacity of the cellular system. However, energy efficiency
through on/off switching of small cells and macrocells in
the uniform deployment, or the use of renewable energy
sources, are not considered. In [16], a method based on
Q-learning, named QC-learning, is proposed. It is used to
offload traffic from macrocells to small cells. In addition, a
distributed version is presented where a macro BS manages
the small cell BSs in its area. Nevertheless, renewable energy
is not considered as a source of power for small cells, neither
radio resource management is taken into account to optimize
QoS over the various subcarriers in an orthogonal frequency
division multiple access (OFDMA) based system such as
LTE/LTE-Advanced (LTE-A). A preliminary investigation of
this scenario was performed by the author in [17], where
it was shown that green HetNets outperform macrocells in
terms of energy efficiency while meeting QoS requirements.
In this paper, extending the work in [17], the energy

efficient operation of LTE-A networks in the HetNet scenario
is investigated. In such a scenario, small cells can help offload
traffic from macrocell BSs (the most energy consuming).
Furthermore, green operation of the small cells themselves
is studied, where for example a small cell can offload traffic
from another small cell to put its neighbor BS in sleep
mode (similarly to the techniques followed for macrocells).
A combination of mains powered small cells and renewable
energy small cells (RESC) is considered, where the latter
correspond to small cell BSs powered by renewable energy
sources such as solar panels or wind turbines. Consequently,
RESCs allow not only the offload of macrocell traffic, but
also the optimization of energy performance by switching off
other mains powered small cells whenever possible, in order
to reduce the mobile operator’s electricity bill. Another contribution of this paper is the joint analysis of both the uplink
(UL) and downlink (DL) performance, while taking into account dynamic resource allocation and the impact of intercell
interference. A utility maximization approach is proposed,
where weighted utility functions take into account both the
quality of service (QoS) performance of the network and
its energy consumption. Depending on the weights selected,
different energy/performance tradeoffs can be achieved. The
use of RESCs for utility enhancement (RESCUE), in conjunction with a utility maximization algorithm for BS on/off
switching, leads to interesting results, especially when the
utility function presents a judicious balance between QoS
and energy efficiency.
The paper is organized as follows. The system model
is described in Section II. The problem formulation and
utility maximizing algorithm are presented in Section III. The
utility metrics used in this paper are described in Section IV.
Simulation results are presented and analyzed in Section V.
Finally, the conclusions are presented in Section VI.
II. S YSTEM M ODEL
This section presents the system model. A general example
is shown in Fig. 1, where Figs. 1 (a) and (b) show a macrocell
and a HetNet deployment, respectively. In Fig. 1 (b), the
joint operation different types of small cells and advanced
techniques lead to enhancing energy efficiency by putting
the upper left BS of Fig. 1 (b) in sleep mode: microcells
(b1), indoor outdoor offloading through femtocells/Home
Node Bs/WiFi access points (b2), relays (b3), DAS (b4), and
CoMP(b5).
In this paper, a geographical area of interest with a uniform
user distribution is considered. The area is covered by an
LTE network. It is subdivided into cells of equal size, with
a BS placed at the center of each cell. Macrocell BSs are
deployed to cover a cell radius RM . A network of small cell
BSs is overlaid on top of the macrocell network, with each
small cell BS covering a smaller cell radius RS < RM .
A fraction η of the small cell BSs are RESCs powered
by renewable energy sources, such as solar panels, whereas
1 − η of the small cell BSs, along with all the macro BSs,
are powered through the mains power grid. The method
presented in Sections III and IV will be used to switchoff certain BSs according to a certain network utility metric.
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Fig. 1. Network Example: (a) Macrocell only. (b): Green heterogeneous
network.

This leads to energy savings and contributes in achieving
green communications in the deployed LTE network. The
economic savings from using RESCs were studied in [18],
and dimensioning the solar panels and wind turbines to secure
the needed energy was analyzed in [19]. It was shown that
smart policies (e.g., switch on-off) have to be considered to
avoid unrealistic photovoltaic panel dimensions. In practice,
whenever possible, small cells would ideally have access to
both mains power and renewable energy sources. Whenever
the small cell BS has to be switched on to maintain QoS,
it will use the energy from the traditional electric grid
to complement the insufficiency of its available renewable
energy at that time. This process is abstracted in this paper
by assuming that, at any given time, a portion η of small
cell BSs are powered by renewable energy sources, whereas
the rest are using the mains power grid. This portion η
is varied randomly at each simulation run, to model the
effect of consuming the renewable energy in different BSs
at different times depending on the load and the on/off
switching approach.
In LTE/LTE-A, OFDMA is the access scheme for the
DL, whereas single carrier frequency division multiple access
(SCFDMA), a modified form of OFDMA, is used in the
UL in order to reduce the high peak to average power
ratio (PAPR) inherent in OFDMA systems [20]. According
to the standard, the available LTE spectrum is divided into
resource blocks (RB) consisting of 12 adjacent subcarriers.
The assignment of a single RB takes place every 1 ms, or
equivalently, over two 0.5 ms time slots forming a single
transmission time interval (TTI) [21]. The LTE standard
imposes the constraint that the RBs allocated to a single user
should be consecutive with equal power allocation over the
RBs [20], [21], [22].
A. Channel Model
We consider a channel model consisting of pathloss, lognormal shadowing, and fast Rayleigh fading as described

(DL)

in [23], [24]. Hence, the channel gain over subcarrier i
between user kl in cell l and BS j is given by:

In (6), αkj ,i,j is a binary variable representing the exclusivity

Hkl ,i,j,dB = (−κ − υ log10 dkl ,j ) − ξkl ,i,j + 10 log10 Fkl ,i,j
(1)
where propagation loss is captured in the first factor: κ is the
pathloss constant, υ the path loss exponent, and dkl ,j is the
distance in km from user kl to BS j. Log-normal shadowing,
ξkl ,i,j ,, is represented by the second factor in 1, where a zeromean and a standard deviation σξ are considered. Rayleigh
fading is taken into account in the last factor, Fkl ,i,j , where
a Rayleigh parameter a, usually selected such that E[a2 ] = 1
(with E[·] the expectation operator), is assumed.
(UL)
(DL)
The notation Hkl ,i,j and Hkl ,i,j will be used in the sequel,
in order to differentiate between UL and DL subcarriers,
respectively.

allocated to user kj in cell j, i.e., i ∈ Isub,kj , and αkj ,i,j = 0
otherwise. In fact, in each cell, an LTE RB, along with the
subcarriers constituting that RB, can be allocated to a single
user at a given TTI. Consequently, the following is verified
in each cell j:
Kj
∑
(DL)
αkj ,i,j ≤ 1
(7)

(DL)

of subcarrier allocation: αkj ,i,j = 1 if DL subcarrier i is
(DL)

kj =1

C. Data Rates in the Uplink
(UL)

(UL)

We denote by Isub,kl and IRB,kl the sets of UL subcarriers
and RBs, respectively, allocated to user kl in cell l. Let
(UL)
(UL)
Nsub and N(RB) be the total number of subcarriers and
(UL)

B. Data Rates in the Downlink
(DL)

(DL)

We denote by Isub,kl and IRB,kl the sets of subcarriers
and RBs, respectively, allocated for DL transmission to user
(DL)
kl in cell l. Let NRB be the total number of RBs in the
DL, L the number of BSs, Kl the number of users in cell l,
(DL)
Pi,l
the power transmitted by the BS over subcarrier i in
(DL)
cell l, Pl,max the maximum transmission power of BS l, and
(DL)
Rkl
the achievable DL rate of user kl in cell l, then the
OFDMA throughput of user kl in cell l is given by:
(
)
∑
(DL)
(DL)
(DL)
(DL)
(DL)
Rkl (Pl
, Isub,kl ) =
Bsub · log2 1 + γkl ,i,l
(DL)

i∈Isub,k

l

(2)
(DL)
where Bsub is the subcarrier bandwidth. It is expressed as:
(DL)

Bsub =

B (DL)

(3)

(DL)

Nsub

(DL)

with B (DL) the total usable DL bandwidth, and Nsub the
total number of DL subcarriers.
(DL)
In addition, in (2), Pl
represents a vector of the
(DL)
transmitted power on each subcarrier by BS l, Pi,l . In
this paper, the transmit power is considered to be equally
allocated over the subcarriers. Hence, for all i:
(DL)

(DL)
Pi,l

=

Pl,max
(DL)
Nsub

(4)

The signal to interference plus noise ratio (SINR) of user
(DL)
kl over subcarrier i in cell l in the DL, γkl ,i,l , is expressed
as:
(DL) (DL)
Pi,l Hkl ,i,l
(DL)
(5)
γkl ,i,l = (DL)
2
Ii,kl + σi,k
l
2
is the noise power over subcarrier i in the receiver
where σi,k
l
(DL)
of user kl , and Ii,kl is the interference on subcarrier i
measured at the receiver of user kl . The expression of the
interference is given by:


Kj
L
∑
∑
(DL)
(DL) (DL)

Ii,kl =
αkj ,i,j  · Pi,j Hkl ,i,j
(6)
j̸=l,j=1

kj =1

RBs, respectively, in the UL, Pkl ,i,l the power transmitted
(UL)
by user kl over subcarrier i in cell l, Pkl ,max the maximum
(UL)
transmission power of user kl , and Rkl its achievable rate
in the UL. The SCFDMA throughput of user kl in cell l can
then be expressed as:
(UL)

(UL)

Rkl

(UL)

(Pkl

(UL)

, Isub,kl ) =

B (UL) |Isub,kl |

·
(UL)
Nsub
(
)
(UL)
(UL)
(UL)
log2 1 + γkl (Pkl , Isub,kl )
(8)

where | · | represents set cardinality, B (UL) is the total
(UL)
UL bandwidth, and Pkl represents a vector of the transmitted power on each subcarrier, Pkl ,i,l . Finally, the term
(UL)
(UL)
(UL)
γkl (Pkl , Isub,kl ) represents the UL SINR of user kl after minimum mean squared error (MMSE) frequency domain
equalization at the receiver [25]:
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(UL)
(UL)
γkl (Pkl , Isub,kl ) = 




1
∑

1

(UL)

γkl ,i,l

(UL)

|Isub,kl |
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l

(9)
(UL)
In (9), γkl ,i,l is the UL SINR of user kl over subcarrier i in
cell l, expressed as:
(UL)

γkl ,i,l =

(UL)

(UL)

(UL)

2
+ σi,l

Pkl ,i,l Hkl ,i,l
Ii,l

(10)

2
where σi,l
is the noise power over subcarrier i in cell l, and
(UL)
Ii,l is the UL interference on subcarrier i measured at BS l.
The interference expression is given by:
(UL)

Ii,l

=

L
∑

Kj
∑

(UL)

(UL)

(UL)

αkj ,i,j Pkj ,i,j Hkj ,i,l

(11)

j̸=l,j=1 kj =1
(UL)

where αkl ,i,l = 1 if subcarrier i is allocated to user kl in cell
(UL)
(UL)
l, i.e., i ∈ Isub,kl . Otherwise, αkl ,i,l = 0.

The LTE standard imposes the constraint that the UL RBs
that are allocated to a single user should be consecutive with
equal power allocation over the RBs [20], [21], [22]. Consequently, the UL transmit power of user kl over subcarrier i
in cell l is given by:
(UL)

(UL)
Pkl ,i,l

=

Pkl ,max
(UL)

|Isub,kl |

(12)

D. Admission Control and Resource Allocation
When a user k joins the network, it is associated with cell
l∗ and the UL RB for which the subcarriers i∗(UL) satisfy:


Kl
∑
(UL)
(UL)
(i∗(UL) , l∗ ) = arg max 1 −
αkl ,i,l  Hk,i,l
(i,l)

kl =1;kl ̸=k

(13)
It is then allocated the DL RB in cell l∗ for which the
subcarriers i∗(DL) satisfy:


Kl
∑
(DL)
(DL)
αkl ,i,l∗  Hk,i,l∗ (14)
i∗(DL) = arg max 1 −
i

kl =1;kl ̸=k

In (13) and (14), the first term in the multiplication indicates
that the search is on the RBs that are not yet allocated to other
users. It should be noted that the subcarriers constituting
a single RB are considered to be subjected to the same
fading and hence the channel gain on the subcarriers of a
single RB is approximately the same. Furthermore, the fading
is assumed to be independent identically distributed (iid)
across RBs. In this paper, resource allocation is performed
as described above, where one UL RB and one DL RB
are allocated for each user. However, the proposed method
described in Sections III and IV is applicable with any
resource allocation algorithm.
After completing user-BS association and performing resource allocation, the rates (2) and (8) are calculated. To
represent the QoS constraints of a given user kl in cell l,
(UL)
(DL)
two target rates in the UL and DL, RTarget,kl and RTarget,kl ,
respectively, are considered. A user is successfully served and
satisfies its QoS requirements if the following conditions are
met:
{
(UL)
(UL)
Rkl ≥ RTarget,kl
(15)
(DL)
(DL)
Rkl ≥ RTarget,kl
If any of the conditions in (15) is not satisfied, the user is
considered to be in outage.

Therefore, in this paper, a worst case scenario is considered
where the BSs are considered to operate at full power. In
fact, the system model considered is dominated by a vast
majority of small cells, and a small fraction of macrocells.
The term PC,l is used to denote the total power consumed
by BS l (not to be confused with the transmit power
at the antenna, which is included as a fraction of this
power term). The values for this parameter are set to
PC,l = 500 W for macrocell BSs, PC,l = 100 W for mains
powered small cell BSs, and to PC,l = 0 W for RESCs.
These numbers are within the ranges presented in [29].
In addition, for macrocells, the maximum transmit power in
(DL)
the simulations of Section V is set to Pl,max = 10 W, which
corresponds to only 2% of the total BS power consumption
(DL)
for macrocell BSs (It is set to Pl,max = 1 W for small cell
BSs). Hence, this also justifies the use of the worst case full
power scenario for active BSs in this paper.
III. P ROPOSED A PPROACH
In this section, the details of the proposed green communications method are presented. After users join the network
and are associated with their respective BSs (macrocell or
small cell BSs), the utility of each cell can then be calculated.
The utility is used as a performance metric to determine
if a certain cell should be switched off or kept on. After
calculating the utilities, the proposed green communications
algorithm is implemented.
A. Problem Formulation
Considering there are NBS BSs in the network, each
having its own utility, with Ul denoting the utility of BS
l, then the objective is to maximize the total network utility
as follows:
(N
)
BS
∑
max
(16)
Ul
(DL)
(UL)
(DL)
(UL) ON
,αk ,i,l ,Pl
,Pk
,Il
l ,i,l
l
l

αk

l=1

Subject to:
(UL)

0 ≤ Pkl

Kl
∑

(UL)

≤ Pkl ,max ; ∀kl = 1, ..., Kl ; ∀l = 1, ..., NBS
(17)
(DL)
(DL)
0 ≤ Pl
≤ Pl,max ; ∀l = 1, ..., NBS
(18)

(UL)

(UL)

(19)

(DL)

(DL)

(20)

αkl ,i,l ≤ 1; ∀i = 1, ..., Nsub ; ∀l = 1, ..., NBS

kl =1
Kl
∑

αkl ,i,l ≤ 1; ∀i = 1, ..., Nsub ; ∀l = 1, ..., NBS

kl =1

E. BS Power Consumption
In general, BS power consumption comprises a fixed term
due to the energy consumed as part of the normal power
operation of the BS (e.g. internal processing, air conditioning,
etc. [26]), and a variable term that depends on the transmission load [27], [28]. For small cells, the power consumed
can be approximated as a load independent term [27], [28],
unlike macrocells. However, even in macrocells, most of the
power consumption is absorbed by the load independent term.

N
BS
∑
l=1

Nout,l
≤ Pout,th
Nserved,l + Nout,l

(DL)

(UL)

αkl ,i,l , αkl ,i,l , IlON ∈ {0, 1} ; ∀i, k, l

(21)
(22)

The constraints in (17) and (18) indicate that the transmit
power cannot exceed the maximum power for the UL and
DL, respectively. The constraints in (19) and (20) correspond
to the exclusivity of subcarrier allocations in each cell for the

UL and DL, respectively, since in each cell, a subcarrier can
be allocated at most to a single user at a given TTI. The
constraint in (21) is related to enforcing QoS, where Nout,l
corresponds to the number of users in outage in cell l, i.e., the
users associated with cell l as their best serving cell according
to (13) and (14), but that were not able to satisfy their QoS
requirements in (15). Nserved,l indicates the number of users
served successfully in cell l. Hence, this constraint indicates
that the total outage rate in the network should not exceed
a tolerated outage threshold Pout,th . The variable IjON is an
indicator variable defining if a BS j is on or off, by setting
its value to 1 or 0, respectively. The last constraint in (22) is
a trivial one to indicate the type of the binary variables.
The utility function would depend on the network QoS, and
consequently on the achievable data rates, which depend on
the user SINRs. Hence,
{ from (5), (6), (10), and (11), selecting
}
(DL)
(UL)
(DL)
(UL)
“optimal” values for αkl ,i,l , αkl ,i,l , Pl
, Pkl , IlON at
a given cell l will change the interference values at the other
cells, which would necessitate optimizing again the values
of these parameters at these cells. This in turn will impact
the interference values and SINR expressions again at cell l.
This intertwining between the optimization parameters makes
the problem a mixed-integer non linear program. Due to
the difficulty of solving such a problem, a low complexity
algorithm is presented next.

Algorithm 1 Utility Maximization Algorithm
1: for all BS j do
2:
IjON = 1
3:
Ijattempt = 0
4: end for
N
BS
∏
Ijattempt = 0 do
5: while

B. Low Complexity Green Heuristic Algorithm

20:
21:

To perform this sum-utility maximization, Algorithm 1
is implemented. In this algorithm, we introduce another
indicator variable in addition to IjON : Ijattempt is a tracking
parameter that indicates whether an attempt has been made
to switch BS j off in the current iteration or not. It is set to
1 if the attempt was made and to 0 otherwise. The loop at
Lines 1-4 is an initialization phase. In the Loop at Lines 523, the algorithm finds the BS having the weakest individual
utility, then checks if the reassignment of its users to other
BSs and putting it in sleep mode leads to an enhancement
for the network utility. If an enhancement is reached, the BS
is switched off. Otherwise it is kept on. Then the algorithm
moves to the next BS, and so on. The iterations are repeated
until no improvement can be made in the sum-utility, even if
an attempt is made on all
BSs that remained “on” (which
∏the
NBS
attempt
in this case will lead to j=1;I
= 1 and allows
ON =1 Ij
j
to exit the loop at Line 5).
Although Algorithm 1 assumes central control over all
BSs, it still can be implemented locally in a distributed way.
In fact, a user cannot “hear” the pilot signals of all BSs and
thus it can send measurement reports about a limited number
of BSs in the network, generally the ones in its surroundings.
These BSs can share the needed information over the X2
interface in LTE, and the on/off switching decisions can be
made locally, similarly to the approach described in [12].
C. Complexity Analysis
Lines 1-3 of Algorithm 1 consist of an initialization step.
The complexity of the step at Line 6 is of the order of NBS .

j=1;IjON =1

6:
7:
8:

9:
10:
11:
12:
13:
14:
15:
16:
17:
18:
19:

22:
23:

Find: j ∗ = arg

min

IjON =1,Ijattempt =0
∗

Uj

for all kj ∗ served by BS j do
Implement (13) and (14) after excluding j ∗ from
the BS search in (13); i.e the search is done over
BSs l ̸= j ∗
end for
for all j ̸= j ∗ such that IjON = 1 do
(new)
Compute Uj
obtained after moving the users
kj ∗ as described above
(new)
Set Uj ∗
=0
end ∑
for
∑NBS
(new)
NBS
if
>
j=1 Uj
j=1 Uj and (21) is verified
then
for all j such that IjON = 1 do
(new)
Set: Uj = Uj
and Ijattempt = 0
=0
Set: IjON
∗
end for
else
No changes are made (Keep the old utility values)
Set: Ijattempt
=1
∗
end if
end while

In the loop at Lines 7-9, the search for each user is over active
BSs and their RBs, thus it involves at most NRB (NBS − 1)
combinations of (RB, BS). As the process is repeated for
all users Kl in a given cell l, the worst case complexity
of this loop becomes O(maxl Kl NRB (NBS − 1)). Since the
main loop of the algorithm at lines 5-23 iterates over all
BSs, the worst case complexity of the iterative loop becomes
2
O(N
∑ RB KNBS (NBS − 1)) ≃ O(NRB KNBS ), where K =
l Kl represents all users in the network and is used to
correspond to the worst-case complexity.
Denoting
the number of iterations needed to
∏NBS by J attempt
have
= 1 in order to break the
j=1;IjON =1 Ij
loop at Line 5, the complexity of the algorithm becomes
2
O(JNRB KNBS
). It should be noted that this is a worst-case
complexity. The actual complexity is less due to switching
BSs off as the algorithm progresses (and hence excluding
them from the search) and due to the fact that a user does
not “hear” the pilot signals of all BSs. Consequently, only
the BSs with which it has a relatively good link quality
will be included in the search. In fact, the algorithm can
be implemented locally at certain BS clusters involving a
limited number of BSs.
IV. U TILITY C ALCULATIONS
This section presents the utility metrics used with the
green approach of Section III. Utility maximization has long

been an active research topic for radio resource management,
HetNets, and multi-RAT networks, e.g., [15], [30], [31]. In
this section, novel utility metrics are proposed in order to
take into account energy efficiency in green HetNets and
user QoS simultaneously. Different utility metrics are derived
depending on the weight given to each of these parameters.
The results of Section V demonstrate the performance of each
of the proposed utility metrics.
A weighted utility is considered as follows:
Ul = ωU1,l + (1 − ω)U2,l

(23)

where ω is a weight parameter such that 0 ≤ ω ≤ 1.
The term U1,l corresponds to the QoS performance and
user satisfaction in the coverage area of BS l, whereas U2,l
captures the power consumption at BS l. Different functions
can be used for these utilities. The ones selected in this paper
along with their justification are presented next.
The term U1,l is selected as follows:
)
(
Nout,l
U1,l = Nserved,l · exp Pout,th −
(24)
Nserved,l + Nout,l
It clearly depends on the traffic load and QoS performance of
each BS. In fact, the utility in (24) increases with the number
of served users and decreases with the number of users in
outage. When the tolerated threshold Pout,th is exceeded,
the exponential term in (23) becomes negative and the utility
starts decreasing quickly towards zero. If no users are served
by a certain BS, then U1,l = 0, which favors switching off
BS l by Algorithm 1.
The second term U2,l is selected as follows:
U2,l = −

PC,l
Nserved,l

(25)

where PC,l is the total power consumed by BS l (not
to be confused with the transmit power at the antenna,
which is included as a fraction of this power term). In
general, utilities aiming at maximizing the sum rate while
being concerned with energy efficiency can be defined in
terms of bps/Hz/Watt. However, in this paper, the interest
is in maximizing the number of served users satisfying the
constraints in (15), while minimizing the power consumption
in the network. Thus, when ω = 0, maximizing (23) becomes
a maximization of the number of served users versus the
power consumption in the network. In fact,
(
)
PC,l
Nserved,l
max −
⇔ max
(26)
Nserved,l
PC,l
Clearly, maximizing (24) and (25) corresponds to ω = 1
and ω = 0, respectively. A situation that ensures a balanced
tradeoff between these two extreme scenarios could correspond to ω = 0.5, or equivalently:
)
(
PC,l
Nout,l
−
Ul = Nserved,l ·exp Pout,th −
Nserved,l + Nout,l
Nserved,l
(27)
Indeed, the expression in (27) increases with the number
of served users, and decreases with the number of users in
outage and with the network power consumption. It could
lead to interesting results by offloading users to be served by

RESC BSs. The results of Section V will show a comparison
of these utilities with ω = 0, ω = 0.5, and ω = 1.
V. R ESULTS AND D ISCUSSION
A uniform user distribution is considered over a coverage
area of size 5 × 5 km2 . BSs are placed on a rectangular
grid uniformly in the area. The cell radii are set to RM =
0.5 km and RS = 0.1 km for macrocells and small cells,
(DL)
respectively. The transmit power is set to Pl,max = 10 W
(DL)
for macrocell BSs, Pl,max = 1 W for small cell BSs,
(UL)
and Pkl ,max = 0.125 W for mobile devices. The power
consumption is set to PC,l = 500 W for macrocell BSs.
It is set to PC,l = 100 W for mains powered small cell
BSs, and to PC,l = 0 W for RESCs. The outage threshold
is set to Pout,th = 0.05. An LTE bandwidth of 10 MHz is
considered for each of the UL and DL directions, subdivided
into 50 RBs. LTE parameters are obtained from [22], [32],
and channel parameters are obtained from [24]. The network
performance is analyzed under different services depending
on their UL and DL target data rates. They are presented
in Table I. Service 1 represents, for example, a symmetric
voice service. Services 2 and 4 are asymmetric services
with various UL/DL rate combinations (e.g., similar to fixed
ADSL services). Scenario 3 is a symmetric service with rates
sufficient for video conferencing. It should be noted that
significantly higher data rates can be reached compared to
these services when the whole LTE bandwidth of 20 MHz
(100 RBs) is allocated to a single user in the absence of
interference. However, the services of Table I are more
realistic in the case of one RB allocated per user in a loaded
network with high interference levels.
The simulation results are shown in Figs. 2 to 5 for
Services 1-4, respectively. The comparison is performed
between the traditional scenario (i.e. without implementing
green networking techniques: all 25 macro BSs and 625 small
cell BSs are always on) with η = 0 (all small cells mains
powered) and η = 0.5 (50% of small cells are RESCs), the
case ω = 1 (Utility 1, with which the Algorithm is insensitive
to the presence or absence of RESCs), ω = 0 (Utility 2) with
η = 0 and η = 0.5, and ω = 0.5 (Utility 3) with η = 0.5.
It can be seen that the implementation of the green networking methods leads to significant energy gains compared
to the traditional scenarios, for all the considered utilities.
All the compared methods also lead to an outage rate below
the target threshold. In addition, Utility 1 leads to the best
QoS results (less outage) compared to the other methods, at
the expense of higher energy consumption due to more active
BSs. This is expected, since Utility 1 does not include a term
that penalizes power consumption, and focuses only on the
TABLE I
S ERVICES S TUDIED IN THE S IMULATIONS .
(UL)

Service
Service
Service
Service
Service

1
2
3
4

RTarget,k
l
(kbps)
64
56
384
384

(DL)

RTarget,k
l
(kbps)
64
256
384
1000

Fig. 2. Performance results for Service 1. Upper Left: Number of macrocell BSs switched on. Upper Right: Number of small cell BSs switched on. Bottom
Left: Network power consumption. Bottom Right: Percentage of users in outage.

QoS performance of the network. On the other hand, Utility 2
has better energy efficiency than Utility 1, at the expense of
worse QoS performance. In fact, although Utility 2 depends
on the number of served users, its expression is independent
from the number of users in outage. Another interesting result
can be noted with Utility 2: With 100% mains powered small
cells (η = 0), Utility 2 leads to the switch off of most
of the macrocell BSs in order to save energy, whereas in
the case of 50% RESCs, it has a higher number of active
macrocell and small cell BSs with a lower network power
consumption than Utility 1 and Utility 2 with η = 0. This
is due to activating a larger number of RESCs and putting
mains power small cell BSs into sleep mode, which permits
the activation of additional macro BSs while still leading to
lower power consumption.

and 3. This is due to switching off additional BSs in order
to reduce power consumption and enhance the utility, at
the expense of degraded QoS, although without exceeding
the outage constraint Pout,th . In fact, it can be noticed that
Utility 3 leads to lower power consumption than Utility 2,
although Utility 2 is more power oriented, whereas Utility 3
represents a tradeoff between QoS and power consumption.
This is explained by the fact that Utility 2 must keep a certain
number of BSs active in order to satisfy the outage constraint.
Otherwise, it tends to switch too many BSs off. Since this
utility is not outage aware, the benefits of power saving are
partially overrun by the need to respect the outage constraint.
This is not the case with Utility 3, which is both power and
outage aware. Hence, it allows more BSs to be put to sleep
without risking to violate the outage constraint.

The implementation of the green networking techniques
has a desirable interference mitigation effect. In fact, due to
minimizing the number of active BSs, overall interference
in the network is reduced. This leads to higher SINRs and
thus less users in outage compared to the traditional scenario.
This is mostly true with outage aware utilities (Utilities 1
and 3). The power aware utility (Utility 2) with η = 0.5 leads
to similar outage results compared to the traditional case.
This is explained by the fact that this utility is more power
oriented, and tries to reduce the transmit power without being
too sensitive to outage results (although it depends on the
number of served users). With η = 0, Utility 2 leads to
higher outage than the traditional case for Services 1, 2,

Figs. 2 to 5 show that the best tradeoffs are achieved
with Utility 3 with η = 0.5. This utility leads to the lowest
energy consumption in the network while having an outage
rate close to, but slightly higher than the case of Utility 1.
This is due to the fact that Utility 3 is a weighted sum of
an outage sensitive term and a power sensitive term. This
allows the green algorithm to converge to an energy efficient
and performance efficient solution, particularly due to the
presence of RESCs. This allows the green implementation
with Utility 3 to judiciously activate a certain number of
macro BSs to benefit from their higher transmit power,
while using less small cells, and increasing the proportion
of RESCs among the active small cell BSs.

Fig. 3. Performance results for Service 2. Upper Left: Number of macrocell BSs switched on. Upper Right: Number of small cell BSs switched on. Bottom
Left: Network power consumption. Bottom Right: Percentage of users in outage.

VI. C ONCLUSIONS

R EFERENCES

The green operation of heterogeneous LTE cellular networks was investigated using small cell base stations powered
by renewable energy sources along with other mains powered
small cell base stations. The analysis englobed both the
uplink and downlink directions, while taking into account
dynamic resource allocation and the impact of intercell interference. The energy minimization problem was formulated
as a utility maximization problem, and a low complexity heuristic utility maximization algorithm was proposed.
Furthermore, weighted utility functions taking into account
both quality of service and energy efficiency were proposed.
Performance tradeoffs depending on the utility selected were
studied, and significant energy savings were reached with the
proposed approach, along with enhanced QoS in the network,
especially when the selected utility function presented a
balance between QoS and energy efficiency. This led to
offloading traffic not only from macrocells to small cells, but
also from mains powered small cells to renewable energy
powered small cells.

[1] I. Hwang, B. Song, and S. S. Soliman, “A Holistic View on HyperDense Heterogeneous and Small Cell Networks,” IEEE Communications Magazine, vol. 51, no. 6, pp. 20–27, June 2013.
[2] N. Bhushan, J. Li, D. Malladi, R. Gilmore, D. Brenner, A. Damnjanovic, R. T. Sukhavasi, C. Patel, and S. Geirhofer, “Network Densification: The Dominant Theme for Wireless Evolution into 5G,” IEEE
Communications Magazine, vol. 52, no. 2, pp. 82–89, February 2014.
[3] J. G. Andrews, “Seven Ways that HetNets Are a Cellular Paradigm
Shift,” IEEE Communications Magazine, vol. 51, no. 3, pp. 136–144,
March 2013.
[4] R. Bolla, R. Bruschi, A. Carrega, F. Davoli, D. Suino, C. Vassilakis,
and A. Zafeiropoulos, “Cutting the Energy Bills of Internet Service
Providers and Telecoms through Power Management: An Impact
Analysis,” Computer Networks, vol. 56, no. 10, pp. 2320–2342, July
2012.
[5] J. Wu, S. Rangan, and H. Zhang, Green Communications: Theoretical
Fundamentals, Algorithms, and Applications. CRC Press, USA,
September 2012.
[6] Z. Hasan, H. Boostanimehr, and V.K. Bhargava, “Green Cellular
Networks: A Survey, Some Research Issues and Challenges,” IEEE
Communications Surveys and Tutorials, vol. 13, no. 4, pp. 524–540,
Fourth Quarter 2011.
[7] A. Bousia, A. Antonopoulos, L. Alonso, and C. Verikoukis, “Green
Distance-Aware Base Station Sleeping Algorithm in LTE-Advanced,”
IEEE ICC 2012, June 2012.
[8] T. Han and N. Ansari, “On Greening Cellular Networks via Multicell
Cooperation,” IEEE Wireless Communications, vol. 20, no. 1, pp. 82–
89, February 2013.
[9] E. Oh and B. Krishnamachari, “Energy Savings through Dynamic
Base Station Switching in Cellular Wireless Access Networks,” IEEE
Globecom 2010, December 2010.
[10] Z. Niu, Y. Wu, J. Gong, and Z. Yang, “Cell Zooming for Cost-Efficient
Green Cellular Networks,” IEEE Communications Magazine, vol. 48,
no. 11, pp. 74–79, November 2010.

ACKNOWLEDGMENT
The author would like to thank the Editor and the Anonymous Reviewers for their insightful comments that helped in
significantly enhancing the quality and clarity of this paper.

Fig. 4. Performance results for Service 3. Upper Left: Number of macrocell BSs switched on. Upper Right: Number of small cell BSs switched on. Bottom
Left: Network power consumption. Bottom Right: Percentage of users in outage.
[11] L. Xiang, F. Pantisano, R. Verdone, X. Ge, and M. Chen, “Adaptive
Traffic Load-Balancing for Green Cellular Networks,” IEEE PIMRC
2011, September 2011.
[12] E. Oh, K. Son, and B. Krishnamachari, “Dynamic Base Station
Switching-On/Off Strategies for Green Cellular Networks,” IEEE
Transactions on Wireless Communications, vol. 12, no. 5, pp. 2126–
2136, May 2013.
[13] A. P. C. da Silva, M. Meo, and M. A. Marsan, “Energy-Performance
Trade-Off in Dense WLANs: A Queuing Study,” Computer Networks,
vol. 56, no. 10, pp. 2522–2537, July 2012.
[14] M. Z. Shakir, K. A. Qaraqe, H. Tabassum, M.-S. Alouini, E. Serpedin,
and M. A. Imran, “Green Heterogeneous Small-Cell Networks: Toward
Reducing the CO2 Emissions of Mobile Communications Industry
Using Uplink Power Adaptation,” IEEE Communications Magazine,
vol. 51, no. 6, pp. 52–61, June 2013.
[15] M. Bennis, M. Simsek, A. Czylwik, and W. Saad, “When Cellular
Meets WiFi in Wireless Small Cell Networks,” IEEE Communications
Magazine, vol. 51, no. 6, pp. 44–50, June 2013.
[16] X. Chen, J. Wu, Y. Cai, H. Zhang, and T. Chen, “Energy-Efficiency
Oriented Traffic Offloading for Wireless Networks: A Brief Survey and
A Learning Approach for Heterogeneous Cellular Networks,” IEEE
Journal on Selected Areas in Communications, vol. 33, no. 4, pp. 627–
640, April 2015.
[17] E. Yaacoub, “Green Communications in LTE Networks with Environmentally Friendly Small Cell Base Stations,” IEEE Online Conference
on Green Communications (GreenCom 2012), September 2012.
[18] G. Piro, M. Miozzo, G. Forte, N. Baldo, L. A. Grieco, G. Boggia,
and P. Dini, “HetNets Powered by Renewable Energy Sources,” IEEE
Internet Computing, vol. 17, no. 1, pp. 32–39, 2013.
[19] M. Marsan, G. Bucalo, A. Di Caro, M. Meo, and Y. Zhang, “Towards
Zero Grid Electricity Networking: Powering BSs with Renewable
Energy Sources,” IEEE International Conference on Communications
(ICC 2013), Budapest, Hungary, June 2013.
[20] H. G. Myung and D. J. Goodman, Single Carrier FDMA: A New Air
Interface for Long Term Evolution. Wiley, 2008.
[21] T. Lunttila, J. Lindholm, K. Pajukoski, E. Tiirola, and A. Toskala,
“EUTRAN Uplink Performance,” International Symposium on Wireless

Pervasive Computing (ISWPC) 2007, February 2007.
[22] 3rd Generation Partnership Project (3GPP), “3GPP TS 36.213 3GPP
TSG RAN Evolved Universal Terrestrial Radio Access (E-UTRA)
Physical layer procedures, version 12.2.0, Release 12,” 2014.
[23] A. Goldsmith, Wireless Communications. Cambridge University Press,
New York, USA, 2005.
[24] 3rd Generation Partnership Project (3GPP), “3GPP TR 25.814 3GPP
TSG RAN Physical Layer Aspects For Evolved UTRA, v7.1.0,” 2006.
[25] J. Lim, H.G. Myung, K. Oh, and D.J. Goodman, “Channel-Dependent
Scheduling of Uplink Single Carrier FDMA Systems,” IEEE VTC-Fall
2006, September 2006.
[26] J. T. Louhi, “Energy Efficiency of Modern Cellular Base Stations,”
International Telecommunications Energy Conference (INTELEC),
September 2007.
[27] EU EARTH: Energy Aware Radio and neTwork tecHnologies,
“D2.3: Energy efficiency analysis of the reference systems, areas of improvements and target breakdown, Deliverable D2.3,”
https://www.ict-earth.eu, EU Funded Research Project FP7-ICT-20094-24733-EARTH, Jan. 2010 - June 2012.
[28] P. Dini, M. Miozzo, N.Bui, and N. Baldo, “A Model to Analyze the
Energy Savings of Base Station Sleep Mode in LTE HetNets,” IEEE
GreenCom 2013, Beijing, China, August 2013.
[29] K. Hiltunen, “Utilizing eNodeB Sleep Mode to Improve the EnergyEfficiency of Dense LTE Networks,” IEEE International Symposium on
Personal, Indoor, and Mobile Radio Communications (PIMRC 2013),
London, UK, pp. 3249 – 3253, September 2013.
[30] G. Song and Y. Li, “Cross-Layer Optimization for OFDM Wireless
Networks-Part I: Theoretical Framework,” IEEE Transactions on Wireless Communications, vol. 4, no. 2, pp. 614–624, March 2005.
[31] C. Y. Ng and C. W. Sung, “Low Complexity Subcarrier and Power Allocation for Utility Maximization in Uplink OFDMA Systems,” IEEE
Transactions on Wireless Communications, vol. 7, no. 5, pp. 1667–
1675, May 2008.
[32] 3rd Generation Partnership Project (3GPP), “3GPP TS 36.211 3GPP
TSG RAN Evolved Universal Terrestrial Radio Access (E-UTRA)
Physical Channels and Modulation, version 12.2.0, Release 12,” 2014.

Fig. 5. Performance results for Service 4. Upper Left: Number of macrocell BSs switched on. Upper Right: Number of small cell BSs switched on. Bottom
Left: Network power consumption. Bottom Right: Percentage of users in outage.

