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SUMMARY

Energy efficiency (EE) has currently turn into one of the major issues in heterogeneous networks (HetNet) 
paradigm of today’s wireless communication industry. In this paper, we optimize EE for downlink OFDMA 
system in HetNet, taking into account realistic network power consumption model, that is, considering cir-
cuit power. This paper investigates the EE maximization using convex optimization theory where primary 
optimization criterion is data rate in a downlink multiuser HetNet. Given QoS (data rate) requirement, for 
maximizing EE, a constrained based optimization problem is devised. Because the optimization problem is 
non-convex in nature, we reconstruct the optimization problem as a convex one and devise a pragmatically 
efficient novel resource assignment algorithm for maximizing achievable EE, with quick convergence. The 
considered optimization problem is transformed into a convex optimization problem by redefining the con-
straint using cubic inequality, which results in an efficient iterative resource allocation algorithm. In each 
iteration, the transformed problem is solved by using dual decomposition with a projected gradient method. 
Analytical insights and numerical results exhibit the potency of the devised scheme for the targeted complex 
wireless systems. 
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1. INTRODUCTION

Nowadays information and communication technology (ICT) acts as one of the major sources to
increase global greenhouse gas emissions because the quantity of energy consumption for ICT has
been increasing rapidly [1]. Consequently, achieving high-energy efficiency (EE) is turning out to
be a prime concern for designing of the future wireless communications paradigm. Energy saving is
predominantly positioning itself at the forefront of system design, as operators look to increase EE,
that is, bits per Joule. This design paradigm is also synchronized with global priorities on energy
management, where recently published figures suggest [2] that ICT infrastructures are responsible
for 3% of the worldwide energy consumption, inducing approximately 2% CO2 emissions world-
wide [2]. In reaction towards these global trends, the 3rd Generation Partnership Project standards
are currently considering new EE approaches into the design of fourth generation and beyond mobile
networks across the entire protocol stack, from physical layer to networking, in unison with new
networking topologies and deployment strategies. Where, once before, spectral efficiency (SE) was
the performance metric of choice; now, EE and the engineering trade-off between both metrics are
also scrutinized to find an appropriate trade-off.
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One of the reference scenarios are heterogeneous networks (HetNet) [3], as a system comprising
a blend of larger cells (i.e., macro cells) and small cells (low-power nodes) in which some may be
designed and deployed with limited access and some without wired backhaul. HetNet is a promising
concept for gaining more SE and enhanced area of coverage in future wireless cellular systems. By
positioning, low-power nodes associated with macro cells, small cells are created and usually uti-
lized to broaden the area of coverage or bandwidth (e.g., through relay) where desired signals from
macro station do not reach appropriately or to increase capacity of network (i.e., pico cell and fem-
tocell) in places where high density of data usage is required. In order to have efficient interference
management inside a heterogeneous network, a clear point of coordination among different kinds of
nodes is needed. The coordination between the macro base station, such as evolved Node B (eNB),
and small base stations, such as pico cell, or low-power nodes, such as relay transmitter, is the
prime example.

1.1. Related work

Energy efficiency have been investigated for various scenarios of wireless communication net-
works in research literature. The foremost work where orthogonal frequency-division multiplexing
(OFDM) system has been applied for EE optimization using circuit power consumption is [4]. In
[5], an energy-efficient transmission rate and the transmit power adaptation scheme is proposed
for the orthogonal spacetime block coding MIMO system where channel state information at the
transmitter is not perfect. For single-cell orthogonal frequency-division multiple access (OFDMA)
networks, EE is analyzed in [6]. The study in [7] has also targeted the similar scenario like previous
work applying particle swarm optimization techniques. Furthermore in [8], the resource allocation
is formulated to maximize EE for secure OFDMA systems as a mixed nonconvex and combina-
torial optimization problem with negligible circuit power taking into consideration for single-cell
scenario. In [9], EE in OFDM distributed antenna systems in single cell scenario is also analyzed.
EE comparison of the different types of MIMO systems is also present in [10].

Current technologies that address EE resource management for cooperative and competitive Het-
Net systems under a variety of network objectives and constraints is not yet fully developed [11].
Although much work on EE network deployment strategies has been done, current results are still
quite rudimentary, and some important challenges remain to be investigated [12]. For example,
the EE optimization in HetNet for downlink OFDMA system is worth investigating. In [13], the
performance of conventional HetNet in terms of EE is first introduced, although only pico-cell is
considered. Moreover, a multiple radio access technology HetNet energy optimization is provided
by [14], but multi-tier EE optimization is still unavailable. In [15], the design of EE cellular net-
works by employing of base station sleep mode strategies as well as small cells, and the trade-off
issues associated with these techniques, is investigated. Furthermore, optimization problems in the
form of power consumption minimization are formulated, and the optimal operating frequency of
the macro cell base station is also determined. The work in [16] looks into energy efficient ways of
operating dense small cell networks by applying concepts from cognitive radio. A vertical power-
optimized (considering static circuit and transmit power) handover mechanism is proposed in [17]
for HetNet. However, there are few studies analyzing EE optimization considering both types of
circuit power (static and dynamic) in HetNet.

1.2. Contribution

This work provides more insights into the optimal EE for downlink OFDMA in a multi-tier HetNet
cellular system, under essential QoS requirements, that is, radio resource constraints. In this paper,
the maximization of EE as a convex optimization problem for HetNet is addressed. We consider the
consumption of both transmit and circuit (static and dynamic) power in the design of optimal EE
systems. The objective of the optimization problem is to maximize EE while fulfilling minimum
QoS (rate) requirements. To solve this problem, we remodel the optimization problem as a convex
one and then propose a novel rate optimization algorithm to achieve maximum EE, with a good con-
vergence time. Hence, we first formulate the optimization problem where constraints are modeled
as a cubic inequality [18], and then we propose a novel resource allocation algorithm to achieve
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maximum EE for a given SE, which includes both transmit and circuit power for HetNet scenario.
We develop an algorithm using gradient method by constructing Lagrangian function and checking
that solution with Karush–Kuhn–Tucker (KKT) condition [19].

1.3. Paper organization

The rest of the paper is organized as follows. In section 2, the system model is described, and we
formulate an optimization problem to maximize the EE in section 3. Section 4 provides a novel
optimizing rate allocation algorithm to achieve maximum EE in HetNet. Numerical results are
demonstrated and discussed in section 5. Finally, section 6 concludes the paper and identifies open
problems and possible future work.

2. SYSTEM MODEL

Heterogeneous networks are networks with multiple nodes with different transmission power. For
example, HetNets may comprise macro cells, pico cells, relays, and so on. In our scenario, we
consider not only a conventional HetNet but also a design HetNet with interference coordination
between different cells. We propose a system architecture based on LTE technology, as given in
Figure 1.

One HetNet cell-site has one eNB (which is the main macro cell) and several pico cells and
relays. One HetNet can be coordinated to other HetNets to coordinate inter-cell interference (ICI),
therefore negligible ICI is present. We adapted the coordination techniques from [20], which is our
previous work. We have to deal only with the intra-cell interference in each HetNet, caused by the
unavoidable cell overlap. Each macro, pico, and relay is designed in a different frequency range
as illustrated in the architecture figure by different colors. So each pico cell receives interference
from other pico cells within the same HetNet cell-site. This also applies to relays. The impact of the
intra-cell interference for HetNet in this scenario is negligible because the pico cells or relays are
deployed at far distance, and the macro-eNB manages this interference through power control and
the backhaul between the eNB and the pico or relay links [21, 22]. Therefore, there is inconsiderable
amount of interference between the low-power nodes inside one HetNet cell-site to degrade the
system efficiency in a drastic manner.

We take into account HetNet cell-site with downlink OFDMA network containing U active users.
The aggregate bandwidth B is evenly divided into M physical resource blocks (PRB), where each
PRB with a bandwidth ofW D B=M . Let U = {1,2, . . . ,U } and M={1,2, . . . ,M} define the sets of

Figure 1. System model.
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active users and all PRBs, respectively. We also express the transmit power for user u on PRB m as
pmu > 0. It is obvious that there is only onem 2M for each u 2 U . Then, the maximum achievable
rate obtained by Shannon theorem, Ndmu , of user u on PRB m is

d
m

u D W log2

�
1C

pmu g
m
u

I CN0W

�
; (1)

where gu;m D jhu;mj
2 the channel power gain of user u on PRB m, hum is the corresponding

frequency response; N0 is the single-sided noise spectral density, and I is the interference receiving
from the interfering transmitter inside the HetNet architecture between similar types of small base
station or low = power nodes which is assumed to be negligible. The total transmit power (P ) and

system throughput (D) are P D
UP
uD1

MP
mD1

pmu and D D
UP
uD1

MP
mD1

dmu .

Transmission power also counts on the reciprocal of the drain efficiency of the power amplifier,
which is denoted as ˛. The transmission power is represented as ˛pmu . Apart from the transmission
power, we consider circuit power as well. From [6], circuit power, Pcircuit , can be separated into
two parts, one is static (fixed) part and the other is dynamic part depending on different parameters.

Pcircuit D Pstatic C ıD; (2)

where Ps is the fixed circuit power while transmitting and ı is an invariant expressing dynamic
power consumption per unit data rate.

3. THE PROBLEM FORMULATION FOR ENERGY EFFICIENCY OPTIMIZATION

Energy efficiency can be defined for a downlink OFDMA HetNet as [6]

EE D
D

˛P C Pcircuit
: (3)

In this paper, EE is denoted as transmitted bits per unit energy consumption (i.e., bits/Joule),
where the energy consumption includes transmission or radiation energy consumption (˛P � trans-
mission time (t )) and circuit energy consumption (Pcircuit � t ) of transmitter. As we know, energy
is the multiple of power and time.

Accordingly, the optimization problem can be formulated as in Eq. (4) as shown in the following:
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subject to

1/ Odmu � d
m
u �

Ndmu or dmu D 0;

2/ dmu � 0;
(4)

where Odmu denotes the minimum rate requirement for user u on PRBm. Pmc , Ppc , and Prl represent
the transmit power from macro, pico, and relay, respectively, whereas the coefficients ˛1, ˛2, and ˛3
denote power consumption that calibrates with average transmitted power thanks to radio frequency
amplifier and feeder losses. Static circuit power, Ps , for different types of transmitter also expressed
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asPstatic D PstaticmcC
NP
nD1

PstaticrlC
NP
nD1

Pstaticpc :Our optimization variable is the rate vector d.

And also number of macro, pico, and relay transmitter is denoted by n= {1,2, . . . ,N }.
The proposed optimization problem is non-convex by nature. To solve the problem using convex

optimization method, we must remodel the constraints of the optimization problem. We redefine
our constraints by using the approach as in [18]. The reformulation of our constraints based on
non-negativity of Constraint 2, which ensures convexity of the problem, as given in the following:

�
dmu
�
�
�
dmu �

Odmu

�
�
�
Ndmu � d

m
u

�
� 0: (5)

From here, we then derive the four conditions and find the 1st and 3rd conditions that satisfy our
constraint’s non-negativity and convexity. The four conditions are

1/ dmu D 0I 2/ dmu 2
�
0; Odmu

�
I

3/ dmu 2
h
Odmu ;
Ndmu

i
I 4/ dmu 2

�
Ndmu ;C1

�
:

(6)

Now, the solution space defined by the constraints is convex, and the objective function of the
proposed optimization problem is concave, thereby our problem has a solution. That means, it is a
convex optimization problem [19].

4. OPTIMIZATION FOR ACHIEVING MAXIMUM ENERGY EFFICIENCY

In this section, we develop an algorithm using gradient method by constructing Lagrangian’s func-
tion and satisfying the solution with KKT. Let us formulate the Lagrangian with our problem with
Lagrange multiplier �:

L.d; �/ D EE C
UX
uD1

MX
mD1

�mu

h�
dmu
� �
dmu �

Odmu

� �
Ndmu � d

m
u

�i
; (7)

with the reciprocal Lagrange dual function

g .�/ D max
d
L .d; �/ : (8)

Subsequently, the dual problem is expressed in the following:

min
�
g .�/ I � � 0: (9)

Hence, the objective functions of problems (7) and (9) are differentiable, with respect to the primal
variable d and dual variable �, therefore these two problems can be solved by the gradient projected
method [19] :

Algorithm 1 The QoS (data rate) constrained algorithm to optimize EE [23]
1: Step 1: Initialization

Set dmu .0/ and �mu .0/ to some non-negative value for all users u and resource blocks m.
2: Step 2: Optimization

Applying gradient method.
Update dmu .i C 1/ according to Eq. (10a).
Update �mu .i C 1/ according to Eq. (10b).

3: Step 3:
Iterate until the implementation converges to the optimality (or the number of iteration is
achieved), the algorithm stops, or else return to step 2.
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dmu .i C 1/ D

�
dmu .i/C � �

@L .d; �/
@dmu

	C
; (10a)

�mu .i C 1/ D

�
�mu .i/ �  �

@L .d; �/
@�mu

	C
; (10b)

where i denotesthe iteration index and � ,  are positive step sizes, and Œ��C is a projection onto
the set of RC. By setting @L.d;�/

@d to zero (i.e., the KKT condition), one can obtain a solution. The
proposed approach can be summarized in Algorithm 1.

5. SIMULATION RESULTS AND DISCUSSION

Numerical results are exhibited to demonstrate and discuss the effectiveness of the proposed method.
We use a system level simulation to implement this iterative optimization and also to evaluate
the convergence behavior of the proposed algorithm. We use frequency reuse one, and the entire
simulation is done for downlink case.

5.1. Deployment

We consider an LTE network using hexagonal deployment with a central cell as a reference cell
surrounded by six cells in the first tier and twelve cells in the second tier. To avoid border effects,
wrap-around is also used. User Equipment (UEs) are deployed independently with uniform distri-
bution throughout the cell. Monte Carlo simulation is used with full-queue traffic model for all the
users, which means they always have information ready to be transmitted. Implementation in the
simulator as illustrated in Figure 2, one macro cell – marked as mc-eNB with several number of
LPNs (pico cells, marked as pc, and relays, marked as rl) – is shown for central cell. UEs are marked
by cross symbol (�). Each circle represents the coverage area of each transmitter.

The key parameters of the simulated system are set according to the LTE standard [24], which is
summarized in Table I.

Figure 2. Deployment of one reference heterogeneous networks cell-site [21].
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Table I. Simulation parameters.

Parameter Value

Deployment Mobile randomly deployed at each cell
Cellular layout Hexagonal grid, 19 cell sites, 3 cell sectors per cell-site
Inter-heterogeneous network distance 500 m
Macro transmit power Pmc 20 Watt
Pico transmit power Ppc 2 Watt
Relay transmit power Prl 1 Watt
Static circuit power (Ps) Macro (Psmc ) 15 Watt

Pico (Pspc ) 10 Watt
Relay (Psrl ) 5 Watt

˛ Macro (˛1) 3.8 [25]
Pico (˛2) and relay (˛3) 5.5 [25]

ı 33.0103 dBm/Mbps [6]
Carrier frequency 2.6 GHz
Bandwidth 10 MHz
Number of physical resource block 50
Noise density -174 dBm/Hz
Path-loss model Macro PL.dB/ D 40log10 .d/ � 11:02

Pico and relay PL.dB/ D 22log10 .d/C 34:02
Log-normal shadowing Macro 4 (dB)

Pico and relay 6 (dB)
Noise figure 7 (dB)
Antenna gain Macro: 14dBi, pico: 5dBi: relay: 5 dBi
Maximum number of UEs 40 per cell

Figure 3. Impact of the step size.

5.2. Performance Analysis

Figure 3 demonstrates the proposed optimization algorithm’s convergence behavior with a step size
of the different types of number. It can be seen that using our algorithm, the EE of the system
approaches the optimal value after some iterations. Our algorithm should converge quickly enough
to have a realistic implementation in a system level basis. As a result, the comparison of the differ-
ent types of step size number is useful. This, Figure 3, also shows the convergence behavior of EE
with two types of static step size ( fractional! 0.1 and integer! 1) and dynamic decreasing step
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size 1/(1+0.01�t ) [18]. It can be observed that the convergence behavior with a dynamic step size
1/(1+0.01�t ) is smoother but converges more slowly than the integer static step size. The conver-
gence behavior with fractional static step size 0.2 not only demonstrates the slowest convergence
but also shows property of the least smoothness. A considerable gain employing the dynamic step
size is to be capable to converge rapidly first with bigger step sizes and then fine-tuning itself in the
later stage with smaller step sizes.

In conclusion, we find that a static step size is more suitable and can converge more rapidly in
reality but we prefer a dynamic step size because of its slow-transform rate profile, which is very
important for the smoothness of system quality. Otherwise, a sudden change of the access data rate
will often result in undesirable quality fluctuation.

Figure 4 demonstrates the impact of the static power factor Pstatic in our optimization algorithm.
The EE is improved if we consider little static power factor Pstatic and also converges very quickly
compare with the scenario when more static circuit power is considered. For this graph, we assume
total static circuit power of one HetNet cell site, that is, Pstatic = Pstaticmc CPstaticpc CPstaticrl .
The value of Pstatic makes an impact on the EE; the more the Pstatic the less the EE of the system.
Increasing of the Pstatic needs more iteration to converge but makes optimization smoother so that
abrupt change would make less impact on the system.

Figure 5 presents the effect of different UEs PRB demands using the proposed algorithm with
demands of 3 PRBs per User Equipment (UE). Increasing the number of UEs enhances the EE of
the system because it increases the data rate. From the figure, we notice that the smaller the number

Figure 4. Comparison of convergence of static circuit power.

Figure 5. Comparison of convergence of energy efficiency (EE) for different UE number.
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Figure 6. Relationship of energy efficiency (EE), overall consumed power, and physical resource blocks
(PRBs) allocation.

of UEs the faster the algorithm goes to the convergence because more UEs means more iterations to
converge. Furthermore, this means if offloading is needed in HetNet, then faster convergence of the
algorithm is occurred in the lower QoS requirement while convergence becomes slower to higher
QoS requirement.

For some specified power consumption value, we can deduce that the system capacity and the EE
is proportionately related. That means when system capacity is higher, the EE of that system is also
meant to be higher, and vice versa. This trait enables less power requirement to satisfy the demand
for a defined capacity requirement. Hence, this optimization method is sensible to measure whether
a wireless system is efficient in consuming energy.

For better understanding, Figure 6 shows the EE of a single user with variable consumed power
for different PRB. It is pretty much evident that, maximum EE is achieved by allocating all possible
PRBs and tuning the power accordingly. Figure 6 also represents the average cell EE as a function
of the SE (Eq. (4)). We observe that EE increases with SE until some point and then decreases. In
order to interpret this result, we need to recall that the EE is a monotonic function until circuit power
is considered. The curve tends to be quasi-concave on SE which justifies the basic criterion of SE–
EE curve depicted in [6]. According to [26], a function f W Q ! R is quasi-concave on Q if and
only if for all x; y 2 Q and for all ˇ 2 .0; 1/ it is the case that

f Œˇx C .1 � ˇ/y� > min ¹f .x/; f .y/º ; (11)

which justifies the quasi-concavity shown in the figure. Figure 6 also demonstrates the optimum
envelop of the overall SE–EE region, which provides a complete perspective on the trade-off of
SE–EE. The optimum EE emphasizes the presence of a saturation point, beyond which the EE can
no longer be further enhanced, irrespective of how many extra resources are utilized. Applying this
result, on one way, we can plan a HetNet system with optimal energy consumption while the system
capacity is not limited. On the other way, we can optimize to achieve maximum EE while fulfilling
the given SE (QoS) requirement. Therefore, to achieve more gain in terms of EE, wireless system
operators should set up operational SE of the system close to the peak value of EE.

For a clear idea of the results in Figure 6, and to have a better understanding of the bandwidth,
SE and EE relation, we present a three-dimensional curve to show the entire picture through the
numerical analysis in Figure 7. The reason for this is considering the bandwidth, the SE, and the EE
separately is not providing the clear picture efficiently. The curve is obtained with a certain assign-
ment for 10 resource blocks, and the variable are the different numbers of bandwidth allocations
and SE. As for the curve in Figure 7, we notice two features:



J. BASTOS ET AL.

Figure 7. The energy efficiency (EE) versus the spectral efficiency (SE) and the bandwidth allocations for
single mobile user scenario.

Figure 8. The energy efficiency (EE) versus the number of frame (when transmit power is constant).

� If SE is increasing, the optimal solution of EE always appears inside the feasible domain as the
global optimality, but after reaching the optimality, it decreases with the SE.
� The overall curve surface is quasi-concave, and so is the curve line connected by all the

boundary optimal points.

These two features can be easily extended to the curves in Figure 6, because the optimality
we are concerned with is actually searched among many similar curves with various resource
block assignments.

We have developed globally optimal PRB assignment policies that maximize the overall network
EE. We analyze our algorithm for the different numbers of UEs in terms of transmitted frame while
transmit power is constant. In Figure 8, we demonstrate relationship between the EE and the num-
ber of transmitted frame. Using the proposed optimization method, the EE is increased with the
increase of the number of user although the transmit power is constant (for example, in this case,
power is 20 W). The more frames we transmit, the more probability to have more EE because the
increase of frame transmission ensures better utilization of the resource allocation which eventually
enhances throughput.
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6. CONCLUSION

In this paper, we have investigated the EE optimization problem in downlink OFDMA system for
HetNet, using convex optimization theory. An optimization problem is formulated to maximize EE,
where a constraint is formulated as a cubic inequality for a given data rate requirement, in which
not only the radiated power but also both types of the circuit power (static and dynamic) are taken
into consideration, without which the SE–EE trade-off analysis for HetNet would be incomplete.
A novel-optimizing method is developed to achieve maximum EE, for radio resource allocation.
The simulation results show that our algorithm converges quickly, which is crucial for the design
of practical green wireless systems. Using these results, we can architect optimal energy consump-
tion (maximize EE) networks based on QoS-oriented method for HetNet while the total power is
fixed. For future research, different QoS constraint approaches need to be addressed along with the
comparison of other methods.
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