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Abstract—In this paper, we propose an energy-efficient re-
source allocation scheme for multi-channel multi-cell networks.
Our objective is to maximize the network energy efficiency sub-
ject to the minimum rate constraints for each user. We take into
account both the static and transmit power consumption at base
stations. We employ interference pricing and dual decomposition
methods. The interference pricing scheme penalizes the base
stations based on their marginal costs of interference to other
users. This is leveraged to mitigate inter-sector interference and
determine the optimal power levels, realizing the objective. Using
dual decomposition techniques, we enforce the minimum rate
constraints to be satisfied. To achieve faster convergence, we
employ the Levenberg-Marquardt method in the power control
phase. The proposed framework employs the fractional frequency
reuse (FFR) scheme. We sequentially determine the cell-center
boundaries, schedule the users in the frequency domain, and
solve the power control problem. Simulation results demonstrate
that the network energy efficiency can be significantly improved
while reducing the user outages compared to the non-cooperative
power allocation scheme.

Index Terms—Lagrangian method, constrained optimization,
energy efficiency, heterogeneous cellular networks, Levenberg-
Marquardt method, power control, resource allocation.

I. INTRODUCTION

In recent years, the explosive growth of demand for ubig-
uitous and reliable wireless data has led to an increasing
power consumption in the wireless networks. Increased power
consumption has both economical and environmental effects.
In wireless networks, more than 80% of energy is consumed
at base stations. Energy consumption increases the operational
expenses. In addition, due to the elevated power consumption,
generation of greenhouse gases may reach undesired levels.
This problem is studied in the literature under the general
topic of green communications research area, see, e.g., [1].

In a densely deployed network, increasing the transmis-
sion power of the base station only marginally increases the
throughput. However, increased inter-cell interference affects
the transmissions in the neighboring cells. In addition, it
significantly degrades the energy efficiency of the network. To
overcome this problem, several inter-cell interference cancella-
tion and mitigation techniques are investigated in the literature.
In this paper, we concentrate on the fractional frequency
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reuse (FFR) scheme to reduce inter-cell interference [2]. For
multi-tier networks, the spectrum allocation problem has been
investigated in [3]. We inherit same frequency allocation
scheme in this paper. In this scheme, we first set a virtual
cell-center radius for each MeNB to differentiate macrocell
associated users (MUEs) into cell-center and cell-edge users
based on the reference signal received power (RSRP). Then,
by using this boundary, picocell base stations (pico-eNBs) are
categorized into two groups: cell-center and cell-edge. Our
prior work in [4] has employed the same FFR scheme and
studied the energy efficiency of HetNets using different cell-
center radius selection algorithms. In this paper, we employ the
algorithm that maximizes the fairness among users to satisfy
the minimum rate constraints of users.

The optimal power allocation strategy for a multi-channel
multi-cell network is multilevel water-filling [5]. However, due
to the LTE standards and the requirement of large control
overhead, this solution is impractical to implement. In [5],
[6], the authors show that constant power allocation across the
subbands simplifies the problem significantly while the perfor-
mance loss is negligible. In this paper, we allocate constant
power over all resource blocks (RBs) throughout the subband.
This approach significantly reduces the complexity of the
problem which can be solved in a limited time. However, the
power level on each subband still has to be determined by each
base station. The multi-channel multi-cell power allocation
problem is non-convex. Therefore, finding the global solution
is difficult. On the other hand, the sector energy efficiency
is a quasiconcave function over transmit power levels of
the MeNBs keeping the inter-cell interference constant [4],
[7]. Then, using this property and the Karush-Kuhn-Tucker
(KKT) conditions, the main problem can be decomposed
into successively solved quasiconcave subproblems. As we
will show in Section III, the KKT conditions of the main
problem and the subproblems are equivalent. In addition, we
introduce pricing mechanisms which reflect the marginal cost
of interference, mitigating the inter-sector interference.

Utility maximization and pricing in power control has been
studied in [8]-[11]. In [8], the users are penalized based on
their transmit power times a predefined constant. By this way,
users incur penalties when they transmit at high power levels.
In [9]-[11], the authors suggest to penalize transmissions
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according to the interference they create. Even if a base station
transmits at a low power level but it significantly interferes
with the other transmissions, the penalty will be high. In
our paper, we use a similar approach in which MeNBs are
penalized proportionally to the interference they create.

Energy-efficient resource allocation problem with rate con-
straints has been investigated in the literature, see, e.g., [7],
[12], [13]. However, most of the works in the literature,
including these three studies, have neglected the inter-cell
interference conditions, which are detrimental in HetNets. In
this paper, we take the inter-cell interference into account
while maximizing the energy efficiency and satisfying the
Quality of Service (QoS) constraints of users. We incorpo-
rate the QoS constraints per user into the problem using
the dual decomposition method. In order to maximize the
energy efficiency of the network, satisfy the minimum rate
constraints of the users, and limit the inter-cell interference
in the network, the transmissions of the users are penalized
with the interference they create to other users with a certain
price. The power control is only employed at the MeNBs.
Pico-eNBs transmit at full power. The proposed algorithm uses
a Levenberg-Marquardt method-based power control algorithm
to determine optimal power levels for each sector. By this way,
we develop an efficient and realistic framework for multi-cell
OFDMA networks.

The remainder of this paper is organized as follows. Sec-
tion II introduces the system model, power consumption
model, and energy-efficiency definition. Section III presents
the energy-efficient resource allocation problem with rate
constraints and the proposed solution. Numerical results are
discussed in Section IV and Section V concludes the paper.

II. SYSTEM MODEL

In this section, we first present the system model along with
a base station power consumption model, and then we provide
our particular definition of energy efficiency.

Consider a wireless network with 19 hexagon cells as shown
in Fig. 1. In this paper, we employ the FFR scheme which
is described in [3] for a multi-tier network. The cell-center
MUEs are allocated on Subband A in all sectors, whereas the
cell-edge MUEs are transmitting on either Subband B, C,
or D depending on their sector. The cell-center PUEs are
scheduled on subbands which the MeNB in the same sector
does not transmit on. In addition to these subbands, the cell-
edge PUE:s are also scheduled on Subband A. The transmission
power levels of pico-eNBs are 16 dB less than MeNBs. The
intra-sector interference of the cell-edge pico-eNBs to the cell-
center MUEs will be limited. In this paper, we denote the
sets of macro and pico-eNs by B,, and B,, respectively. In
addition, the transmission power of an MeNB m and pico-eNB
p on subcarrier n is denoted by P,(n") and P,gn), respectively.
Then, the signal-to-interference-plus-noise ratio (SINR) of an
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Figure 1. A multi-tier FFR scheme with dynamic cell-center region bound-
aries is depicted in a uniform hexagonal grid of 19 cells. The MeNBs employ
three-sector antennas, whereas pico-eNBs have omnidirectional antennas.

MUE £ on subcarrier n can be written as

(n) (n)
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The channel gain between user k£ and MeNB m on subcarrier
n is given by g,(cngl The same gain for pico-eNB p is denoted

by g,(gz. The thermal noise power per Hz is denoted by Ny and

the bandwidth of a subcarrier is shown by A;. Due to space
limitations, the SINR expressions for PUEs are not presented.
However, they can be easily generated by using the same
approach.

In this paper, constant power allocation across the subbands
is studied. Two power control parameters § and € are intro-
duced to characterize the power assignment of MeNBs. The
first variable J scales the transmission power of MeNBs. This
parameter not only optimizes the transmission power of the
MeNBs and brings the energy savings to the system, but also
adjusts the interference created by a particular MeNB. The
second variable ¢ is the ratio of the transmission power of cell-
edge and cell-center subcarriers. This parameter is introduced
to adjust the power levels between cell-edge and cell-center
MUE:s. The following equation characterizes the transmissions
of an MeNB in Sector 1 as

ﬁPmax,M
NA + ENB,

where P ax,0 18 the maximum transmit power of an MeNB.
The numbers N4 and Np are the number of subcarriers
on Subbands A and B, respectively. The P, and P, is the
transmission power of the MeNBs in the cell-center region
and cell-edge, respectively. We can write a similar expression
for the other sectors by replacing Np with the number of
subcarriers of Subband C, denoted by N, and Subband D,
denoted by Np. Similarly, the transmission power of the cell-
center and cell-edge pico-eNBs in Sector 1, denoted by pr

6Pmax,M:PtNA+5PtNB<:>Pt: (2)



Table T
BASE STATION POWER CONSUMPTION MODEL PARAMETER VALUES [14]

Base Station Py Pseep Pmax A
Type w) W) (W)
MeNB 130  75.0 20 4.7

Pico-eNB 56 39.0 6.3 2.6

and PE

tp> Can be written as

PC _ Pmax,P E _ Pmax,P
P Ne+Np' """ Na+Nc+Np'

For the pico-eNBs in other sectors, the transmission power
can be calculated similarly, by replacing N¢ and Np with
corresponding symbols.

3)

A. Base Station Power Consumption Model

The power consumption of a base station includes the con-
tribution of the several components such as power amplifier,
radio frequency (RF) transceiver parts, baseband unit, power
supply, and cooling devices [14]. In the literature, several
models have been proposed to model the power consumption
of base stations, see, e.g., [14]-[16]. In order to evaluate the
power control gains, the model must quantify the contribu-
tions of the static power consumption and the load-dependent
transmission separately. Therefore, we employ the model in
[14] in this paper. The total power consumption of the MeNB
M and the pico-eNB P can be written as

Phrracro =Nrrx, v (Pov + Ay Prx )
Ppico.p =Nrrx,p (Po,p + ApPrx.p),

where Py s and Py p are the static power consumption of
MeNB M and pico-eNB P, respectively. The transmission
power of MeNB M and pico-eNB P are Prx j; and Prx p,
respectively. The numbers Nt x s and N7 x p are the number
of transmit antennas at the MeNB A/ and pico-eNB P,
respectively. The slopes of the power consumption depending
on the transmission power of MeNB M and pico-eNB P
are denoted by Aj,; and Ap, respectively. Note that, due to
the fact that pico-eNBs always transmit at the full power,
Prx p will be equal to Ppax p for all pico-eNBs, whereas
Prx p will be set between 0 and P,y 7. The total energy
consumption in Sector s can be calculated as

% (Bs) = PMacroJ\/[ + Z PPico7P7 (5)
PeNico, s
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where Njico,s is the set of pico-eNBs in Sector s. The
corresponding values for the power consumption model are
presented in Table I.

B. Energy Efficiency Definition

Let R,(gn) denote the throughput of user £ on subcarrier n,
which can be expressed as

R™ = Aslog, (1 + 7,2")) . ©)

Then, the energy efficiency of Sector s can be calculated as

> X RY+ » » R

k€K m,s n€EN & keKy s neNp
Vs (Bs) ’

where the vectors € and 3 are the optimization variables for
all sectors in the network. The sets K,,, s and /Cp, ; are the sets
of MUEs and PUEs in Sector s, respectively. The sets N/
and N p,i; are the sets of the subcarriers assigned to the MUE
k and PUE k, respectively.

ns(e,B) =

)

III. PROBLEM FORMULATION AND PROPOSED
ALGORITHM

Two important aspects of resource allocation are the in-
terference management and the QoS constraints of the users.
In this paper, both of these aspects are addressed. For inter-
ference management, we employ both the FFR scheme and
propose an efficient power control algorithm maximizing the
energy efficiency term in (7). The QoS requirements impose
the minimum rate constraints for guaranteed bit-rate (GBR)
applications. These are included in the problem formulation in
(8). In this paper, our objective is to maximize the aggregate
sector energy efficiency while satisfying the minimum rate
constraints of each MUE. In addition to the minimum rate
constraints, we add two more constraints to this problem.
The first constraint forces € to be larger than 0. The second
constraint ensures that the total transmission power of MeNBs
is in certain limits. We formulate this problem as follows:

ZUS(X)

seS

Ry(x) > Ruyink, forall ke fC,,
e~0and 0 X 3 =1,

P: max
X

()

where S is the set of all sectors in the network and

R0 = 3 R ©)

neENM, kK

For simplicity, we will use the vector x, for the (5, 35) couple
and the vector x for the vector couple (&, 3) throughout the
rest of the paper.

The Lagrangian of multi-cell multi-channel energy effi-
ciency maximization problem can be written as

L(Xa)‘) :Zn(x) - Z )\kck + ZFS(XmVs,Tsvps)v

sES ke, seES
(10)

where A, denotes the Lagrange multipliers associated with
the QoS constraint and ¢ is equal to (Rmin,x — Ri(X)). The
function Fy(Xs, Vs, Ts, ps) denotes the Lagrange multipliers for
the boundary conditions of x; which is given by

— Bs) + psEss (11)

where v and 7, are the Lagrange multipliers associated with
the lower and upper bounds of [, respectively, and ps denotes
the one corresponding to the lower bound of ;. Then, the

-Fs(xs; V577_s;ps) = VS/BS + Ts(l



KKT conditions of Problem P can be written as

Ve LX) =V ns(x) + Y AVyRi(x")  (12a)
k€K, s
+ ) | Vaune( Z Akvstk( )
s'eS keK,, .
s'#s
+ Vi Fs(Xi,vi, 15, p5) =0,Vs €S
A (Rumin e — Ri(x")) =0and A\, >0, VE € ,,,  (12b)
el =0, vi0:=0,7i(1-85=0,VseS (12¢)
ps>0,v>0,7,>0,Vs€S (12d)

Note that x* is the optimal solution of the primal problem
and (A", p*, v*, 7*) denotes the one for the dual problem.
Equation (10) is called as the dual feasibility condition. It
identifies the condition where the gradient of the Lagrangian
in (10) vanishes at x = x*.

The objective function of problem P is non-convex over
the transmission power levels of MeNBs. The solution can
be obtained by exhaustive search over all power levels of
MeNBs. Instead of solving this problem, we divide this prob-
lem into |S| subproblems and solve them simultaneously in
each time instant and continue this process until convergence.
The number |S| corresponds to number of sectors in the
network. Each sector maximizes its own energy efficiency
while satisfying the minimum rate constraints of its users.
As stated earlier, in order to prevent MeNBs from increasing
their transmission powers imprudently, an interference pricing
mechanism is introduced. In this mechanism, each MeNB is
penalized proportionally to interference it creates. In cases
where the minimum rate constraint of user k is not satisfied,
its Lagrange multiplier Ay, is increased. In [4], it is shown that
the energy efficiency of Sector s is quasiconcave over €, and
Bs, keeping the other power levels constant.

Under the assumption that interference conditions remain
constant, we solve the following problem in each sector:

0s(xs)

s.t. Ri(Xs) > Rmingk, forall ke K,
es>0and 0 < 3, <1,

max 1s(Xs) —
Xs

(13)

where 6,(x;) denotes the interference pricing function which
accounts for the interference that MeNB M creates of Sec-
tor s. This interference pricing function can be expressed as

0s(xs) = XZ E Vi 05 ( E A V. Ri(x)
s'es kEICm o
s'#s

(14)

This pricing function, 64(x,), captures the aggregate marginal
decrease in the energy efficiency of the other sectors. Note
that the terms in the summation are assumed to be constant
during each time instant. The same assumption is made in

[9]-[11]. The first constraint in (13) enforces the minimum
rate requirements of users associated with Sector s to be
satisfied. When we consider the minimum rate constraints
due to the different QoS levels of users, the formulation in
(13) enables us to take into account the users with strict GBR
requirements as well as the best effort users by assigning a low
rate requirement. The second constraint in (13) corresponds to
the boundary conditions of the power control parameters, €
and (3.

Thus, the Lagrangian of the problem in (13) can be written
as

E(X57>\) :ns(xs) - QS(XS) - § Akck +~FS‘(XS7VS7TS7PS)'
Interference keks
Prices v
Dual prices

15)

Note that the KKT conditions of the problems (8) and (13)
are equivalent. Therefore, any optimal solution satisfying the
KKT conditions of (13) is at least a local maximum of the
problem (8) [17].

A. Proposed Solution

We first set the cell-center radius which identifies the
cell center-region boundaries. Second we assign the RBs to
users. Then, we determine the power levels of each subband
for MeNBs that maximize the energy efficiency and satisfy
minimum rate requirement of each MUEs simultaneously.

1) Setting Cell Center Radius: The cell-center radius is
an important design parameter for multi-tier networks that
determines the region of users in the network. In this paper,
we use the cell-center selection algorithm which is described
in [4]. This algorithm sets the cell-center radius so that the
number of users in the cell-center and cell-edge region will be
proportional with the ratio of the number of RBs assigned to
these regions. This algorithm evenly distributes the resources
between MUEs.

2) Frequency Assignment: In this paper, we solve the fre-
quency assignment problem by adopting the scheduler that has
been described in [18]. The scheduler in [18] is proposed to
maximize the minimum throughput of the users with constant
power allocations. By maximizing the minimum throughput,
MeNBs can reduce their transmission levels even more while
satisfying minimum rate constraints. This scheduler first as-
signs a subcarrier to a user with the best channel, then removes
the user and the carrier from the set. The algorithm continues
until either the user or the subcarrier set is empty. If there are
more subcarriers than the number of users, then the scheduler
assigns remaining subcarriers to users by starting from the
user whose data rate is the lowest. This process continues
until all subcarriers are assigned to a user. In our adopted
version, due to the fact that the smallest granularity in LTE
standards is per RB which contains 12 subcarriers, we run
this scheduler over the RBs instead of subcarriers. Note that
the cell-center and cell-edge MUEs associated with the same
MeNB are scheduled separately during the scheduling process.
The reason is that these users do not compete for the same



RBs. Therefore, each MeNB runs this algorithm twice, one
for the cell-center users and one for the cell-edge users.

3) Power Allocation: In order to calculate power alloca-
tions, first each MeNB should calculate the interference prices
and distribute these values to other MeNBs through the X2
interface. In this paper, we adopt the same approach that
has been described in [9] to calculate interference pricing.
The difference is that, in this paper, the transmission powers
of the MeNBs are dependent on two parameters: £ and [.
Therefore, the interference prices are calculated over these
parameters. We solve the problem in (13) using the Levenberg-
Marquardt method which has quadratic rate of convergence. At
iteration [, we update the power control parameters including
the minimum rate constraints as

XD = X0 = u0 (V2L AL) - gI)_l VoL (x0,20),
(16)
where x(l) and x§l+1) denote the power control parameters

at iterations [ and [ + 1, respectively. The gradient and the
Hessian of the Lagrangian function in (16) are given by
Vxﬁ(xgl),)\gl)) and VQZ:(XS ,)\El)), respectively. The step
size, us’, is determined by the Armijo rule which guarantees
monotonic increase in the utility [17]. The identity matrix with
dimension 2 x 2 is denoted by I. The constant offset, ¢, is
to enforce the Hessian to be negative definite. The Lagrange
multiplier corresponding to the minimum rate constraints of

user k at iteration [ is updated by
[A(l +a c(l)}

where «y is a sufficiently small step-size and the operator
[#]T is max(0,x). If the throughput of user k at iteration ,
Ry (xgl)), is less than Ryin k, that is c,(j) is negative, the corre-
sponding Lagrange multiplier is increased. If the throughput of
user is greater or equal to Rin , then the Lagrange multiplier
is reduced or remains unchanged for the next iteration.

/\](Cm 17

The proposed power control algorithm with the minimum
rate constraints is summarized under the heading Algorithm 1.
The operator eig(X) finds the eigenvalues of the matrix X
and § is a small offset parameter. The proposed algorithm
consists of successive power control parameter and dual up-
dates. To update the power control parameters, we employ the
Lagrangian penalty function. As this function is differentiable,
it enables us to use derivative-based line search methods.
With the Levenberg-Marquardt method which has a quadratic
convergence rate, the power control parameters are updated
using both the gradient and the Hessian of the Lagrangian
penalty function. We first take steps towards the primal prob-
lem maximum while keeping the dual variables constant. In
the next step, we update the dual solution for a given optimal
primal solution. This process is called as dual decomposi-
tion, see, [19, Chapter 4], [20], and [17]. There are several
stopping criteria proposed in the literature to terminate the
derivative-based line search algorithms, see, e.g., [21]. These
include exiting the loop if the absolute value of the gradient

Algorithm 1 Distributed Network Energy Efficiency Maxi-
mization with Minimum Rate Constraints

- Initialize: x\”) = (e0 Bo)7, =0,
2: Power Update: At time t, each sector solves (13) using
the following steps:

3: for [ ;=1 to [ax do

4 if Apax = max(eig(v,%ﬁ(xg), A1) < 0 then
5 ¢=0.

6: else

7 ¢ = Amax + 0.

8 end if

o. DV AD) = (v2£x, A0) — )1,

10: Update the power control parameters, xng)

, using

XD = xO O px® ADYv LD, AO)

11: Update the )\gH'l)

A = A0 4o C(z)}

12 if ‘Vﬁ(xs AT (xD AD)w L ,\<l>)) < ¢ then

13: Break

14: end if

15: end for

16: Price Update: Each user calculates interference prices and
feds these values back to its base station.

17: Interference prices are distributed among base stations.

18: Go to Step 2 and repeat for ¢t «— ¢t + 1.

Lagrange multiplier, , using

falls below a predetermined threshold or if the normalized
increase in the utility function cannot be improved more
than a threshold. The criterion in Step 12 uses the negative-
definiteness of the Lagrangian function. If the norm of the ex-
pression Vns(xg))\gl))TD(xgl),)\gl))Vngl)(Xgl),)\gl)) is be-
low a sufficiently small threshold denoted by e, then the
stopping criterion is satisfied and the algorithm terminates.
In our simulations we take € = 10~*. Note that the expres-
sion \/vn P ANTDEP AV, xP,AD) s also
referred to as the Newton 1ncrement [21].

Our approach to introduce the minimum rate constraints
to the energy efficiency maximization problem can establish
the fairness in the system such that each user can meet
its minimum rate constraints. In particular, this approach is
beneficial in applications which have strict GBR requirements.
For example, several applications have been identified in LTE
systems such as Voice-over-IP, video call, streaming, and
real-time gaming applications with strict QoS requirements
[22]. Notice that imposing GBR requirements comes at the
expense of a reduction in the energy efficiency. It is important
to characterize this loss. Using the optimization tools, we
characterize this loss as the following

77: (0) - 77: (Rmin) S ATRmina

where 7%(0) denotes the optimal energy efficiency solution
without the minimum rate constraints. Note that the energy
efficiency loss imposed by the minimum capacity constraints,

(18)



Table 11
SIMULATION PARAMETERS

Parameter Setting
Channel bandwidth 10 MHz
Total number of RBs 50 RBs

Freq. selective channel model (CM)
UE to MeNB PL model
UE to pico-eNB PL model

Extended Typical Urban CM
128.1 4 37.6log,((d)
140.7 + 36.7log; o (d)

Effective thermal noise power, Ny —174 dBm/Hz
UE noise figure 9 dB
MeNB and pico-eNB antenna gain 14 dBi and 5 dBi
UE antenna gain 0 dBi

Antenna horizontal pattern, A(0)
Penetration loss, A,, and 034
Macro- and picocell shadowing
Inter-site distance

Traffic model

—min(12(0/03a8)?, Am)
20 dB, 20 dB, and 70°
8 dB and 10 dB
500 m
Full buffer

that is 7% (0) — % (Ruin ), is at most A7 Ry,i,. Each Lagrange
multiplier Ag, is analogous to the dual price interpretation [23],
[24]. These multipliers represent the energy efficiency loss
for a unit increase in R,,;,. If user k£ exceeds its minimum
rate constraint, then the corresponding Lagrange multiplier,
A, needs to be zero to satisfy the complementary slackness
condition. If the minimum rate requirement is not satisfied,
then Ay is updated using (17).

I'V. NUMERICAL RESULTS

In this section, we study the performance of the proposed
algorithm. First, we present the simulation scenario and then
discuss the simulation results.

We consider a 19-cell uniform hexagonal grid layout that
is depicted in Fig. 1. Three-sector antennas are employed
at MeNBs and omnidirectional antennas at the pico-eNBs.
In each sector, we generate 30 users and two pico-eNBs.
To observe clustering effects, we consider Configuration 4a
of [25]. This scenario assumes that two users per pico-eNB
are randomly generated within an initial radius of 40 meters
and the remaining users are uniformly distributed within the
sector. The simulation models and parameters are presented
in Table II, which follow the standards in [25] for base-
line simulations for HetNets. We employ the wrap-around
technique to mitigate boundary effects. The full-buffer traffic
model captures continuous traffic and non-varying interference
characteristics [25]. In the FFR scheme, we consider N4 = 20,
Np = 10, N¢ = 10, and Np = 10. For simplicity, we
consider the same target rate for all users, that is Ryin i = R,
Vk € K,,. However, in real applications, different traffic mix-
tures of GBR and best-effort (BE) users are also possible [22].
In such cases, the proposed algorithm can still be employed by
assigning respective GBR requirements in R,,;,,. We consider
strict GBR constraints of 64, 128, and 256 kbits/sec (kbps)
as in [22]. In the proposed algorithm, dual prices are updated
right after each power control iteration and interference prices
are distributed at the end of each time instant. Simulations
ran for ten time instants. We compare the performance of the
proposed algorithm with the non-cooperative resource alloca-
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Figure 2. The average energy efficiency per sector for various GBR require-
ments of MUEs.
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Figure 3. The cumulative distribution function of user rates at the first and
tenth time instants for GBR requirement of 256 kbps. The inset shows the
region where the user rates are below 400 kbps.

tion scheme which solves (13) without any interference price
exchange. These two schemes are denoted by Interference
Pricing and Non-cooperative, respectively.

Fig. 2 illustrates the performance of the proposed algorithm
for strict GBR requirements of MUEs ranging from 64 kpbs
up to 256 kbps. We observe that as we enforce more strict
GBR requirements, the average energy efficiency per sector
decreases more to satisfy the rate constraints. As we discussed
in Section III, this loss is upper bounded by (18). The energy
efficiency difference between the first and tenth time instants
demonstrates the interference pricing gain. If there are no GBR
requirements (GBR = 0 kbps), interference pricing provides
18.6% gain in energy efficiency in Fig. 2. Notice that both of
these schemes compared employ the proposed power control
algorithm. The only difference is the interference pricing dis-
tribution. For the GBR requirements of 64, 128, and 256 kbps,
the interference pricing gains are 17.4%, 14.8%, and 10.8%,
respectively.

Fig. 3 presents the cumulative distribution function of the
user rates at the first and tenth time instants comparing the
interference pricing and non-cooperative schemes. We observe
that, compared to the non-cooperative scheme, the percentage
of users that do not satisfy the GBR requirements is decreased
with the interference pricing. The inset shows that the outage is
reduced from 12.2% to 9.1%. We need to emphasize that along
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Figure 4. The outage probability of users for different GBR requirements.

with this improvement, the proposed algorithm increases the
sum rate by 12%, 10.35%, and 7% for the GBR requirements
of 64, 128, and 256 kbps, respectively.

In cases where the user rate requirements are not satisfied,
user outages occur. In Fig. 4, we study the outage probability
of users for different GBR requirements. As expected, the
outage probability increases with the increase in the GBR
requirement. We observe that as interference prices are dis-
tributed and dual prices are updated, the outage probability
significantly reduces. For example, when we compare the
proposed algorithm with the non-cooperative scheme for the
GBR requirements of 128 and 64 kbps, the outage probabilities
decrease from 6.2% to 3.7% and 3.8% to 1.8%, respectively,
in ten time instants.

V. CONCLUSION

An energy-efficient resource allocation problem with QoS
constraints for HetNets is investigated in this paper. To in-
crease energy efficiency, power control is employed at MeNBs.
The minimum rate constraints of MUEs are included by using
the Lagrange relaxation method. To reduce the effect of the
inter-sector interference, the FFR scheme and interference
pricing mechanism are employed. The interference pricing also
limits the selfish transmission power increases of the MeNBs.
The simulation results demonstrate that the proposed algorithm
significantly increases the energy efficiency of the network
while satisfying the minimum rate constraints of users.
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