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Abstract

In future, since the user experience plays a more and more important role in the development
of today’s communication systems, quality of experience (QoE) becomes a widely used metric,
which reflects the subjective experience of end users for wireless service. In addition, the
energy efficiency is an increasingly important problem with the explosive growth in the
amount of wireless terminals and nodes. Hence, a QoE-aware energy efficiency maximization
based joint user access selection and power allocation approach is proposed to solve the
problem. We transform the joint allocation process to an optimization of energy efficiency by
establishing an energy efficiency model, and then the optimization problem is solved by
chaotic clone immune algorithm (CCIA). Numerical simulation results indicate that the
proposed algorithm can efficiently and reliably improve the QoE and ensure high energy
efficiency of networks.
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1. Introduction

I n future, a wide variety of Radio Access Technologies (RATSs) including Wireless Local Area

Network (WLAN) and Worldwide Interoperability for Microwave Access (WiMAX) are
expected to be integrated to transmit different service [1,2].

The paradigm shift towards heterogeneity brings many new challenges to wireless network
design. In future wireless network, a wide range of services can be offered to mobile users and
the capacity of today’s network is far from satisfaction, which will finally affect the QoE for
users. Thus, one of the main challenges is that an efficient resource allocation strategy should
be proposed to improve the QoE of users with limited resource utilization [3,4]. On the other
hand, the macro-cell, microcell and femtocell network should be ultra-dense because of the
huge traffic load in future which will cause lots of problems (e.g. high cost and pollution
problem). Considering these financial and environmental problems, it is also necessary to
improve the energy efficiency [5,6].

Both of the QoE and the energy efficiency improvement are challenging tasks for resource
management in heterogeneous networks. The authors in [7,8] prove that the resource
allocation can be essential and efficient to enhance user experience and energy efficiency.

1.1 Motivation and Related Work

Nowadays, a substantial amount of works focuses on the areas of resource allocation to
improve the user experience and energy efficiency. These approaches can be divided into two
classifications, the single resource allocation and the joint resource allocation.

The single resource allocation usually refers to user access selection [9,10], power control
[11,12] and spectrum sharing [13,14]. The authors in [9] investigate the users assigned to
improve the utility of users. In [11], the power control algorithm is proposed to improve the
energy efficiency. Although the single resource allocation perform well in providing the
perfect objective metrics, it would not realize the maximum utilization of resource because of
the relevance among different multi-dimensional resources.

Thus, much works have turned their focus from single resource allocation to joint resource
allocation. Bandwidth allocation algorithm (TMBA) is proposed in [15]. In this work, the
authors investigate the fundamental characteristics of user QoS and establish the throughput
model of user with different type service. The authors in [16] propose a QoS-aware admission
control with bandwidth borrow-return strategy to allow efficiently the traffic offloading from
macro-cell to WLAN considering the user mobility and QoS constraints under fraction
frequency reuse condition, and some works have investigated the spectrum sharing in
heterogeneous networks. The authors in [17] investigate the comprehensive spectrum sharing
considering multiple criteria, such as interference, cell load, and capacity in an unlicensed
band based on software-defined network (SDN). The network selection and channel allocation
for spectrum sharing is investigated in [18]. However, the authors in these literatures fail to
consider the energy consumption. Since the energy consumption is out of consideration in
most previous work, some joint allocation models [19-21] for energy consumption is put
forward in recent years. However, the relationship between energy consumption and
throughput is not considered in the algorithm.

To define the relationship between the energy consumption and throughput, the energy
efficiency is proposed [22-25], where many methods are used to realize the energy efficiency
improving [26-32]. In [26], energy efficiency scheme considering the circuit power
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consumption in orthogonal frequency division multiple access is investigated and the authors
in [27] propose resource allocation is an efficiency method for energy efficiency improvement.
The authors in [28] propose an energy efficiency maximization based joint power and
bandwidth allocation (EEBA) within the QoS constraint to maximize the energy efficiency. In
[29], the authors investigate the energy efficient resource allocation in multiple radio access
technologies, however, the energy consumption in user side is ignored in this works. The
energy efficiency considering the user side and network side is proposed in [30], which is in
the perspective of operators and ignore that the users would also like to pursue the energy
efficiency, so we establish the energy efficiency from users’ perspective. However, theses
algorithm pursue the energy efficiency improvement but ignore to promote the QoS degree of
each service. Therefore, the authors in [33-35] propose a new performance metric,
quality-aware energy efficiency to capture energy efficiency from service quality’s perspective.
Although QoS parameters perform well in providing a perfect objective metric, they could not
directly reflect the perceived quality by wireless users, thus, the users would not satisfy the
network. On the other hand, QoE can directly reflect the user satisfaction [36], Therefore,
QoE-driven technigues can adaptively allocate the resources directly aiming at enhancing the
perceived quality by wireless users.

Actually, there are some attempts on QoE-oriented resource allocation [37].The gradual
resource allocation algorithm is proposed in [38], which aims to address the energy efficiency
while guarantee the perceived QoE level of users. The authors in [39] aim to improve the QoE
levels for all users rather than guarantee the QoE level. However, these literatures ignore the
difference of QoE function for different type of users. Therefore, in this paper, we propose the
QoE-aware energy efficiency based joint allocation algorithm (QEEBA). We formulate the
QoE function for different type users and the energy efficiency of each users. In addition, the
CCIA is proposed to optimize the QoE-aware energy efficiency to improve the QoE and
energy efficiency.

1.2 Contributions and Organization

In this work, our aim is to find the optimal joint allocation method to maximize the QoE-aware
energy efficiency. Thus, our contributions in this paper can be summarized as follows:

Firstly, we investigate the tradeoff of QoE and energy efficiency in user-centric perspective,
and we formulate the different QoE function for different type users considering the difference
feature of user experience. To guarantee the formulated QoE function can be used in dynamic
real-time wireless system, we describe the QoE model as the function of the transmission rate.

Secondly, a joint user access selection and power allocation policy based on QoE-aware
energy efficiency in heterogeneous networks is explored and translate the joint allocation
problem to an optimization problem with constraints. Our optimization problem formulation
also takes into account the circuit power consumption for joint allocation which consider the
users and cells energy consumption.

Thirdly, we use the CCIA to solve the optimization problem with the QoS constraints and
compared with the 1A based joint allocation.

The remainder of this paper is organized as follows. In Section 2, we introduce the system
model and the problem formulation is presented in Section 3. In Section 4, we describe the
joint access selection and power allocation algorithm. Section 5 presents simulation
experiments and analyzes the performances of joint allocation in heterogeneous networks.
Finally, we draw the conclusion in Section 6.
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2. System model

As shown in Fig. 1, we consider the general case of heterogeneous network consisting the
macro-cells whose set can be denoted as M:{sz-,Ml} and the co-channel low power
nodes (LPNs) whose set can be denoted as M, :{Ml LM 42, M+ Mz}’ respectively.
Furthermore, all network nodes can be denoted as 47— MOAL, . \We also define
N :{1,2,,__,,1,,__, N} and ,(j‘:{l’z,_-_,k’_", K} as the set of users and sub-channels,

respectively. All users are randomly distributed in the heterogeneous network and the
bandwidth of sub-channel is g. If the nth user accesses to the mth network in channel k,

af.., —1, otherwise, a:m — 0 . We denote that the ¢_, =1 means the nth user accesses to the mth

network, and ¢, =0 is not. We also assume that the users would use different application,
which would transmit different service.

LPN

User

Fig. 1. system model

In wireless network, QoE assessment is a challenge, which draws a lot of interests from both
academia and industry. The Mean Opinion Score(MOS) model is widely used to characterize
QoE whose value can reflect users’ opinions on service, which ranges from totally
unacceptable to fully satisfied [3]. We integrate the MOS model into the QEEBA and classify
the service as two class: C type service (e.g. voice service) and S type service (e.g. video
service).

2.1 The QoE function of C type service

Traditionally, the main C type service is voice service which usually measured by Perceptual
Evaluation of Speech Quality (PESQ) recommended by International Telecommunication
Union (ITU). However, it is still not suitable for dynamic real-time system because of the
computationally complexity and requirement of the original speech signal. In [39], the QoE
model for voice service is described as the function of transmission rate. We assuming that the
transmission rate of C type service is R, the obtained utility of it will increase with the

increasing transmission rate R but the increasing rate will be slow down. Thus, the MOS
function of the service can be denoted as:

MOS(R,)=log(R, — R, +1)/ log(Rop — Ro +1) (1)
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where, R.. and R, are the maximum and the minimum requirement transmission rate of C

type service, respectively. If the R_ is higher than the R _ , the MOS(R_)=1.

2.2 The QoE function of S type service

The S type service, such as video service which is a real-time service with adaptive coding or
file download service which is non real-time service. As described in [40], these service can
use S-shaped MOS function to reflect the satisfaction degree of users. The MOS value will not
decrease to zero directly when the transmission rate is smaller than the required rate. We
assume that the transmission rate of S type service is R_. The obtained utility of service can

increase with the increasing of transmission rate R_and the increase faster firstly and slow
down lately. So the MOS function of the S type service is:

R-R_)

MOS (R) = exp| (R~ Rum ) 0
(Rmax - Rmin)

where, R and R, are the maximum and the minimum transmission rate of S type service

respectively, & is the constant value. If the R_is higher than the R _, the MOS(R,)=1.

3. Problem Formulation

The design of modern wireless communication system mainly focuses on achieving the
desirable energy efficiency. A large body of research work has focused on this goal. Recent
advances in video communications usher in new opportunities, but also bring about new
challenges. In the traditional wireless network design, the network operator ignores the
subjective opinions of wireless users, which would be more important in terms of wireless
users. QOoE can directly and efficient reflect the users subjective opinions. In this paper, we
design a based joint allocation model that aims to attain the best trade off among energy
efficiency and QoE.

3.1 maximize the QoE-aware energy efficiency

Our aim is to maximize the energy efficiency and the QoE, which would help to improve
system performance and users experience. The unreasonable access selection and resource
allocation can increase the interference and lead to the user experience decrease, so the
optimal model is:

max F = ZN:QEEn 3)

where, QEE, is the QoE-aware energy efficiency of nth user and can be calculated by
formulation (4), the system QoE-aware energy efficiency is the sum of all users.

QEE, = MOS (R, )x EE, 4)
where, MOS(-) is the QoE function of user, EE, and R, are the energy efficiency and
transmission rate of nth user respectively, which can be calculated as follows.

(1) The transmission rate R,

In wireless network, when a user accesses to a cell, the user would request the service and
the cell support the channel and transmission power to transmit the service. Assuming that the
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transmission power of the cell which nth user in mth cell is p,,, , if the nth user does not access
to the mth cell, the p,, =0, the transmission rate of nth user is:

M
R, =) Bxlog,(1+y,) (5)
m=1
where, y, is signal to interference plus noise ratio (SINR) ,which can be denoted as:
hmn mn
=t (6)
Z Z hin pij + No
i=1 jeS,

where, h_ . is the channel gain between the mth cell and nth user. N, is the additive white

M
Gaussian noise (AWGN) power. Z Z h;, p; is the interference of nth user. Assuming the nth

i=1 jeS,
user access to the kth sub-channel, S, is a set consisting of the other users accessing to the
same sub-channel as nth user. S; can be denoted by:

Sy={i=12,.n-1n+1.,N|af =1i=12,.,M} ©)
where, k represents the sub-channel which the nth user accesses in. aiﬁ =1 means the jth user

access to the ith cell in kth sub-channel.
(2) The energy efficiency EE,
In wireless network, the energy efficiency of the nth user can be expressed as:
EE, = R, <(1-Pf,) ®)

M

D &P+ P+ Con P
m=1

m=1

where, & is the inverse of the power amplifier efficiency of nth user in mth cell, the second
term, p', is the independent fixed power consumption by the users, and the last term
represents the cell-related power consumption, where p> denotes the fixed power

consumption of each sub-channel in mth cell. Pf, is the frame error rate, which is determined
by bit error rate and coding schemes [23].

3.2 Constraints

In an optimization problem, constraints seriously affect the optimal solution of the objective

function. Therefore, how to select constraints becomes an indispensable factor to solve the

objective function. The access selection and power allocation is performed under following

constraints:

® The accessing constraint: a sub-channel in each cell is allocated to at most one user at a
time to avoid the needless interference among users in each sub-channel, which requires
the following constraint:

N
>al, <lket mets (9)
n=1

® The QoS constraint: the SINR at received terminal should meet the requirement to
maintain its performance. Assuming that the recognition SINR of receiving set is y, .., ,
so we have the constraint:
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M
Z M hmﬂ pmn 2 ynmin ,Vn € '/l/ (10)

e Z Z h,p; + N,

i=1 jeS,
® The power constraint: In practice, the transmission power available in mth cell, denoted
bY Prmax» 1S limited for downlink transmission. P, .., Not only controls the out-cell

interference, but also restricts the power amplifier to linear region which corresponds to
the constant amplifier efficiency. Thus, the total transmission power in the mth cell should
satisfy:

N
D Pon < Prmax, VM € AL (11)

n=1

4. Joint Access selection and power allocation algorithm

Above all, our target is to maximize the QoE and energy efficiency, thus, the problem can be
formulated as the following optimization model:

maxF = ZN:QEEn

n=1

al, <lke X ,meAf
(12)

hmn pmn

M
1zzhinpij +N,

i1 jeS,
N

Z pmn < pmmax ’vm e M
n=1

= 11

st 2y min, VNN

3
1

Considering that the feasible solution space of this optimization problem is huge, it is
difficult to find the optimal solution using enumeration method. Therefore, the proposed
algorithm should have a fast convergence speed to get the optimal solution. Some optimal
algorithms proposed in [41-43] cannot solve this mixed integer nonlinear programming
problem. We also know that the immune algorithm could solve the optimization problem,
however, its convergence speed is slow and it may fall into local optimal trap easily. So, in this
paper, a novel algorithm named CCIA is proposed. Because of the strong ergodicity and
randomness of chaotic system, the antibody population can randomly distribute in solution
space and the CCIA can get the optimal value exactly. The key methods can be summarized as
follows:

(1) Initialization
Set the generation counter t =1 and the number of initial antibody population is Q . Let

p; (t) and b (t) denote the transmission power and access selection option of the nth user
respectively. If the nth user accesses to the mth cell, the p/ (t) would equal to the p,,,,
otherwise, the p;(t)=0. The b(t) can be given in:
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bnq(t):{kH(x(m—l), al, =1 13

0’ a‘mn:O
Let Aq={Pq,Bq}={(pf,bf),...,(p;‘,bnq),...,(pg,bﬂ,)} denote the antibody. It is

obviously that A? is a two-dimension array with N elements. To initialize the antibody, we
first use the Roulette method to get the network each user accesses, and the random value in
Roulette is get from the chaotic system, then we initialize the transmission power according to
the user accesses method. In this paper, we derive the chaotic values in the chaotic system and
map these values into the [0, p,.,], and we get the value in this sequence as the transmission
power, randomly. In which, p,... is a variable value. If the user accesses to the mth network,
Prax = Prmax » Otherwise, p . =0.
(2) Chaotic system

The chaotic sequence is generated by the four-dimensional chaotic system [44]. Then used
in initialization process and mutation process. The four-dimensional chaotic system can be
generated by:

s'=a(-s+t)+tuv
t'=b(s+t)-suv
u'=ct —v+dstv

V' =—ev+Sstu

Where, the a,b,c,d ,e are parameters of four-dimensional chaotic system. The sequence
s,t,u,vare the chaotic sequence, which can be used to get random value.
(3) Clone and Mutation

Clone and mutation methods are same as the clone immune algorithm in [21]. The mutation
probability is got from chaotic sequence s .

The obtained fitness function represents the maximum joint QoE-aware Energy Efficiency
and the corresponding antibodies represent the optimal power and access selection solutions.
The detailed description is displayed in Fig. 2.

Initialize t =1, and A’ (t) using chaotic sequence
for t=1:T
if F(t+1)-F(t)<e
Return A'(t)

Break;
else
Calculate and sort each antibodies according to the formulation(6).
Update the A°(t+1) adopt clone and mutation methods.
end
0. end

2 © 0o Noo A W DN F

Fig. 2. CCIA based joint allocation.

(4) Complexity Analysis
Firstly, the initialization using chaotic system is only one operation each iteration in
proposed method. The object value calculation of each iteration need O(MNQ), The object
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value sorting of each iteration need O(QZ). The clone of each iteration need O(L), L is the
number of elite antibody. The mutation of each iteration need O(N). Therefore, the
complexity is O(T(MNQ+Q2)).

5. Simulation Experiment and Result Analysis

The previous section is based on an analysis of the optimization problem in theory. In this
section, the accuracy of the analysis is evaluated experimentally. To solve the optimization
problem, we choose the chaotic clone immune algorithm. Here, the performance of the
proposed algorithm is compared with other algorithms.

All the experiments are performed in the same simulation scenario shown in Fig. 1. The
coverage radius of the macro-cell is 500m, and LPN is 10m. Each user is randomly distributed
in the network. Additionally, the large-scale fading exponent is given by a .The experiment
parameters are showed in Table 1 [44,45].

Table 1. Simulation Parameters

Parameter Value
Sub-channel Bandwidth(B) 200KHz
Number of sub-channels(K) 30

The AWGN power spectral density(NO) -136dBm
Maximum transmit power of macro base station 30w
Maximum transmit power of LPN 3w

The exponent of large-scale fading( a ) 2
Circuit Power of macro base station in each sub-channel 0.1w
Circuit Power of LPN in each sub-channel 0.04w
Independent fixed power consumption by the user 0.1W
Inverse of the power amplifier efficiency 0.38
The covering radio of macro-cell network 500m
The covering radio of LPN 10m
Initial antibody population Q 100
Maximum number of generations T 100

5.1 Performance of chaotic clone immune algorithm

The paper uses CCIAto solve the optimal problem proposed in Sec.3. This algorithm is named
QEEBA. In order to verify the convergence and convergence speed of QEEBA, we compare
the QEEBA with immune algorithm (1A). Fig. 3 shows the performance of QoE-aware energy
efficiency versus the generations of QEEBA and IA calculated. It can be seen in Fig. 3 that, in
the same iteration, the result of QEEBA is superior to the |A which means that the convergence
speed of QEEBA is faster than IA. It is also obvious that the QEEBA and 1A fall into the same
local optimization trap when in about 15 and 25, respectively, and the QEEBA can avoid the
local optimization trap in about 30 and get the higher optimal value than I1A.
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Fig. 3. optimal values iteration.

5.2 Energy efficiency versus number of users
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4689

Fig. 4 shows the energy efficiency of the system using four different algorithms. As shown in
the figure, the energy efficiency is increasing with the decelerating growth rate, while the user
number varies from 10 to 70. It is because that the resource in heterogeneous network is
limited, and the energy efficiency of each user will decrease with the increasing of user
number. It is obvious that the EEBA has the highest energy efficiency in four algorithms
because its object is the maximization of energy efficiency. The QEEBA is only worse than
EEBA and superior than other two algorithms. The reason is that the QEEBA also consider the
energy efficiency, it would be make a tradeoff between the utility of users and energy

efficiency.
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Fig. 4. Energy efficiency of system



4690 Ji et al.: QoE-aware Energy Efficiency Maximization Based Joint User

Fig. 5 shows the energy efficiency of the macro network and LPNSs. It is obvious that the
energy efficiency of LPN in EEBA is much higher than in QEEBA while the energy efficiency
of macro-cell in EEBA is lower than in QEEBA. The EEBA pursue the maximization of
energy efficiency and much users would access to LPN to improve the personal energy
efficiency, which would cause the user QoE decreases. However, the QEEBA would sacrifice
the energy efficiency to improve the user QOE which is also be demonstrated in Fig. 6 and Fig.
8.

x 10"

—6— QEEBA
< 14H —<— EEBA I
3 —%— TMBA //
2 ||——un Vi
é 12 ¢
= L f
S 10
3] /
g /v—f//‘v
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—%— TMBA —
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/?’/
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user number
(b)

Fig. 5. Energy efficiency in different network.
(a) Macro-cell network (b) LPN network
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5.3 The QoE analysis
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Fig. 6. Average MOS of users

Fig. 6 illustrates the QOE of users, as we investigate in Sec.2, the QoE of users is measured by
MOS. So, we show the average MOS value in Fig. 6. It is obviously that the MOS in QEEBA
is far higher than in EEBA because the QOE is considered in QEEBA. We can observe that the
MOS in QEEBA is close to it in TMBA. The reason is that the QoE function is related to the
transmission rate, the TMBA also can improve the QoE of users. While the QEEBA directly
consider the QoE of users, so it can achieve the close performance to TMBA though the energy
efficiency is also considered in QEEBA.
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Fig. 7. The average MOS of users with different type service.
(@) C type service (b) S type service

Total MOS of S type service

Fig. 7 shows the QoE performance of different type service in four algorithms. The Fig. 6
further demonstrate the reason of the near QoE performance between TMBA and QEEBA. As
we can discover, The QEEBA would be fairer to S type service and C type service than the
TMBA because it directly consider the QoE of different service.

QEEBA
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N N w
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Fig. 8. The number of users versus the MOS
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As shown in Fig. 8, the QEEBA has the largest number of user with good QoE
(MOS € (0.6,1]) in four algorithms and the TMBA takes the second place. While the number

of user with bad QoE is the lowest MOS e[0,0.4] in QEEBA. The reason is that the users

would improve their personal QoE to promote the total QoE in QEEBA and TMBA; however,
the EEBA pursues the energy efficiency excessively and ignore the QoE of users. The IAtakes
second place because it can fall into local optimization trap and not get the optimal value.

6. Conclusion

In this paper, a joint power and bandwidth allocation algorithm based on QoE-aware energy
efficiency of users was proposed. The joint allocation problem was transformed into the
optimization problem and the chaotic clone immune algorithm was adopted to solve it.
Simulation results demonstrate that the proposed algorithm can improve the QoE and improve
the energy efficiency. There is also an important issue unaddressed in this paper and left for
future work. Since the the object function is not continuously differentiable, the proposed
problem can not translate to convex optimization problem and is solved by a heuristic
approach, The challenge is to establish a new MOS model whose deviation from this proposed
MOS is negligible and need further investigation.
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