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Abstract

Ultra⁃dense networks (UDNs) are expected to be applied for the fifth generation wireless system (5G) to meet the requirements of
very high throughput density and connections of a massive number of users. Considering the large amount of small base stations
(SBSs), how to choose proper backhaul links is an important problem under investigation. In this paper, we propose a wireless
backhaul algorithm to find an effective backhaul method for densely⁃deployed SBSs and to maximize energy efficiency of the sys⁃
tem. We put forward adaptive backhaul methods of indirect and direct modes. The SBS can select the direct backhaul which con⁃
nects to the macro base station (MBS) directly, or the indirect backhaul which selects an idle SBS as a relay based on the back⁃
haul channel condition. The algorithm also allocates network resources, including the power of SBSs and system bandwidth, to
solve the serious interference problem in UDN. Finally, the simulation results show that the proposed wireless backhaul algorithm
has desired performance to achieve higher energy efficiency with required data rate.
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1 Introduction
he fifth generation wireless system (5G) is predict⁃
ed to be commercialized by 2020 [1]. In order to
meet the expected 1000 times increase in capacity
of existing cellular networks, experts believe that

technology innovation is necessary [2]. Ultra ⁃ dense networks
(UDNs) are proposed to improve system throughput by densely
deploying small base stations (SBSs) in the network. On the
other hand, it brings huge backhaul traffic load, especially for
wireless links. It also indicates more energy consumption of
the backhaul process for huge traffic.

Energy efficiency is an important indicator of network perfor⁃
mance and a challenge for UDN, which has been studied by
many researchers. For examples, in [3], the network energy effi⁃
ciency of some open channels in a small ⁃area network is dis⁃
cussed and evaluated. In [4], the energy efficiency is improved
by power allocation and load balance constraints. In [5], the en⁃
ergy efficiency of SBSs and regional energy efficiency can be
improved by deploying SBSs and reducing the transmission
power of macro base stations (MBSs). Most of the existing stud⁃
ies about UDN focus on optimizing the energy efficiency of the

access network. However, the backhaul capacity is also a con⁃
straint on the overall network throughput.

With the intensive deployment of the SBSs in UDN, most of
the user devices choose to access the SBS rather than MBS in
order to obtain a higher data rate, so the number of small cell
user equipment (SUE) is much larger than that of macro cell
user equipment (MUE). Furthermore, due to the short inter site
distance (ISD) between SBSs, the interference environment
and resource allocation are quite complex for wireless back⁃
haul transmission. When the limited capability of SBSs and en⁃
ergy consumption during the transmission are considered, how
to choose proper backhaul routing is an important problem and
still under investigation by researchers. In [6], backhaul con⁃
straint is considered as an important constraint for network per⁃
formance while modeling a heterogeneous network.

Some research in backhaul has been published. In [7], a
new wireless backhaul architecture of dense small cell network
is proposed, which optimizes the backhaul path selection and
wireless backhaul link scheduling. And in [8], the requirement
of the backhaul traffic is evaluated, which indicates that the co⁃
operation between MBSs and SBSs could improve the network
performance. In [9], the resource management for wireless
backhaul is studied to optimize performance of UDN. In [10], a
joint optimization mechanism for forward and backhaul links is
proposed which takes into account both the transmission power
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and the backhaul data rate. However, the wireless backhaul
transmission with consideration on energy efficiency is still an
open issue and needs further investigation.

In this paper, we propose a wireless backhaul algorithm in
UDN to maximize the system energy efficiency. The proposed
algorithm considers the channel condition, the backhaul rate
requirement and the interference factors between SBSs for se⁃
lecting an appropriate backhaul mode. There are two types of
backhaul modes. One is that the SBS connects to the MBS di⁃
rectly, which is denoted as direct backhaul. The other is indi⁃
rect backhaul in which the backhaul data is sent to the relay
base station acted by surrounding free SBSs and then to the
MBS. In [11], the advantages of relay in energy efficiency is de⁃
scribed. Meanwhile, Combining the content of [3]-[5], the sub⁃
channels and transmit power are allocated to the backhaul
nodes along the route, to meet the data requirement and en⁃
hance the overall network energy efficiency. Simulation results
have proved the effectiveness of the proposed algorithm.

2 System Model
We consider a two⁃tier heterogeneous UDN scenario shown

in Fig. 1. It contains a MBS and several SBSs densely de⁃
ployed in the coverage. In this paper, the SBS with user access⁃
ing and backhaul requirement is defined as the backhaul small
base station (BSBS), and the SBS without user accessing is de⁃
fined as the idle small base station (ISBS). The MBS communi⁃
cates with the core network through a fiber link. The BSBS ob⁃
tains the data information required by the user through the
wireless backhaul link with the MBS for the cost of the optical
fiber between a lot of SBSs and the MBS is expensive. [12] We
focus on planning the wireless backhaul link of the BSBS in a
centralized manner. Also, we summarize the data rate require⁃
ment required by the BSBS users as the backhaul rate require⁃
ment of the BSBS.

The BSBS for possible backhaul routing is shown in Fig. 2.

We assume that there are n sub⁃channels in the system, denot⁃
ed by the set K as: K = {k1, k2, …, kn}. Only one MBS which is
denoted as B and a total of z SBSs are in the system. It is as⁃
sumed that at some points, the number of BSBSs in the system
is p, which is expressed as the set I, I = {i1, i2, ..., ip}. The num⁃
ber of free base stations is q, which is expressed by the set J,
J = {j1, j2, ..., jq}. As shown in Fig. 2, the base station i is a
BSBS and the base station j is an ISBS. The backhaul data,
which is required by any UE access to i, needs transmitting
from i to the MBS. One way is direct backhaul and the wireless
link between B and i is denoted as L(B,i）. Another way is indi⁃
rect backhaul where j acts as a relay base station through the
wireless backhaul link; the wireless link between B and j is de⁃
noted as L(B,j) and the wireless link between j and i is denoted as
L(j,i).

MBS is used here as a centralized control node for the back⁃
haul routing design for deployment convenience. It plays the
role of backhauling management for all the SBSs within its cov⁃
erage, focusing on backhaul data rate requirement, wireless
link interference and resource allocation. Moreover, it is as⁃
sumed that the base station i in the system could only select
one method from the direct and indirect backhaul modes for
backhaul.

3 Problem Formulation

3.1 Problem Description
In the network, the BSBS may be far from the MBS in Euler

distance with poor quality channel, or the interference of back⁃
haul link may be serious, resulting in that the BSBS is not able
to meet the backhaul rate demand of users. In such cases, we
will choose a proper ISBS as relay for backhaul.

The direct mode for transmitting data back to the core net⁃
work is simple and easy. However, the available resource is
limited and its backhaul network throughput is lower than that
of the indirect mode. Although the indirect mode is more com⁃
plicated with higher cost than the direct mode, we can organize
the backhaul network well. In the indirect mode, more resourc⁃
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es are available so that the network throughput can be greatly
improved. At the same time, the energy efficiency of the net⁃
work can be improved by making full use of the resources rea⁃
sonably.

The association matrix X is defined to characterize whether
a wireless backhaul link is established between the base sta⁃
tions. In the association matrix X, x(B, i) = 1 indicates that a
wireless backhaul link, L(B,i), is established between B and i,
which is a direct backhaul mode. x(B, j) = 1 and x( j, i) = 1 mean
that there are wireless backhaul links established between B
and j, as well as between j and i. It is an indirect backhaul
mode.

The association matrix A is defined to characterize whether
particular sub ⁃ channel resource is occupied by a particular
wireless backhaul link. In the association matrix A, ak

(B, i)
= 1 in⁃

dicates that B occupies the sub ⁃ channel k when transmitting
the data to i through L(B,i), and vice versa ak

(B, i)
= 0 means that

the sub⁃channel k is not occupied by B when transmitting the
data to i through L(B,i).
3.2 Problem Modeling

Based on the assumption, it can be deduced that on L(B,i),
when B transmits data through the sub ⁃ channel k, i receives
the signal to interference plus noise ratio (SINR) which is:

SINRk
(B, i) = x(B, i)

ak
(B, i) p

k
(B, i)h

k
(B, i)∑

j ∈ J
x( j, i)a

k
( j, i) p

k
( j, i)h

k
( j, i) +σ2， (1)

where pk
( j, i) is the transmit power of j on the sub ⁃ channel k

when the wireless backhaul link is established by j, which is
limited by the maximum transmit power of the SBS. hk

( j, i) repre⁃
sents the channel gain on the sub ⁃ channel k of the wireless
backhaul link between j and i. The sum in the denominator is
the interference from the surrounding SBSs when i receives the
data transmitted from B by the sub⁃channel k. σ2 is additive
white Gaussian noise (AWGN), which can also be written as
σ2 =N0B .

Based on (1), the rate of i provided by B can be expressed as:
r(B, i) =∑

k

b log2(1 + SINRk
(B, i))， (2)

where b represents the bandwidth of the sub⁃channel.
Similarly, the data rate on L(B,j) can be expressed as:
r(B, j) =∑

k

b log2(1 + SINRk
(B, j)). (3)

When j receives the data transmitted by B through the sub⁃
channel k, the SINR is:
SINRk

(B, j) = x(B, j)
ak

(B, j) p
k
(B, j)h

k
(B, j)∑

j ∈ J
x( j, i)a

k
( j, i) p

k
( j, i)h

k
( j, i) +σ2 . (4)

Likewise, the data rate on L(j,i) is:
r( j, i) =∑

k

b log2(1 + SINRk
( j, i)). (5)

The SINR of i on sub⁃channel k is:
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SINRk
( j, i) = x(B, j)

ak
(B, j) p

k
(B, j)h

k
(B, j)

I k( j', i) + I k(B, i) + I k(B, j) +σ2

I k( j', i) =∑
j' ≠ j

x( j', i)a
k
( j', i) p

k
( j', i)h

k
( j', i)

I k(B, i) =∑
i

x(B, i)a
k
(B, i) p

k
(B, i)h

k
(B, i)

I k(B, j) =∑
j

x(B, j)a
k
(B, j) p

k
(B, j)h

k
(B, j)

. (6)

The first sum in the denominator, I k( j', i) , in (6) indicates that
i is disturbed by the other relay base stations on the same sub⁃
channel. The second and third summations, I k(B, i) and I k(B, j) ,
mean that i is disturbed by B. In all the backhaul links L(B,j)

and L(B,i), up to one backhaul link occupies the sub⁃channel k,
so either the second or third summation must be zero.

It can be analyzed that in the whole network, the total wire⁃
less backhaul throughput is provided by B and the relay base
stations. By (1)-(6), the total throughput in the system can be
calculated as:

R =∑
i

r(B, i) +∑
j

r(B, j) +∑
j
∑

i

r( j, i). (7)
The power consumed by B can be expressed as:
PB =∑

k

æ

è
çç

ö

ø
÷÷∑

i

xk
(B, i)a

k
(B, i) p

k
(B, i) +∑

j

xk
(B, j)a

k
(B, j) p

k
(B, j) , (8)

where the left half of the plus sign indicates the total power
which is consumed by B to provide the data rate for i, and the
right half is expressed as the power consumed on the wireless
backhaul link of j. It must be ensured that B only provides ser⁃
vice for only one SBS on a sub⁃channel when allocating sub⁃
channels.

Similarly, the power consumed by j can be expressed as:
Pj =∑

k
∑

i

xk
( j, i)a

k
( j, i) p

k
( j, i). (9)

It can be seen that the total energy consumption in the sys⁃
tem is the sum of the power consumption of the wireless back⁃
haul link on the MBS and the relay base stations:

Ptotal =PB +∑
j

Pj. (10)
The optimization goal is the overall energy efficiency of the

system backhaul:
arg max R

Ptotal

. (11)
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The system energy efficiency is constrained by the following:
C1:   r(B, i) +∑

j

r( j, i) ≥ r
req

i ,   ∀i, (12)
C2:    r(B, j) ≥∑

i

r( j, i),   ∀j, (13)
C3:    Pj ≤Pmax

j ,   ∀j, (14)
C4:    PB ≤Pmax

B , (15)
C5:    1 - x(B, i) = x( j, i),   ∀i,∃j, (16)
C6:    x( j, i) = x(B, j),   ∀j,∃i, (17)
C7:    ∑

i

x(B, i)a
k
(B, i) +∑

i

x(B, j)a
k
(B, j) ≤ 1,   ∀k, (18)

C8:    x( j, i),x(B, j),x(B, i) ∈{ }0,1 ,   ∀j, i, (19)
C9:    ak

(B, i),    ak
(B, j),   ak

( j, i) ∈{ }0,1 ,∀j, i,k. (20)
In these constraint conditions, the traffic load of all the us⁃

ers accessing i is expressed as r
req

i . C1 indicates that it must be
ensured that the data rate of the backhaul is higher than or
equal to the user traffic load of i whether selecting direct back⁃
haul or indirect backhaul. C2 means that when j provides an in⁃
direct backhaul service for i as the relay, it is necessary to en⁃
sure that the data rate received by j is equal to or higher than
the data rate sent out of j, which is reasonable and effective.
When the rate on L(B,j) is higher than the data rate provided by j
for i, j can still cache the data and then forward it to i gradual⁃
ly. C3 indicates that the sum of the total power of j on each sub⁃
channel is smaller than the maximum power of the SBS. Simi⁃
larly, C4 indicates that the sum of the total power of B on each
sub⁃channel is smaller than the maximum power of the MBS.
C5 and C6 represent the choice of the backhaul mode of all
BSBSs in UDN. C5 indicates that i either selects direct back⁃
haul or is provided with an indirect backhaul by at least one IS⁃
BS, j. And C6 indicates that j must create a backhaul link with
B as long as there is a BSBS receiving the backhaul data from
j. C7 indicates that any sub ⁃ channel can only be occupied at
most once on the wireless backhaul link of B. C8 and C9 mean
that the establishment of the radio backhaul link and the occu⁃
pancy of backhaul link to the sub⁃channels are binary discrete
variables. The value of these variables can only be 0 or 1.

4 Problem Resolving
The problem established by (11) to (20) is the joint optimiza⁃

tion problem of backhaul mode selection, base station power al⁃
location and sub⁃channel assignment. It is a non⁃deterministic
polynomial⁃hard (NP⁃hard) problem [13]. Considering the com⁃
putational cost, we introduce the quantum behavior particle
swarm optimization (QPSO) algorithm [14] to solve the problem.

Fig. 3 shows the problem solving based on the QPSO algo⁃
rithm. The concrete steps are described as follows:
1) The parameters for QPSO are initialized, including particle

position, the total number of particles, and the maximum
number of iterations. Each particle location includes three
parts of information: the backhaul mode selection results of
all base stations in the system, the occupancy results of all
sub⁃channels on the wireless backhaul link, and the power
allocation results of the base stations on each sub⁃channel.
The total number of particles is M and the maximum num⁃
ber of iterations is S.

2) An initial value, Xm(0)(m = 1, ... ,M) , is assigned to all vari⁃
ables of each particle. The zero ⁃ variable for the backhaul
link establishment and sub⁃channel occupancy is set by ran⁃
dom initialization, then compared to 0.5. If the random num⁃
ber is larger than 0.5, it is set to 1 and if less than 0.5, it is
set to 0. The transmit power of the base station is assigned
by taking a random value between 0 and the maximum pow⁃
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BSBS: backhaul small base station
▲Figure 3. The problem resolving based on the QPSO algorithm.
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er. We define the initial value of every parameter in every
particle in this step.

3) All the particles are iterated. In the process of iteration, the
energy efficiency of the system corresponding to the particle
is calculated by the position of each particle at a certain
time. We get the first indecisive result in this step.

4) The position and velocity of each particle are updated ac⁃
cording to the characteristics of the QPSO algorithm. The
next position of the particle is determined by the current po⁃
sition and velocity of the particle. We change the location of
every particle to find the better solution.

5) After the particle is updated, the fitness function of each par⁃
ticle is calculated and the fitness function value and the cor⁃
responding penalty function value of all M particles are re⁃
corded. In this step, we get the result of each particle.

6) The optimal position of each particle is updated according
to the fitness function of M particles. The global optimal po⁃
sition and the optimal position corresponding to the real en⁃
ergy efficiency maximum of M particles are recorded. Ac⁃
cording to the result of each particle, we find the best result
in these particles.

7) It is determined whether the number of iterations s reaches
the maximum number of iterations S. Reaching the maxi⁃
mum number of iterations makes the output X*

m and the co⁃
rresponding solution of the optimal position of M particles
G(s) , then we go to step (8); otherwise, return to step (5). We
loop the iteration of these particles to get better results.

8) According to X*
m , the optimal solution of the optimal pos⁃

ition G(s) , the backhaul mode of all the BSBSs, the occu⁃
pancy of all the sub⁃channels on the backhaul link, and the
power allocation results of the base stations on each sub ⁃
channel are obtained. We finally get the best solution.

5 Simulation Results
The simulation scenario is shown in Fig. 1. The MBS can

cover an entire 100 m × 100 m network, and the SBSs coverage
radius is 40 meters.

The wireless channel model includes two parts, small⁃scale
Rayleigh fading and large ⁃ scale path loss, which can be ex⁃
pressed as h( j, i) = h2

0d
-α . h0 is the complex Gaussian channel

coefficient, d is the distance between the BSBS and the MBS
or relay base station, and the path loss factor α = 4. The spe⁃
cific simulation parameters are shown in Table 1.

The backhaul method proposed in this paper is a combined
one of the direct and indirect backhaul, while the most existing
centralized backhaul in the real networks uses the direct
mode. Therefore, we choose a direct backhaul algorithm to
compare with the proposed wireless backhaul algorithm to veri⁃
fy the performance of the proposed algorithm.

It can be seen from Fig. 4 that the proposed algorithm has
converged. As the number of iterations increases, the maxi⁃
mum system energy efficiency is increasing. This is because

with the operation of the quantum particle swarm optimization
algorithm, the current optimal solution is constantly updated,
and the energy efficiency of the system obtained by the current
optimal solution also increases, indicating that the particle con⁃
tinuously approximates the suboptimal solution of the QPSO al⁃
gorithm. The algorithm has reached the maximum system ener⁃
gy efficiency at about 700th iteration.
Fig. 5 shows the relationship between the number of BSBSs

and the system energy efficiency. The number of BSBSs in⁃
creases from 5 to 10 and the total number of SBSs in the sys⁃
tem grows from 10 to 20, so that each BSBS has one or two IS⁃
BSs that can serve as its relay. The total energy efficiency of
the system decreases gradually with the increase in the num⁃
ber of BSBSs. The system energy is consumed by the transmis⁃
sion of the MBS and the relay base stations on their respective
wireless backhaul links.

When the number of BSBSs is small, the energy consump⁃
tion of the system is almost from the MBS, which results in
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▲Figure 4. Convergence curve of the proposed algorithm.

▼Table 1. System simulation parameters

Parameters
MBS maximum transmit power
SBS maximum transmit power

MBS coverage
SBS coverage

The total number of SBSs
BSBS backhaul rate requirement

System bandwidth
The number of sub⁃channels

Sub⁃channel bandwidth
Noise power spectral density

Path loss factor

Value
1 W
0.3 W
100 m
40 m
10-20

10 Mbit/s
10 M
20

500 kHz
⁃174 dBm/Hz

4

1000
Iteration times

12

Ene
rgy

effi
cie

ncy
(bit

/J)

9008007006005004003002001000

×106

10

8

6

4

2

0
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high energy efficiency with higher throughput and lower ener⁃
gy consumption in the system. With the gradual increase in the
number of BSBSs, the transmission power of the MBS could
not meet the backhaul rate requirement of those BSBSs with
poor channel quality, so that the energy consumption of the sys⁃
tem also occurs in the relay base stations; the system energy
consumption relatively increases with a large amount. Com⁃
pared to the energy consumption, the increase of system
throughput is relatively small, so that the system energy effi⁃
ciency gradually reduces. In spite of this, the algorithm
achieves the highest energy efficiency in the system by optimiz⁃
ing the backhaul mode and system resource allocation under
the premise of ensuring the BSBS backhaul rate requirement at
the specific time, the specific BSBS number and backhaul rate
requirement.

Fig. 6 shows the relationship between the number of BSBSs
and the system throughput. As can be seen in Fig. 6, using
whether the direct backhaul or the proposed backhaul, the sys⁃
tem throughput increases with the number of BSBSs increas⁃
ing. Assuming that the backhaul rate requirement of each
BSBS in the system is the same, with the increase in the num⁃
ber of BSBSs, the total backhaul rate requirement of the sys⁃
tem will gradually increase, so that using whether the direct
backhaul or the proposed backhaul, the system throughput will
gradually increase. However, the rate of increase in system
throughput in the proposed backhaul mode is greater than that
in the direct backhaul mode, because there are some cases that
the quality of the channels between these BSBSs and the MBS
is poor in the network. The proposed backhaul can also pro⁃
vide the backhaul service for the BSBS by the relay base sta⁃
tion, which makes the system throughput growth rate even
greater. It can be seen that the proposed backhaul provides
greater system throughput as the number of BSBSs increases
compared to the direct backhaul.

Fig. 7 shows the relationship between the number of BSBSs
and the number of BSBSs that meet the backhaul rate require⁃

ment. Likewise, the direct backhaul is compared to the pro⁃
posed backhaul. With the increase in the total number of
BSBSs, the number of BSBSs that meet the backhaul rate re⁃
quirement is increasing whether using the direct backhaul or
proposed backhaul. When the number of BSBSs is small, the
total backhaul traffic load in the system is not very large. And
the MBS is sufficient to meet the demand of the total backhaul
rate of the whole system. Therefore, both backhaul modes can
meet the requirement of all BSBS backhaul tasks, such as in
the case that the number of BSBSs is 5. When the number of
BSBSs increases, the total backhaul flow load increases in the
system. The MBS may not be enough to support the gradually
increasing backhaul traffic load. At this time, the ISBSs serve
as relay base stations for BSBSs by proposed algorithm. Al⁃
though the backhaul rate of some BSBSs can’t be satisfied us⁃
ing whether the direct backhaul or proposed backhaul algo⁃
rithm, the number of BSBSs satisfied by proposed backhaul is
greater than by direct backhaul. It can be seen that the pro⁃
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▲Figure 5. Relationship between the number of BSBSs and the system
energy efficiency.

BSBS: backhaul small base station

▲Figure 7. Relationship between the number of BSBSs and the number
of BSBSs that meet the backhaul requirements.

BSBS: backhaul small base station

▲Figure 6. Relationship between the number of BSBSs and the system
throughput.

BSBS: backhaul small base station

10
The total number of BSBSs

11

Ene
rgy

effi
cie

ncy
(bit

/J)

×107

98765

10

9

8

7

6

5
10

The total number of BSBSs

2.2

Thr
oug

hpu
tof

the
net

wor
k(b

it/s
)

×108

9.598.587.576.565.55

2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4

* Proposed backhaul
Direct backhaul

* * * * *
*

* Proposed backhaul
Direct backhaul

10
The total number of BSBSs

10

The
num

ber
ofs

atis
fied

BSB
Ss

98765

9
8
7
6
5
4
3
2
1
0

* * * *
* *

June 2018 Vol.16 No. 2

6



D:\EMAG\2018-04-62/VOL16\F1.VFT——7PPS/P

posed backhaul performs better on supporting the backhaul
traffic load of the entire system.

6 Conclusions
In this paper, a wireless backhaul algorithm for maximizing

energy efficiency is proposed in UDN. We propose a model of
combining direct backhaul and indirect backhaul, with consid⁃
eration on the limited capability of SBSs, energy consumption
during the transmission, channel quality and other factors. The
corresponding sub⁃channels and transmit power are also allo⁃
cated to maximize the system energy efficiency. The problem
is a mixed integer nonlinear programming problem and solved
by QPSO algorithm in this paper. The simulation results show
that the proposed algorithm has desired performance to guaran⁃
tee the high energy efficiency of the system and to effectively
meet the BSBS backhaul rate requirement in the system. In the
future, other factors for wireless backhaul routing may be con⁃
sidered such as load balance of the relay SBSs.

Special Topic

Energy⁃Efficient Wireless Backhaul Algorithm in Ultra⁃Dense Networks
FENG Hong, LI Xi, ZHANG Heli, CHEN Shuying, and JI Hong

ZTE COMMUNICATIONSZTE COMMUNICATIONS22

Reference
[1] D. Soldani and A. Manzalini,“Horizon 2020 and beyond: on the 5G operating

system for a true digital society,”in IEEE Vehicular Technology Magazine, vol.
10, no. 1, pp. 32-42, Mar. 2015. doi: 10.1109/MVT.2014.2380581.

[2] SK Telecom,“SK Telecom's view on 5G vision, architecture, technology, and
spectrum,”SK Telecom white paper, 2014.

[3] X. Ge, T. Han, G. Mao, et al.,“Spectrum and energy efficiency evaluation of two⁃
tier femtocell networks with partially open channels,”IEEE Transactions on Ve⁃
hicular Technology, vol. 63, no. 3, pp. 1306- 1319, Mar. 2014. doi: 10.1109/
TVT.2013.2292084.

[4] H. Zhang, S. Huang, C. Jiang, et al.,“Energy efficient user association and pow⁃
er allocation in millimeter⁃wave⁃based ultra dense networks with energy harvest⁃
ing base stations,”IEEE Journal on Selected Areas in Communications, vol. 35,
no. 9, pp. 1936-1947, Sept. 2017. doi: 10.1109/JSAC.2017.2720898.

[5] W. Wang and G. Shen,“Energy efficiency of heterogeneous cellular network,”
in IEEE 72nd Vehicular Technology Conference- Fall, Ottawa, Canada, 2010,
pp. 1-5. doi: 10.1109/VETECF.2010.5594361.

[6] M. Mirahsan, R. Schoenen, H. Yanikomeroglu, G. Senarath, and N. Dung⁃Dao,
“User ⁃ in ⁃ the ⁃ loop for hethetnets with backhaul capacity constraints,”IEEE
Wireless Communications, vol. 22, no. 5, pp. 50-57, Oct. 2015. doi: 10.1109/
MWC.2015.7306537.

[7] E. Pateromichelakis, M. Shariat, A. Ul Quddus, and R. Tafazolli,“Joint routing
and scheduling in dense small cell networks using 60 GHz backhaul,”in IEEE
International Conference on Communication Workshop (ICCW), London, UK,
2015, pp. 2732-2737. doi: 10.1109/ICCW.2015.7247592.

[8] V. Jungnickel, K. Manolakis, S. Jaeckel, et al.,“Backhaul requirements for inter⁃
site cooperation in heterogeneous LTE ⁃ advanced networks,”in IEEE Interna⁃
tional Conference on Communications Workshops (ICC), Budapest, Hungary,
2013, pp. 905-910. doi: 10.1109/ICCW.2013.6649363.

[9] H. Zhuang, J. Chen, and D. O. Wu,“Joint access and backhaul resource manage⁃
ment for ultra⁃dense networks,”in IEEE International Conference on Communi⁃
cations (ICC), Paris, France, 2017, pp. 1-6. doi: 10.1109/ICC.2017.7996390.

[10] G. Nie, H. Tian, and J. Ren,“Energy efficient forward and backhaul link opti⁃
mization in OFDMA small cell networks,”IEEE Communications Letters, vol.
19, no. 11, pp. 1989-1992, Nov. 2015. doi: 10.1109/LCOMM.2015.2472535.

[11] S. Wang, R. Ruby, V. C. M. Leung, et al.,“Sum⁃power minimization problem in
multisource single ⁃AF⁃relay networks: a new revisit to study the optimality,”
IEEE Transactions on Vehicular Technology, vol. 66, no. 11, pp. 9958-9971,
Nov. 2017. doi: 10.1109/TVT.2017.2739746.

[12] H. Zhang, Y. Dong, J. Cheng, M. J. Hossain, and V. C. M. Leung,“Fronthaul⁃
ing for 5G LTE⁃U ultra dense cloud small cell networks,”IEEE Wireless Com⁃
munications, vol. 23, no. 6, pp. 48-53, Dec. 2016. doi: 10.1109/MWC.2016.
1600066WC.

[13] S. A. Cook,“The complexity of theorem⁃proving procedures,”in Proc. Third
Annual ACM Symposium on Theory of Computing, Shaker Heights, USA, 1971.
doi: 10.1145/800157.805047.

[14] J. Sun, B. Feng, and W. Xu,“Particle swarm optimization with particles having
quantum behavior,”in Proc. IEEE Congress on Evolutionary Computation, Port⁃
land, USA, 2004, pp. 325-331. doi: 10.1109/CEC.2004.1330875.

Manuscript received: 2017⁃12⁃14

FENG Hong (fenghong@bupt.edu.cn) received the B.E. degree in communication
engineering from University of Science and Technology Beijing, China in 2015. He
is currently working toward his master degree in information and communication en⁃
gineering at Beijing University of Posts and Telecommunications, China. His re⁃
search interests include wireless networking and communications and networking in
5G. He has published a paper at Chinacom 2017 and applied a patent in UDN
fields.
LI Xi (lixi@bupt.edu.cn) received the B.E. and Ph.D. degrees in communication
and information system from Beijing University of Posts and Telecommunications
(BUPT), China in 2005 and 2010, respectively. She is currently an associate profes⁃
sor with the School of Information and Communication Engineering, BUPT. She has
authored or co⁃authored over 100 papers in international journals and conferences.
Her current research interests include resource management and networking in 5G,
cloud computing, edge caching, and mobile Internet. She served as the chair of spe⁃
cial track on cognitive testbed at the Chinacom 2011, the TPC member of many in⁃
ternational conferences, including WCNC’16/15/14/12, PIMRC’18/17/12, Globe⁃
com’18/17/15, ICC’18/17/16/15, INFOCOM’18, and CloudCom’15/14/13, and
peer ⁃ reviewer of several academic journals, such as IEEE Communication Letter,
Transactions on Vehicular Technology, Wireless Communication Magazine, Journal
on Selected Areas in Communications, and IEEE Access.
ZHANG Heli (zhangheli@bupt.edu.cn) received the B.S. degree in communication
engineering from Central South University, China in 2009, and the Ph.D. degree in
communication and information systems from Beijing University of Posts and Tele⁃
communications, China in 2014. Since 2014, she has been a lecturer with the
School of Information and Communication Engineering, BUPT. She has served as
the reviewer of several academic journals, such as IEEE Wireless Communications,
IEEE Communication Magazine, IEEE Transactions on Vehicular Technology, IEEE
Communication Letters, and IEEE Transactions on Networking. She participated in
many national projects funded by National Science and Technology Major Project,
National“863”Hightech, and National Natural Science Foundation of China, and
cooperated with many corporations in research. Her current research interests in⁃
clude heterogeneous networks, cognitive radio, resource management, cooperative
communications, small cells, and mobile cloud computing.
CHEN Shuying (sychen@bupt.edu.cn) received the B.E. degree in communications
engineering from Beijing University of Posts and Telecommunications (BUPT), Chi⁃
na in 2017. She is currently working toward her M.S. degree in electronic and com⁃
munication engineering at the Key Laboratory of Universal Wireless Communica⁃
tion, BUPT. Her research interests include the ultra⁃dense network (UDN) and re⁃
source management in 5G system.
JI Hong (jihong@bupt.edu.cn) received the B.S. degree in communications engi⁃
neering and the M.S. and Ph.D. degrees in information and communications engi⁃
neering from Beijing University of Posts and Telecommunications (BUPT), China in
1989, 1992, and 2002, respectively. In 2006, she was a visiting scholar with the
University of British Columbia, Vancouver, Canada. She is currently a professor
with BUPT. She has authored over 300 journal/conference papers. Several of her pa⁃
pers were selected for best papers. Her research interests are in the areas of wire⁃
less networks and mobile systems, including green communications, radio access,
ICT applications, system architectures, cloud computing, software ⁃ defined net⁃
works, management algorithms, and performance evaluations. She has served as the
co⁃chair at the Chinacom’11, and a member of the Technical Program Committee of
ISCIT’17, GC’17 Workshops, Globecom’16/15/14/13/12/11, ICC’13/12/11, IEEE
VTC’12S, and WCNC’15/12. She is serving on the editorial boards of the IEEE
Transaction on Green Communications and Networking and the Wiley International
Journal of Communication Systems. She has guest ⁃ edited the Wiley International
Journal of Communication Systems, with a special issue on Mobile Internet: Con⁃
tent, Security and Terminal.

BiographiesBiographies

June 2018 Vol.16 No. 2

7


