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UE Throughput Guaranteed Small Cell ON/OFF
Algorithm with Machine Learning

Tae-Yoon Park, Jong-Won Han, and Een-Kee Hong

Abstract: Ultra-dense network (UDN) has been considered a
promising solution to improve the signal quality of cell edge UEs
and enhance the serving coverage. However, a large number of
small cells causes severe inter-cell interference and high energy
consumption, and efficient small cell management is an important
issue. In this paper, a UE throughput guaranteed small cell on/off
algorithm in UDN environment is proposed to solve the problem
of UE throughput reduction due to small cell off process. The pro-
posed small cell on/off algorithm with machine learning is executed
by the following processes: First, the network attributes that affect
UE throughput are analyzed. Second, the correlation between UE
throughput and network attributes is evaluated through multiple
linear regression analysis. Third, through understanding the cor-
relation between UE throughput and network attributes, we de-
termine the proper criteria for small cell on/off process. Simula-
tion results show that the proposed small cell on/off algorithm can
improve the total network energy efficiency as well as efficiently
ensure sufficient UE throughput. Compare to the conventional al-
gorithm, the proposed algorithm shows more than 75% improve-
ments of average network energy efficiency. whole network.

Index Terms: Cell densification, energy efficiency, machine learn-
ing, small cell ON/OFF, throughput, UDN.

I. INTRODUCTION

TO cope with the explosive growth of mobile devices and ap-
plications, network capacity problem is becoming a hot re-

search topic. UDN where small cells (SCs) are densely deployed
is one of the promising key solutions for the capacity problem.
Since the frequency reuse factor is 1 in the conventional sys-
tems, more frequency reuse effect is exploited and more radio
resources allocated to user equipment (UE) with cell densifica-
tion [1]. But cell densification causes severe inter-cell interfer-
ence, high network complexity, and frequent handover problem.

The SC on/off scheme, first proposed in 3GPP Release 12,
plays a critical role in efficient network operation. The scheme
enables the improvement of network energy efficiency (NEE) by
turning off unnecessary cells [2]. As shown in Fig. 1, UEs of
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Fig. 1. Network setup of the proposed model.

low data rate service are connected to macro base station (MBS)
and UEs of high data rate service are connected to SC. How-
ever, in terms of overall network energy efficiency, it is benefi-
cial to turn off SCs that have small number of connections with
UEs. In particular, the role of SC on/off is expected to become
more important in UDN because the probability of occurring un-
necessary cells is higher than the conventional network. How-
ever, turning off SCs can be a burden on other cells and the QoS
can be degraded [3], [4]. Thus, enough consideration should be
given about which cells to be turned off.

Many researches have been performed on SC on/off strate-
gies. The most basic method is to turn off inactive SCs [3]. How-
ever, in the UDN environment, the degree of improvement in
NEE by turning off only the SCs that have no connection with
UE is not significant. Since the coverage of SC is often over-
lapped in the UDN environment, the network operates surplus
SCs, and the efficient management of SCs should be developed.

It is an important task to determine which SCs are to be turned
off because the traffic load should be handed over to the sur-
rounding SCs. Many studies have addressed the issue of deter-
mining proper SCs to be turned off. In [6], the SCs that did not
overload the neighboring cells due to handover load were turned
off to ensure energy efficiency and QoS. In [7], with an aim to
mitigate the co-frequency interference with less signaling over-
heads and measurement processes, a centralized SC on/off al-
gorithm based on interference contribution ratio was proposed.
In [8], since the gain of cell densification is saturated, the appro-
priate number of active SCs was founded, and excess SCs were
turned off.

However, the previous researches performed SC on/off pro-
cess based on the average network throughput and did not con-
sider the effect of SC on/off on individual UE throughput. As
the ensuring QoS of UE becomes important, SC on/off process
should be carried out under the condition of ensuring sufficient
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UE throughput. However, since it is difficult to consider the in-
dividual UE throughputs at the same time, to find the proper
SCs to be turned off it is a sophisticated challenge. Turning off
cells changes network attributes such as inter-cell interference
and NEE, each attribute has a different impact on UE through-
put. In order to guarantee UE throughput, we should figure out
the effect of each attribute on UE throughput. Since it is difficult
to predict how the altered network attributes after SC on/off af-
fect UE throughput, we use the multiple linear regression model
in finding a correlation between UE throughput and network at-
tributes. Multiple linear regression model is a typical analysis
model to estimate the correlation between dependent variable
and several independent variables. Through understanding the
correlation between UE throughput and network attributes, we
determine the criteria for SC on/off to improve NEE without sig-
nificant UE throughput reduction The contributions of this paper
are summarized as follows.
• In consideration of UE throughput, we propose an algo-
rithm that increases NEE through SC on/off process as well
as solves UE throughput degradation problem. The network
attributes that affect UE throughput after SC on/off are ana-
lyzed.
• Through the analysis on correlation between UE through-
put and network attributes, we provide criteria for turning off
cells that do not degrade UE throughput.
• We acquire reliability of algorithm and improve perfor-
mance by using machine learning that can utilize a lot of data
convincingly.
The remainder of this paper is organized as follows: In Sec-

tion II, we present system model. The proposed algorithm for
predicting UE throughput is described in Section III, and we
show performance results in Section IV. Finally, concluding re-
marks are given in Section V.

II. SYSTEM MODEL

This paper consider mainly downlink communication in
UDN environment. All UEs and SCs are deployed according
to the Poisson point process (PPP) [5]. SCs are denoted by
Sn.UEn,k(k = 0, 1, 2, · · ·,Kn − 1) represents the kth UE in
the nth SC. The signal to interference plus noise ratio (SINR) of
the kth UE associated with the nth SCs is

SINRk
n =

PT
n hn,k∑i 6=n

i=1 P
T
i hi,k +N0BWn,k

, (1)

where PT
n is the transmission power of SC, Sn and h(n,k) is the

channel gain between SC Sn and UE(n,k) including the path
loss and shadowing effect. N0 is the noise power spectral den-
sity and BW(n,k) is the bandwidth allocated to UE(n,k). UE is
associated with a cell that provides the largest reference signal
received power (RSRP) among the SCs.

When a SC is turned off with SC on/off process, the UEs in
inactive cells are handed over to neighboring cells. At time t,
the traffic arrival rate of UE is modeled as an independent Pois-
son distribution with mean arrival rate, λ(x, t) where x denotes
the location of UE. Its requested data size is assumed to be an

exponentially distributed random variable with mean, 1/µ(x, t).
The average traffic load r(x, t)of UE is defined as

r(x, t) =
λ(x, t)

µ(x, t)
. (2)

The maximum data rate of the kth UE served by SC Sn is
given by

Rn,k = BWn,k(1 + SINRn,k). (3)

The power of SC is divided into transmission power, PT and
basic power, P b . The basic power is the power consumption for
baseband processor, cooling equipment, and so on. The power
consumption of the nth SC can be expressed as

Pn = In(PT + P b) + (1 − In)P b, (4)

where In indicates the state of the nth SC, In=1 means that SC
is active and In=0 means SC is turned off. NEE can be used
to determine how efficiently energy is being used [2].

NEE =

∑N−1
n=0

∑Kn−1
k=0 Rn,k∑N−1

n=0 Pn

. (5)

III. ALGORITHM FOR PREDICTING USER DATA
THROUGHPUT

SC on/off process has the various effects on the network be-
cause the traffics of turned off cells are handed over to neigh-
boring cells. Although several SCs are turned off in order to
improve NEE, the UEs in turned off cell may be connected to
a SC that shows a lower RSRP than original cell and UEs in
neighboring cell have to share the radio resource with handover
UEs [9]. Therefore, the SC on/off process is carried out after
sufficient consideration. In this section, we first analyse how
each network attribute affects UE throughput. Among the net-
work characteristics changed after the SC on/off, the character-
istics affecting the throughput were investigated. Five of the
most influential attributes were selected and defined as charac-
teristics that affect throughput. Then, since the selected network
attributes have different effects on UE throughput, we consider
all network attributes together by analyzing the correlation be-
tween the combined effect of all considered network attributes
and UE throughput. We use multiple linear regression analysis
to figure out the correlation.

A. Network Attributes Related to Small Cell ON/OFF

The SC on/off process changes the attributes of network and
results in the UE throughput variation. We predict the variation
due to SC on/off through the analysis on the correlation between
network attributes and UE throughput. In this paper, five net-
work attributes that have a significant effect on UE throughput
are selected.

Table 1 is a result of preliminary task to find network at-
tributes that have a significant correlation with UE throughput.
Normalized value means that the amount of throughput varia-
tion due to small cell on/off process and normalized by the UE
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Table 1. Normalized throughput variation result from small cell on/off process.

Network attributes Normalized value
Throughput 1
Total power consumption 0.78231216218
Total traffic load -0.68542154223
The high-loaded cell ratio -0.45332123119
Total number of UEs in a cell -0.14532152127
The inter-cell distance 0.23456195921
Total number of edge area UEs -0.04234400663
Total center area UEs 0.00234520121
The delay-sensitive UE ratio -0.08293145131

throughput Among 8 network attributes, five network attributes
that have meaningful correlation with UE throughput were se-
lected. Five attributes were selected as follows.

Total power consumption (TPC): Power consumption is pro-
portional to the number of active SCs. As the number of ac-
tive SCs increases, the number of UEs per cell decreases and
wider bandwidths can be allocated to UEs. The higher power
consumption is, the more the gain of UE throughput. When the
power of SCs is 30 dBm, the total power consumption of the
network is as follows

TPC = 1W × Number of Active Cells. (6)

Total traffic load (TTL): Total traffic load represents the sum
of the traffic loads of UEs distributed in network. Increasing the
amount of traffic to be processed leads lowering the throughput
per UE.

TTL =
∑

r(x, t). (7)

The high-loaded cell ratio (TCR): The high-loaded cell ratio
represents the percentage of SCs with a higher system load than
0.5 [6]. The system load is defined by the sum of the average
traffic load in (2) divided by the maximum data rate in (3).

Hn =

Kn−1∑
k=0

r(x, t)

R(n,k)
. (8)

Since the radio resource per UE is limited in high-loaded cell,
the lower UE throughput is provided in the higher high-loaded
cell ratio network.

TCR =
number of high loaded cell

Total number of Cells
. (9)

Total number of UEs in a cell (TU): As the number of UEs
in a SC increases, the radio resources per UE decreases. Even
though each traffic load of UE is different, the number of UEs is
one of import network attributes for SC on/off.

The inter-cell distance (TD): The shorter distance between ac-
tive cells causes the higher inter-cell interference and results in
reducing UE throughput. And it is advantageous because the
distance between cell and UE is short when the turned off SC
UE is handed over to the neighbour cell. By selecting a cell hav-
ing shorter TD to be turned off, the longer TD is achieved and it
gives a positive effect on throughput.

Fig. 2. Example of multiple linear regression model.

B. Multiple linear Regression Analysis on Correlation between
Network Attributes and UE Throughput

To analyse the correlation between the five network attributes
and the UE data throughput, we use a multiple linear regression
analysis. We can figure out the impact of each network attributes
on UE throughput based on correlation analysis and determine
the criteria for SC on/off. Multiple linear regression analysis can
be used to estimate the correlation between various dependent
and multiple independent variables. Fig. 2 is an example of the
model obtained through the analysis.

The model of multiple linear regression analysis is follows

yk(i) = y0(i) + β̄ · x̄, (10)

β̄ = (β1 β2 β3 β4 β5)T , (11)

x̄ = (x1 x2 x3 x4 x5). (12)

x̄ is the input variables of each network attribute, and is the
slope coefficients for variables. In the ith simulation, y0(i) and
yk(i) are the throughputs of the kth UEs before and after per-
forming SC on/off, respectively. Since it is difficult to find out
the exact values of β, we adjust the values iteratively to mini-
mize the estimation errors on determining β values. The pro-
cess of finding the minimum value described above is called the
gradient descent method.

The weight is updated by using the gradient for each parame-
ter calculated by differentiating the error function for all data by
weight. At this time, the value that determines how much gradi-
ent to use is called the learning rate. The equations for error are
as follows

Li =

k1+k2+k3+···+kn−1∑
k=0

(yk(i) − ȳk(i))2 (13)

=

k1+k2+k3+···+kn−1∑
k=0

(yk(i) −
r∑

j=1

(βj × xj))
2. (14)

Li is the sum of squared errors of the UE throughput predic-
tions of the ith simulation, ŷk(i) is the predicted throughput of
the kth UE in the ith simulation. NS is total number of simula-
tions used for multiple linear regression analysis, and r(= 5) is
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Algorithm 1. The Proposed Small Cell ON/OFF with 
Machine Learning.

1: Input : 𝑥𝑥𝑟𝑟(𝑖𝑖) and u(i)

2: for i=1 to 𝑵𝑵𝑺𝑺 do

3:   Save 5 attributes and throughputs :  𝑥𝑥1,2,3,4,5(i), 𝑢𝑢(𝑖𝑖)

4: Find correlation :

5:   minimize the sum of squared errors 

6:   optimize with gradient descent optimizer
7:    update �̅�𝛽

8: end for

9: Generate final multi- linear regression model 

10:    Small cell selection

11:    Identify applicable adjustment combinations 

12.    Combination selection: max NEE

13     Turn off the small cells of combinations: max NEE

the number of considered network attributes. We find the point
m that shows the minimum prediction error.

m =
∂

∂βi

(15)

= −2

k1+k2+k3+···+kn−1∑
k=0

(yk(i) −
r∑

j=1

(βj × xj))xj = 0.

(16)

β := β − α

k1+k2+k3+···+kn−1∑
k=0

(yk(i) −
r∑

j=1

(βj × xj))xj ,

(17)

where α is the learning rate. If the slope is a positive value, the
β value decreases as the value of α increases. With a high learn-
ing rate, we can cover more ground each step, but we risk over-
shooting the lowest point since the slope of the hill is constantly
changing. With a very low learning rate, we can confidently
move in the direction of the negative gradient since we are re-
calculating it so frequently. A low learning rate is more precise,
but calculating the gradient is time-consuming.

C. The Proposed Small Cell ON/OFF Algorithm with Machine
Learning

The proposed SC on/off process is performed by two stages.
In the first stage, we gather the training data for multiple linear
analysis through simulations. In the second stage, SC on/off pro-
cesses are applied with the multiple linear analysis result, and its
performances are evaluated.
First stage: We run the simulations repeatedly as many as pos-
sible to get the training data for multiple linear regression anal-
ysis. The simulation is processed as follows:

Th
ro

ug
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ut

The current UE throughput

Value of attributes

The target 
UE throughput

Fig. 3. Throughput prediction and adjustment.

UE throughput depends on the various attributes of the net-
work. Through system-level simulation under the various
network conditions, the throughputs of UEs are gathered to
achieve training data. SCs and UEs are randomly deployed
with PPP, cell association processes are carried out based on
the largest RSRP, and the values of network attributes, xr(i)
and all UEs throughput u(i) = (u0(i), u2(i), · · ·, uKn−1(i))
are stored. Based on these achieved simulation data, we find
optimal values of β with multiple linear regression analysis.

Second stage: We choose the proper SCs to be turned off based
on the optimal values of β, and the SC on/off process is carried
out. The simulation is processed as follows.

Based on the training data acquired through the first stage,
correlation between network attribute and UE throughput is
evaluated. We examine how much each network attribute
have an impact on UE throughputs. For example, when in-
creasing the total power consumption by 1 W, the throughput
increases by 0.5 bps/W. In this way, a model is created by con-
sidering the correlation between the network attributes and
UE throughput. The initial weighting values in (10), are ran-
domly designated, the values of β are adjusted to reduce the
estimation errors in (11) with linear regression model. Based
on the final model that shows the minimum prediction error, it
is possible to select cells to be turned off. While the condition
to support the minimum required UE throughput is satisfied,
we can find several sets of SCs to be turned off. Among the
candidate, we choose the set to provide the best NEE.
Fig. 3 illustrates an example of multiple linear regression

analysis created by the algorithms mentioned above. The cur-
rent UE throughput can be adjusted to the target UE throughput
by predicting the change in throughput based on multiple linear
regression analysis.

IV. SIMULATION AND RESULT

In this section, we evaluate the correlation between network
attributes and UE throughput that is derived by multiple linear
regression analysis and the validity is confirmed by the reliabil-
ity test. The SC off process is applied based on the confirmed
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Fig. 4. Reliability test: Correlation tendency.

Fig. 5. Reliability test: Correlation coefficient.

multiple linear regression model and the performances of the
proposed algorithm are analysed. Multiple regression analysis
is the process to estimate the relationship between multiple in-
dependent variables and a dependent variable. The reliability
of analysis is decreased when some of independent variables
are highly correlated. Strong correlations between independent
variables applied to the analysis may lead to unreliable predic-
tion. This phenomena is known as multicollinearity. In order
to solve this problem, we need to remove the strongly corre-
lated independent variables and select proper independent vari-
ables. Fig. 4 shows the correlation tendency between network
attributes and UE throughput. Total power consumption (TPC)
and the inter-cell distance (TD) show a positive linear relation-
ship. This means that the UE throughput tends to increase each
network attribute increases. Total traffic load (TTL), the high-
load cell ratio (TCR) and the number of UE in a cell (TU) show
a negative linear relationship. This means that the UE through-
put tends to decrease as network attributes (TTL, TCR, TU) in-
creases.

Fig. 5 shows the result of finding the correlation coefficient
between UE throughput and network attributes. As long as the

Fig. 6. Reliability test: Multicollinearity analysis.

Table 2. Simulation parameters.

Parameter value
The number of deployed cells 400 cells
Maximum of UEs 100 UEs
Small cell transmit power 10 dBm
Small cell basic power 20 dBm
Required UE throughput 100 Mbps
Bandwidth 20 MHz
Thermal noise spectral density -174 dBm/Hz

training data is accumulated, the process is repeated and the ac-
curate correlation coefficient is founded. It can be seen that
TPC, TTL, and TCR that have higher correlation coefficient than
others are the key attributes and have large impact on the UE
throughput. Thus, the three attributes are mainly adjusted to turn
off cells to ensure throughput of UEs. Fig. 6 shows the result of
multicollinearity analysis. Pr value is the indicator to confirm
multicollinearity. Usually, if the value exceeds 0.5, it can be re-
garded that the corresponding independent variable has a strong
correlation. This means that the variable is less reliable. The five
network attributes used in the targeted multiple regression anal-
ysis have values less than 0.5, which means that these attributes
considered are adequate in terms of correlation strength. This
confirms that theses network attributes have sufficient reliability
for the analysis.

In the general UDN environment, the number of SCs is as-
sumed to be larger than the number of active UEs. In our simula-
tion, the maximum number of SCs is set to 400 and the number
of UEs is randomly selected with the exponential distribution.
The maximum number of UEs is limited by 100.

Fig. 7 shows the network throughput normalized by 1 Hz
bandwidth and 1 km2 area according to the number of SCs As
the number of SCs increases, the gain of network throughput in-
creases but the gain of cell densification is saturated. Thus, in
terms of NEE, it is necessary to find the optimal number of SCs
subject to guarantee the minimum UE throughput. We compare
the total network power consumption SC on/off algorithms in
Fig. 8. The number of SCs is set to 400. In the conventional al-
gorithm, the SCs that have connections with UEs are activated,
and the remaining SCs are in sleep mode. The basic power,



228 JOURNAL OF COMMUNICATIONS AND NETWORKS, VOL. 22, NO. 3, JUNE 2020

0 0.5 1 1.5 2 2.5 3 3.5 4

Number of small cells (x100)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
N

et
w

or
k 

th
ro

ug
hp

ut
 (

M
bp

s/
km

2
)

Fig. 7. Network throughput.

Pb represents the power consumption of sleep mode cell and is
set to 20 dBm. The total power consumption of active cell is the
sum of basic power and transition power, PT of 10 dBm [3]. The
Random ON/OFF algorithm randomly selects additional 20%
or 30% of the active cells in the above conventional SC on/off
scheme and turns off. The proposed SC on/off with learning de-
noted by Proposed ON/OFF is the algorithm that predicts UE
throughput through correlation between UE throughput and net-
work attributes and selects the SCs to be turned off.

As the number of UEs increases, the total power consumption
to support UEs is shown in Fig. 8. It is confirmed that the power
consumptions of random on/off algorithms are less than that of
the conventional algorithm. Learning on/off operates sufficient
number of cells to satisfy the required UE throughput.

Fig. 9 shows the cumulative distribution function (CDF) of
UE throughputs. The UE throughputs of random on/off algo-
rithms are less than that of conventional SC on/off algorithm
due to less cell densification gain. The proposed on/off algo-
rithm improves the UE throughput with less active cells and re-
sults in improving NEE.

Fig. 10 shows NEE that represents how the network is op-
erating efficiently. When the number of UEs is small, NEE of
Random ON/OFF is lower than that of the conventional algo-
rithm since the number of SCs is insufficient. Otherwise, as the
number of UEs increases the NEE of random on/off is improved
since the coverage of SCs is overlapped. The proposed ON/OFF
with machine learning selects the proper set of SCs to be turned
off that can handover the traffic load to neighboring cells without
significant throughput loss. Compare to the conventional algo-
rithm, the proposed algorithm shows more than 75% improve-
ments of average network energy efficiency.

V. CONCLUSION

In this paper, we proposed a SC on/off algorithm that can pro-
vide sufficient UE throughputs with high network energy effi-
ciency. The proposed SC on/off algorithms can predict the vari-
ation of UE throughputs with multiple linear regression analy-
sis and determine which cells to be turned off. In addition, the

Fig. 8. Total power consumption.

Fig. 9. UE throughput.
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accuracy of the algorithm was improved through the reliability
test. Performances of the proposed algorithms were compared
with those of the conventional and random SC on/off algorithms.
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Conventional algorithms improve energy efficiency, but often
fail to guarantee minimum UE throughput. The higher average
UE throughput with a network energy efficient manner can be
achieved with the proposed SC on/off algorithm since it takes
individual UE throughput into consideration. The proposed al-
gorithms provided more than 75% gain in network energy ef-
ficiency while guaranteeing UE throughput. This confirms that
our algorithm ensures sufficient minimum UE throughput and
improves reasonably energy efficiency.

REFERENCES

[1] M. Kamel, W. Hamouda, and A. Youssef, “Ultra-dense networks: A
survey”, IEEE Commun. Surveys Tuts., vol. 18, no. 4, pp. 2522–2545,
Fourthquarter 2016.

[2] F. Mirhosseini and A. Tadaion, “Performance analysis of small cell net-
works with multi-antenna base stations utilizing interference mitigation
techniques,” in Proc. ISSPIT, Dec. 2015.

[3] X. Guo, Z. Niu, and S. Zhou, and P. R. Kumar, “Delay-Constraind Energy-
Optimal Base Station Sleeping Control”IEEE J. Selected Areas Commun.,
vol. 34, no. 5, May 2016.

[4] E.-K. Hong, J.-Y. Baek, Y.-O. Jang, J.-H. Na, and K.-S. Kim, “QoS-
guaranteed scheduling for small cell networks,” ICT Express, vol. 4, no. 4,
pp. 175–180, Dec. 2018.

[5] G. Tan, Q. Zhang, L. Zhang, and Y. Li, “Characterizing the interference
distribution in MANETs with different mobile models,” in Proc. ITNEC,
May 2016.

[6] E. Oh , K. Son, and B. Krishnamachari, “Dynamic base station switching-
on/off strategies for green cellular networks,” IEEE Trans. Wireless Com-
mun., vol. 12, no. 5, pp. 2126–2136, May 2013.

[7] B. Shen, Z. Lei, X. Huang, and Q. Chen, “An interference contribution rate
based small cells on/off switching algorithm for 5G dense heterogeneous
networks,” IEEE Access, vol. 6, pp. 29757–29769, May 2018.

[8] J. Wu, J. Liu, and H. Zhao, “Dynamic small cell on/off control for green
ultra-dense networks,” in Proc. WCSP, Oct. 2016.

[9] J. Ye, X. Ge, G. Mao, and Y. Zhong, “5g ultra dense networks with
nonuniform distributed users,” IEEE Trans. Veh. Technol., vol. 67, no. 3,
pp. 2660–2670, 2018.

[10] Z. Niu, Y. Wu, J. Gong, and Z. Yang, “Cell zooming for cost-efficient
green cellular networks,” IEEE Commun. Mag., vol. 48, no. 11, pp. 74–79,
Nov. 2010.

[11] C. Chang, W. J. Liao, H. Y. Hsieh, and D. S. Shiu, “On optimal cell acti-
vation for coverage preservation in green cellular networks,” IEEE Trans.
Mobile Comput., vol. 13, no. 11, pp. 2580–2591, Nov. 2014.

[12] 3GPP TR 36.872 v12.0.0, “3rd generation partnership project: Technical
specification group radio access network; Small cell enhancements for e-
utra and e-utran-physical layer aspects (release 12),” Sept. 2013.

[13] A. A. Salem, S. E.-Rabaie, and M. Shokair, “Energy efficient ultra-dense
networks (UDNs) based on joint optimisation evolutionary algorithm,”
IET Commun., vol. 13, no. 1, pp.99–107, Jan. 2019.

[14] H. Jin, X. Wu, H.-S. Kim, and B. C. Jung, “Energy efficiency of ultra-
dense small-cell downlink networks with adaptive cell breathing,” IET
Commun., vol. 12, no. 3, pp. 367–372, Mar. 2018.

[15] Z. Wang, B. Hu, X. Wang, and S. Chen, “Interference pricing in 5G ultra-
dense small cell networks: A Stackelberg game approach,” IET Commun.,
vol. 10, no. 15, pp. 1865–1872, Oct. 2016.

[16] C. Zheng, L. Liu, and H. Zhang, “Cross-tier cooperation load-adapting
interference management in ultra-dense networks,” IET Commun., vol. 13,
no. 15, pp. 2069–2077, Aug. 2019.

[17] C. Lee, J. Kim, J. Kwak, E. Kim, and S. Chong, “Competition-based dis-
tributed BS power activation and user scheduling algorithm,” J. Commun.
Netw., vol. 19, no. 1, pp.41–50, Feb. 2017.

[18] S. Huang, D. Yuan, and A. Ephremides, “Bandwidth partition and allo-
cation for efficient spectrum utilization in cognitive communications,” J.
Commun. Netw., vol. 21, no. 4, pp. 353-364, Aug. 2019.

[19] Y. S. Hanay, S. Arakawa, and M. Murata, “Evaluation of topology op-
timization objectives in IP networks,” J. Commun. Netw., vol. 21, no. 4,
pp. 395–404, Aug. 2019.

[20] M. Helmy and H. Arslan, “Utilization of aerial heterogeneous cellular net-
works: Signal-to-interference ratio analysis,” J. Commun. Netw., vol. 20,
no. 5, pp. 484-495, Oct. 2018.

Tae-Yoon Park received received B.S. degrees in
Electronic Engineering from Kyung Hee University,
Yongin, Korea,in 2018. He also received an M.S. de-
gree in Electronic Engineering from the same univer-
sity in 2020. His research interest includes machine
learning and 5G communicaitons.

Jong-Won Han received received B.S. degrees in
Electronic Engineering from Kyung Hee University,
Yongin, Korea,in 2018. He also received an M.S. de-
gree in Electronic Engineering from the same univer-
sity in 2020. His research interest includes Wireless
network and 5G communicaitons.

Een-Kee Hong received B.S., M.S., and Ph.D. de-
grees from the Department of Electrical Engineering,
Yonsei University, in 1989, 1991, and 1995, respec-
tively. From 1995 to 1999, he was with SK Tele-
com, Korea, as a Senior Member of the Research
Staff. In 1999, he joined the Department of Electronic
Engineering, Kyung Hee University, Yongin, Korea,
where he is currently a Full Professor. He has been
the chairman of the 5g Forum Frequency Committee
since 2013, and has served as Vice President of the
Korean Institute of Communications and Information

Sciences(KICS) since 2018. His research interests includes Mobile communi-
cation and 5G.


