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In recent years, 5G technology has rapidly developed, which is widely used in medical, transportation, energy, and other fields. As
the core equipment of the 5G network, 5G base stations provide wireless coverage and realize wireless signal transmission between
wired communication networks and wireless terminals. However, as the scale of 5G base stations gradually increases, problems
such as poor user experience and insufficient coverage area frequently occur. Hence, it is necessary to evaluate the comprehensive
performance of 5G base stations, so as to clarify the problems existing in the construction of base stations. First, the performance
evaluation index system is constructed from the perspectives of operational performance, financial performance, environmental
impact, and social influence. +en, a novel hybrid multicriteria decision-making (MCDM) model based on the Bayesian best-
worst method (BBWM) and difference-quotient gray relational analysis (DQ-GRA) technique is adopted. Finally, sixteen 5G base
stations are taken as examples for analysis. +e result shows that the signal coverage area and per capita input cost are the most
important indicators greatly affecting the overall performance of the 5G base station. Compared with the two other MCDM
models, the proposed hybrid MCDM model has good applicability and effectiveness for performance evaluation of 5G
base stations.

1. Introduction

1.1. Background and Motivation. With the rapid develop-
ment of the mobile internet, people’s requirements for the
quality and speed of mobile communication are constantly
improving. As a new generation of mobile communication
technology after 2020, the 5th-generation mobile commu-
nication technology (5G) becomes the future direction of
wireless technology development [1]. +e 5th-generation
mobile communication technology has the characteristics of
high speed, low delay, and large connection, which can
provide users with faster and better services [2]. At the same
time, the emergence and promotion of 5G have made
communication break through the previous fixed mode and

opened the curtain of the era of coconnection between man
and everything [3].

With the popularization of 5G technology, the con-
struction of 5G base stations is also in full swing. On March
24, 2020, the Ministry of Industry and Information Tech-
nology of the People’s Republic of China issued the “Notice
on Accelerating the Development of 5G,” which clearly
stated that the construction and deployment of 5G networks
should be accelerated. By January 2021, China had built over
eight hundred thousand 5G base stations, ranking first in the
world in terms of speed and scale of 5G network con-
struction. According to the data released by local govern-
ment departments, the scale of 5G base station construction
in 31 provinces (autonomous regions and municipalities) of
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China is listed in Table 1 and the layout of 5G base stations in
various regions is shown in Figure 1.

As can be seen from Figure 1, there is a big gap in the
quantity of 5G base stations across China. Of which, there
are nearly 124,000 5G base stations in Guangdong while
there are only 1,900 5G base stations in Qinghai. +ere are
obvious regional differences in the distribution of 5G base
stations in China. Overall, the distribution of 5G base station
shows a trend of gradual decrease from east to west.

Meanwhile, with the gradual increase in the number of
5G base stations, more and more problems continue to be
revealed, such as neighbor avoidance effect, ecological en-
vironmental impact, and compatibility with the current
mobile communication system. Under this background, it is
necessary to evaluate the performance of 5G base stations
and judge the effectiveness of 5G base station construction.
Besides, the evaluation of the comprehensive performance of
the 5G base station can provide a certain theoretical basis for
the future 5G base station site selection.

1.2. Literature Review. As a new generation of mobile
communication technology, 5G has received extensive at-
tention from scholars in recent years.+e research directions
mainly include the following aspects.

1.2.1. 5G Key Technologies. Akyildiz et al. [4] analyzed the
current 10 key enabling technologies and studied the
challenges and shortcomings of various technologies.
According to the type of technology, it can be divided into
the following aspects: (1) a wireless software-defined net-
work, (2) network function virtualization, (3) millimeter
wave spectrum, (4) massive MIMO, (5) network ultra-
densification, (6) big data and mobile cloud computing, (7)
scalable internet of things, (8) device-to-device connectivity
with high mobility, (9) green communications, and (10) new
radio access technique.

Table 2 presents the studies on 5G key technologies in
recent years and briefly introduces the methods and con-
tributions of these studies.

1.2.2. 5G Application Scenarios. In addition to the explo-
ration of 5G technologies, scholars are also committed to
studying possible future application scenarios of 5G. Table 3
presents the studies on 5G application scenarios in recent
years and briefly introduces the methods and contributions
of these studies.

1.2.3. 5G Base Station. As the core equipment of the 5G
network, the 5G base station provides wireless coverage to
realize wireless signal transmission between the wired
communication network and wireless terminal. In recent
years, there have been more research studies on 5G base
stations.

Yan and Ma [15] proposed an efficient and secure
handover authentication protocol at neighbor base stations,
gNodeBs (gNBs) for secure handovers, which demonstrated
ability against various malicious attacks. Wang et al. [16]

conducted in-depth research on the location of 5G base
stations based on geographic information system (GIS) and
heuristic optimization algorithms, which can provide rea-
sonable and robust results to support 5G cellular network
planning. Sigwele et al. [17] proposed a dynamic pico BS
switching OFF algorithm based on a utility function. +e
proposed scheme maintains coverage and quality of service
(QoS) and can effectively save more than 40% of energy
consumption. Qian et al. [18] proposed a centralized radio
access network architecture as a possible solution for an
energy-efficient fifth-generation (5G) mobile system. +e
architecture effectively solved the problem that different
types of radio resources and hardware resources cannot be
shared and allocated within the overall network in a co-
operative way.

According to the existing literature, several conclusions
can be drawn.

(1) +e existing research on 5G mainly revolves around
three parts: technology, application scenarios, and
base stations. Relying on key technologies such as
network function virtualization, massiveMIMO, and
wireless software-defined network, 5G has been

Table 1: +e 5G base station construction scale in various regions
of China.

Region 5G base station
construction scale Expiration date

Guangdong 124,000 Nov. 2020
Jiangsu 71,000 Nov. 2020
Zhejiang 62,600 Oct. 2020
Shandong 51,000 Dec. 2020
Chongqing 49,000 Oct. 2020
Henan 45,400 Dec. 2020
Sichuan 39,000 Jan. 2021
Beijing 37,000 Dec. 2020
Jiangxi 31,000 Nov. 2020
Shanghai 30,000 Planning
Hunan 29,000 Dec. 2020
Hubei 26,100 Dec. 2020
Tianjin 24,000 Dec. 2020
Fujian 22,500 Dec. 2020
Anhui 21,400 Aug. 2020
Guangxi 21,000 Dec. 2020
Hebei 21,000 Dec. 2020
Liaoning 20,000 Sept. 2020
Guizhou 20,000 Dec. 2020
Heilongjiang 19,800 Dec. 2020
Yunnan 18,500 Dec. 2020
Shanxi 18,000 Dec. 2020
Shaanxi 18,000 Dec. 2020
Gansu 8100 Nov. 2020
Jilin 8000 Dec. 2020
Xinjiang 5300 Oct. 2020
Inner Mongolia 4500 Oct. 2020
Ningxia 4000 Planning
Tibet 3600 Dec. 2020
Hainan 2100 Nov. 2020
Qinghai 1900 Aug. 2020
Total 857,000 —
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widely researched and applied in VR video, cloud
computing, smart city, and other fields.

(2) +e research on 5G base stations is mainly about
energy saving and consumption reduction in base
stations. +ere are relatively few studies evaluating
the performance of 5G base stations.

In fact, there has been a lot of research on the perfor-
mance evaluation of underground subway stations [19],
petrol station [20], grid-tied photovoltaic station [21], and

other aspects, which can provide a reference for the com-
prehensive performance evaluation of 5G base stations in
this study.

1.3. Contributions and Article Organization. Based on the
previous research, this study proposes a hybrid multicriteria
decision-making (MCDM) model to evaluate the compre-
hensive performance of the 5G base station. First, the
evaluation index system is conducted from the perspective of
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Figure 1: +e layout of 5G base stations in various regions of China.

Table 2: +e studies on 5G key technologies in recent years.

Reference Key technology Contribution

Charles et al. [5] 5G wireless sensor
networks +is study proposed solutions available to identify and avoid cyber threats

Xie et al. [6] Network function
virtualization

+is study proposed a WEB-MACRO method to solve the problems of service migration
and fluctuation for queues in the networks

Juneja and
Sharma [7] Millimeter wave spectrum +is study presented propagation-related issues of mmW frequencies and modeling-

related issues in CMOS technology

Wen et al. [8] Massive MIMO +is study developed refined channel estimation routines and localization methods to
perform massive MIMO localization

Sharma and
Kumar [9]

Network
ultradensification

+is study provided a detailed survey of resource allocation approaches for UDNs in 5G
and beyond networks
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operational performance, financial performance, environ-
mental impact, and social influence.+en, the Bayesian best-
worst method (BBWM) is applied to determine the weights
of criteria. Finally, the difference-quotient gray relational
analysis (DQ-GRA) model is proposed to evaluate the
comprehensive performance of the base stations. +e main
contributions and innovations of this study are as follows:

(1) In recent years, the number of 5G base stations has
rapidly grown, and there have been problems such as
overlapped coverage area, low service load access,
and poor surrounding user experience. +is study
studies the comprehensive performance of the 5G
base station with a problem-oriented perspective,
which can fill the gaps in existing research.

(2) +is study constructs a comprehensive performance
evaluation index system of the 5G base station. +e
index system not only concentrates on the traditional
operational performance but also considers the fi-
nancial performance, environmental impact, and
social influence.

(3) +is study proposes a novel hybrid MCDM model
for the performance evaluation of 5G base stations.
+e index weighting method (BBWM) takes the
group decision-making environment into consid-
eration to make the weighting results more realistic.
+e evaluation model (DQ-GRA) realizes the im-
provement of traditional GRA, which simulta-
neously considers the degree of geometric similarity
and the degree of numerical proximity.

+e other sections of this study are structured as below.
Following the introductory section, Section 2 constructs the
comprehensive performance evaluation index system of 5G
base station and expounds on the connotation of each indicator.
Section 3 mainly introduces the basic theory of the Bayesian
best-worst method and the DQ-GRA model. Section 4 carries
on the case study, and Section 5 compares the evaluation result
with other models. Section 6 presents the conclusions and
limitations.

2. Evaluation Index System for Comprehensive
Performance Evaluation of the 5G
Base Station

+e evaluation index system is extremely important for the
performance evaluation of the 5G base station. Clear, com-
prehensive, and specific indicators should be included in the
evaluation index system, which can reflect the main charac-
teristics and connotations of the 5G base station. In this study,
the performance evaluation of 5G base station is analyzed and
evaluated with the consideration of different perspectives such
as operational, financial, environmental, and social perfor-
mance. +e evaluation index system for comprehensive per-
formance evaluation of 5G base station is shown in Figure 2.

2.1. Operational Performance. +e extensive coverage of 5G
networks can significantly strengthen social governance

capabilities. By allowing data to “make suggestions,” sci-
entific, refined, and intelligent decision-making schemes can
be easily formed. On July 5, 2021, ten Chinese ministries and
commissions jointly issued the “5G Application Sailing
Action Plan (2021–2023),” which puts forward indicators
such as the number of 5G base stations and the penetration
rate of 5G individual users. +is move indicates the deter-
mination to improve the supply of 5G infrastructure for
public coverage.

+erefore, the operational performance is essential for
evaluating the performance of 5G base stations. According
to the existing literature, signal coverage area and business
loadings are selected to be the main indicators for opera-
tional performance evaluation.

2.1.1. Signal Coverage Area (C1). Due to the lack of rigorous
construction planning, it is prone to overlap the signal
coverage of multiple base stations in actual situations [22].
+e signal coverage area of the base station cannot be cal-
culated by a simple circular area formula but needs to
remove the overlap with other existing base stations. +us,
the signal coverage area of the base station can be calculated
by formula (1):

S � πr
2

− 
i

Si, (1)

where S represents the signal coverage area of the base
station, r represents the signal transmission radius of the
base station, and Si represents the overlap area with the i-th
base station.

Pr � Pt − 32.4 − 20lg(r) − 20lg(f), (2)

wherePr represents the receiving power in free space [23],Pt

represents the transmit power, and f represents the
frequency.

2.1.2. Business Loadings (C2). +e main equipment of the
5G base station mainly includes an active antenna unit
(AAU) and baseband unit (BBU) [24]. +e energy con-
sumption of the two units accounts for nearly 46% of the
overall energy consumption of the base station, and the
energy consumption of AAU equipment mainly depends on
the business loadings. +e indicator of the annual average
load is selected to characterize business loadings.

L �
1
T



T

t�1
Ltt ∈ [1, T], (3)

where L represents the annual average load of the base
station, and Lt represents the business loadings at time t.

2.2. Financial Performance. In addition to the operational
performance, financial performance is also essential to the
base station. +e indicator of per capita input cost can si-
multaneously take into account the construction cost of the
base station and the number of people served.
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2.2.1. Per Capita Input Cost (C3)

PC �
C

P
, (4)

where PC represents the per capita input cost of the base
station, C represents the investment cost of the base station,
and P represents the number of people served by the base
station.

2.3. Environmental Impact. In addition to the performance
of the base station itself, it is also necessary to consider the
impact of the base station on the external environment. In
particular, the environmental performance mainly includes
two aspects: one is the impact on the ecological environ-
ment, and the other one is the impact on safety.

2.3.1. Ecological Environmental Impact (C4). In the con-
struction and operation of 5G base stations, there may be
impacts on the water and soil environment, acoustic envi-
ronment, and electromagnetic environment. Among them,
the monitoring of the electromagnetic radiation environ-
ment is most important. +e monitoring factor for the
electromagnetic radiation environment of 5G base stations is

the radiofrequency electromagnetic field, and the detection
parameter is the power density (or electric field strength).

If the unit of the measured value of the electric field
intensity read by the monitoring instrument is dB(μV/m), it
can be converted into an electric field intensity value in V/m
according to

E � 10(x/20−6)
, (5)

where x represents the reading number of the monitoring
instrument, and E represents the electric field strength.

+e electric field intensity and power density in the far
field can be converted according to

S �
E
2

Z0
, (6)

where S represents the power density, and Z0 represents the
free space intrinsic impedance (the value is 120πΩ).

2.3.2. Safety Impact (C5). +e location of the base station
should be as far away as possible from the industrial factory.
On the one hand, some flammable and explosive materials
are easily present in the factory. On the other hand, some
harmful gases and dust may be generated during the

Table 3: +e studies on 5G application scenarios in recent years.

Reference Application scenarios Contribution
Liu et al. [10] 5G+VR video A tiled scalable VR video caching scheme over 5G networks was proposed in this study
Wang et al.
[11]

5G+ Internet of
vehicles +is study studied on-board unit design and roadside unit based on 5G and C-V2X technology

Yang et al.
[12] 5G+wireless medical +is study proposed an artificial intelligence image recognition method to obtain a digestive

endoscopy image, which can judge the disease type of the patient

Jararweh [13] 5G+ energy cloud
system

+is study proposed an edge computing-based framework that aims to efficiently manage and
optimize energy cloud systems

Tan et al. [14] 5G+ smart city +is study proposed a blockchain-empowered and decentralized trusted service mechanism for the
crowdsourcing system in 5G-enabled smart cities

Index
system Dimension Indicator Indicator type

Operational performance

Financial performance

Environmental impact

Social influence

Per capita input cost

User experience degree

Signal coverage area

Business loadings

Ecological environmental
impact

Safety impact

Index
system for

comprehensive
performance
evaluation of

5G base
 station

Performance typed
indicator

Performance typed
indicator

 Cost typed indicator

 Cost typed indicator

 Cost typed indicator

Performance typed
indicator

Figure 2: +e index system for comprehensive performance evaluation of 5G base station.
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production process of the factory, which will cause certain
damage to the surrounding environment.

2.4. Social Influence. +e significance of base station con-
struction and operation is to serve customers within its
range and provide them with signals. So, it is necessary to
evaluate the social influence of base stations from the per-
spective of user experience degree.

2.4.1. User Experience Degree (C6). User experience is
usually affected by many factors. In addition to signal
strength and signal quality, it is also related to the user’s
psychological factors to a certain extent. Although the
electromagnetic radiation brought by base stations generally
meets national standards, some users still have psychological
problems.

For conflicts or misunderstandings of the base station,
industry experts, scientific research, and technical personnel
can be invited to raise the public’s awareness of base stations.

3. Basic Theory of the Proposed Hybrid MCDM
Model for Performance Evaluation of 5G
Base Station

3.1. BBWM for Weight Determination of Evaluation
Indicators. BWM is first proposed in 2015 by Rezaei to solve
MCDM problems [25], which is much more efficient and
convenient than the traditional analytic hierarchy process
method. AHP needs n(n − 1)/2 pairwise comparisons [26],
while BWM only needs 2n − 3 pairwise comparisons when n

decision indicators are taken into consideration. +e de-
tailed steps of BWM are elaborated as follows.

Step 1: the evaluation index system is established with n

indicators, which can be expressed as c1, c2, . . . , cn .
Step 2: the best and worst indicators are determined.
Based on the construction of the evaluation index
system, the best indicator (the most important indi-
cator) cB and the worst indicator (the least important
indicator) cW need to be determined according to the
knowledge and experience of the decision-makers.
Step 3: pairwise comparisons between the best indicator
cB and all the other indicators in the evaluation index
system are conducted. Values 1–9 are used to measure
the importance of cB and other indicator, 1 means that
cB and cj are equally important, and 9 means that cB is
extremely important than cj. +e “Best-to-Others”
vector AB can be expressed as follows:

AB � aB1, aB2, . . . , aBn( , (7)

where aBj(j � 1, 2, . . . n) stands for the significance of
the best indicator cB to cj.
Step 4: pairwise comparisons between the worst indi-
cator cW and all the other indicators in the evaluation
index system are conducted. Values 1–9 are used to
measure the importance of cW and other indicator, 1
means that cj and cW are equally important, and 9

means that cj is extremely important than cW. +e
pairwise comparisons can obtain the “Others-to-
Worst” vector AW, which is as follows:

AW � a1W, a2W, . . . , anw( , (8)

where ajW(j � 1, 2, . . . n) stands for the significance of
indicator cj to the worst indicator cW.
Step 5: the optimal index weights of all the evaluation
indicators (ω∗1 ,ω∗2 ,ω∗3 . . .ω∗n ) are found.+emaximum
absolute differences |wB/wj − aBj| and |wj/wW − ajW|

need to be minimized.

minmaxj

wB

wj

− aBj




,

wj

ww

− ajW




 , (9)

s.t.


j

wj � 1,

wj ≥ 0, j � 1, 2 . . . n.

⎧⎪⎨

⎪⎩
(10)

+e above constraints can be transformed into non-
linear constraint optimization problems, and the op-
timal weights can be calculated by equation (11).

s.t.

min ξ,

wB

wj

− aBj




≤ ξ,

wj

wW

− ajW




≤ ξ,


j

wj � 1,

wj ≥ 0, j � 1, 2 . . . n.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(11)

Step 6: the consistency ratio is calculated. +e obtained
ξ is represented by ξ∗, and the consistency ratio CR (CI

is a given value) is calculated by CR � ξ∗/CI. +e closer
the result is to 0, the more consistent the evaluation
results of the experts are. CR � 0 means that the expert
evaluations are completely consistent.

Although BWM has certain advantages over traditional
methods when dealing with MCDM problems, it can only
determine the weights of different decision-making indi-
cators according to the subjective judgment of only one
decision-maker, which means decision-makers cannot si-
multaneously determine the weights. If multiple decision-
makers are required to determine the weights, the weights
determined by each decision-maker need to average.
However, the process of averaging weights has drawbacks
such as outlier sensitivity and restricted information pro-
vision. +is process of determining weights is much more
equivalent to multiple mechanical repetitions of a single
process, which ignores considering the preferences and
judgments of multiple decision-makers at the same time. In
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fact, different decision-makers have different ideas about the
best and worst indicators, and only after extending to the
group decision-making environment can reliable weights be
obtained.

In 2019, a new MCDM method named BBWM was
proposed by Mohammadi and Rezaei [27], which can si-
multaneously weigh different decision-making indicators in
the case of multiple decision-makers. On the basis of BWM,
BBWM considers the probabilistic interpretations of the
inputs and outputs, which means the indicators are seen as
random events and the weights are regarded as occurrence
likelihoods. +erefore, when determining the input and
output, probability distributions with multinomial distri-
bution should be taken into account. +e probability mass
function for the multinomial distribution related to the
worst indicator AW is as follows:

P AW | w(  �


n
j�1ajW !

Πn
j�1ajW!



n

j�1
w

ajW

j , (12)

where w stands for the probability distribution.
+e probability of event j is proportionate to the number

of occurrences of the event:

wj∝
ajW


n
j�1 ajW

. (13)

So, the probability of the event for the worst indicator is
as follows:

wW∝
aWW


n
j�1 ajW

�
1


n
j�1 ajW

. (14)

Equations (7) and (8) are used to obtain the following:
wj

wW

∝ ajW. (15)

Similarly, AB can also be modeled by employing mul-
tinomial distribution. However, the pairwise comparisons
between AB and other indicators and the pairwise com-
parisons between AW and other indicators are completely
opposite:

AB ∼ multinomial
1
w

 . (16)

Same as the worst indicator, it can be expressed as
follows:

1
wj

∝
aBj


n
j�1 aBj

,

1
wB

∝
aBB


n
j�1 aBj

�
1


n
j�1 aBj

,

wB

wj

∝ aBj.

(17)

So far, the determination of weights has been trans-
formed into a probability distribution estimate.+e Bayesian
hierarchical model is used to find the optimal weights.

Suppose there are K decision-makers, the
kth(k � 1, 2 . . . K) pairwise comparison vector can be rep-
resented as Ak

B and Ak
W, and the kth weight can be expressed

as wk. +e overall optimal weight wagg is computed by the
weight of each decision-maker wk. In the group decision-
making of K decision-makers, the joint probability distri-
bution can be obtained as follows:

P w
agg

, w
1:K

| A
1:K
B , A

1:K
W . (18)

+e probability of each individual variable can be
computed by

P(x) � 
y

P(x, y), (19)

where x and y represent arbitrary random variables.
Subsequently, the Markov Chain Monte Carlo technique

is also used to determine the posterior distribution of
BBWM. Interested readers can consult Reference [27],
which elaborated the whole process of BBWM.

3.2. DQ-GRA for Comprehensive Performance Evaluation of
5G Base Station. +e basic idea of gray relational analysis
(GRA) is to determine a data sequence reflecting the charac-
teristics of system behavior and data sequences composed of
several factors affecting system behavior, which are, respec-
tively, called reference sequence and comparison sequence [28].
By calculating the degree of association between each com-
parison sequence and the reference sequence, a comprehensive
comparison and ranking of the evaluated objects aremade.+e
detailed steps of GRA are listed as follows.

Step 1: the reference sequence X0 and comparison
sequence Xi are determined.

X0 � x0(1), x0(2), . . . , x0(n) , (20)

Xi � xi(1), xi(2), . . . , xi(n) , (21)

where x0(j) represents the optimal value of the j-th
indicator.
Step 2 (normalization): for the performance typed
indicator, the normalized value is as follows:

xi
′(j) �

xi(j) − min xi(j)

maxxi(j) − minxi(j)
. (22)

For the cost typed indicator, the normalized value is as
follows:

xi
′(j) �

maxxi(j) − xi(j)

maxxi(j) − minxi(j)
. (23)

Step 3: the minimum difference Δimin and maximum
difference Δimax are calculated.

Δxi(j) � x0(j) − xi(j)


, (24)

Δimin � min
i

min
j
Δxi(j), (25)
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Δimax � max
i

max
j
Δxi(j). (26)

Step 4: the correlation coefficient between the nor-
malized sequence to be evaluated and the reference
sequence is calculated.

δi(j) �
Δimin + ρΔimax

Δxi(j) + ρΔimax
, (27)

where δi(j) represents the correlation coefficient, and ρ
represents the resolution coefficient. +e smaller the ρ
means, the greater the resolution. When ρ≤ 0.5463, the
resolution is the best, usually ρ � 0.5.
Step 5: the degree of relevance ci is calculated.

ci � 
n

j�1
ωjδi(j), (28)

where ωj represents the weight of the j-th indicator, which is
calculated by BBWM introduced above.

But there is a problem with traditional GRA. When
xi(1)/x0(1) � xi(2)/x0(2) � . . . � xi(n)/x0(n)., theoreti-
cally, the degree of relevance between the evaluated sequence
and the reference sequence should be 1, but in fact, it is not. In
other words, the traditional GRA only considers the degree of
geometric similarity between data sequences but ignores the
degree of numerical proximity [29]. Xue et al. [30] proposed a
difference-quotient GRA (DQ-GRA) approach, which con-
sidered the difference method and the division method to
simultaneously define a comprehensive gray relation degree
from geometric similarity and numerical proximity. +e
improvement of the DQ-GRA approach is as follows:

+e gray relation degree of geometric similarity
c1j(x0(j), xi(j)) and the gray relation degree of numerical
proximity c2j(x0(j), xi(j)) are calculated.

c1j x0(j), xi(j)(  �
1

e
Δxi(j)

, (29)

c2j x0(j), xi(j)(  �
1

e
1− xi
′(j)| |

. (30)

+e gray relation degree of geometric similarity and
numerical proximity is calculated.

ci
′ � 

n

j�1
ωj

������������������������������
c1j x0(j), xi(j)(  × c2j x0(j), xi(j)( 


. (31)

3.3. Applicability and Superiority of the Proposed Model.
+e proposed model for evaluating the comprehensive
performance of the 5G base station is composed of BBWM
and DQ-GRA. +e applicability and superiority of the
proposed hybrid model are mainly reflected.

3.3.1. Applicability and Advantages of the Index Weighting
Method. Generally, index weighting methods include

subjective index weighting methods, objective index
weighting methods, and subjective-objective index weight-
ing methods. Common objective index weighting methods
mainly include the following: entropymethod [31], principal
component analysis (PCA) approach [32], and variation
coefficient method [33]. +e objective index weighting
method is characterized by the ability to assign weights to
quantitative indicators. Its advantage lies in avoiding the
influence of subjective factors, but the disadvantages are as
follows: (1) it has higher requirements for data, and (2) it
cannot give weights to qualitative indicators. In this study,
there are some qualitative indicators (such as user experi-
ence) in the comprehensive performance evaluation index
system of 5G base stations. Hence, the traditional objective
index weighting method cannot be applied in this study.

BWM is a typical subjective index weighting method
with the characteristics of convenience and promptness. But
the shortcoming is that it only performs mechanized average
processing on the index weighting results of each expert.+e
BBWM method proposed in this study introduces proba-
bility factors and takes into account the influence of experts’
group decision-making on the results of index weighting,
which can effectively overcome the disadvantage of the
BWM method.

3.3.2. Applicability and Advantages of the Performance
Evaluation Method. GRA is widely used in various fields for
its low requirements on the research object: (1) it is not
limited to the sample size, and (2) it does not require the
regularity of the sample. But, the disadvantage of GRA is
ignoring the degree of numerical proximity for indicators.
By simultaneously considering the degree of geometric
similarity and the degree of numerical proximity, DQ-GRA
proposed in this study can effectively solve the problems of
traditional GRA.

3.4.AeFrameworkof theProposedModel. +e framework of
the proposed model is shown in Figure 3 as follows.

4. Case Study

4.1. Basic Information of the Cases. In this section, 5G base
stations in a certain area are selected for comprehensive
performance evaluation. +e distribution map (simplified
version) of base stations and population in this area is shown
in Figure 4. +e main parameters of each base station are
shown in Table 4.

4.2. Determination of the Weights of Performance Evaluation
Indicators. As mentioned above, the BBWM is employed to
determine the weights of the six indicators and five experts
should propose their suggestions and preferences.
According to the steps of BBWM, experts should determine
the best indicator and the worst indicator of the proposed
performance evaluation index system first, which are, re-
spectively, listed in Table 5.
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After selecting the best and worst indicators, pairwise
comparisons between the best indicator and other indicators
should be given by the five experts. +e pairwise compar-
isons are shown in Table 6.

Similarly, the pairwise comparisons between the worst
indicator and other indicators should also be given by the
five experts. +e pairwise comparisons are shown in Table 7.

+en, the “Best-to-Others” pairwise comparison vector
A1:K

B and the “Others-to-Worst” pairwise comparison
vector A1:K

W can be obtained as follows:

A
1:5
B �

1 4 2 6 3 5

1 4 3 5 2 6

1 6 2 3 4 5

1 5 2 6 3 4

1 4 3 6 2 5

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

, A
1:5
W �

6 3 5 1 4 2

6 3 4 2 5 1

6 1 5 4 3 2

6 2 5 1 4 3

6 3 4 1 5 2

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

. (32)

K� 5 represents five experts who participated in the deci-
sion-making.

+e overall optimal weight wagg can be calculated by the
weight of each decision-maker wk, which is computed by
A1:K

B and A1:K
W , and the process is calculated through

MATLAB software. +e values of ten indicator weights are
listed in Table 8.
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Figure 3: +e framework of the proposed model.
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Figure 4: +e distribution map of base stations and population in
the area.
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It can be seen that the value of signal coverage area (C1)
is highest, followed by per capita input cost (C3), safety
impact (C5), business loadings (C2), and user experience
degree (C6), and ecological environmental impact (C4) is
lowest.

+e credal ranking is shown in Figure 5, which can
reflect the confidence level of the relationship between six
indicators. +e closer the result is to 1, the higher the level of
credal ranking is, which means that the experts have more
consistent views on the relationship between multiple
indicators.

From Figure 5, the credal ranking of six indicators for
performance evaluation of 5G base stations can be clearly
obtained. +e value of “signal coverage area indicator (C1)”
is taken as an example, it is obviously more important than
C2, C4, and C6 with the credal ranking of 1, and it is also
important than C5 with the confidence of 0.99 and C3 with
the confidence of 0.93.

4.3.Results of thePerformanceEvaluation for5GBaseStations.
Based on the basic information of each 5G base station, the
DQ-GRA model is adopted in this section to evaluate the
comprehensive performance of 16 base stations. +e eval-
uation results are presented in Figure 6 and the descriptive
statistics of the evaluation results are listed in Table 9.

According to the results of the performance evaluation
for sixteen 5G base stations, several conclusions can be
obtained:

(1) BS6 performs best of the sixteen 5G base stations
with the gray relation degree of 0.955.+is result may
be due to the following reasons: (1) the location of
BS6 is in a densely populated central area. Although
the user experience around the base station is not so
good, it greatly reduces the per capita investment
cost. (2)+e base station does not overlap with other
base stations, so it can guarantee the full coverage of

Table 4: +e main parameters of each base station.

5G base
station

Signal coverage
area (104m2)

Annual average
business loadings

(kW)

Per capita input
cost (yuan/
person)

Electric field
intensity (V/m)

Number of dangerous
factories and nearby

enterprises

User experience
degree

BS1 27.43 17.1 320.10 2.68 0 5.7
BS2 26.23 14.2 385.47 3.88 0 6.8
BS3 26.55 13.6 402.48 4.12 0 7.1
BS4 27.96 7.2 760.23 6.11 4 8.7
BS5 27.96 8.5 643.96 5.36 1 8.3
BS6 27.96 26 210.53 0.97 0 4.2
BS7 24.28 14 390.98 4.09 0 6.8
BS8 21.99 4 1368.42 6.78 2 9.3
BS9 21.87 8.9 615.02 5.62 1 8.1
BS10 22.56 14.7 372.36 3.65 0 6.5
BS11 26.70 22 248.80 1.32 0 5.1
BS12 27.96 12 456.14 5.11 0 7.6
BS13 21.74 13.6 402.48 4.57 0 7.3
BS14 26.14 13.1 417.84 4.66 0 7.4
BS15 28.27 8 684.21 5.87 4 8.5
BS16 28.27 6 912.28 6.36 4 9.1
Note: the range of the value for the user experience degree indicator is (0–10), ten means best, and zero means worst.

Table 5: +e best and worst indicators are determined by five
invited experts.

Expert number +e best indicator +e worst indicator
1 C1 C4
2 C1 C6
3 C1 C2
4 C1 C4
5 C1 C4

Table 6: Pairwise comparisons between the best indicator and
other indicators.

Expert number 1 2 3 4 5
+e best indicator C1 C1 C1 C1 C1
C1 1 1 1 1 1
C2 4 4 6 5 4
C3 2 3 2 2 3
C4 6 5 3 6 6
C5 3 2 4 3 2
C6 5 6 5 4 5

Table 7: Pairwise comparisons between the worst indicator and
other indicators.

Expert number 1 2 3 4 5
+e worst indicator C4 C6 C2 C4 C4
C1 6 6 6 6 6
C2 3 3 1 2 3
C3 5 4 5 5 4
C4 1 2 4 1 1
C5 4 5 3 4 5
C6 2 1 2 3 2

Table 8: Weights of ten indicators.

Indicator C1 C2 C3 C4 C5 C6
Value of weights 0.3071 0.1385 0.2118 0.0890 0.1557 0.0979
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the signal. (3) +e ecological environmental impact
of BS6 is relatively small, and no dangerous factories
or enterprises are built around.

(2) BS8 performs worst of the sixteen 5G base stations
with the gray relation degree of 0.626.+is result may
be due to the following reasons: (1) the location of
BS8 is in a surrounding area with fewer people,
which leads to the high cost of 5G base station in-
vestment. (2) +e ecological environmental impact
of BS8 is huge, and several dangerous factories or
enterprises are built around.

(3) Overall, the comprehensive performance of the
sixteen 5G base stations evaluated in this study is not
satisfactory, and the average value of gray relation
degree for sixteen 5G base stations is only 0.752. +e
number of 5G base stations whose evaluation per-
formance is higher than the average and below the
average is the same.

5. Comparison of the Results

In order to prove the superiority and advancement of the
model proposed in this study, several comparative models
are proposed in this section (listed in Table 10).

5.1. Comparison of the Results by Model 1 and Model 2.
According to the expert decision results listed from Table 5
to Table 7, the indicator weights determined by five experts
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Figure 6: Results of the performance evaluation for 5G base stations.

Table 9: +e descriptive statistics of the evaluation results.

Dimension Value 5G base station
Max 0.955 BS6
Min 0.626 BS8
Average 0.752 —
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0.9
3
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0.94 1
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Figure 5: +e credal ranking of six indicators for performance evaluation of 5G base stations.
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Table 10: +e models for ranking similarity comparison.

Models Model description
Model 1 +e proposed hybrid MCDM model based on BBWM and DQGRA
Model 2 +e hybrid MCDM model based on BWM and DQGRA
Model 3 +e hybrid MCDM model based on BBWM and GRA

Table 11: +e indicator weights are determined by five experts based on the traditional BWM.

Indicator C1 C2 C3 C4 C5 C6
Value of weights (expert 1) 0.3312 0.1047 0.2828 0.0484 0.15320 0.0796
Value of weights (expert 2) 0.3390 0.1072 0.1568 0.0581 0.2894 0.0496
Value of weights (expert 3) 0.3312 0.0484 0.2828 0.1532 0.1047 0.0795
Value of weights (expert 4) 0.3605 0.0866 0.2194 0.0527 0.1667 0.1140
Value of weights (expert 5) 0.3778 0.1398 0.0939 0.0518 0.2461 0.0906
Value of weights (final) 0.34794 0.09734 0.20714 0.07284 0.19202 0.08266
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Figure 7: +e indicator weights calculated by BWM and BBWM. (a) Indicator weights by BWM. (b) Indicator weights by BBWM.
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based on the traditional BWM are listed in Table 11. +e
indicator weights calculated by BWM and BBWMare shown
in Figure 7.

As can be seen from Table 11 and Figure 7, although the
weight of each indicator has changed, the importance
ranking of each indicator has not changed. On the one hand,
the result proves the rationality of BBWM, that is, the
ranking of importance for the indicators has not changed
due to method improvements. On the other hand, a certain
decision-making environment is formed by introducing
Bayesian theory into the traditional BWM, which can avoid
further expansion of the difference between indicators.

Figure 8 shows the results of the performance evaluation
for 5G base stations based on BWM-DQ-GRA and BBWM-
DQ-GRA.

By using BBWM-DQ-GRA, the weight distribution
among indicators is more reasonable. Hence, the compre-
hensive performance of each 5G base station has decreased,
which can better reflect the actual performance of the base
station.

5.2. Comparison of the Results by Model 1 and Model 3.
Figure 9 shows the results of the performance evaluation for
5G base stations based on BBWM-GRA and BBWM-DQ-
GRA.

According to Figure 9, the comprehensive performance
of each 5G base station has increased by using BBWM-DQ-
GRA, which can better reflect the actual performance of the
base station.

6. Conclusions and Limitations

With the continuous development of 5G technology, more
and more 5G base stations are being constructed to meet
people’s daily needs. +erefore, the performance evaluation

can not only measure whether the base station has met the
expected requirements but also provide a reference for
subsequent 5G base station site selection planning. +is
study presents a novel hybrid MCDM model to evaluate the
comprehensive performance of 5G base stations, which is
composed of BBWM and DQ-GRA. Several conclusions can
be drawn as follows:

(1) According to the weight determination results, ex-
perts agree that the signal coverage area and per
capita input cost are key indicators for evaluating the
comprehensive benefits of 5G base stations. In
contrast, indicators such as the ecological environ-
mental impact and user experience are less
important.

(2) According to the evaluation results, the performance
of each base station is quite different. +e average
value of the comprehensive performance of each
base station is only 0.752, which is not satisfactory
and needs to be improved in the construction of 5G
base stations in the future.

(3) +rough the improvement of the index weighting
method and evaluation method, the comprehensive
performance of each base station is finally obtained
to be more reasonable and authentic. +e BBWM
method and DQ-GRAmethod can be further applied
in other fields.

Moreover, some limitations and future directions are
summarized as follows:

(1) From the perspective of methodology. Although the
proposedmethod in this study solves the problems of
the original method to some extent, it indeed in-
creases the complexity of the method, which leads to
an increase in the computational process and time.
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Figure 9: Results of the performance evaluation for 5G base stations based on BBWM-GRA and BBWM-DQ-GRA.
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In the future, more efficient and convenient methods
are needed in addition to the improvement of the
existing defects.

(2) From the perspective of subject. Due to the avail-
ability of data, the capacity of the simulation sample
is limited, which may affect the final evaluation
results to some extent. +e scope of the study
population needs to be further expanded in future
work, and the impact on 5G base station site plan-
ning needs to be further analyzed on the basis of the
performance evaluation.
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