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Abstract 
 
To efficiently reduce on-grid energy consumption, the admission control algorithm in the 
hybrid energy powered cellular network (HybE-Net) with base stations (BSs) powered by 
on-grid energy and solar energy is studied. In HybE-Net, the fluctuation of solar energy 
harvesting and energy consumption may result in the imbalance of solar energy utilization 
among BSs, i.e., some BSs may be surplus in solar energy, while others may maintain 
operation with on-grid energy supply. Obviously, it makes solar energy not completely 
useable, and on-grid energy cannot be reduced at capacity. Thus, how to control user 
admission to improve solar energy utilization and to reduce on-grid energy consumption is a 
great challenge. Motivated by this, we first model the energy flow behavior by using 
stochastic queue model, and dynamic energy characteristics are analyzed mathematically. 
Then, fuzzy logic based admission control algorithm is proposed, which comprehensively 
considers admission judgment parameters, e.g., transmission rate, bandwidth, energy state of 
BSs. Moreover, the index of solar energy utilization balancing is proposed to improve the 
balance of energy utilization among different BSs in the proposed algorithm. Finally, 
simulation results demonstrate that the proposed algorithm performs excellently in 
improving solar energy utilization and reducing on-grid energy consumption of the 
HybE-Net. 
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1. Introduction 

With the explosive growth of wireless data traffic in cellular networks, several orders of 
magnitude base stations (BSs) have been deployed, and thus the relevant energy 
consumption and carbon emissions have increased explosively [1]. To reduce operational 
expenditures and carbon footprint, the main efforts of prior arts have been put in 
energy-efficient transmission, networking and radio resource allocation. For example, Niu et 
al. introduced the cell zooming mechanism to reduce energy consumption, which adjusted 
the cell radius according to traffic load distribution, user requirements and channel state 
information [2]. Bhaumik et al. proposed a multi-layer cellular architecture to adjust cell size 
for energy saving [3]. However, the possible economic and environmental gains brought by 
these pioneer works are bounded by the sole energy source, i.e., the fossil energy.  

Recently, to use solar energy in powering cellular networks is widely accepted due to its 
pollution-free and renewable natures. In 3GPP technique specification [4], the use of 
renewable energy resources is explicitly encouraged by mobile networks. Moreover, 
companies, such as Ericsson and Alcatel-Lucent, have launched projects to exploit solar 
energy for cellular BSs [5]. However, as the availability and capacity of the solar energy are 
unreliable and unstable, solar energy may not guarantee sufficient energy supplies for the BS 
[6]. Thus, we envision future BSs in cellular networks to be powered by solar energy and 
on-grid energy, which will construct the hybrid energy powered cellular networks 
(HybE-Net). In HybE-Net, BSs are previously powered by solar energy, and when the 
harvested solar energy cannot provide sufficient power for the BS energy demand, on-grid 
energy is immediately switched to guarantee the cell coverage and users’ quality of service 
(QoS).  

In HybE-Net, solar energy, which is influenced by meteorological conditions, is 
unstable. Moreover, the traffic load also exhibits both temporal and spatial diversity. Thus, 
the fluctuation of solar energy harvesting and the indeterminacy of the BS energy 
consumption may result in the imbalance of solar energy utilization among BSs, i.e., some 
BSs may be surplus in solar energy, while others may maintain operation with on-grid energy 
supply. Obviously, it leads to the underutilized solar energy, and on-grid energy saving and 
carbon footprint reduction cannot be achieved at capacity. Therefore, how to narrow the solar 
energy utilization gap among BSs for on-grid energy saving is one of the greatest challenges.  

As an important component in resource management for cellular networks, admission 
control has a notable effect on the utilization of network resources. Considering admission 
judgment parameters (e.g., traffic load, resource utilization, quality of communication 
service and etc.), the optimal BS is adopted for each mobile user to optimize the resource 
utilization of cellular networks. Therefore, on the basis of guaranteeing the quality of 
communication service, the solar energy utilization among different BSs can be balanced 
through controlling the admission of mobile users in HybE-Net to achieve the purpose of 
on-grid energy saving and carbon footprint reduction.  

Nowadays, the main efforts of admission algorithms mainly focus on the impacts of 
network parameters, such as communication link quality, system available bandwidth, traffic 
load and time delay on the admission of mobile users. For example, Vergados et al. proposed 
an adaptive resource-allocation scheme for QoS provisioning in a wireless healthcare 
information system. Since the wireless network has multiple service types and multiple 
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priorities, prioritization is essential and degradation and upgrade policies were considered to 
increase the overall performance [7]. Chowdhury et al. proposed an efficient call admission 
control algorithm that relies on adaptive multi-level bandwidth-allocation scheme for 
non-real-time calls [8]. Cruz-Perez et al. proposed new flexible resource-allocation strategies 
that cope with scenarios with multiple service types and multiple priorities. The concepts of 
prioritized call degradation and compensation, and a call-admission mechanism that rejects 
calls originated by low-priority service types were introduced to achieve the proposed 
strategies [9]. Khanjari et al. presented an adaptive call admission control scheme that uses 
complete sharing approach of the available bandwidth among all traffic classes for 
multi-class service wireless cellular networks [10]. However, existing works ignore analysis 
on the solar energy state of BSs. Moreover, they did not well research out the best tradeoff 
among different factors, such as terminal business demand, network parameters and solar 
energy states of BSs, from the perspective of energy conservation and emission reduction. 
Hence, considering that BSs in different locations have different energy harvesting abilities, 
the traditional algorithms obviously could not deal with the admission control and resource 
optimization problems for HybE-Net. Therefore, a new admission control algorithms must 
be designed, and some problems should be comprehensively considered:  

1) In HybE-Net, BSs in different locations have different energy harvesting abilities and 
traffic load, and then how to analyze and quantify the solar energy state and dynamic 
characteristics of different BSs;  

2) How to assess the influences of accessing mobile users to different BSs on the 
balance of solar energy utilization in HybE-Net;  

3) On the basis of comprehensively considering admission factors, e.g., communication 
link quality, system available bandwidth, traffic load and solar energy states of BSs, how to 
propose an admission control algorithm to effectively balance the solar energy utilization in 
HybE-Net.  

In this paper, we proposed the admission control algorithm for HybE-Net. Firstly, solar 
energy states and dynamic characteristics of BSs are analyzed using the diffusion 
approximation theory. Then, we comprehensively consider admission judgment parameters, 
such as data transmission rate, available bandwidth and solar energy states of BSs, using the 
fuzzy logic theory. In the meantime, the index of solar energy utilization balancing is 
proposed to balance the solar energy utilization among different BSs in the proposed 
admission control algorithm. Specifically, the main contributions are described as follows:  

1) In HybE-Net, unstable availability of solar energy flow of the BS is a great challenge. 
Considering the fluctuation of energy harvesting and the indeterminacy of energy 
consumption, energy flow behavior of the BS is firstly modeled as M/G/1/K. Then, the 
energy dynamic characteristics are analyzed by adopting the diffusion approximation 
method.  

2) The index of solar energy utilization balancing is proposed to evaluate the influences 
of user admission to different BSs on the balance of solar energy utilization.  

3) Based on guaranteeing the quality of communication service, a fuzzy logic based 
admission control algorithm is proposed, which performs excellently in improving the 
balance of solar energy utilization among BSs, saving on-grid energy and reducing carbon 
emissions in HybE-Net.  

The rest of this paper is structured as follows. Mathematical models of the HybE-Net 
are provided in Section 2. In Section 3, energy flow behavior of the system is modeled as a 
stochastic queue. Based on the constructed model, energy behavior characteristics are 
analyzed mathematically. In Section 4, a fuzzy logic based admission control algorithm is 

http://xueshu.baidu.com/s?wd=author%3A%28Chowdhury%2C%20Mostafa%20Zaman%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
http://xueshu.baidu.com/s?wd=author%3A%28Khanjari%2C%20Sharifa%20Al%29%20Appl.%20Inf.%20Technol.%20Dept.%2C%20German%20Univ.%20of%20Technol.%20in%20Oman%20%28GUtech%29%2C%20Oman&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
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proposed. Results and analyses are presented in Section 5. Finally, Section 6 provides the 
conclusion.  

2. System Model 

2.1 Network Scenario 
As illustrated in Fig. 1, BSs in the HybE-Net are powered by solar energy and on-grid 

energy, which are called the hybrid energy powered BS (HybE-BS). The typical HybE-BS 
system comprises photovoltaic (PV) panels, a battery bank, an energy management system 
and the BS. In the HybE-BS, energy flow generated by PV panels flows into the battery bank 
and then is extracted to feed the BS energy demand. When the harvested solar energy cannot 
provide sufficient power for the BS, on-grid energy is immediately switched by the energy 
management system to guarantee the cell coverage and users’ QoS. Moreover, each 
HybE-BS has the dedicated PV panels and battery bank, and the harvested energy cannot be 
shared among them. 

 
Fig. 1. Schematic diagram of hybrid energy powered cellular networks 

2.2 Solar Energy Harvesting Model 
As the green energy generator, PV panels convert solar energy into electrical power via 

photovoltaic effect. Depending on changeable meteorological conditions (i.e., solar 
irradiance and ambient temperature), the output energy of PV panels is highly dynamic and 
unstable. According to [11], the photovoltaic output power panP  can be given by 

* *
pan pan pan T amb pan* 1+ ( 0.02 ) ,GP P a T G T

G
η  = ⋅ ⋅ ⋅ ⋅ + ⋅ −                (1) 

where *
panP  is the rated output power of PV panels under standardized test conditions (STC); 

panη  is the energy conversion efficiency of PV panels; *G  is the solar irradiance under 

STC and equals 1,000 W/m2; G  is the solar irradiance; Ta  indicates the temperature 
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coefficient; ambT  is the ambient temperature; *
panT  is the panel temperature under STC and 

equals 25°C. Obviously, the photovoltaic output power is mainly determined by the solar 
irradiance and the ambient temperature. Moreover, during the period [ ]0,T , the solar 

energy harvesting rate eλ  is calculated by pan0
( )

T

e P dλ τ τ= ∫ . 

2.3 Energy Consumption Model 
The power consumption of HybE-BS i , which can be abstracted into the static power 

consumption sta
iP  and the dynamic power consumption dyn

iP , is expressed as  
dyn sta .i i iP P P= +                             (2) 

During the period [ ]0,T , the number of active users served by HybE-BS i  is denoted as 
 . Thus, the dynamic power consumption of HybE-BS i  can be calculated by 

tr
,dyn

1 PA

,i m
i

m

P
P

η=

=∑


                             (3) 

where tr
,i mP  is the transmission power of power amplifier over link between user m  and 

HybE-BS i ; PAη  is the power amplifier efficiency. Based on path loss model and Shannon 

theory, tr
,i mP  can be further expressed by 

min
tr
, 0 ,= (2 1),

r
w

i m i mP dψσ κ⋅ ⋅ −                        (4) 
where 0σ  is power spectral density of white Gaussian noise; w  is bandwidth; κ  is a 
parameter of the path loss model; ψ  is the path loss exponent; minr  is the minimum 

transmission rate and ,i md  is the distance between user m  and the HybE-BS i .  

Based on the above analysis, during the period [ ]0,T  the power consumption of 
HybE-BS i  can be rewritten by  

min

0 ,sta

1 PA

(2 1)
.

r
w

i m
i i

m

d
P P

ψs κ
η=

⋅ ⋅ −
= +∑



                    (5) 

Correspondingly, the energy consumption of the HybE-BS i  is expressed as  
min

0 ,sta

1 PA

(2 1)
,

r
w

i mc
i i m

m

d
E P T t

ψs κ
η=

⋅ ⋅ −
= ⋅ + ⋅∑



                  (6) 

where mt  is a random variable and represents the service time of user m . Thus, the mean 

and variance of c
iE , denoted as c

iu  and c
iv , are given by 
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min

min

0 ,sta

1 PA
2

0 ,

1 PA

(2 1)
[ ] ,

(2 1)
[ ] .

r
w

i mc c
i i i m

m

r
w

i mc c
i i m

m

d
u E P T t

d
v E t

ψ

ψ

s κ
η

s κ
η

=

=


⋅ ⋅ −  = = ⋅ + ⋅ 


   ⋅ ⋅ −  = = ⋅       

∑

∑









 

. .

         (7) 

where [ ]mt  and [ ]mt  are the mean and variance of the service time of user m , 
respectively. Correspondingly, the mean and variance of energy consumption rate of 
HybE-BS i  are denoted as c

iu  and c
iv . They are calculated by c c

i iu u T=   and 
2c c

i iv v T=  .  

3. Modeling and Analysis of Solar Energy Flow Behavior 

In HybE-Net, admission control should consider not only the network parameters, e.g., 
communication link quality, bandwidth, transmission rate, but also energy dynamic 
characteristics of the HybE-BS. Thus, the solar energy state and dynamic characteristics of 
the HybE-BS are analyzed mathematically. 

3.1 Stochastic Queue Modeling for Energy Flow Behavior in Solar Energy 
Supply 

According to the type of energy source, there are two energy supply forms in HybE-BS, 
i.e., on-grid energy supply and solar energy supply. In solar energy supply, recalling the solar 
energy flow depicted in Fig. 1, the battery bank is utilized to bridge the energy harvesting 
(arrival) and energy consumption (departure) process, c.f. Fig. 2. Ng et al. showed that solar 
energy arrivals can be viewed as a Poisson process [12]. Then, the energy harvesting process 
can be proven to be a Poisson process due to the deterministic power output model of PV 
panels. Meanwhile, the energy consumption process which depends on plenty of random 
factors (e.g., traffic load characteristics) is also regarded as a random process. Moreover, 
owing to the finite capacity of the lithium battery bank, the newly harvested energy units 
cannot be stored and have to be discarded immediately when the battery bank is full. 
Therefore, the energy flow behavior of the solar energy supply can be modeled as an 
M/G/1/K queue. Note that the capacity of the battery bank is represented to be K energy 
units.  

 

 
Fig. 2. Energy queue model in solar energy supply. 
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3.2 Solar Energy State Analysis 

Because the battery bank is the unique energy storage device in HybE-BS, its energy 
state can be directly reflected by the amount of energy stored in the battery bank. Based on 
the constructed model, the energy state of HybE-BS i  at the time k  can be given by  

{ }{ }H C max( ) (min max 1 ,0 ,) ,( ) ( )i i i i ie k e k E k E k e− += −            (8) 

where H ( )iE k  and C ( )iE k  are the amount of the harvested energy and the consumed 

energy at time k . max
ie  is the maximum storage capacity of the battery bank.  

Because the mathematical methods associated with the continuum make analytical 
treatment easier than those associated with discrete coordinate axes, the discrete energy state 

( )ie k  is replaced by a continuous one ( )iX t . By the diffusion approximation approach, 
( )iX t  can be modeled as the Brownian motion [13]  

( ) ( ) ( ) ( ) ,i i i i idX t X t dt X t dt t dtβ α= + − = +Ψ               (9) 

where ( )tΨ  is a normally distributed random variable with zero mean and unit variance. 

iα  and iβ  are diffusion coefficients of ( )iX t . They are calculated by  
3 3( ) ( )

,
h h c c

i i i i i
h c

i i i

u v u v
u u

α
β
 =


= −

+
                       (10) 

where c
iu  and c

iv  are the mean and variance of energy consumption rate of HybE-BS i . 
h
iu  and h

iv  are the mean and variance of energy harvesting rate of HybE-BS i . As the 

energy harvesting process can be modeled as a Poisson process, h h
i iu v= .  

When a continuous energy flow process ( )iX t  starts at the initial energy state 0x , the 
conditional probability density function (PDF) of the energy state x  at time t  can be 
represented by 

max m
0

x
0

a( , ; , ) Pr( ( ) | , ).i i i ig x t e x X t xx dx ex = ≤ < +            (11) 

With the diffusion approximation, 0
max( , ; , )i ig exx t  can be characterized by the forward 

diffusion equation [14],  

max

max 2 max ma
0 0 0

x

2

max maxma
,,0 0

x
0

( , ; , ) ( , ; , ) ( , ; , )
2

( ; , ) ( 1)( ; , ) ( 1)
.i

h c
i i

i i i i i i i
i

i ii ei i

g x t e g x t e g x t e
t e e

P t e x eP

x x x

xx
u

t e
u

x

a β

δδ

∂ ∂ ∂
= −

∂ ∂ ∂
− +−

+ +

  (12) 

In Eq. (12),  

max

max max
,0 0

max max max
00,

0( ; , ) Pr ( ) 0 | (0) ,
,

( ; , ) Pr ( ) | (0) ,
i

i i i i i

i i i i ii e

P t e X t X x e

P t e X t e X e

x

xx

  = = = 


 = = =  
            (13) 

which are respectively the probability mass functions at the boundaries 0x =  and 
max
ix e= . Meanwhile, they should also satisfy the following equations:  
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max max
,0 ,0

max
max

0 0

0
00

( ; , ) ( ; , )

( ; , )lim ( ; , ) ,
2

i i i i

i i i
i ix

h
i

i

x xdP t e P t e
dt

g x,t e g x,t e
e

u

x xa β
→

= −

 ∂
+ − ∂ 

   (14) 

max max

max

max max
, ,

max

0

m

0

0
0

ax

( ; , ) ( ; , )

( , ; , )lim ( , ; , ) .
2

i i

i

i ii e i e
h

i

i i i
i i i

x e

dP t e P t e

dt

g x t e g x

x

t e

x

x
x x

m

a β
→

= −

 ∂
+ − + ∂ 

   (15) 

They are subject to the initial condition m
0

ax
0( ; , ) ( )i ig x,t e x xx δ= −  and boundary 

conditions max

0 0( , ; , )lim 0i ix
g x t ex

→
=  and 

max

max
0( ,lim ; , ) 0

i
i ix e

xg x t e
→

= . 

By applying the method of images [13], the transient solution of Eq. (12) is obtained by 

( )max
0

1( , ; , ) , 0,
2i i n n

ni

xg x t e A B t
tπa

∞

=−∞

= − >∑            (16) 

where 

( )

( ) ( )

2maxmax

2max m

0

0
x

0
a

22exp ,
2

2 2 2
exp .

2

i ii i
n

i i

i i i i
n

i i

x n e tn eA
t

n e x n e t

x

B
t

x x

ββ
aa

β β

aa

  − − ⋅ − ⋅⋅ ⋅  = −
  
  


  − ⋅ − ⋅ + + ⋅ − ⋅
  = −
   

   (17) 

Correspondingly, the mean of solar energy state of HybE-BS i  is expressed as 

( )max
0( , ; , ) 0,

2
i

i i n n
n

tg x t x e A B ta
π

∞

=−∞

  = − >  ∑          (18) 

where 

( )
( )

max

max

max
0 0

max
0 0

2 ;

2 .

i

i

e
n i i n

e
n i i n

A x n e t A

B x n e t B

π β

π β

 = + ⋅ + ⋅ −

 = − ⋅ + ⋅ −

               (19) 

3.3 Solar Energy Supply Duration Analysis 

Solar energy supply duration is the period during which solar energy is consumed from 
the initial energy state 0(0)X x=  to ( ) 0X t = . The PDF of solar energy supply duration 

0( , )i x x  is obtained from the diffusion equation with the absorbing barrier at the origin, 
max

max max0
0 00

( , ; , )( ; , ) lim ( , ; , ) .
2i

i i i
i i i ix

g x t x eg t x e g x t x e
x

a β
→

 ∂
= − ∂ 

       (20) 

Then, the mean of the solar energy supply duration of HybE-BS i  is expressed as 
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[ ]

( )max max
0

0

0

max
0

0

2 2exp exp
1 1 , 0;

2(0, ) 1 exp

2 11 , 0.

i i i i

i i

i
i i i

i

i
i

i

i i

h
i

h

e x e

x

x

e xx

β β
aa

β
β β βm

β
m

a

a

  −    − − −   
      − + + ≠     = − −  
  
  − − ⋅ + =   

 �  

(21) 

3.4 Solar Energy Depleting Probability Analysis 
Solar energy depleting probability indicates that solar energy is depleted at t →∞ . To 

facilitate the analysis, max
0lim ( , ; , )i it

g x t x e
→∞

 is represented by max
0( ; , )i ig x x e ， and 

max
,0 0lim ( ; , )i it

P t x e
→∞

 and max
max

0,
lim ( ; , )

i
ii et

P t x e
→∞

 are represented by ,0iP  and max, ii e
P . Thus, 

the PDF of the solar energy state is given by  
max

max2 max max
,,00 0

2

( 1)( 1)( ; , ) ( ; , ) .
2

i
ii eii i i i i

i h c
i i

P x eP xg x x e g x x e
x x

δδa β
m m

− +−∂ ∂
− = − −

∂ ∂
  (22) 

The transient solution of Eq. (22) can be obtained by  

( ) ( )max max

,0

,0max max
0

1,0 max max

1 , 0 1

( ; , ) 1 , 1 1

1 , 1

i

i i

i i i i

i x
h

i i

i x
i i ih

i i

x e ei
i ih

i i

P
e x

P
g x x e e e x e

P
e e e x e

g

g g

g g

m β

m β

m β

⋅

− ⋅

− ⋅ −


 − − ≤ ≤  ⋅

  = − − ≤ ≤ −  ⋅
  − − − ≤ ≤   ⋅

  (23) 

where 2i i iγ β α= ⋅ . Then, solar energy depleting probability is given by  

( ) ( )

( ) ( )

1
max max

1
max

2 2

1 exp 1 exp 1 , 0;

11 1 , 0.
2

h h h
i i i

i i i i ic h c c h
i i i i i

i

i
ih h c c

i i i i

e e

e

v v

m m mγγ  β
m m m m m

β
m m

−

−

     + + − − − ≠    − − =    − + =  +  

  

(24) 

4. Fuzzy Logic based Admission Control Algorithm 

In HybE-Net, admission control algorithm comprehensively analyzes admission 
judgment parameters, e.g., communication link quality, available bandwidth and solar energy 
states of BSs, and then provides an optimal network for mobile users. Obviously, it is a 
multi-factor decision-making process which contains characteristics of various levels and 
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demands from users and network. Traditional multi-factor decision-making processes [15-16] 
are mainly depending on the exact value of judgment parameters, while these parameters in 
real life are always featured with fuzziness. For instance, “the communication link quality is 
relatively good”, “the solar energy is not sufficient”. These expressions are in strong 
subjectivity, which cannot be expressed with exact values. However, as a discipline 
developed to solve the fuzzy phenomenon in real life, fuzzy logic [17] is a mathematical 
method to exactly solve the inexact and incomplete information problem. Therefore, 
targeting at the fuzzy and uncertain problem of admission control process in HybE-Net, this 
paper puts forward an effective admission control method based on fuzzy logic.  

The fuzzy logic control includes three stages: fuzzification, fuzzy inference and 
defuzzification. According to the user’s service demand and HybE-Net characteristics, we 
select transmission rate, available bandwidth and solar energy states of BSs as the admission 
judgment parameters, and then fuzzy logic is employed to analyze these mentioned 
parameters. Subsequently, the index of solar energy utilization balancing is proposed to 
assess the changes of solar energy utilization balance when mobile users access to different 
HybE-BSs. The proposed algorithm is illustrated as follows.  

1) Judgment parameters fuzzification 
Transmission rate intuitively reflects the communication link quality between users and 

HybE-BSs, and it is determined by the transmitting power of BS and the path loss. Thus, 
transmission rate is adopted to be one of judgment parameters in the admission control 
algorithm.  

Assume user m  lies in the overlapping coverage region of I  HybE-BSs. Then, 
according to Eq. (4), the transmission rate ,i mr  over the link between user m  and its 

anchored HybE-BS i  ( 1, 2,i I=  ) can be obtained by:  

0 ,

tr

, 2log 1 .i
i m

i
m

Pr w
dψσ κ

 
= ⋅ +  ⋅ ⋅

                    (25) 

where tr
iP  represents the transmission power of HybE-BS i ; 0σ  is power spectral 

density of white Gaussian noise; w  is bandwidth; κ  is a parameter of the path loss 
model; ψ  is the path loss exponent, ,i md  is the distance between user m  and the 
HybE-BS i . 

 
Fig. 3. Communication satisfaction under different normalized transmission rates. 
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Communication satisfaction, denoted as ,

r
i mξ , is used to reflect the actual situation of 

communication link quality, which is closely related to the received transmission rate. 
Obviously, the larger the communication satisfaction is, the faster the data transmission rate 
is. Specifically, communication satisfaction is defined as  

,
,

ln(1 )
,

ln(1 )
i mr

i m

a r
a

ξ
+ ⋅

=
+



                             (26) 

where ,i mr  is the normalized transmission rate, and , , ,
1

I

i m i m i m
i

r r r
=

= ∑ ; a  is satisfaction 

regulatory factor. Communication satisfaction corresponding to different normalized 
transmission rates is elaborated in Fig. 3. When ,i mr  value is small, the change of curve 
slope is relatively large, and vice versa. This phenomenon indicates that when the 
normalized transmission rate is relatively small, it is easy to distinguish the communication 
satisfaction among different HybE-BSs. However, when the normalized transmission rate is 
large, which means when the transmission rate can satisfy the communication quality well, 
the improvement of transmission rate will not lead to the significant rise in communication 
satisfaction. Therefore, the larger the communication satisfaction value of ,

r
i mξ  is, the better 

the communication link quality between user m  and HybE-BS i  is.  
Network traffic load is another important parameter affecting admission control, which 

is directly reflected by the available bandwidth of BS. Assume the total bandwidth of 
HybE-BS i  is iW , and then the available bandwidth iW  can be expressed as: 

,i i iW W w N= − ⋅                              (27) 
where iN  is the number of user served by the HybE-BS i . To facilitate analysis, the 

available bandwidth iW  of the HybE-BS can be replaced by the available bandwidth ratio 
w
iξ  ( 0 1w

iξ≤ ≤ ) which refers to the proportion of available bandwidth to the total 
bandwidth. It is expressed as 

.w i i i
i

i i

W W w N
W W

ξ − ⋅
= =


                          (28) 

Obviously, the larger the available bandwidth ratio is, the lighter the traffic load of the 
HybE-BS is. 

In addition, solar energy station of the HybE-BS is also a vital factor influencing the 
admission judgment. In HybE-Net, to improve the solar energy utilization and reduce on-grid 
energy consumption, the admission judgment encourages users to access to the HybE-BS 
with sufficient solar energy. To facilitate analysis, the mean value of solar energy state in 
HybE-BS i  is normalized by 

max max
0( , ; , ) .i i

s
ii g x t x e ex   =                    (29) 

Based on users’ service demand and HybE-Net characteristics, communication 
satisfaction r

mξ , available bandwidth ratio wξ  and the normalized solar energy state of the 

HybE-BS sξ  are adopted as the input linguistic variables. To achieve a good balance 
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between the accuracy of analysis and the amount of calculation, the input linguistic variable 
is divided into three fuzzy sets. They are expressed as below:  

( ) { }
( ) { }
( ) { }

T T Weak,Medium,Strong ;

T T Low,Medium,High ;

T T Weak,Medium,Strong .

r
m

w

s

ξ

ξ

ξ

 =
 =


=

                 (30) 

Furthermore, evaluating admission judgment parameters by fuzzy logic model, the judgment 
result is divided into 5 linguistic terms: access (A), weak access (WA), not access not reject 
(NANR), weak reject (WR) and reject (R). Thus, the fuzzy set of output variable A/Rh  can 

be expressed as ( ) { }A/RT T R,WR,NANR,WA,Ah = . 
The fuzzification process is the process of solving different judgment parameters to 

belong to the membership of different fuzzy sets through the membership function. The 
membership function is the building blocks of fuzzy set theory, i.e., fuzziness in a fuzzy set 
is determined by its membership function. Accordingly, the shape of membership function is 
important for a particular problem since they have a profound effect on a fuzzy inference 
system [18]. In our studies, the sensitivity, robustness and response of fuzzy-controlled 
system with the triangular, trapezoidal and Gaussian membership function are compared. 
Gaussian membership function showed promising result in comparison to other membership 
functions, and it has been successfully utilized in past works [19, 20]. Therefore, the 
Gaussian function is selected as the membership function of various fuzzy set. 

( )
2

,
, 2

,

( )
exp ,j j k

j k j
j k

b
f

σ
 −

= − 
  

=
=                    (31) 

where j（ 1, 2,3,4j = ） are respectively the input variables r
mξ , wξ , sξ , and the output 

variable A/Rh ; k  is the thk  fuzzy set of the j ; ,j kb  and 2
,j kσ  are the corresponding 

mean value and variance of the Gaussian membership function respectively. Gaussian 
membership functions in the proposed algorithm are shown in Fig. 4.  

 
Fig. 4. Gaussian membership functions 
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2) Fuzzy inference rules establishment 

Fuzzy inference rule is used to determine the relationship between linguistic variables 
and output variables. According to the actual experience, fuzzy inference rule is established 
from the aspect of guaranteeing communication quality and reducing on-grid energy 
consumption, as shown in Table 1. In our study, the inference is based on the Mamdani’s 
method [21]. 

Table 1. Fuzzy inference rules 

Communication satisfaction r
mξ  Available bandwidth wξ  Solar energy state sξ  

Weak Medium Strong 

Weak 
Low R WR NANR 

Medium WR NANR WA 
High WR NANR WA 

Medium 
Low WR NANR WA 

Medium WR WA A 
High WA A A 

Strong 
Low WR WA WA 

Medium NANR A A 
High WA A A 

 

3) Defuzzification 
In the fuzzy logic, defuzzification is a process transforming the fuzzy output value 

obtained from fuzzy inference into the exact judgment value. In the proposed algorithm, the 
center of gravity (CoG) [21] is employed to defuzzify the judgment result. In this paper, 

,i mh  is denote as the judgment (output) value of user m  accessing to BS i , which is 
obtained by fuzzy logic. 

4) Admission judgment based on the index of solar energy utilization balancing 
The admission control algorithm in HybE-Net need to consider not only communication 

link quality, available bandwidth and solar energy state of HybE-BSs, but also the balance of 
solar energy utilization among HybE-BSs. Therefore, the index of solar energy utilization 
balancing is defined to measure the balance degree of solar energy state among HybE-BSs, 
which can be specifically expressed as: 

2
2

1 1
,

I I
e
i i i

i i
Iθ

= =

   = ⋅   
   
∑ ∑                         (32) 

In Eq. (32), i  is the solar energy depleting probability of HybE-BS i , which is calculated 

by Eq. (24). By analyzing the above formula, it is observed that when eθ  approaches to 1, 
solar energy depleting probability of every HybE-BS tends to be balanced. However, when 

eθ  approaches to 1 I , solar energy depleting probability of every HybE-BSs is unbalanced. 
Obviously, the larger the eθ  is, the more beneficial to the balance of network solar energy 
utilization for user m  accessing to HybE-BS i  will be. 

Therefore, as another judgment value, ,i ml  is defined as the normalized value of the 
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index of solar energy utilization balancing,  
e e

,
1

.
I

i m i i
i

l θ θ
=

= ∑                             (33) 

5) Admission control algorithm in HybE-Net 
According to above analysis, admission judgment values of user m  accessing to BS 

i , ,i mh  and ,i ml , are obtained by using the fuzzy logic method and calculating the index of 

solar energy utilization balancing. When ,i mh  is the larger value, it indicates that user m  
accessing to HybE-BS i  has the better communication link quality, bandwidth resource and 
solar energy supply. However, when ,i ml  is the larger value, it indicates that user m  
accessing to HybE-BS i  is more beneficial to balance solar energy utilization among 
different HybE-BSs. Therefore, the integrated admission judgment value, denoted as ,i mL , is 

defined as the smaller one between ,i mh  and ,i ml ,  

( ), , ,min , .i m i m i mL h l=                         (34) 

Assume user m  lies in the overlapping coverage region of I  HybE-BSs. With the 

above approach, the integrated admission judgment values ( ), 1, 2, ,i mL i I=   can be 
obtained. Obviously, the HybE-BS with the largest integrated admission judgment value is 
the best access HybE-BS for user m . The pseudo code of the proposed admission control is 
shown in algorithm 1.  

Computational complexity is usually used to describe an algorithm’s use of 
computational resources. In the fuzzy inference process, fuzzy judgment results are 
calculated according to the fuzzy inference rule. The number of fuzzy inference rule is rN , 
and thus the computing time complexity in this period is ( )rO N . Meanwhile, the algorithm 

analyzes the integrated admission judgment result of I  HybE-BSs. Therefore, the 
computational complexity of the proposed algorithm is ( )rO I N× . 
 

Algorithm 1 Fuzzy logic based admission control algorithm 
1:  Calculate the mean and variance of energy harvesting rate, and set the transmission 

 power tr
iP  and the total bandwidth iW ; 

2:  Provide the linguistic variables and output variables of the fuzzy set; 
3:  Provide the fuzzy inference rules; 
4:  For 1i =  to I  do  
5:    Calculate ,

r
i mξ  according to Eq.(26); 

6:    Calculate w
iξ  according to Eq.(28); 

7:    Calculate s
iξ  according to Eq.(29); 

8:    Calculate the membership of input and output linguistic variables according to Eq.(31); 
9:    Obtain the judgment result according to the fuzzy inference rules; 
10:   Obtain ,i mh  by using the center of gravity method; 
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11:   Calculate ,i ml  according to Eq.(33); 

12:   Compare ,i mh  and ,i ml , and then ( ), , ,min ,i m i m i mL h l=  

13: End for 
14: Obtain the best admission HybE-BS i , ( ),, max{ } 1, 2, ,i mi mL L i I= =



 ; 

15: Update w
iξ   and s

iξ ; 

16: Return: i ; 

5. Simulation Result and Analysis 

In this section, the proposed model and the adopted analysis method for the solar energy 
behavior of the HybE-BS are simulated. Furthermore, the proposed algorithm is simulated 
and is compared with two previous algorithms described in [22, 23]. The simulation was 
carried out on the computer with the Intel Pentium dual CPU (3.20GHz), and the proposed 
algorithm is simulated in MATLAB environment.  

In the experiment, the HybE-Net includes 9 HybE-BSs. They are uniformly deployed 
and are numbered consecutively from left to right and top to bottom, and users are randomly 
and uniformly distributed. Based on the large experimental results, satisfaction regulatory 
factor 1000a = , parameters of membership functions ,1 ,2 ,3 =0.14j j jσ σ σ= =   , ,1 0jb = ，

,2 0.5jb = ， ,3 1jb = ； 4,1 4,5 0.18σ σ= =  ， 4,2 4,3 4,4= 0.2σ σ σ= =   , 4,1 1b = − ， 4,2 0.5b = − ，

4,3 0b = ， 4,4 0.5b = ， 4,5 1b = . To facilitate the analysis, it is assumed that each HybE-BS has 
the same area of PV panels (3m2), the same capacity of the battery bank (200Wh) and the 
same initial energy state (20Wh). Other simulation parameters are given in Table.2.  
 

Table 2. System parameters 
Parameter Value 

Carrier frequency/Bandwidth 2.0GHz/10MHz 

Static power consumption staP  40W 

Transmitted power trP  27dBm 

PA efficiency 2/3 

Path loss model Table 6 in [24] 

Power spectral density of Gaussian noise 0σ  -174dBm/Hz 

Parameters [ ]mt , [ ]mt  108，96.7 

5.1 Simulation Results of Solar Energy State of HybE-BS 
To verify the accuracy of the proposed model and the adopted approximation diffusion 

analysis, the solar energy state of the HybE-BS is firstly validated. In each group of 
experiment, different random seeds are adopted to implement experiments for 5000 times, 
and times for the HybE-BS to reach each energy state at t T=  are calculated. Through 
dividing the statistical number of each energy state with the total times of the experiment, the 
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accumulated probability density of solar energy state of the HybE-BS can be obtained. By 
taking the average from the 20 groups of experiment results, the accumulated probability 
density of solar energy state under different access rates mλ  can be obtained as shown in 
Fig. 5. Obviously, the accumulated integral of solar energy states gradually moves right with 
the increase of access rate mλ . It is because that the rise of access rate increases the energy 
consumption rate of the HybE-BS. This phenomenon illustrates that the mean value of solar 
energy states decreases with the increase of access rate mλ , which is consistent with the 
theoretical analysis results. In the meantime, it can be noticed that the accumulated 
probability density curve obtained from the experiment basically coincides with that from 
theoretical analysis, proving the accuracy of solar energy states analysis based on the 
M/G/1/K energy queuing model. 

 
Fig. 5. Cumulative density curve of the solar energy state of the HybE-BS for different access rates 

 
Fig. 6. Cumulative density curve of the duration of solar energy supply for different access rates 

 
Then, the solar energy supply duration is validated by the experiment. Similarly, 

different random seeds are employed to implement experiments for 5000 times, and the 
times for the energy state of the HybE-BS to reach ( ) 0X t =  during [ ]0, t  are calculated. 
Through dividing this statistical number with the total times of the experiment, the 
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accumulated probability density of solar energy supply duration of the HybE-BS can be 
obtained. By taking the average from the 20 groups of experiment results, the accumulated 
probability density of solar energy supply duration under different access rates mλ  can be 
obtained as shown in Fig. 6. Obviously, the accumulated integral of solar energy supply 
duration gradually moves left with the increase of access rate mλ . This phenomenon 
illustrates that the mean value of solar energy supply duration decreases with the increase of 
access rate mλ , which is consistent with the theoretical analysis results. Meanwhile, the 
accumulated probability density curve obtained from the experiment basically coincides with 
that from theoretical analysis, proving the accuracy of the adopted analysis method.  

At last, the solar energy depleting probability is validated by the experiment. In each 
group of experiment, different random seeds are adopted to implement experiments for 5000 
times, the number of runs that the energy state of the HybE-BS reaches ( ) 0X t =  from 

0(0)X x=  is collected. Through dividing this statistical number with the total times of the 
experiment, the solar energy depleting probability of the HybE-BS can be obtained. By 
taking the average from the 20 groups of experiment results, the solar energy depleting 
probability under different access rates mλ  can be obtained as shown in Fig. 7. Obviously, 
the solar energy depleting probability increases with the increasing of access rate mλ , and 
decreases with the increasing of energy harvesting rate eλ , which is consistent with the 
theoretical analysis results. Additionally, the analytical results are slightly lower than the 
simulation results because the observation length is assumed infinity for analysis, while it 
equals to adjustment period in the simulation.  

 
Fig. 7. Solar energy depleting probability of the SEn-BS at different access rates 

 

5.2 Simulation Results of Fuzzy Logic Based Admission Control Algorithm 
In order to verify the feasibility and effectiveness of the proposed fuzzy logic based 

admission control algorithm (FL-ACA), two previous algorithms, the load balance based 
admission control algorithm (LB-ACA) and the QoS-Aware based admission control 
algorithm (QA-ACA) are compared in two different simulation scenarios. In “Scenario I”, it 
is assumed that each HybE-BS has the same energy harvesting rate 35J/seλ = . However, 
in “Scenario II”, each HybE-BS has different energy harvesting rates as shown in Table 3. 
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Table 3. Energy harvesting rates of each HybE-BS in “Scenario II” 

HybE-BS index 1 2 3 4 5 6 7 8 9 

Energy harvesting rate[J/s] 42.2 36.9 41.3 28.4 31.7 32.3 51.4 47.2 34.9 
 

Firstly, we evaluate the performance of the throughput, the index of load balancing and 
the solar energy utilization balancing for the QA-ACA, LB-ACA, and FL-ACA under two 
different scenes, as shown in Fig. 8 (a), (b) and (c). Specifically, Fig. 8 (a) gives the 
comparisons of the throughput of the three admission control algorithms. It is obvious that 
the throughput increases with the continuous rise of the number of users. When the number 
of the user in HybE-Net is small, the throughputs of the QA-ACA, LB-ACA and FL-ACA 
under two different scenes are all high with tiny differences. However, when the number of 
the user is large, the throughput of FL-ACA is higher than that of LB-ACA but lower than 
that of QA-ACA. It is because that QA-ACA stresses the influences of user satisfaction 
about communication service quality on admission control while FL-ACA and LB-ACA 
need to consider the traffic load of different HybE-BS, which balances the traffic load of 
different HybE-BSs in HybE-Net under the premise of satisfying the basic need of 
communication service quality for user to maximize the system resource utilization. 
Meanwhile, in FL-ACA, since communication satisfaction is adopted as the input linguistic 
variables, FL-ACA can guarantee high throughput of HybE-Net under two different defined 
scenes.  

The performance of the index of load balancing at different admission control 
algorithms is evaluated. Prior to this, the index of load balancing is defined. Similar to the 
index of solar energy utilization balancing, the index of traffic load balancing wθ , which is 
used to measure the load balancing degree of different HybE-BSs, is expresses as: 

 

( )
2

2

1 1
,

I I
w w w

i i
i i

Iθ ξ ξ
= =

   = ⋅   
   
∑ ∑                      (35) 

 

 
(a) 
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(b) 

 
(c) 

Fig. 8. Performance evaluation on the throughput, index of load balancing and solar energy utilization 
balancing for different admission control algorithms. (a) Throughput; (b) The index of load balancing; 

(c) The index of solar energy utilization balancing 
 

where w
iξ  represents the available bandwidth ratio of HybE-BS i . It can be concluded that 

when the traffic load of various HybE-BSs tends to be balanced, wθ  will approach to 1; 
while when there are huge traffic load differences among various HybE-BSs, wθ  will 
approach to 1 I . 

As shown in Fig. 8 (b), when the number of user is small, LB-ACA can better improve 
the index of load balancing; when the number of users reaches a certain number, the 
differences in the indexes of load balancing of various algorithms are small. This is because 
that LB-ACA can dynamically predict the traffic load changes and control the access process 
through analyzing the influence of user accessing different BSs on traffic load balance of the 
whole network. However, when the number of the user increases, the index of load balancing 
of various algorithms tends to be stable. The QA-ACA presents the lower index value of the 
load balancing than other algorithms, without fully considering the load balance problem in 
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user access process. Besides, when the number of users is small, the index of load balancing 
of the FL-ACA under two different scenes is lower than that of QA-ACA, which is because 
FL-ACA needs to consider not only the traffic load states of various HybE-BSs but also the 
solar energy state of various HybE-BSs, in which available bandwidth ratio and the 
normalized solar energy state of HybE-BS are adopted as the input linguistic variables of the 
fuzzy logic. However, with the increase of the number of users, the index of load balancing 
of the FL-ACA under two different scenes approach to that of QA-ACA.  

Fig. 8 (c) shows the index of solar energy utilization balancing for QA-ACA, LB-ACA 
and FL-ACA under two different scenes. It can be observed that FL-ACA is significantly 
more excellent than QA-ACA and LB-ACA in aspects of solar energy utilization ratio of 
various HybE-BSs. It is because that FL-ACA analyzes the influences of users accessing 
different HybE-BSs on the index of solar energy utilization balancing and realizes the 
balance of solar energy utilization among HybE-BSs. Moreover, it can also be found that 
even under different energy harvesting rates of different HybE-BSs, FL-ACA algorithm 
achieve solar energy balance in HybE-Net and effectively improve the solar energy 
utilization. 

Then, the performance of solar energy utilization at different admission control 
algorithms is evaluated. The solar energy utilization is defined as the proportion of solar 
energy consumed by HybE-BSs to the total solar energy harvested. It is expressed as: 

con

E har ,ii I

ii I

E
E

h ∈

∈

= ∑
∑

                             (36) 

where con
iE and har

iE  are respectively the solar energy consumed and harvested by 
HybE-BS i . 

 
Fig. 9. Comparison of solar energy utilization under different admission control algorithms 

 
Fig. 9 shows the solar energy utilization of QA-ACA, LB-ACA and FL-ACA under two 

different scenes. Obviously, when the number of users is small, all HybE-BSs in HybE-Net 
are powered by the solar energy, and there are small differences of solar energy utilization 
among various algorithms. However, when the number of users is large, the solar energy 
utilization of QA-ACA and LB-ACA is lower. Consequently, some HybE-BSs are powered 
by solar energy and others are powered by on-grid energy. This is because that comparison 
algorithms don’t consider the solar energy state of different HybE-BSs in HybE-Net and 
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cannot control the admission process according to different energy states among different 
HybE-BSs, which leads to the waste of solar energy resources. In addition, it can also be 
noticed from Fig. 9 that FL-ACA has the high solar energy utilization of HybE-Net under 
two different scenes. It is because that solar energy state of HybE-BS is analyzed in the 
fuzzy logic, and then users are encouraged to access to the HybE-BS with sufficient solar 
energy.  

 
Fig. 10. Comparison of on-grid energy consumption under different admission control algorithms 

 
Finally, Fig. 10 shows the on-grid energy consumption of QA-ACA, LB-ACA and 

FL-ACA under two different scenes. It can be easily found that the on-grid energy 
consumption of the HybE-Net increases with the continuous rise of the number of users. 
Generally, on-grid energy consumption of FL-ACA is lower than that of QA-ACA and 
LB-ACA. Particularly, when the number of the user is large, on-grid energy consumption of 
FL-ACA is far lower than that of other algorithms. Even when solar energy harvesting rates 
of the HybE-BS are different, FL-ACA can still effectively control user admission according 
to solar energy utilization and energy state of different HybE-BSs to maximize the solar 
energy utilization and minimize the on-grid energy consumption. Compared with QA-ACA 
algorithm, FL-ACA algorithm saves on-grid energy consumption of 5.35KJ, 10.24KJ and 
14.27KJ respectively when the number of users is 450, 650 and 850. Compared with 
LB-ACA algorithm, FL-ACA algorithm saves on-grid energy consumption of 2.65KJ, 
6.16KJ and 11.83KJ respectively when the number of users is 450, 650 and 850. 

6. Conclusion 

In this paper, the cellular network powered by solar energy and on-grid energy is 
studied, and we proposed a fuzzy logic based admission control algorithm. Firstly, we 
applied approximation diffusion theory to analyze the solar energy state and dynamic 
characteristics of the HybE-BS (solar energy duration and solar energy consumption 
probability). Subsequently, fuzzy logic is utilized to comprehensively consider the access 
judgment parameters like data transmission rate, system available bandwidth and solar 
energy state of HybE-BSs. In the meantime, the index of solar energy utilization balancing is 
proposed to balance the solar energy utilization among different BSs in the proposed 
algorithm. Finally, the effectiveness of admission control algorithm is proved and the 
accuracy of modeling and the analysis method on energy behavior in the HybE-BS are 
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verified by the simulation. Simulation results confirmed that the proposed algorithm has a 
better performance on balancing the load traffic, improving the solar energy utilization 
among different HybE-BSs and saving on-grid energy. Furthermore, the proposed modeling, 
analyze method and admission control algorithm also provide a theoretical basis for resource 
management of other renewable energies powered cellular networks. 
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