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Abstract

Background/Objective: The Quality of Service (QoS) accustomed by individual customers is an important factor to de-
termine the system performance. The present paper deals with the performance analysis of cellular mobile networks. 
Analysis/Methods: A cell of mobile communication network is considered and number of customers (m) generating the 
calls are taken as finite. Two channels are declared as guard channels whose access has been prohibited for the fresh calls. 
Moreover, a ‘b’ factor has been introduced, considering the case of spam calls and then analysis has been done on it. For 
the model, we have obtained steady state equations and later solved them by the matrix recursive method. Findings: As 
the number of customer’s increase, making the network more complex, it is untrue that the customer behavior will have a 
neglectable impact on the network performance. In this paper, we focus on the effect of various parameters on the QoS in a 
cellular mobile network. Also, the novelty in this paper is of the spam calls wherein it was found that if there is an incoming 
spam call, then that call will not reach the server and hence will be blocked. By using matrix method and MATLAB, the steady 
state equations are solved. The different state probabilities are obtained and various performance measures have been 
formulated analytically and thus numerical simulation is done. Like, the effect of retrial rate on various measures like prob-
ability of fresh call being successful, handover call being successful is studied. Various graphs and tables are constructed to 
demonstrate the data depicting sensitivity analysis of various factors on performance measures. Applications: The present 
work in itself is an application based study. This can be considered as an application of retrial queueing theory to mobile 
and communication networks. Moreover, in its original form it is applicable to telecommunication and mobile systems. 

*Author for correspondence

1. Introduction
Advances in the technology of telecommunications have 
proved an unambiguous threat to the totalitarian regimes 
everywhere. The telecom industry has been growing 
enormously since the past years. From having standard 
telephones to walkie talkies to pagers and now the most 
useful device of the 21st century- the mobile phones. 
Nowadays, cell phones have become an integral part of 
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our lives. Be it about talking to our near and dear ones or 
doing online shopping for groceries, these small handsets 
are the handiest of all and help in carrying out such activi-
ties making our lives much easier. 

These wireless devices popularly known as mobile 
phones have proven to be one of the most outstand-
ing technological and commercial successes of the last 
decade. Wireless is the hotspot of telecom. Research on 
wireless communication has been developing gradually, 
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in particular on cellular mobile networks. Cellular net-
works primarily provide voice services and have been 
witnessing the most successful story in infrastructure 
networking for the last two decades. Typically, the base 
stations are deployed to provide ubiquitous coverage to 
all mobile nodes at allocations in the network, the base 
stations being so close so as to provide seamless coverage 
to all areas served by the network.

In contemporary times, providing services by means 
of telephones has been a common method adopted by 
most of the companies. In order to manage any service 
operation effectively, it is significant to achieve a proper 
balance between operational efficiency and service qual-
ity. Call centers are regarded as service networks where 
the agents provide services – online based or telephonic. 
They are considered as one stop services where the agents 
answer the queries and solve the complaints of the cus-
tomers. Millions of agents are employed worldwide to 
serve as a primary customer-facing channel for firms in 
many industries. Many firms use call centers to communi-
cate with their clients. A large volume of calls is answered 
daily, solving the problems of the customers.

The onset of cellular radio systems has generated 
remarkable growth in mobile communications. Abundant 
research has been done in this field and sufficient 
literature is available on the performance analysis of cel-
lular mobile networks. There are abundant applications of 
mobile communications, working of call center being one 
of them. A standardized format for creating and main-
taining call center databases has been provided which is 
independent of the data source, and subsequently stores 
information at the individual call level1. Brown along with 
others2 gave a broad analysis of operational data from a 
bank call center wherein they made large efforts to use 
different tools for bettering the performance of call cen-
ters. Usually the arrival processes of calls are associated 
with a Poisson process, but they illustrated non-Poisson 
arrival phenomenon using real data. Apart from these, 
queuing theory has also been applied to discourse traffic 
problems at a toll plaza3.

In order to improve the quality of service, it is desir-
able to reduce the blocking probabilities of new and 
handoff calls. In 4, a new approach to the study of a multi-
channel cutoff priority cellular radio system is examined 
in which the number of calls are infinite and the queued 
calls never renege. As an alternative to this system5 inves-
tigated a new cutoff priority cellular radio system with 
finite queuing of both new and handoff calls.

Various call handling schemes in cellular mobile net-
works are considered in order to improve the efficiency 
of calls. A few call handling/call management schemes6 
have also been studied based on comprehensive sharing 
of guard channels so as to improve the quality of service 
(QoS)7. It is believed that the network performance of 
cells can be improved by efficient call handling/call man-
agement mechanisms. 

To augment the services provided via telephones in 
various companies, abandonment is one of the major fac-
tors which should be taken into consideration. A simple 
abandonment model has been analysed8, in which cus-
tomers’ patience is exponentially distributed and the 
system’s waiting capacity is unlimited. Whereas Zohar 
along with others9 did modeling and analysis of abandon-
ments from a queue that is covert to the occupiers i.e. the 
customers are unaware about any information regarding 
their queue size before entering for service. Apart from 
abandonment, balking is another factor to be taken into 
consideration10. 

The fact that the retrial rate depends on the number 
of retried calls waiting in the system makes the model 
intractable and so various numerical procedures have 
been used to compute the performance of the system11. 
Apart from retrials, work on call back option12 and after-
call work13 has been done for the call centers wherein the 
system performance measures have been evaluated.

Handoff is one of the important factors of cellular and 
mobile communication. Analysis of the performance of 
handoff techniques is done and the various performance 
measures have been found out14. In contrast to this, 15 has 
assumed that both the handover as well as new calls have 
the same distribution but with different mean rates, and 
then found out an effective method for calculating the loss 
probabilities. Analysis of effective queuing system giving 
priority to handover calls is also taken into account16. For 
providing priorities to handover calls over fresh calls, dif-
ferent policies are discussed. The well-known policy is 
the so-called Guard Channel Policy17. A model with one 
guard channel in which only handover calls and retried 
fresh calls are allowed to enter has been considered18. No 
reattempts of handover calls are allowed.

In order to access various services, improved hando-
ver process is required. For this a VHO decision algorithm 
is designed that ensures that a mobile user is transferred 
to the desired network in order to improve the quality of 
service19. Apart from all of this, advance work in related 
fields have also been done20–22.
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This motivates us to consider a new model with two 
guard channels for which we explore new analytical and 
numerical results. From the modeling point of view, the 
novelty is the consideration of two guard channels and 
introduction of a ‘b’ factor called the spam factor which 
decides the entering and baring of calls to the handset. The 
rest of the paper is organized as follows. Section 2 deals 
with the narration of the model with several assumptions 
and notations. The governing equations are established in 
Section 3. The steady state probabilities of the system have 
been solved using Matrix Recursive Approach method 
in Section 4. Various performance measures have been 
obtained in Section 5. Numerical simulation has been 
done in Section 6. The conclusions are drawn in Section 7.

2. Model Description
A cell of mobile communication network is considered 
with two guard channels in which the arrivals of fresh 
calls are prohibited. The basic assumptions of the model 
are described as:

i. A model with guard channels is considered which 
gives emphasis to handover calls as compared to 
fresh calls.

ii. The number of customers generating calls in the 
cell are taken to be finite with m customers in 
total. There are n channels available for a customer 
where m > n. Out of these n channels two are 
declared as guard channels whose access is pro-
hibited for the fresh calls. 

iii. The arrival process of the customers is assumed to 
follow a poison process. It consists of two streams– 
fresh calls with rate Fλ  and handoff calls with rate

Hλ .

iv. An arriving call may find the server in one of the 
following states:
•	 Idle state – Initially when a customer calls, it 

is in the idle state. 
•	 Active state – If a fresh call becomes success-

ful, it enters the active state with the 
probabilityα . After completion of the ser-

vice, it returns back to its idle state with rate 
μ. 

•	 Wait-for-reattempt state – If a customer initi-
ates a call and all the channels are occupied, 
the customer enters the wait-for-reattempt 
state and waits till the call becomes active

v. A fresh call will retry with a probabilityθ . No 

reattempts of handoff calls are considered. 
vi. Keeping in view the applications in smartphones 

these days, a factor ‘b’ say spam factor is taken 
which basically decided the entering and baring of 
calls to the handset. The ‘b’ factor is considered to 
take values only 0 and 1. If b = 1, then the incom-
ing call will reach the user and it will be considered 
either as a fresh call. If b = 0, then the incoming 
call will not reach the user and will be regarded as 
a spam call.

vii. Two random variables are used to describe the 
present state of the model. The number of active 
customers Y (i.e. those customers which are actu-
ally occupying a channel) and the number of 
customers waiting for reattempt Z. The state prob-
ability is defined as: 

  P (i, j) = Pr {Y=i, Z=j}
  Y = 0, 1… n; Z = 0, 1… q
  The different notations used to define the model 

are outlined below:

  Fλ : Arrival rate of fresh calls

  Hλ : Arrival rate of handover calls

  λ : Arrival rate of both fresh calls as well as 

handover call ( Hλ + Fλ )

  θ : Retrial probability of fresh calls

  µ : Service rate for the customers

  b: Spam factor
The state transition diagram of the Cellular Mobile 

network has been represented in Figure 1.
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Figure 1. State transition diagram.

3. Governing Equations
The Chapman-Kolmogorov equations are constructed as 
written below. 

At (0, 0)

0,00,1 PP λµ =     (3.1)
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At (i, 0)

0,0,1,100,10,1 )()()1( iiiii PPiPPiP λµαµλ +=+++ −+−        (3.2)

At (n-2, 0)

0,20,20,21,101,200,10,3 )()2()()1()1( −−−−−−− ++−=+−+−+ nFnHnnnnn PbPPnPPPnP θλλµαθαµλ   (3.3)

At (n-1, 0)

0,10,10,11,101,200,0,2 )()1()1()( −−−−−− ++−=−+++ nFnHnnnnnH PbPPnPPPnP θλλµθααµλ    (3.4)

At (n, 0)

0,0,1,101,00,1 )()()1( nFnnnnH PbPnPPP θλµαθαλ +=+−+ −−        (3.5) 

At (i, j)

jijijijiiji PjPPiPjPiP ,0,,1,10,1,1 )()()1()1( αλµαµλ ++=++++ +−+−       (3.6)

At (n-2, j)

jnjnjnHjnFjn

jnjnjnFjnjn

PjPjPPbPn
PjPjPbPnP

,20,20,2,2,2

1,301,201,2,1,3

)()1()()2(
)1()1()1()()1(

−−−−−

+−+−−−−−

+−+++−

=++−+++−+

αθαλθλµ
αθαθλµλ

  (3.7)

At (0, j)

jjj PjPP ,00,0,1 )( αλµ +=            (3.8)
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At (n-1, j)

jnjnjnHjnFjn

jnjnFjnjnjnH

PjPjPPbPn
PjPbPnPjP

,10,10,1,1,1

1,201,1,1,10,2

)1()()()1(
)1()()1()1(

−−−−−

+−−−+−−

−++++−

=++++−++

θααλθλµ
αθλµθαλ

   
(3.9)

At (n, j)

jnjnFjnjnFjnjnjnH PjPbPnPbPjPjP ,0,,1,1,01,10,1 )1()()()1()1()1( θαθλµθλθααλ −++=+−++++ −++−−  
             (3.10)

At (0, q)

qqq PPqP ,0,00,1 )( λαµ +=            (3.11)

At (i, q)

qiqiqiqiqi PqPPiPiP ,0,,,1,1 )()()1( αλµµλ ++=++ +−         (3.12)

At (n-2, q)

qnqnqnHqnqnFqnqn PqPqPPnPbPnP ,20,20,2,21,2,1,3 )()1()2()()1( −−−−−−−− +−++−=+−+ αθαλµθλµλ  (3.13)

At (n-1, q)

qnqnHqnqnqiqnFqnH PqPPnPqPnPbP ,10,1,1,10,11,1,2 )()1()1()()( −−−−−−−− ++−+−=++ αλµθαµθλλ  (3.14)

At (n, q)

qnqnqnFqnH PqPnPbP ,0,1,,1 )1()()( θαµθλλ −+=+ −−         (3.15)

Normalizing condition is

∑ ∑
= =

=
q

j

n

i
jiP

0 0
1),(            (3.16)

4. Matrix Recursive Approach
To obtain the steady state probabilities of the system, we 
use the “Matrix Recursive Approach”. The correspond-

ing transition rate matrix Q of this Markov chain has the 
blocking tridiagonal structure. The set of equations (3.1) 
-(3.15) can be written in matrix form as: 
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∏∏ = )0(Q
  

(4.1)















































−−

−−

++

−−

LF
DEF

DEF

DCB
DCB

DCB

DCB
DCB

DCB
DCB

GA

nn

nn

ii

ii

ii

00

0

0

00

11

22

11

11

44

33

22

11



































































∏
∏
∏

∏
∏
∏

∏
∏
∏
∏
∏

+

−

+

+

1

1

2

1

5

4

3

2

1

n

n

n

i

i

i



















































0
0
0
0
0
0
0
0
0
0
0
0
0















































−−

−−

++

−−

LF
DEF

DEF

DCB
DCB

DCB

DCB
DCB

DCB
DCB

GA

nn

nn

ii

ii

ii

00

0

0

00

11

22

11

11

44

33

22

11



















where,

Q =
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where, (n-2 ≤ i ≤  n-1)

All the sub-matrices are of order (q+1,q+1)
The vector ∏ is defined as:

( )qPPP ,01,00,01
,,, =∏

( )qPPP ,11,10,12
,,, =∏

( )qPPP ,21,20,23
,,, =∏

( )qPPP ,31,30,34
,,, =∏

Ci =

Ei =

( )qPPP ,41,40,45
,,, =∏

( )qiiii
PPP ,11,10,11

,,, −−−−
=∏ 

( )qiiii
PPP ,1,0, ,,, =∏

( )qiiii
PPP ,11,10,11

,,, ++++
=∏ 

( )qnnnn
PPP ,21,20,22

,,, −−−−
=∏ 
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( )qnnnn
PPP ,11,10,11

,,, −−−−
=∏ 

( )qnnnn
PPP ,2,1, ,,, =∏

Therefore, we have the following set of equations:

0
21

=+ ∏∏ GA
        

(4.2)

0
1111

=++ ∏∏∏ +−−− iiiii
DCB ,

 ( )32 −≤≤ ni     
     

 (4.3)

 
02122

=++ ∏∏∏ −−−− nnnnn
DEF  

     
 (4.4) 

0
1111

=++ ∏∏∏ +−−− nnnnn
DEF

     
  (4.5)

0
1

=+ ∏∏ +nn
LF  

       
(4.6)

On solving the equations (4.2) -(4.6), we get the following steady state solutions:

G
A∏∏

−
= 1

2
   

     
  (4.7)

( )
GD

ACBG

1

11

3

∏∏
+−

=    
     

(4.8)

( )
GDD

BGCACCBAD

21

12121

4

∏∏
+−

=  
     

 (4.9)
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( )
GDDD

BGCCACCCBADCABCDGBD
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1321231312
2

2

5

∏∏
−+−−

=      4.10)
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11

1
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=
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         (4.11)
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i iiiii
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=         (4.12)

L
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n
n
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=
+1            

(4.13)
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n
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(4.14)
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LFDFEDELE

LDFEFL

nnnnn
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22112
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2

1
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1
−−−−−

−−−

− −−
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(4.15)

( )
13

2
13

2
32321123

322112

2
−−−−−−−−−−−−

−−−−−−

− +−−−

++−
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nnnnnnnnnnnn

nnnnnn

n DDLFEDFLCLFDCEFDEELC
BLFDEBFDEBLE

   (4.16)

From the normalizing condition, we have

( ) ( ) ( ) ( )[ ] 1,,,,,,,,,,,, ,1,,0,,1,0,2,11,10,11,01,00,0 =+++++ nqnnniqiiiqq ePPPePPPePPPePPP    

             (4.17)

On simplifying eq. (4.17), we get

[ ] 1
1 2 21 =+++++ ∏∏∏ ∏ n ni i eeee 

       
(4.18)

From eq. (4.7) -(4.16) and eq. (4.18), we can recursively find the value of∏1
. 
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5. Performance Measures
Some of the performance measures are as follows:

■  Probability of a fresh call being successful is framed as:

 
( ) ( )∑ ∑

−

= =

−−=
3

0 0
,

n

i

q

j
FS jiPjimbP λ       (5.1)

■.  Probability of a fresh call being unsuccessful is framed as:

( ) ( )jnPjnmbP
q

j
FU ,33

0
−−+−= ∑

=

θλ
       

(5.2)

■.  Probability of a fresh call being blocked or abandoned is framed as:

( ) ( )jnPjnmbP
q

j
FB ,)1(

0
−−−= ∑

=

λθ
    `  

(5.3)

■.  Probability of a repeated call being successful is framed as:

( )jijPP
q

j

n

i
RS ,

0

1

0
0 ∑∑

=

−

=

=α
        

(5.4)

 ■.  Probability of a repeated call being unsuccessful is framed as:

( )jnjPP
q

j
RU ,

0
0 ∑

=

=θα          (5.5)

■.  Probability of a repeated call being blocked or abandoned is framed as:

),()1(
0

0 jnjPP
q

j
RB ∑

=

−= αθ
        

(5.6)

■.  Probability of a handover call being successful is framed as:

( ) ( )jiPjimP
q

j

n

i
HHS ,

0

1

0
−−= ∑∑

=

−

=

λ
    

 
  

(5.7) 
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■.  Probability of a handover call being unsuccessful is framed as:

( ) ( )jnPjnmP
q

j
HHU ,

0
−−= ∑

=

θλ
       (5.8)

■.  Probability of a handover call being blocked or abandoned is framed as:

( ) ( ) ( )∑
=

−−−=
q

j
HHB jnPjnmP

0
,1 λθ       (5.9)

6. Numerical Analysis
In this section, we provide numerical results of the steady 
state equations framed in (3.1) -(3.15). Efficiency of a par-
ticular model can be best described by its numerical 
analysis. MATLAB software has been used to find the 
results. The effect on performance measures by various 
parameters have been shown by means of tables and 
graphs. The set of default parameters is taken as Fλ =1, 

Hλ =1, θ =0.2, 0α =0.5, µ =0.7, and b =1.

6.1  Effect of Retrial Rate on Various 
Performance Measures

The effect of retrial behavior over different performance 
measures have been evaluated. Figure 2 - Figure 4 are 

plotted to examine the sensitiveness of the retrial behav-
ior towards fresh calls being successful ( FSP ) and fresh 

calls being blocked or abandoned. 
In Figure 2 by taking Hλ =0.2, µ =0.2, 0α =0.3, 

m=50, a relationship between retrial rate (θ ) and fresh 

calls has been developed. As θ  increases, the probability 

of a fresh call being successful decreases. The effect on the 
abandonment and blocking of handover calls is shown in 
Figure 3. As the retrial rate increases, the probability of a 
call being abandoned decreases. The Figure 4 shows the 
impact of retrials on repeated calls. As the retrial rate 
increases, the probability of a repeated call being success-
ful also increases.

Figure 2. Impact of  θ on  PFS.
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Figure 3. Impact of  θ on  PHB.

Figure 4. Impact of θ on  PRS.
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6.2  Effect of Service Rate on Various 
Performance Measures

The effectiveness and performance of a cellular mobile 
model can be judged by its service rate i.e. the rate at 
which the customers are served. Higher the service rate, 
more calls can be answered hence improving the QoS. 
In Figure 5, the effect of service rate on repeated calls is 
examined. As the service rate increases, the probability of 
the repeated calls being unsuccessful decreases, which is 
quite obvious.

Table 1 shows the effect of service rate on fresh calls 
and handover calls. The service rate has been taken as µ

= 0.1, 0.2, 0.3 and other parameters are taken as θ =0.5, 

0α =0.9, m=50. It is clear from Table1 that as the service 

Figure 5. Impact of μ on  PRU.

rate increases, the probability of a call to be successful also 
increases. On the other hand, we see that as the arrival 
rates of fresh calls as well as hand over calls increases, the 
probability of a handover call being successful is more as 
compared to the fresh calls indicating that higher priority 
is given to handover calls.

Table 2 shows the effect of service rate on abandon-
ment of fresh calls and handover calls. The service rate 
has been taken as µ = 0.7, 0.8, 0.9 and other parameters 

are taken to be θ =0.9, 0α =0.1, m=50. We can see from 

Table 2 that as the service rate increases, the probability of 
call to be abandoned decreases. Moreover, as the arrival 
rate of fresh calls and handover calls increases, the prob-
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PFS PHS 

λF
μ = 0.7 μ = 0.8 μ = 0.9 λH

μ = 0.7 μ = 0.8 μ = 0.9

1 0.0066 0.0508 0.1644 1 0.2286 0.4747 0.7287

2 0.0067 0.0516 0.1655 2 0.2472 0.5130 0.7886

3 0.0068 0.0522 0.1678 3 0.2624 0.5440 0.8369

4 0.0069 0.0526 0.1687 4 0.2751 0.5696 0.8765

5 0.0070 0.0529 0.1693 5 0.2858 0.5910 0.9094

6 0.0070 0.0533 0.1698 6 0.2949 0.6091 0.9371

PFB PHB

λF μ = 0.7 μ = 0.8 μ = 0.9 λH μ = 0.7 μ = 0.8 μ = 0.9

1 0.4051 0.3574 0.3097 1 0.3096 0.2829 0.2586

2 0.5108 0.4646 0.4191 2 0.4054 0.3735 0.3441

3 0.6136 0.5679 0.5240 3 0.5073 0.4709 0.4370

4 0.7146 0.6687 0.6256 4 0.6136 0.5736 0.5359

5 0.8143 0.7677 0.7248 5 0.7231 0.6801 0.6396

6 0.9133 0.8655 0.8224 6 0.8351 0.7896 0.7461

Table 2. Impact of μ  on PFB  and  PHB

Table 1. Impact of  μ on  PFS and  PHS 
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ability of a handover calls to be abandoned is less as 
compared to that of a fresh call.

6.3  Effect of ‘b’ Factor on Various 
Performance Measures

The effect of factor ‘b’ in smart phones is displayed by 
means of Figure 6. We have taken µ =0.2 and m=50. It 

shows the impact of b on the fresh calls being served. We 
take the values of b to be 0 and 1. When b = 0, we see that 
the probability of a fresh call being answered is 0, which 
means that a fresh call will not reach the server and hence 
will be blocked. On the other hand, when b = 1, we see 
that the probability is comparatively high resulting in the 
fresh calls being answered.

6.4 Influence on the Population Size
As we consider our population size to be finite, we analyse 
the effect of population size on the performance mea-
sures. By taking θ =0.2, µ =0.2, 0α =0.5, in Figure 7, we 

have examined the impact of population size on the 
handover calls. As the population size increases, the prob-
ability of a handover call being unsuccessful also increases, 
indicating that with infinite population size, the QoS of 
the model is most likely to worsen.

6.5  Effect of α0 on Various Performance 
Measure

In Figures 7 - Figure 9 the impact on repeated calls and 
handover calls is illustrated. In Figure 8, the abandon-

Figure 6. Impact of b on  PFS.
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Figure 7. Impact of m on PHS..

Figure 8. Impact of  on PRS..
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ment rates are taken to be 0α =0.1, 0.2, 0.3. It is clear from 

the graph that as 0α increases, the probability of a 

repeated call being successful also increases. In Figure 9, 
the 0α is taken to be 0.1, 0.2, 0.4 and other parameters as

µ = 0.1, m=25. It is clear from the figure that as the 0α

increases, the probability of a handover call to be success-
ful reduces.

7. Conclusions
A cellular mobile model has been investigated wherein 
two guard channels have been taken. A ‘b’ factor known 
as the spam factor is introduced which decides the enter-
ing or barring of calls to the handset. Moreover, some 
performance measures are formed so as to analyze the 

Figure 9. Impact of α0  on  PHS.

effect of different parameters on them. We saw that with a 
rise in the retrial rate, the probability of fresh calls being 
successful was very less. On the other hand, an increase 
in the retrial behavior led to a decrease in the blocking of 
handover calls. Also, an effect of service rate on hando-
ver calls and fresh calls was determined. As the service 
rate increased, the probability of a fresh call and a hando-
ver call to be successful also increased. An effect of the 
number of customers generating a call on fresh calls was 
determined. 
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