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Abstract. This paper presents a two-dimensional Markov 
traffic model of the mobile users' network where there exist 
handover calls from the surrounding cells to the consid-
ered cell and where, also, primary calls are generated. The 
two emphasized types of calls form together mixed traffic. 
The new, two-dimensional model allows us to calculate 
some characteristic variables for the systems, which may 
not be determined based on the analysis of one-dimen-
sional model. The developed simulation program is veri-
fied comparing the obtained system state probabilities as 
also primary and handover calls loss rate to the corre-
sponding values from the calculation process. We analyzed 
cells with a number of channels reserved only for handover 
calls. This system performances are compared to the per-
formances of some other systems from literature and it is 
proved that their characteristics are comparable whereby 
our system improves handover calls dropping rate. It is 
also proved that users’ speed increase and cell radius 
decrease cause both primary and, especially, handover 
calls loss rate increase. The results of calculation and 
simulation are obtained after a number of iterations (cal-
culation or simulation cycles), where the new loss proba-
bility values from one iteration become the input values for 
the next iteration. In the case that call loss values do not 
converge during simulation, we implemented the original 
algorithm for input call loss probability estimation for the 
next iteration. 

Keywords 
Network of mobile users, handover traffic, channel 
reservation, traffic loss, two-dimensional model 

1. Introduction 
Users’ moving in the mobile station (MS) network is 

enabled by several complex processes. At first, base station 
(BS) power measurement is applied to select the most suit-
able one. Then a sophisticated signalization process allows 
BS changing, i.e. MS transition from one cell to the other, 
neighboring one (handover). The necessary BS power 
determination while MSs are moving [1] is also a compli-

cated problem, especially when considering power saving. 
In this paper we are going to apply the theory of mixed (or 
multi-dimensional, in this case two-dimensional [2]) traffic 
to present traffic calculation in one mobile telephony net-
work cell when all users are movable. The theory of multi-
dimensional traffic may be implemented when the same 
serving resources are utilized by users (requests) of differ-
ent properties. The benefit of this model is that all traffic 
components properties may be determined. Section 2 pre-
sents existing solutions survey, dealing with the analysis of 
mobile networks with handover traffic component. The 
adopted cell model with movable users is presented in 
Sec. 3. Section 4 emphasizes the main steps in the model 
development, while Section 5 deals with the method of 
calculation. Section 6 is devoted to the simulation of a cell 
with handover traffic. Numerical examples are found in 
Sec. 7. The explanation related to the necessary number of 
iterations in calculation and simulation process is empha-
sized in Sec. 8. At the end, the conclusions are expressed in 
Sec. 9. 

2. Previous Solutions 
Specifics of handover traffic from the point of traffic 

analysis are established relatively long ago. Basic items 
related to such an analysis are listed already in [3]: imple-
mentation of Markov chains and Erlang loss formulas 
when defining models, calculation of newly generated calls 
(primary calls) blocking probability in the considered cell 
and call dropping probability of handover calls, offered 
and served traffic of primary and handover calls. The mod-
els for various macro and micro mobile network cells con-
figurations are also defined. 

The paper [4] is the further elaboration of Markov 
model presented in [3]. The main expressions for primary 
calls blocking and handover calls dropping are developed. 
Besides, the relation between handover intensity, users’ 
moving speed and BS cell dimensions (its perimeter and 
area) are also introduced. The mentioned expressions are 
the basis for several examples from praxis presentation in 
[5]. These examples have been used as a reference point of 
comparison when developing models presented in our 
paper. 
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The contribution [6] presents detailed analysis of traf-
fic characteristics for the system with handover. The analy-
sis is performed for the three most important methods 
which aim to achieve call dropping probability decrease:  
1) some number of traffic channels reservation only for 
handover calls; 2) handover calls waiting in a queue for 
serving and 3) the bit-rate decreasing in already realized 
connections to handle handover traffic. The number of 
reserved (or guard) channels may be dynamically varied 
according to traffic load [7]. Among the three emphasized 
methods, the most important for the analysis in this paper 
is channel reservation only for handover calls. The accent 
in [6] is related to channel reservation for GPRS traffic. 
However, the analyzed algorithms in [6] do not provide 
enough multiple call dropping probability decreasing com-
paring to primary calls blocking probability. The results are 
presented for the system with relatively small handover 
probability (Ph = 35%), which is not satisfactory when 
networks with micro-cells are dimensioned. The analysis 
examples in this paper proved that special attention has to 
be devoted to the problem of slow convergence of calcu-
lated results to their exact values for greater values of 
handover probability. Such a situation is the characteristic 
of micro-cells.  

The reservation of some traffic channels only for 
handover leads to primary calls loss increasing. The char-
acteristic behavior of lost calls is that they are repeated. 
The analysis of systems with repeated calls where primary 
and handover calls exist is presented in [8]. 

Contribution [9] presents the detailed analysis of the 
system where waiting of handover calls is applied if there 
are no idle traffic channels. There are two queues of differ-
ent priority in a system depending on the received signal 
power and the remaining time that a call may be present in 
the region between two cells. New calls blocking probabil-
ity and handover calls dropping probability are determined 
analytically and by simulation. Queueing disciplines are 
further expanded in [10], where, besides queueing of hand-
over calls, it is supposed also that primary calls are queued. 

Newly generated requests arrival to some queueing 
system may be considered as Poisson process. Strictly 
speaking, this assumption is not valid for handover traffic, 
because it is modified by the loss in surrounding cells 
where the calls are first generated [11]. It is emphasized in 
the survey of different contributions and analysis, pre-
sented in [11], that handover traffic is more smoothed than 
Poisson process. However, in the case of: 1) small or me-
dium traffic load; 2) even distribution of offered traffic in 
identical neighboring cells according to Poisson process 
and 3) relatively limited users' moving dynamics, i.e. when 
the great number of cells are not exchanged during the 
connection time, Poisson model represents handover traffic 
very well [8], [11]. This is very important as the back-
ground to approve credibility of the results presented in 
this paper. The assumptions in the analysis performed in 
this paper include approximately equal traffic load in cells 
and limited handovers number during one connection time. 

Even in the case when mean users' moving speed is 
V = 60 km/h, it is unlikely to exchange more than two cells 
during the connection, because it is assumed that cell pe-
rimeter is R = 10 km. These values of mean users’ speed V 
and cell perimeter R are characteristic for the cells in rural 
areas. In this paper we analyze such an example. The cells 
with lower value of V and R are typical for urban areas 
(especially when microcells are considered). The examples 
in this paper are for V = 5 km/h and R = 100 m. Besides, in 
this paper are analyzed characteristics of macrocells in 
rural (R = 10 km) and urban area (R = 1 km) where users’ 
speed is variable. Nevertheless, in the conditions of greater 
users' moving speed it is necessary to carefully anticipate 
the moment of new cell selection when handover is real-
ized [12]. Such an analysis decreases the number of unnec-
essary handovers due to the lack of idle channels or idle 
waiting spaces, but also it is necessary to implement new, 
specific traffic models [13]. As, generally, handover traffic 
is more smoothed than Poisson process, the practically 
expected results in the case of the significant traffic load 
and smaller cells are better than the results presented by 
Poisson model. The analysis of handover traffic is not only 
important for the improved dimensioning of traffic chan-
nels. It may be also implemented to better design the hand-
over algorithm in heterogeneous technology networks [14]. 

The main contribution of this article is that it intro-
duces two-dimensional model for the analysis of handover 
traffic. In such models primary traffic and handover traffic 
are represented separately, as they also appear. This is 
a step forward comparing to previous solutions based on 
one-dimensional models where these two traffic compo-
nents are presented together, as one state [4], [5]. The out-
puts from the analysis of two-dimensional models are sub-
state probabilities, where each sub-state is defined by two 
numbers related to each of two traffic components. From 
these sub-state probabilities it is possible to calculate state 
probabilities, all types of traffic loss, i.e. any desired char-
acteristic. In the following sections some specific system 
states (sub-states) are analyzed, which cannot be analyzed 
by the implementation of one-dimensional models (for 
example probability that there are no primary calls in the 
system, probability that there are no handover calls in the 
system and the probability that there are the same number 
of primary and handover calls in the system). The analysis 
on the basis of multi-dimensional traffic models is a very 
powerful mean for queueing system analysis, as it is illus-
trated in [15], where the applied two-dimensional traffic 
model has allowed us to prove that blocking probability, 
calculated in [16] on the basis of one-dimensional model, is 
underestimated comparing to the exact value of blocking 
probability. 

The second contribution of the article is the devel-
oped special simulation method with iterations, which was 
not applied earlier. Its implementation is necessary because 
one traffic component (handover traffic) is not exactly 
defined in the beginning of simulation, but it depends on 
the traffic characteristics in the surrounding cells. Starting 
from some arbitrarily selected value of handover traffic, 
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during iterations in simulation this traffic gradually ap-
proaches its exact value. 

The results from this paper address circuit switched 
systems, meaning that the results are related to GSM like 
systems. 

3. Model of Mixed Traffic in Mobile 
Networks 
Throughout of this paper the following abbreviations 

are used: 
- λp – intensity of primary calls generation; 
- λh – intensity of handover calls generation; 
- V – user moving speed; 
- R – cell radius; 
- Ap – the offered traffic of primary calls; 
- Ah – the offered traffic of handover calls; 
- μp – call service intensity of primary calls; 
- μh – call service intensity of handover calls; 
- μc – channel service intensity; 
- r – number of guard channels intended only hand-

over calls; 
- N – total number of traffic channels; 
- Pbp – probability of primary calls blocking; 
- Pbh – probability of handover calls dropping; 
- Ph – probability of handover; 
- Np – the number of primary calls in the system; 
- Nh – the number of handover calls in the system; 
- P{i,j} – sub-state probability with i primary calls and 

j handover calls; 
- P(Np = Nh) – probability of the substate with Np pri-

mary calls and Nh handover calls; 
- sum_P{0,j} – probability that no channel in the sys-

tem is seized by primary call; 
- sum_P{i,0} – probability that no channel in the sys-

tem is seized by handover call; 
- RF(i,N – r – i) – the part of handover calls relative fre-

quency which appear in this substate {i,N – r
 – i}; 

- Pbpo – the old probability of primary calls blocking; 
- Pbho – the old probability of handover calls blocking; 
- Pbpn – the new probability of primary calls blocking; 
- Pbhn –

 the new probability of handover calls blocking. 

The systems with more than one traffic type (usually 
two types) have been analyzed long ago [17]. Traffic in 
one cell of mobile network may be considered to have two 
components. The first one corresponds to calls generated in 
the considered cell (primary calls). The second one are the 
calls generated in some other cell, but must be realized, i.e. 
continued in the considered cell due to users’ moving 
(handover calls). The both traffic types use the same 
resources, i.e. channels. It is often supposed that handover 
calls must have service priority. That is to say, call loss due 
to the resources lack at the connection beginning is 
considered as common phenomenon. On the contrary, 
handover connection dropping during the handover is very 
undesirable. Handover calls priority is achieved by channel 

 
Fig. 1. Symbolic presentation of the cell with movable users.   

reservation only for these calls. (In this case handover is 
realized using two old techniques, which were well known 
in different stages of classic telephony development. The 
first one is existing connections rearrangement using other 
resources [18]. The other one is channel (trunk) reservation 
[2, Sec. 8.6].) 

The circle in Fig. 1 symbolically presents one cell of 
a mobile network and possible connections while consider-
ing the connection beginning and end. The base station 
(BS) is in the middle of the cell, whose radius is R. The 
number 1 designates the movable user’s connection, which 
begins and ends in the considered cell. Handover is not 
necessary to be implemented during this connection. The 
number 2 designates the connection, which starts in the 
considered cell, and after the realized handover, it contin-
ues in the neighboring cell. The connection 3 starts some-
where in the network and after the handover it continues in 
the considered cell, where it also finishes.  

The connection 4 is initiated in the network in the 
time moment t1, after the handover in the moment t2 it is 
continued in the considered cell and after the following 
handover in the moment t3 it is further continued in the 
network. This connection is finished in the network in the 
moment t4. The time moments on t axis are related only to 
the user number 4. It is obvious that, from the point of calls 
serving, connections 1 and 2 represent the first traffic type 
for the considered cell (newly generated requests), while 
the connections 3 and 4 represent the second traffic type 
(handover calls). The users moving speeds are different  
(V1 –V4) and the directions of their moving are random. 

Let us consider the cell of mobile network with mov-
able users. The cell is circular and its radius is R, Fig. 1. It 
is supposed that users are uniformly distributed over the 
cell area. The mean user moving speed is designated by V, 
as presented in Fig. 1. The network consists of the cells 
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with equal properties. Each cell has N traffic channels. The 
calls are generated randomly and do not depend on channel 
availability state, which means that the number of traffic 
sources is significantly greater than the number of traffic 
channels. This assumption is valid both for primary traffic 
and for handover traffic, because the handover traffic into 
some cell is the consequence of previously generated pri-
mary traffic of users, whose number is always significantly 
greater than the number of traffic channels. According to 
Fig. 1, primary calls are generated in the cell with the in-
tensity λp, (calls in the unit of time) and the incoming calls 
intensity into the cell by handover realization is λh. The 
offered traffic will be designated by A and will present the 
product of the call intensity and mean connection time (Ap 
in the case of primary calls the offered traffic, and Ah in the 
case of handover calls the offered traffic). The time interval 
between successive calls of both kinds is considered to be 
random variable with negative exponential distribution. 
These two traffic components have Poisson distribution, 
according to [9], [11]. The important assumption is the 
balance of handover process: the number of calls which 
come to the considered cell as the result of handover is 
equal to the number of calls which go from the same cell to 
other cells also by handover. The mean time while the 
movable user is in the cell (dwell time) is equal 1/μh. As it 
is known [4], the intensity of handover in the circular cell 
is μh = 2·V/π·R. The second consequence of the balance 
between outgoing and incoming handover connections is 
that handover probability for one connection is 
Ph = μh/(μh + μp). The connection duration time is random 
variable with the negative-exponential distribution whose 
mean value is tm = 1/μp, meaning that μp is call service 
intensity (service rate). The mean channel serving time in 
one cell is random variable with the negative-exponential 
distribution, whose mean value is tc = 1/(μh + μp) = 1/μc . If 
users are motionless, then it is tm = tc and if they move in 
the network, then it is tm > tc. If some number of channels 
is reserved only for handover calls, their number is desig-
nated by r (0 ≤ r < N). The probability of primary calls 
blocking due to the lack of idle channels is designated by 
Pbp and the probability of handover calls dropping is desig-
nated by Pbh. If it is r = 0 then it is Pbp = Pbh. If in some 
moment of time i channels in the cell are seized by primary 
calls and j channels are seized after handover, it will be 
considered that the cell is in the sub-state {i,j} and the 
probability of this sub-state will be designated P{i,j}. 

The service in a cell may be explained by the simpli-
fied model in Fig. 2. The circle in this figure presents the 
cell with the BS in its middle. The primary calls are gener-
ated by the users from the considered cell with the intensity 
λp and they are served if there are less than N – r busy traf-
fic channels. If the number of busy traffic channels is N – r 
or higher, the primary call is blocked. The intensity of 
blocked calls is λp·Pbp. 

Handover calls are generated with the intensity λh 
when users from adjacent cells are crossing the cell border. 
The call is served if some of total N traffic channels is idle. 
If all  N  traffic  channels are busy, the call  is dropped. The 

 
Fig. 2. Serving of primary and handover calls in a cell. 

intensity of dropped handover calls is λh·Pbh. There is no 
queueing possibility in the system for primary calls or for 
handover calls. 

All calls accepted for service may be ended while 
a user is still in the considered cell. The intensity of these 
calls finishing is μp. The call service in the considered cell 
may be finished before the call ends by handover to some 
of adjacent cells. The intensity of these calls is μh. 

4. The Analysis Steps 
Traffic process takes place under the influence of two 

traffic components. That’s why this process may be pre-
sented as two-dimensional [2, Sec. 7]. In the case of re-
served channels implementation (r > 0) the process comes 
to the case of one traffic type restriction [2, Sec. 8.6.1.]. 
This case is presented by the model in Fig. 3 where N = 5, 
r = 2. In this figure index i represents the number of pri-
mary calls in the system and index j represents the number 
of handover calls. The number of channels reserved for 
handover calls is related to the maximum possible values 
of i and j by r = j – i. Sub-state diagram, i.e. all possible 
sub-states in such a cell and transition possibilities from 
one sub-state to the other are presented in Fig. 4. Each sub-
state in Fig. 4 is described by two indices. The first index is 
the instantaneous number of primary calls in the system 
and the second index is the number of handover calls in the 
system. If Kolmogorov criterion [2] is implemented on the 
transition diagram from Fig. 4, it is proved that the process 
in this model is not reversible. That’s why the simpler 
calculation method may not be implemented. 

The necessary condition of two-dimensional process 
reversibility according to Kolmogorov criterion [2] is that 
process flow between neighboring sub-states must exist in 
both directions and this is not the case for the system with 
channel reservation in Fig. 4. That's why the calculation of 
sub-states probabilities is more complex than for reversible 
process. Determination of traffic properties for this model 
will be realized in three steps. The first step is accurate 
properties calculation for the model with the small number 
of sub-states. This is relatively  simple.  The  second  step is 
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Fig. 3. Sub-states in two-dimensional traffic model of one 

cell. 

 
Fig. 4. Sub-state diagram for the cell from Fig. 3. 

development of simulation model for the calculated model. 
The third step is implementation of simulation on a model 
with greater number of sub-states. 

5. Calculation Method 
Queueing systems like the one in Fig. 4 may often be 

encountered when analyzing in different areas of science, 
including situations of everyday life. One such example 
can be found in [19], wherein it is described how we can 
come first to a system of differential equations that de-
scribe such a case on the basis of the sub-state diagram. In 
the next step the system of differential equations is re-
placed in the steady state by a system of linear equations. 

In our analysis this system of linear equations is 
solved by matrix calculation in Excel for systems with 
a relatively small number of channels N, as in [19]. The 
sub-state probabilities P{i,j}, i = 0,1,…, N – r; j = 0,1,…,N 
are obtained as the result of calculation. These probabilities 
allow us to determine all traffic parameters for both traffic 
types. 

The probability of both traffic types loss (primary 
calls blocking and handover calls dropping) is 

  t
0

,
i N r

i

P P i N i
 



  .  (1) 

The variable Pt in (1) represents the probability of the 
system state where all N traffic channels are busy. This 
probability is calculated as the sum of probabilities of two-
dimensional system sub-states. In Sec. 3 we have already 
emphasized that the number of traffic sources is signifi-

cantly greater than the number of available traffic channels. 
According to the queueing theory analysis [2] for systems 
with Erlang property (great number of traffic sources), 
three values have equal values: 1. the state probability 
where all serving channels are busy; 2. the probability of 
new calls blocking (call congestion) and 3. the probability 
of blocking in time (time congestion). This consideration 
allowed us to implement the equation (1).  

The probability of only primary calls blocking is 

   
1

pl
0

,
N r N

i j N r

P P i j i
 

  

   .  (2) 

The total primary calls blocking rate is  

 
bp t plP P P  .   (3) 

The handover calls dropping rate is 

 bh tP P . (4) 

The sub-state probabilities may be used to calculate 
other variables. For example, system is in the state with s 
busy channels if it is i + j = s, i.e. probability of this state is 

    
min( , )

0

, ,  0,1,...,
i s N r

i

P s P i s i s N
 



    (5) 

where i = min(s, N – r) means that the upper sum limit is 
the lower of two offered values: s or N – r. 

The probability that a cell is in the state with q busy 
channels by primary calls is 

    p
0

, ,  0,1,...,
N q

j

P q P q j q N r




   .  (6) 

The probability that a cell is in the state with v busy 
channels by handover calls is  

    
min( , )

h
0

, ,  0,1,...,
i N v N r

i

P v P i v v N
  



    (7) 

where i = min(N – v, N – r) means that the upper sum limit 
is the lower of two offered values: N – v or N – r. 

Other traffic characteristics (offered traffic in sub-
states) may be determined on the basis of sub-state proba-
bilities.  

Unfortunately, sub-state probabilities may not be de-
termined in one process flow. Iterative process must be 
used [5]. The reason for this is simple: the offered traffic to 
channels in the considered cell depends on the offered 
handover traffic and this handover traffic depends on loss 
in neighboring cells.  

The offered traffic to the considered cell from the 
neighboring cells, Fig. 5, depends on handover probability 
Ph. Handover is used to transmit only served primary calls 
(1 – Pbp)·Ap from the neighboring cells and served calls, 
which are present in neighboring cells as a consequence of 
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Fig. 5. Traffic process in the considered cell on the basis of 

handover. 

handover (1 – Pbh)·Ah. The value of Ah is determined on the 
basis of equation 

     h h bp p bh h1 1A P P A P A         ,  (8) 

i.e. 

 
 
 

h bp p

h
bh h

1

1 1

P P A
A

P P

  


  
. (9) 

The offered traffic of primary calls is a priori defined 
for sub-states probabilities calculation, but the offered 
handover traffic depends on Pbp and Pbh loss. The values of 
Pbp and Pbh are assumed at the beginning of calculation. 
The calculation process is realized in several iterations of 
sub-state probabilities and loss calculation. The new values 
of loss (primary calls blocking and handover calls drop-
ping) are used in (9). The new values of Pbp and Pbh are 
used for the next iteration steps until the value of Pbp at the 
end of calculation is close enough to the value before the 
calculation. In practical realization we have finished the 
calculation when the value of Pbp at the end of some itera-
tion does not differ more than dif = 1% or dif = 1.5% from 
its value before the calculation.  

6. Simulation Method 
The process of simulation is based on classical Monte 

Carlo simulation of telephone traffic, which is explained, 
for example, in [20]. This method is modified in accord-
ance to the requirements of specific system which is ana-
lyzed, whether it is a system in telephony [21], or in some 
other area [22]. The procedure of characteristic events 
generation is adjusted considering the specificity of ana-
lyzed system, as is usually also the case in other examples 
of Markov traffic (process) simulation. 

The main characteristic of Markov traffic (process) is 
that previous events have no influence on following events 
(memoryless property). This characteristic is provided by 
the generator of random numbers without the influence of 
past events. Each generated random number causes maxi-
mum one change (the new call beginning or finishing). In 
this way it is assured that simulated process has the birth-
death property as the real process. 

The important difference in simulation flow compar-
ing to some other earlier realized simulations [21–23] is 

that the final simulation result is obtained after more simu-
lation cycles (iterations), not after only one. This specific-
ity is the consequence of the fact that handover traffic may 
not be uniquely defined. Its value depends on Pbp and Pbh 
values in the adjacent cells and after each cycle the new 
value of Ah is calculated for the next cycle on the basis of 
Pbp and Pbh determined in the just finished cycle. This is 
the principle difference comparing to simulations in  
[21–23]. There are also other differences in the simulation 
flow connected with the process of events generation, 
which are not principle. It means that simulation programs 
from [21–23] couldn’t be directly modified to perform 
more iterations, but it was necessary also to redefine events 
generation behavior and the areas of generated random 
numbers to correspond to the system modelled in this 
paper. 

Each simulation cycle in our program includes rela-
tively great number of generated random numbers (and 
events in the simulated system on the basis of these num-
bers), i.e. repeating the program loop. When selecting the 
number of program loop repetitions, it is necessary to have 
as higher as possible number of repetitions to achieve as 
reliable as possible results. But the high number of these 
repetitions contributes to too long simulation process. In 
our case each simulation cycle included 25 million of gen-
erated random numbers, which is a good compromise from 
the viewpoint of the results reliability and simulation time. 

The whole presented system simulation is our devel-
opment completely realized in C programming language, 
including also Markov traffic model implementation. It is 
performed on commercial PC without any special require-
ments for the PC. The simulation program is available at 
the address http://www.iritel.com/index.php/en/design-
services/646-pprgrams-for-mobile-systems-simulation [24]. 
We do not use any already existing program for the 
Markov chain simulation. Our program as all other pro-
grams which we have developed for the simulations of 
mobile systems function we treat as the open source soft-
ware and we disclose it to anyone who is interested. The 
time needed for each simulation trial with 25 million of 
generated random numbers is less than 10 s. Simulation 
starts by arbitrary defining the starting values of traffic loss 
rate Pbp and Pbh (for example Pbpn = Pbhn = 0) (Fig. 6). After 
that the first step in the simulation is the generation of 
random number RN with the uniform distribution in the 
range (0,...,1) (classical random number generator in C 
programming packet). This number is, afterwards, trans-
lated to the range (0, Ap·(1 + Δ) + N), where Δ = Ah/Ap 
defines the part of offered traffic which is the subject of 
handover. The handover traffic is calculated on the basis of 
(9). Depending on the calculated random number RN1 the 
following events are possible: 

 RN1 < Ap – the primary call is generated if the number 
of busy channels in that moment is Nt < N – r; if this 
condition for Nt is not satisfied, the primary call is lost 
(Lp); 



RADIOENGINEERING, VOL. 28, NO. 4, DECEMBER 2019 807 

 

 Ap ≤ RN1 < Ap·(1 + Δ) – the handover call is gener-
ated if the number of busy channels in that moment is 
Nt < N; if this condition for Nt is not satisfied, the 
handover call is lost (Lh); 

 Ap·(1 + Δ) ≤ RN1 < Ap·(1 + Δ) + Np – the primary call 
is finished if the number of existing primary calls in 
the channels in that moment is Np > 0; 

 Ap·(1 + Δ) + Np ≤ RN1 < Ap·(1 + Δ) + Np + Nh – the 
handover call is finished if the number of existing 
handover calls in the channels in that moment is 
Nh > 0; 

 RN1 ≥ Ap·(1
 + Δ) + Np + Nh – no events are generated. 

During the simulation the record is kept about the 
number of generated and lost primary and handover calls. 
At the end of simulation cycle when the instantaneous 
value of program loop passes counter (cnt) approaches its 
maximum value (max), we calculate from these data new 
probabilities Pbpn and Pbhn. The new value Pbpn is compared 
to the old value of the probability Pbpo. The described pro-
cedure is repeated until relative difference between the old 
(at the input to the instantaneously realized iteration) and 
the new (after the realized iteration) value of Pbp does not 
become lower than dif. During this procedure equation (9) 
is used to calculate the new value of Ah, i.e. Δ on the basis 
of the new values of Pbpn and Pbhn. 

7. Numerical Examples 
Accuracy of simulation model for the analysis of 

systems with handover is verified for the cell modelled by 
Fig. 3 with the corresponding sub-state diagram from 
Fig. 4. For such a cell Figure 7 gives sub-states probabili-
ties obtained by calculation and the mean values obtained 
on the basis of simulation after at least three simulation 
trials, for the offered traffic value Ap = 2E. In our terminol-
ogy each simulation trial consists of a number of simula-
tion cycles (iterations) until the value Pbp changes less than 
dif in two consecutive cycles. In our simulation each per-
formed cycle consists of several million passes through the 
program loop. The BS cell radius is R = 10 km, and the 
mean users’ velocity is V = 60 km/h, leading to the hando-
ver probability Ph = 0.17 [5]. The values of Pbp and Pbh are 
presented at the end of Fig. 7. The values of P{i,j}, Pbp and 
Pbh are selected in the moment when the relative difference 
between the values of Pbp after two consecutive, last itera-
tions is lower than 1%. 

The next step in the verification was the comparison 
of probability loss values Pbp and Pbh, according to the 
calculation and the simulation with the values on the basis 
of one-dimensional model, presented in [5]. The results of 
this verification are emphasized in Tab. 1. 

The comparison is performed for two examples: the 
first one where r = 2 channels are reserved only for hando-
ver and the second one where no channel is reserved for 
handover (r = 0). In the case of r = 0 the values of Pbp and 

 
Fig. 6. Flow-chart of the simulation program. 
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Fig. 7. The sub-state probabilities P{i,j} and the probability of 

primary calls blocking (Pbp) and handover calls 
dropping (Pbh) on the basis of calculation and the mean 
value of the same variables on the basis of simulation 
for the system presented in Fig 3 and Fig. 4. 
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 One-dimensional model in [5] Calculation Mean value of simulation 

Pbp for N = 10, r = 2, Ap = 5E, Ph = 0.17 0.12698 0.126975679 0.127079 

Pbh for N = 10, r = 2, Ap = 5E, Ph = 0.17 0.0010172 0.001017208 0.001003 

Pbp for N = 10, r = 0, Ap = 5E, Ph = 0.17 0.042299 0.042300886 0.042309 

Pbh for N = 10, r = 0, Ap = 5E, Ph = 0.17 0.042299 0.042300886 0.042630 

Tab. 1. The probabilities of primary calls blocking (Pbp) and handover calls dropping (Pbh) for N = 10, Ap = 5E, R = 10 km, V = 60 km/h and 
Ph = 0.17 in the case when it is r = 0 and r = 2, which are determined on the basis of one-dimensional model according to [5], and on 
the basis of calculation and simulation for the new two-dimensional model. 

Pbh obtained by calculation are exactly the same. This is 
understandable because Pbp and Pbh are determined as the 
sum of system sub-states probabilities, and when it is r = 0 
there are no sub-states where only primary calls are lost. 
When simulation is realized, the values of Pbp and Pbh are 
very near one to the other, but not the same. The reason is 
that the loss in simulation is determined in a different way: 
by counting lost and successfully realized primary and 
handover calls. At the end of the simulation, Pbp and Pbh are 
calculated dividing the numbers of lost and established 
calls. 

Figure 8 presents probability of primary calls block-
ing (Pbp) and handover calls dropping (Pbh) as a function of 
offered traffic (Ap) in two cases: 1) when N = 10 traffic 
channels are available and r = 2 channels are reserved only 
for handover calls; 2) when N = 22 traffic channels are 
available and r = 3 channels are reserved only for handover 
calls. The handover probability is Ph = 0.17. The results are 
determined by simulation. 

When there is a higher number of available traffic 
channels, the number of equations which model the state of 
the system is significantly increased over the maximum 
possibilities of the implemented software. That’s why in 
such a case the results may be only determined by simula-
tion (the example of N = 22 channels in Fig. 8). It may be 
concluded that reservation of only a low number of chan-
nels only for handover calls (3 of total 22 channels) causes 
decreasing of handover calls loss probability in relation to 
primary calls loss for approximately three orders of mag-
nitude. Such a significant improvement is the result of two 
mutually opposite effects. The first one is that reservation 
of r channels only for handover calls causes that the system 
behaves in relation to primary calls as it has r channels less 
available. That’s why probability of primary calls blocking 
is increased comparing to the case when there is no chan-
nel reservation. The second effect is that only handover 
calls contribute to the offered traffic on r reserved chan-
nels. This is, in any case, lower traffic then if there is no 
channel reservation, when the offered traffic on these r 
channels includes, together, primary and handover calls. 
Therefore, this contributes to handover calls dropping rate 
decrease. 

Comparing the results for the smaller group of 10 
channels from Fig. 8 in relation to the effects for the 
greater group of 22 channels, it may be concluded that the 
achieved effects of loss decrease are greater for the greater 
group of channels. For example, for Pbp = 0.1 in the system  
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Fig. 8. The probability of primary calls blocking (Pbp) and 
handover calls dropping (Pbh) as a function of offered 
traffic (Ap).  

with 10 channels it is Pbh ≈ 8·10–4, while for the same value 
of Pbp in the system with 22 channels is Pbh < 2·10–4. This 
is achieved although, relatively, the number of reserved 
channels in relation to the total number of channels is 
greater for the system with 10 channels (2/10 in relation to 
3/22). 

The advantage of two-dimensional model implemen-
tation for the system with handover calls is that it allows us 
to perceive some system characteristics, which may not be 
estimated on the basis of one-dimensional model. One 
example is the probability that there are equal number of 
realized primary and handover calls (P(Np = Nh)) in the 
system as a function of offered traffic (Ap), calculated 
according to the equation 

     
2

p h
0

,

N

i

P N N P i i

 
  



    (10) 

where 
2

N 
  

 is the lower integer value of the number N/2. 

For the system defined by Fig. 8 this probability is pre-

sented in Fig. 9. When it is N = 10 the value 
2

N 
  

 goes 

from 0 to 5 while when it is N = 22 it goes from 0 to 11. It 
is obvious that probability P{Np = Nh} decreases when Ap 
increases. When traffic values are lower (Ap < 5E), 
P{Np = Nh} is approximately the same for 10 and 22 traffic 
channels. 
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R=10km, V=60km/h, Ph=0.17
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Fig. 9. The total probability that the same number of primary 

and handover calls is realized as a function of offered 
traffic (Ap). 

N=10ch, r=2ch, R=10km, V=60km/h, Ph=0.17
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Fig. 10. The probability that in system no channel is seized by 

primary calls (sum_P{0,j}) and that no channel is 
seized by handover calls (sum_P{i,0}) as a function of 
offered traffic (Ap). 

The probability that in system no traffic channel is 
seized by primary call (equation (6) for q = 0), i.e. that no 
traffic channel is seized by handover call (equation (7) for 
v = 0) also may not be determined by one-dimensional 
model. In Fig. 10 these probabilities are presented as 
a function of offered traffic (Ap) for the cell with N = 10 
channels with r = 2 channels reserved only for handover 
calls. It is obvious that these probabilities decrease when Ap 
increases, significantly faster for the case when there are 
no primary calls in the system (q = 0). 

The probabilities of primary and handover calls loss 
(Pbp and Pbh) as a function of offered traffic for the micro-
cell with N = 10 traffic channels are presented in Fig. 11. 
The characteristic of these cells is the greater value of 
handover probability (Ph) than it is in the case of macro-
cells, which have been analyzed in this paper until now. 
For the example from Fig. 11 the cell radius is R = 100 m, 
the mean users’ moving speed is V = 5 km/h and Ph = 0.64 
[5]. The value of Ph for microcell is significantly higher 
than Ph = 0.17, which is the typical value for the macro-cell 
used in the analysis in this paper. In regard to the higher 
value of Ph, the greater number of channels is reserved 
only for handover calls (r = 4 in Fig. 11). 

The loss probabilities Pbp and Pbh as in Fig. 8 and 
Fig. 11 may be compared to the corresponding graphs from 

N=10ch,r=4ch,R=100m,V=5km/h,Ph=0.64
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Fig. 11. The loss of primary (Pbp) and handover calls (Pbh) as 

a function of offered traffic (Ap). 

[9] for the system with queueing of handover calls. In order 
to perform the comparison, we simulated the system with 
30 channels where r = 2 and r = 3 channels are reserved 
only for handover calls. It is Ph = 0.5, as in [9]. The results 
of simulation according to the cited characteristics together 
with the results of Fig. 6 from [9] are presented in Fig. 12. 
The offered traffic in graphic from [9] presents the total 
traffic of primary calls plus traffic of handover calls. That’s 
why we had to modify our way of presentation to adapt it 
to the results from [9]. The loss of primary calls for r = 2 
according to our model is higher than the corresponding 
loss in [9]. When we have Ap + Ah = 20E, it is Pbp = 2.8% 
for the system with channel reservation and Pbp = 1.1% for 
the system from [9]. For the loss of handover calls the 
results are opposite: Pbh = 0.21% for the system with chan-
nel reservation and Pbh = 0.25% for the system from [9]. 
Relative increase of primary calls loss for system with 
channel reservation is higher than relative decrease of 
handover calls loss because calls which may not be ser-
viced are immediately lost. On the other side, handover is 
faster because no calls are waiting on handover. But, our 
main goal is to prove the efficiency and the benefits of 
implemented two-dimensional model, not the benefits of 
algorithm. As presented in Fig. 12, it is possible to further 
decrease the probability of handover calls loss by increas-
ing the value of r (r = 3), but for a cost of increasing the 
probability of primary calls loss. 

The two systems may be compared in several addi-
tional components. The model in [9] does not make differ-
ence between arrival of primary and handover calls as long 
as there are idle traffic channels. In this case system is one-
dimensional. System is two-dimensional only in the part 
when there are handover calls, but only because there are 
two waiting queues. Comparing to this, our model explic-
itly makes difference between two call types in all situa-
tions, thus enabling us to analyze some system characteris-
tics, which are not obvious from one-dimensional model. 
These are, for example, the probability that system is in 
some specific sub-state with handover calls present or the 
probability of a new call generation in different sub-states. 

Kolmogorov criterion is satisfied for the system in 
[9]. This  fact  allows us to  express  probabilities  of system 
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Fig. 12. The probability of primary calls blocking (Pbp) and 
handover calls dropping (Pbh) as a function of total 
traffic (Ap + Ah). 

states in closed form. Opposite, it is not possible to give 
such an expression for our system, because some states are 
not reversible. But, nevertheless, it is possible to calculate 
the sub-states possibilities solving the system of equations 
formed on the basis of system birth-death presentation, as 
the one in Fig. 4. 

The characteristics Pbp and Pbh for the model pre-
sented in this paper are also compared to the characteristics 
of the system from [25]. The characteristics from this paper 
are compared to the characteristics from Fig. 6 and Fig. 7 
in [25]. Both systems have 10 traffic channels and we 
adopted high value Ph = 0.64 for the system presented in 
this paper, thus significantly increasing the values of Pbp 
and Pbh. The number of reserved channels only for hando-
ver calls is r = 3. The comparative graphs are presented in 
Fig. 13. In this case the values of Pbh are mutually similar: 
for lower values of Ap < 7E system from [25] has lower Pbh, 
while for Ap > 7E system from [25] has higher Pbh. The 
value of Pbp is always lower for the system from [25]. But, 
as already emphasized, the results are presented for the 
high value Ph = 0.64, meaning that handovers are very 
frequent. Besides, as for the comparison with the results 
from [25], the main goal of this paper is to prove the bene-
fits of two-dimensional model, not to develop the new 
model for handover implementation. 

Performances of a system with handover depend on 
the cell radius R and on the user speed V. These perfor-
mances are analyzed for the systems with the characteris-
tics presented in Tab. 2. The first three examples are for the 
systems in rural areas, where R and V are higher, while the 
second three examples are for the systems in urban areas, 
where R and V are lower. The values of Ph in the third 
column of Tab. 2 are determined based on the already 
emphasized formula from [4]. As the values of R and V 
affect the value of Ph by their quotient, as an example the 
values of Pbp and Pbh for the system with R = 10 km and 
V = 50 km/h are equal to the system with R = 1 km and 
V = 5 km/h. 
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Fig. 13. The probability of primary calls blocking (Pbp) and 
handover calls dropping (Pbh) as a function of offered 
traffic (Ap). 

 

R [km] V [km/h] Ph 
10 50 0.14 
10 80 0.2 
10 120 0.28 
1 5 0.14 
1 30 0.49 
1 50 0.61 

Tab. 2. The values of Ph for various R and V. 
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Fig. 14. The probability of primary calls blocking (Pbp) and 
handover calls dropping (Pbh) as a function of offered 
traffic (Ap) for various users’ speed in rural areas. 

Figure 14 presents probability of primary calls 
blocking (Pbp) and handover calls dropping (Pbh) as a func-
tion of offered traffic (Ap) in a typical rural cell with radius 
R = 10 km. The number of reserved channels only for 
handover is r = 3. The results are presented for user mov-
ing speed V = 50 km/h, V = 80 km/h and V = 120 km/h. 
The increase of V causes increase both in Pbp and Pbh. This 
increase is more obvious when considering Pbh. When V 
increases from 50 km/h to 120 km/h, Pbh increases about 
ten times, while Pbp increases only about two times. 

Figure 15 presents probability of primary calls 
blocking (Pbp) and handover calls dropping (Pbh) as a func-
tion of offered traffic (Ap) in a typical urban cell with radius 
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Fig. 15. The probability of primary calls blocking (Pbp) and 
handover calls dropping (Pbh) as a function of offered 
traffic (Ap) for various users’ speed in urban areas. 

R = 1 km. The number of reserved channels only for hand-
over is increased comparing to urban area case to r = 4. 
The results are presented for user moving speed V = 5 km/h 
(pedestrian speed), V = 30 km/h and V = 50 km/h. The 
values of Pbp and Pbh are more sensitive to V increase in the 
case of urban cell, because the cell radius is significantly 
lower (R = 1 km) and R and V cause changes in Pbp and Pbh 

values by their mutual quotient. 

The implementation of two-dimensional systems also 
allows us to give an answer on the following question: is 
the probability of handover call appearance equal in all 
sub-states {i,j} where it is i + j = N – r? In other words, is 
it reasonable to reserve r channels only for handover calls 
even if all channels are already seized by handover calls? 

Let us suppose that n(i, N – r – i) is the number of 
new handover calls, which are generated in the sub-state 
{i,j} in the simulation process when it is i + j = N – r. The 
part of handover calls relative frequency which appear in 
this sub-state may be expressed by 
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Fig. 16. The ratio of handover calls generation probability in 

the state {i, N – r – i} to the probability of the same 
state as a function of the number of primary calls. 

The number of new calls generated in some sub-state 
{i,j} depends also on the probability that system is in this sub-
state. That’s why the variable RF(i, N – r – i)/P{i, N – r – i} 
presents the variation of the new handover calls from one 
sub-state to the other. Figure 16 presents the variation of 
the variable RF(i, N – r – i)/P{i, N – r – i} as the result of 
simulation for the model with N = 10 channels when there 
are r = 2 channels reserved only for handover. The results 
are presented for two offered traffic values Ap = 2E and 
Ap = 3E. The variable RF(i, N – r – i)/P{i, N – r – i} has 
approximately constant value for one value of offered 
traffic, which proves that the probability of new handover 
calls is the same in all sub-states. 

8. The Necessary Number of Iterations 
in the Analysis of System with 
Handover Calls 
Table 3 presents the necessary number of iterations 

when simulating the systems with implemented handover 
to obtain value of Pbp, which does not differ more than 
1.5% in two consecutive iterations. 

Generally speaking, the necessary number of itera-
tions for the cells with the small value of Ph is not too 
great, i.e. it may be expected that the results relatively 
quickly converge to their exact values. 

The situation is different when Ph is higher. In this 
case the necessary number of iterations is significantly 
increased when the offered traffic is increased, thus ex-
tending the time needed for simulation (for Ap = 5E it was 
necessary to have even 68 iterations). 

It is possible to make a correction in the method for 
determination of new values of Pbp and Pbh for the next 
iteration step. The modification of the simulation program 
is presented in Fig. 17. This modification replaces the last 
block from the flow-chart already presented in Fig. 6. In-
stead of the output value of the probabilities Pbp and Pbh in 
an iteration to represent the input value for the next itera-
tion, we introduced the following modification in the sim-
ulation process. For the each 10th iteration the input values 
of Pbp and Pbh are calculated as the average value of these 
parameters at the output of last two iterations. In the case of 
 

N = 22, r = 3, Ph = 0.17 N = 10, r = 4, Ph = 0.64 

Ap (E) 
The number 
of iterations 

Ap (E) 
The number 
of iterations 

10 3 2 8 
11 3 3 15 
12 3 4 28 
13 3 5 68 
14 3 6 

> 200 
15 4 7 
16 4 8 

17–22 4 9 

Tab. 3. The necessary number of iterations when simulating 
the system with handover. 
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Fig. 17. The introduced modification to speed-up simulation 

results convergence.  

implementation of such an algorithm the values Pbp and Pbh 

converge to their exact values significantly faster for 
Ph = 0.64 than it was before the modification is imple-
mented. The necessary number of iterations after this 
modification is presented in Tab. 4. In the characteristic 
cases when the satisfactory result is obtained after 11 itera-
tions (with 25 million generated random numbers in each 
iteration, i.e. each iteration has 25 million passes through 
program loop), the time necessary to perform a simulation 
is less than 1.5 minutes. 

The number of necessary iterations in all cases pre-
sented by Tab. 4 is equal to 10 or a bit higher. During the 
simulation, the values of Pbp and Pbh in two consecutive 
iterations when considering first 9 iterations have a signifi-
cant oscillatory behavior. The mean values of Pbp and Pbh 
between these two consecutive iterations are in the vicinity 
of the final Pbp and Pbh values. That’s why the 10th iteration 
settles down the oscillations. Namely, the values of Pbp and 
Pbh after the 10th iteration are calculated as the mean value 
of 9th and first determined 10th iteration.  

Our limit of relative oscillations is fixed to 1.5%, as 
already stated, and in our simulation trials oscillations after 
the 10th iteration were very near to this value. In some 
cases (for example for Ap = 3E and Ap = 5E) oscillations 
were lower than 1.5% and it was enough to have 11 itera-
tions. For Ap = 4E oscillations were a bit higher than 1.5% 
and it was necessary to have even 3 more iterations in the 
area of slow oscillations decrease (13 iterations total) to 
settle these oscillations below 1.5%. 

9. Conclusions 
This paper presents a new, two-dimensional model 

for the analysis of networks with mobile users who are 
moving. In such a case the traffic properties of cells in 
network may be estimated more detailed when considering 
primary and handover traffic instead of the total traffic. 
The model is intended to determine performances of sys-
tems with the ability to decrease handover calls dropping 
probability by the reservation of a number of traffic 
channels only  for  handover calls. Two-dimensional model 
 

N = 10, r = 5, Ph = 0.64 
Ap (E) The number of iterations 

2 10 
3 11 
4 13 
5 11 
6 11 
7 11 
8 12 
9 12 

Tab. 4. The necessary number of iterations when simulating 
the system with handover after the modification of the 
algorithm for the determination of new Pbp and Pbh 
values. 

allows us to determine some characteristics of the cells, 
which may not be determined by the implementation of 
existing one-dimensional models. All necessary cell char-
acteristics are determined on the basis of sub-state proba-
bilities. Three characteristics, which may not be determined 
from the one-dimensional model, are emphasized in this 
paper as an example: the probability that the same number 
of channels are seized by primary and by handover calls, 
the probability that there are no primary or no handover 
calls in the system and the probability of new handover 
calls generation as a function of instantaneous primary 
(handover) calls. The implementation of two-dimensional 
models to improve system performances by dynamic vari-
ations of the number of reserved channels as a function of 
relative relation between primary and handover traffic will 
be analyzed in the further development. 

Reservation of some traffic channels only for hando-
ver calls very quickly leads to the significant decrease of 
the handover calls dropping probability in relation to pri-
mary calls. This behavior is illustrated in the paper by two 
examples, which prove that this effect is more significant 
in the cells with the greater number of traffic channels. It is 
analyzed how primary and handover call loss depend on 
the users’ moving speed V and the cell radius R. Two addi-
tional examples are intended to compare the performances 
of system with channel reservation to the system which has 
waiting queues for handover calls. 

Simulation method, which is presented in this paper, 
is very important for the cells with the greater number of 
traffic channels when the calculation is very complex or 
even impossible. The specificity of calculation and simula-
tion method for the traffic loss determination in the systems 
with handover is that exact result may not be obtained after 
one calculation, i.e. simulation cycle. It is proved in this 
paper that the necessary number of steps in the calculation, 
i.e. number of simulation cycles, depends on the value of 
handover probability Ph. The determined values of system 
traffic characteristics (first of all traffic loss of primary and 
handover calls) converge to their exact values more 
quickly when the values of Ph are lower. That's why origi-
nal modification for the calculation of new Pbp and Pbh 
values for the next iteration cycle is implemented in the 
paper. This modification is based on Pbp and Pbh traffic loss 
values in the last two iteration cycles. 
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