
1 
Mobile communication traffic 
analysis on a road systems 
model 

K. Nakano, K. Sa ita, M. Sengoku 
Department of Information Engineering, Niigata University 
2-8050, Ikarashi, Niigata 950-2181, Japan 
Telephone/Telefax: +81 25 262 7219 
E-mail: nakano@info.eng.niigata-u.ac.jp 
URL: http://www.info.eng.niigata-u.ac.jp/tiger/ 

Y. Yamada 
Y RP Mobile Telecommunications Key Technology Research 
Laboratories Co., Ltd. 
3-4, Hikari-no-oka, Yokosuka 239-0847, Japan 

S. Shinoda 
Department of Electrical and Electronic Engineering 
Chuo University 
1-13-27, Kasuga, Bunkyo-ku, Tokyo 112-8551, Japan 

Abstract 
This paper describes communication traffic characteristics of a cellular mo

bile communication system on a road network assuming that calls are gener
ated by subscribers on vehicles moving along the road network. The offered 
load and the blocking probability are analyzed. For this analysis, the hand-off 
probability and the mean channel occupancy time are also analyzed. This pa
per utilizes the results of survey and estimation of traffic flow on road networks 
discussed in the transportation engineering field. 
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4 Part I Mobile Networks 

1 INTRODUCTION 

A cellular mobile communication system comprises a lot of radio zones which 
are called cells. Each cell has a base station. Suppose that a new call arrives 
at cell A. The base station in cell A assigns a communication channel to this 
new call. The call communicates to the base station in cell A. If the call leaves 
cell A and enters cell B, which is adjacent to cell A, the active call releases 
the channel of cell A and the base station in cell B assigns a communication 
channel to the active call. This operation is called a hand-off operation. The 
call, which enters cell B, is called a hand-off call. An active call crossing a 
cell boundary always requires a hand-off operation. Of course, in the hand-off 
operation, if cell B has no available channel, the hand-off call is blocked. 

The probability that a call requires a hand-off operation is called the hand
off probability. The channel occupancy time is the time during which an active 
call holds a channel in a cell. Because mobility of subscribers to mobile com
munication systems causes the hand-off operations, mobility of subscribers 
influences the hand-off probability and the channel occupancy time. Also, 
new calls and hand-off calls arrive at a group of channels of a cell, and the 
calls hold only during their channel occupancy times. Therefore, mobility of 
the subscribers also influences the offered load. Hence, analyzing the commu
nication traffic characteristics of the cellular systems, we should consider the 
influence of mobility of the subscribers. 

There exist some important results on analysis of relation between mobility 
of subscribers to cellular systems and communication traffic characteristics of 
cellular systems. A technique to analyze the hand-off probability, the channel 
occupancy time and the blocking probability in the I-dimensional cellular 
system, e.g. the high way cellular system, has been proposed (Otsuka,1987). In 
this case, it is assumed that subscribers move along only one route. However, 
subscribers in the 2-dimensional cellular system on a road network, which lies 
on the 2-dimensional plane, move along various kinds of routes on the road 
network. Furthermore, the volume of the traffic flow on a route is different 
from these of other routes. Intuitively, it is considered that this difference 
causes spatially heterogeneous communication traffic characteristics of cellular 
systems. We should consider the influence of the difference of the volume of the 
traffic flow on each route of the road network when we analyze communication 
traffic characteristics of the 2-dimensional cellular system. As related works, 
some techniques have been proposed (Guerin,1987) (Hong,1986) (Inoue,1994) 
(Nanda,1993) (Rappaport,1991) (Rappaport,1994); however, in these articles, 
structure of road networks and the volume of the traffic flow on each route of 
the road networks are not considered. 

With these points as background, we analyze the communication traffic 
characteristics of the 2-dimensional cellular mobile communication systems. 
In this analysis, we are given a road network and a cellular system which lies 
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Figure 1 An example. 

on the road network. We are also given the traffic volwne on each route on 
the road network, the velocity of vehicles and the length of each street. These 
values can be estimated by results reported in the transportation engineering 
field. Our problems are to analyze the blocking probability in each cell of the 
cellular system. 

Section 2 gives some definitions and asswnptions for the analysis. Section 2 
also describes a method to analyze the communication traffic characteristics. 
Section 3 describes a method to estimate traffic volwne on each route of a road 
network and velocity of vehicles. Section 4 gives nwnerical results. Section 5 
concludes this paper. 

2 ANALYSIS 

2.1 Definitions and assumptions 

In the following, we make definitions and asswnptions: 

(A1) Suppose that a cellular system comprises cells which are modeled by 
regular hexagons and that the cellular system lies on a road system. This road 
system is modeled by a road network which consists of nodes and links which 
correspond to intersections and streets, respectively. We introduce imaginary 
nodes to represent cell boundaries on the road network. Figure 1 shows relation 
between a cellular system and a road network. As shown in Figure 1, there 
exists an imaginary node on an intersection of a· cell boundary and a link. 
Also we introduce centroids which are special nodes to represent the origin 
and the destination of the traffic flow. Centroids are also shown in Figure 1. 
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Figure 2 Relation between ri, Zij and lijk. 

(A2) Suppose that each vehicle starts its travel at a centroid and finishes its 
travel at another centroid. We define that a route is a path from a centroid to 
another centroid. We distinguish between a route from centroid A to centroid 
B and a route from centroid B to centroid A even if these routes comprise the 
same set of links. Let nr be the number of available routes in the system. Let 
ri be route i, where i = 1, ... , nr . In this paper, a vehicle flowing along route 
r means a vehicle which starts at the origin of route r and finishes its trip at 
the destination of route r after flowing along route r. A vehicle moving along 
route r has the same meaning. Consider vehicles flowing along rio Suppose 
that r i is from centroid A to centroid B. These vehicles originate at centroid 
A, go through some cells and arrive at centroid B, which is the end of rio We 
define that Zij is the jth cell which the vehicles go through. Let nz,r; be the 
number of the cells on rio The vehicles must enter Zij' We define that lijk is 
the kth link which these vehicles go through after entering Zij' Let nl,z;; be 
the number of the links which are in Zij and are also on rio Figure 2 shows an 
example of a route. In this case, nl,z;; = 3. 
(A3) Consider vehicles moving along route r. Let Q(r) be the number of 
vehicles which start at the origin of route r and finish their trips at the 
destination of route r after flowing route r per unit time. Q(r) vehicles which 
move along route r go through a point on route r for an unit time. Q(r) is 
called the traffic volume on route r. We assume that Q(ri) is given in advance 
for all i. 
(A4) We assume that the distribution of vehicles on a link is uniform. 
(A5) We assume that the length of every link is given in advance. Let d(l) be 
the length of link l. 
(A6) Consider vehicles moving along rio For simplicity, we assume that these 
vehicles move with the same velocity on a link. Let V(lijk) be the velocity of 
the vehicles, which move along ri, on lijk' 
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(A7) Consider Q(ri) and V(lijk). We assume that Q(ri) = K(lijk)V(lijk), 
where K(lijk) is the traffic density on lijk, which means the number of ve
hicles flowing along ri per unit length on lijk. This relation is derived in the 
transportation engineering field (Takeuchi,1986). 
(A8) We assume that call arrivals of new calls and those of hand-off calls form 
Poisson processes, respectively. Considering new call arrivals from p vehicles, 
we assume that the call originating rate of the new calls is proportional to p 
and is equal to AP, where A is a constant value. We assume that the number 
of vehicles in a cell is sufficiently larger than that of channels. 
(A9) We assume that the holding time of a call, which means the life of the 
call, is an exponential random variable with a mean of ho. 
(AlO) We assume that every cell has the same number of channels. Let S be 
the number of channels in a cell. 
(All) We assume that the velocities of vehicles on the links connected by an 
imaginary node are the same. 

2.2 Offered load and blocking probability 

Consider new calls which originate in cell z. Suppose that these new calls are 
generated by subscribers on vehicles moving along route r. Let Anc(r, z) be the 
call originating rate of the new calls in cell z. Let hnc(r, z) be the mean value 
of the channel occupancy times during which the new calls hold channels in 
cell z. Consider a vehicle moving along rio Suppose that this vehicle generates 
a new call in Zij. Let PH,nc(ri, Zij) be the probability that the new call is 
accepted in Zij and requires a hand-off operation in Zij+l. Consider hand-off 
calls which enter cell z. Suppose that these hand-off calls move along route 
r. Let Ahc(r, z) be the call originating rate of the hand-off calls in cell Z. Let 
hhc(r, z) be the mean value of the channel occupancy times during which the 
hand-off calls hold channels in cell Z. Consider an active call moving along rio 
Suppose that this call requires a hand-off operation in Zij' Let PH,hc(ri,Zij) 
be the probability that the call is accepted in Zij and requires a hand-off 
operation in Zij+1 . 

In a cellular mobile communication system, both new calls and hand-off 
calls arrive at the group of channels in a cell, and each of the calls holds a 
channel only during its channel occupancy time, which is shorter than the 
call's life. If some kinds of Poisson calls arrive at a group of channels, the 
blocking probability can be calculated by substituting the sum of the offered 
loads of the calls into the Erlang B formula (Cooper,1981). In (A8), we assume 
that new calls and hand-off calls are Poisson calls, respectively. We distinguish 
between the mean channel occupancy time of new calls and that of hand-off 
calls as defined above. In (AID), we assume that the number of channels 
is constant in a cell. New calls and hand-off calls in cell z are generated 
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by subscribers on vehicles moving along all routes which go through cell z. 
Therefore, the blocking probability in cell z, which is denoted by B(z), is 
represented by the Erlang B formula with a(z), which means the sum of the 
offered loads of new calls and those of hand-off calls on cell z, as follows: 

where 

nr 

a(z) = L [>'nc(ri' z)hnc(ri, z) + >'hc(ri, z)hhc(ri' z)] , 
i=l 

(1) 

(2) 

where >'nc(ri, z) = 0, >'hc(ri, z) = 0, hnc(ri' z) = 0 and hhc(ri, z) = 0 if ri does 
not go through cell z. From (A3)-(AS), >'nc(ri, Zij) is represented as follows: 

(3) 

We can substitute (3) into (2) if Zij = z. >'hc(ri, Zij) is represented as follows: 

>'hc(ri, Zij) = >'nc(ri, Zij-l)PH,nc(ri, Zij-l) 
+>'hc(ri, Zij-l)PH,hc(ri, Zij-l), (4) 

where >'hc(ri, Zil) = 0 because all vehicles moving along ri start at Zil. We 
can substitute (4) into (2) if Zij = z. In the following sections, we must con
sider hnc(ri' z) and hhc(ri' z) in (2) to define a(z). Also, we must consider 
PH,nc(ri, Zij-l) and PH,hc(ri' Zij-l) in (4) to define >'hc(ri, Zij). As described 
later, PH,nc(ri, Zij-l) and PH,hc(ri' Zij-l) are functions of the blocking proba
bilities in cells, respectively; then, we can define a( z) as a function of blocking 
probabilities. As described later, we can define nonlinear simultaneous equa
tions which consist of (1) and (2) of all cells, where variables are only blocking 
probabilities in cells. 

2.3 Hand-off probability 

We consider PH,nc(ri, Zij). Consider a vehicle moving along rio Suppose that 
this vehicle is on lijk and moves toward lijk+!. Suppose that the vehicle gen
erates a new call on lijk at a point denoted by q. The distance from q to the 
boundary between lijk and lijk+! is denoted by X. X is a random variable. 
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From (A4), Pr(X ::; x), which means the probability that X::; x, corresponds 
to the ratio of x to d(lijk)' Then 

x 
Pr(X ::; x) = d(lijk)" (5) 

Let T be the random variable of the time required to the trip from q to the 
boundary between lijk and lijk+l. Let Pr(T ::; t) be the probability that 
T ::; t. Then 

(6) 

Let P(lijk, t) be the probability density function of (6) of lijk, then 

(7) 

Consider again the new call which is generated at q. Suppose that this call is 
not blocked in Zij' The time required for the trip from the boundary between 
1 d 1 t th b d b t d · ",nl,Zij d(lijm) L t 
ijk an ijk+l 0 e oun ary e ween Zij an Zij+l IS L-m=k+l v(lijm)' e 

H be the random variable which means the holding time of the call, namely 

the life of the call. Then, Pr [H > t + E::;':~+l ~g:~:::~] is the probability that 
the call keeps holding a channel until this call arrives at the cell boundary. As 
assumed in (A9), the holding time obeys the exponential distribution. Then 

Pr [H > t + n~ d(lijm)] 
~ v(l .. ) 

m=k+l >3m 
(8) 

Consider a vehicle moving along rio Suppose that this vehicle generates a 
new call on lijk' Let P~,nc (ri' Zij, lijk) be the probability that this new call is 
not blocked in Zij and requires a hand-off operation in Zij+l . From (7) and 
(8), P~,nc (ri' Zij, lijk) is represented as follows: 
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Consider a vehicle moving along rio Suppose that this vehicle generates 
a new call in Zijo Let F} (ri,Zij,lijk) be the probability that this new call 
originates on lijko Let A~Ar, z, l) be the call originating rate of new calls 
which are generated by subscribers on vehicles which flow along route r, are 
in cell Z and are on link lo Then 

(10) 

From (A3)-(A8), A~c (ri' Zij, lijk) is represented as follows: 

(11) 

From (10) and (11), 

(12) 

From (9) and (12), 

(13) 
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where j < nZ,ri' From (13), we can define PH,nc(ri, Zij) as a function of B(Zij). 

Next, we consider a hand-off call which enters Zij along rio PH,hc(ri, Zij) 

is the probability that this call is not blocked in Zij and again hand-offs 
to Zij+1' In this case, we can consider that the hand-off call originates at 
the cell boundary between Zij-l and Zij, then the travel time to Zij+1 is 
equal to Lmn'~1 dfl1iiml. The holding time has the memoryless property be-

- V '13m 

cause the holding time obeys the exponential distribution. Therefore, from 
(8), PH,hc(ri, Zij) is represented as follows: 

(14) 

where j < nZ,ri' 

Zin _ is the destination of vehicles moving along rio Therefore, calls in 
Zin ~'~'equest no hand-off operation. Then z,r'l 

By substituting (13)-(16) into (4), we can define Ahc(ri, Zij) as a function 
of the blocking probabilities in cells. 

2.4 Channel occupancy time 

Consider vehicles moving along rio Consider calls which are generated by sub
scribers on these vehicles. Suppose that these calls originate on Iijk at a point 
denoted by q. Suppose that these calls are not blocked in Zij' Suppose that the 
travel time of each of these calls from q to the boundary between Iij k and Iij k+ 1 

is t. Then, the travel time of each of these calls from q to the boundary be-
",n l .-- d(/--) tween Zij and Zij+1 is t+ L.."m~k+l v(l:;:)' Suppose that the life of one of these 

calls is equal to T. Then, if T is greater than or equal to t + L::~~+1 ~~::~:~, 
the channel occupancy time of this call is equal to t + L::~~+l ~H:~:~. If T is 

",n l • __ d(l--) 
smaller than t + L.."m~k+l v(l:;:) ' then the channel occupancy time of this call 
is equal to T. The holding time obeys the exponential distribution. Therefore, 
h~c (ri' Zij, Iijk, t), which means the mean channel occupancy time of the calls 
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which originate at q, is represented as follows: 

(17) 

Consider vehicles moving along rio Consider calls which are generated on 
lijk by subscribers on these vehicles. Suppose that these calls are not blocked 
in Zij. Let h~c(ri' Zij, lijk) be the mean value of channel occupancy times of 
these calls. From (7) and (17), 

Consider vehicles moving along ri. Consider calls which are generated in 
Zij by subscribers on these vehicles. Suppose that these calls are not blocked 
in Zij. hnc(ri' Zij) is the mean channel occupancy time of these calls in Zij. 

From (12) and (18), hnc(ri' Zij) is as follows: 

n',%ij 

hnc(ri,Zij) = L h~c(ri,zij,lijk)Pz(ri,zij,lijk) 
k=l 
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(19) 

where j < nZ,ri' 

Next, we consider hhc(ri, Zij). Consider hand-off calls moving along rio Sup
pose that these hand-off calls enter Zij and are not blocked in Zij' The mean 
value of the channel occupancy times of such hand-off calls is hhc(ri, Zij). In 
this case, we can consider that all of the hand-off calls originate at the cell 
boundary between Zij-l and zij; therefore, the travel time required to arrive 

",nl z- - d(l- - ) 
at the cell boundary between Zij and Zij+1 is equal to L.m'-=l v(l:~:::)' The 
holding time has the memory less property. Then, in the same way as the 
derivation of (17), 

(20) 

where j < nZ,ri-

From the same reason discussed in the derivation of the hand-off probability 
and (A9), hnc(ri' Zinz,r) and hhc(ri, Zinz,r) are as follows: 

(21) 

(22) 

By using (19)-(22), we can calculate hnc(ri' z) and hhc(ri, z) in (2) when 
Z = Zij' By using (1)-(4), (13)-(16) and (19)-(22), we can define nonlinear 
simultaneous equations where variables are only blocking probabilities in cells. 
By solving the equations, we can obtain the blocking probabilities in all cells. 

3 ROAD SYSTEM AND TRAFFIC FLOW 

In the previous section, it is assumed that Q(ri), d(lijk) and v(lijk) are given. 
In the practical case, we must estimate Q(ri), d(lijk) and v(lijk). For this 
purpose, we utilize a method used in the transportation engineering. Traffic 
flow on a road system is surveyed in the field, and the results of the survey are 
usually represented by O-D tables (Origin-Destination tables). For simplicity, 
this paper considers only one transportation mode. In this survey, at first, the 
target area is divided into some zones, which are different from radio zones 
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such as cells in cellular systems, and the traffic volume from a zone to another 
zone is measured for every pair of zones. A zone basically has a centroid. A 
zone sometimes has some centroids. In this case, one of the centroids denotes 
the origin and the destination of the zone and other centroids, which exist on 
the edge of the target area, represent the origins of the traffic flows from the 
zones out of the target area and the destinations of the traffic flows to the 
zones out of the target area. All centroids in the target area correspond to 
centroids on the road network model. Figure 3 shows an example of the target 
area and the zones. In this example, the target area consists of 3 zones, and 
each zone has a centroid, and 7 centroids are on the edge of the target area. 
The element in the ith row, jth column in the O-D table is the traffic volume 
from centroid i to centroid j. 

From the 0-D table, we can obtain the number of the vehicles moving 
from a centroid to another centroid per unit time; however, we do not know 
which routes these vehicles move along toward the destination. As described in 
Section 2, to analyze the mobile communication traffic characteristics, we need 
Q(ri) for all i. The incremental assignment method is popular and practical to 
estimate Q(ri) (Takeuchi,1986). Before we explain the incremental assignment 
method, we must explain the link evaluation value. Consider rio Let e(lijk) be 
the link evaluation value of lijk. e(lijk) is given as follows: 

(23) 

d(lijk) is measured in advance. V(lijk) is defined by Q-V curve, which rep
resents relation between the traffic volume and the velocity of vehicles on a 
link. The Q-V curve is given in advance. Suppose that link l connects node 
a and node b. Consider all routes which include link l and are directed from 
node a to node b. Consider vehicles on these routes. The Q-V curve for link 
l gives the velocity of these vehicles on link l from the total amount of the 
traffic volumes on these routes. If link l is lijk, this velocity corresponds to 
V(lijk)' Then, the link evaluation value is also obtained. 

We explain the incremental assignment method. The traffic volume from 
centroid i to centroid j, which is denoted by Aij , is given by the 0-D table. 
The incremental assignment method approximately estimates the amount of 
the traffic volume flowing along each route from centroid i to centroid j. For 
the estimation, this method divides Aij into m parts, and generates m O-D 
tables, where the element in the ith row, jth column in each of the O-D tables 
is equal to Aij/m. Using the incremental assignment method, we assume the 
user optimal rule. Under the user optimal rule, it is assumed that each sub
scriber always selects the shortest route to the destination. Define that the 
length of ri is L;~'~i L~~;ij e(lijk). Based on the user optimal rule, the in-
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Table 1 0-D table 

A 
A 0 
B 700 
C 400 
D 500 

(vehicles /hour ) 

BCD 
600 500 500 
o 0 400 
o 0 700 
500 600 0 

15 

cremental assignment method assigns each of the divided traffic volumes to 
the shortest route as follows: First, the incremental assignment method cal
culates the shortest route between each pair of centroids under the condition 
that there exists no vehicle on the network; and secondly, the incremental 
assignment method assigns Ai; /m to the shortest route between centroid i 
and centroid j for all i, j. After these assignments, the traffic volume on each 
route changes, and the link evaluation value of each link also changes. Then, 
the shortest route between each pair of centroids also changes. Hence, in the 
next step, the incremental assignment method calculates the shortest route 
between each pair of centroids again, and assigns Ai;/m to the new shortest 
route. After repeating this procedure m times, the traffic volume Ai; is all as
signed to routes from centroid i to centroid j. Consequently, Q(r) is obtained 
for all available routes. 

Let us consider an example shown in Figure 1. In this network, there are 
four centroids denoted by A, B, C and D. In this example, there are thirteen 
links which are numbered. Suppose that the length of link 1 is 1000v'3 m and 
the length of each of the other links is 500v'3 m. The cell radius is 1,000 m. An 
example of the 0-D table is shown in Table 1. Q-V curves are represented in 
Figure 4. In this figure, Qmax is the largest traffic volume. We assume that the 
total amount of the traffic volumes in one direction on a link is smaller than 
Qmax. From the O-D table and the Q-V curve, the incremental assignment 
method gives the traffic assignment results as shown in Table 2. From Table 
1, from centroid C to centroid D, 700 vehicles move per hour. From Table 
2, 140 vehicles and 560 vehicles move along route 7 and route 11 per hour, 
respectively. This is also explained in Figure 5. Also, from the traffic volumes 
on routes 3, 5, 7 and 11, the traffic volume flowing toward centroid D on link 
9 is 1600 vehicles per hour in total. 
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Figure 3 Target area and zones. 

Link 1, 2, 3, 5, 6, 7, 8, 9 

Link 4, to, 11, 12, 13 

Qmax 
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o 1000 2000 4000 
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Figure 4 Q-V curve. 

4 NUMERICAL RESULTS 

We give numerical results of the analysis technique. We analyze the example 
described in Section 3. The following is assumed: S = 3, A= 0.01 and ho is 
1.5 minutes. 

Table 3 shows the numerical results and the computer simulation results 
on the same model. From Table 3, it seems that the numerical results of the 
analysis agree well with the computer simulation results. In the computer 
simulation, the distribution of hand-off call arrivals is not given. On the other 
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Table 2 Estimation results 

Route Links 
1 5,1 
2 6,3,2 
3 7,8,9 
4 1,5 
5 1,5,7,8,9 
6 2,3,6 
7 2,3,6,7,8,9 
8 9,8,7 
9 9,8,7,5,1 
10 9,8,7,6,3,2 
11 2,4,11,12,13,10,9 
12 9,10,13,12,11,4,2 

Traffic volume (vehicles/hour) 
600 
500 
500 
700 
400 
400 
140 
500 
500 
120 
560 
480 

c 6----1_--(1---tl~-o-.... -() D 

560 vehicles I hour 
(Route 11) 
~ 
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Figure 5 Traffic volumes on two routes from centroid C to centroid D. 

hand, the numerical results are obtained by assuming that the distribution 
of hand-off call arrivals is the Poisson distribution. From the agreement, the 
validity of this assumption is confirmed. 
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5 CONCLUSIONS 

Part I Mobile Networks 

Table 3 Blocking probability 

Cell 
1 
2 
3 
4 
5 
6 

Theory 
0.100267 
0.076861 
0.257632 
0.252321 
0.001099 
0.000990 

Simulation 
0.100281 
0.066659 
0.257675 
0.252492 
0.001050 
0.000798 

We have proposed a technique to analyze the communication traffic charac
teristics of the 2-dimensional cellular systems on a road systems model. By 
using this technique, we can estimate the communication characteristics from 
the traffic flow on the road system measured in the field. 

As discussed in this paper, the results of the transportation engineering 
field can be applied to the teletraffic engineering for mobile communications. 
We may use other results in the transportation engineering field for further 
development of mobile communication systems. Establishment of the new en
gineering field by considering relation between the transportation engineering 
and the teletraffic engineering is our future problem. 
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