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ABSTRACT 

A Directed Retry facility, which enables subscribers 
in a Mobile Telephone System to look for free radio 
channels in more than one cell, is investigated with 
respect to blocking probability and channel utilization. 
An iterative procedure is devised, by which the 
dependencies among cells can be illustrated. This 
procedure makes use of theories developed for 
overflow systems in classical telephony, and proves to 
be very accurate for the situations under study. 
Analytical results are compared with simulations and 
good agreement is observed. Results show that a 
substantial improvement, as compared with systems 
without a Directed Retry facility, can be achieved as 
far as carried traffic is concerned. The improvement 
is accomplished at the expense of those subscribers 
who cannot make use of the Directed Retry facility 
due to variations in radio coverage. 

INTRODUCTION 

Recent advances in micro electronics have led to 
proliferation of versatile communication equipment, 
such as simple video terminals and vehicle mounted or 
portable telephone sets. Mobile telephones 
communicate over a radio channel, and the increased 
number of mobile users has resulted in frequencies 
available for mobife communication becoming a scarce 
resource. Recently, a worldwide agreement was made 
to allocate bandwidth for mobile communications iD 
the 900 MHz band [1]. With currently available 
technique, this band can accommodate 1000-2000 
duplex channels for voice communication. 

If no further steps are taken to increase the number 
of frequencies, only 2000 calls can simultaneously be 
established in a mobile telephone system which uses 
these channels for subscriber to subscriber 
communication. In most systems this figure is too 
small by far, and a regular pattern has been devised 
by which the same frequencies can be used at several 
locations. The pattern has usually a hexagonal 
structure, and each hexagon is referred to as a cell. 
A cell is allocated a specific number of frequencies, 
corresponding to a number of channels, and the same 
frequencies are repeated in some distant cell which is 
sufficiently far away for the co-channel interference 
between the cells to ' be negligible. 

A subscriber, who wants to make a call from his 
mobile terminal, has to be allocated one of the 
channels in a cell to be able to complete his call. 
This is accomplished by a signalling sequence which is 
sent over a dedicated channel common to all 
subscribers in several cells. The use of a common 

signalling channel increases utilization of this channel 
and leaves other channels free for voice 
communication. If all voice channels are occupied, the 
call attempt is blocked. The number of voice channels 
allocated to each cell is usually rather low, in the 
order of ten to twenty channels. The channels are 
futhermore allocated in a fixed manner in most 
systems, the so called Fixed Channel Assignment [5]. 
Because of the small number of allocated channels, 
utilization is qu'ite low for reasonable blocking 
probabili ties. 

The low channel utilization is a main concern in cell 
structured mobile telephone systems, and various 
suggestions have been made to increase utilization. 
Some system designs make use of the signalling 
channels for as large a part of the call as possible, 
and send digits and similar information over this 
channel as Ericsson Radio Systems' CMS 8800 and the 
French-German EC 900 [2,3,4]. Queueing of call 
requests awaiting free channels is also employed [3]. 
These techniques increase channel availability by 
decreasing necessary holding times. Another technique 
is to increase the number of potential channels that 
may be used by the subscribers in a cell. This can be 
accomplished by making larger cells, but such a 
solution works against the advantages accomplished by 
structuring the systems into cells, i e to reuse 
frequencies. A better technique is to create several 
layers of cell structures wi th several small cells 
composing one larger cell and to have common 
frequencies in the larger cells which can handle 
overflow from the smaller ones. These systems are 
referred to as Dynamic Channel Assignment scheme 
and Hybrid Channel Assignment scheme and have been 
studied extensively [5]. These schemes can be further 
improved by moving calls from the larger cell to one 
of the smaller ones when channels become free, so 
called channel reassignment. This technique is known 
from ordinary telephone systems and has proven 
positive effects [6]. 

There are some disadvantages with the dynamic 
channels assignment schemes. Cox [6] has shown that 
dynamic channel assignment function less satisfactorily 
than fixed assignment for very high load, and this has 
been confirmed by Kahwa and Georganas [5] for both 
dynamic and hybrid assignment schemes. Another 
disadvantage of dynamic schemes is that the 
transmitters have to be able to transmit not only the 
frequencies allocated permanently to that cell, but 
also any of the frequencies which belong to the pool 
of dynamic frequencies. Such a facility complicates 
transmitter engineering and aerial design. 
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Yet another way to increase channel utilization, which 
does not suffer from the above-mentioned 
disadvantages, is to use what is known as Direcetd 
Retry. The analysis of such a facility is the purpose 
of this paper. 

DIRECTED RETRY 

The previously mentioned hexagonal cell structure is 
an idealization in all practical systems, since radio 
coverage cannot be made to coincide with the 
hexagonal form. SeverCil subscribers therefore hear not 
only the transmitter which covers the cell in which 
the subscriber is currently located, but also 
transmitters in some of the neighbouring cells. In a 
system without Directed Retry, subscribers are only 
allowed to search for free channels in their "own" 
cell, i e the cell in which they are situated for the 
moment. This restriction is relaxed in a system with 
Directed Retry, and subscribers can look for free 
channels in one or more of the cells that surround 
the subscriber's "own" cell. This facility increases the 
number of potential channels and thereby the channel 
utilization. 

A calling subscriber will make his call attempt in a 
common channel, shared on a random access basis by 
all subscribers in a large area, consisting of several 
cells (the FCC specification [4], for example, specifies 
a multiple access protocol similar to BTMA (Busy 
Tone Multiple Access)). If the switching office 
observes that all voice channels in the subscriber's 
cell are occupied, it may advise the subscriber (j e 
the mobile telephone equipment) to check the quality 
of the channels in neighbouring cells. If the quality is 
found to be adequate, then the call is directed to 
that channel (hence the term Directed Retry). If no 
channel with adequate transmission quality is found, 
the call attempt is blocked. 

Several important issues are of interest in a system 
with Directed Retry. Some will be addressed in this 
paper: 

Traffic carried in a system with Directed Retry is 
greater than in a system without Directed Retry in 
the case of a given load. How large is the gain, 
and does it defend the increased complexity that 
results from the Directed Retry facility? 

Since not all subscribers hear transmitters in more 
than one cell, some subscribers will experience the 
system as giving better service, while others will 
find it to be worse compared with a regular 
system. How large are these effects, and what 
measures should be used to describe them? 

There are, in principle, two methodologies that can be 
used to model a cellular system of the above kind in 
order to find system performance measures: analytical 
models and simulation. Each of these methods has its 
merits and drawbacks. These will be discussed in 
conjunction with the results from the models. 

Very little is known about the behaviour of mobile 
subscribers as far as holding times, mobility and 
similar measures are concerned. Thus, any elaborate 
models of these properties cannot be defended but 
some standard assumptions are adopted in the models 
described below: 

_ Calls that originate and terminate in a cell are 
assumed to form a Poisson ' process with constant 
intensity. 

- Holding times are assumed to be exponentially 
distributed. 

These assumptions are commonly accepted in 
modelling telephone traffic, and there are presently 
no data available to support any other assumptions. 

- A third assumption that has to be made in order to 
model the Directed Retry function has to do with 
the likelihood of a subscriber hearing one or more 
transmitters in cells other than his "own". Two 
cases can be identified: one case in which Directed 
Retry can be used for both originating and 
terminating calls, and one cas~ in which only 
originating calls can use Directed Retry. It is 
assumed here that a random subscriber has a 
constant probability of hearing one extra 
transmitter. In order to minimize the number of 
parameters, a probability Po is introduced, which in 

the second case takes care of the probability of 
hearing one extra transmitter as well as how much 
of the total traffic in the cell that originates in 
the cell. This means that if 50% of the traffic in 
a cell originates in the cell and if 50% of the 
subscribers can hear one extra transmitter, p 

o 
should be given the value 0.25. In the first case p 

o 
illustrates the probability of hearing more than one 

transmitter only. Po could be regarded as an 

overlap probability, which illustrates how much of 
the traffic in one cell can influence the 
surrounding cells. Subscribers are consequently 
assumed to hear at most one extra transmitter. 
There is a small probability that a subscriber could 
hear two or more transmitters, but the situations 
in which this occurs are rare and are therefore not 
incorporated in the analysis. Blocking probability 
for a single cell should be some 5% if the system 
is properly dimensioned, and overflow to a third 
cell would in such a case occur with a probability 
of 0.25% on average. The increase of traffic due 
to this blocking is considered negligible in the 
models. 

- It is furthermore assumed that calls which originate 
or terminate in a cell occupy one channel only, i e 
calling and called subscriber are not located in the 
same cell. This assumption is of course an 
approximation, but the effects are not important if 
the cells of the system are small, in which case 
only a minor part of the traffic is intra-cell 
traffic. 

ANALYTICAL MODEL 

When a subscriber, who wants to make a call, finds 
all the channels of his "own" cell occupied, he is 
norm~lly . blocked. If there IS a Directed Retry 
functIon In the system and if the subscriber is able to 
hear some other transmitter, he is allowed to look for 
free channels in the cell in which the transmitter he 
can hear is located. If there are free channels in this 
cell he may occuPy one of these. This will only 
happen, however, when all channels are busy in his 
"own" cell and the traffic that flow from one cell to 
another will have the character of an overflow 
traffic, which is well known from classical traffic 
theory [7]. In the same way as one cell may overflow 
traffic to its neighbouring cells it may receive traffic 
from these. This matter complicates the analysis. 
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In the analytical model the channels of a cell are 
viewed as a grading which accepts traffic directed to 
and from the cell itself and overflow traffic to and 
from the surrounding cells. The direct traffic is, as 
stated above, assumed to be Poisson, but the same 
assumption cannot be made for the overflow traffic 
since it has a different character to the Poisson 
traffic. The overflow traffic is therefore represented 

* by an ERT group with n channels offered a traffic 

* of A Erlangs. (ERT, Equivalent Random Theory). 

Consider a structure of only seven cells organized as 
in figure 1, and assume the direct traffic of a single 
cell to be A. Each of the cells at the border is 
represented by a grading and its surrounding cells by 
an ERT group. The overflow traffic from the ERT 
group, and that part of the direct traffic that cannot 
hear more than one transmitter, i e which cannot 
make a Directed Retry, is considered as one traffic 
stream offered to the grading of figure 2 (overflow 
traffic + (1-p o)A ). Another traffic stream consists of 

the direct traffic that can hear more than one 
transmitter (poA). 

It is therefore possible to represent a cell at the 
border by a grading as in figure 2. 

A* 
--0 

Figure 1. 

n* 

-(~ --p:)~ = I -
poA- -

Figure 2. 

* * At this stage A and n are still unknown, but they 
will be given values in the iterative scheme that 

* * follows below. However, given A and n, it is 
possible to calculate with standard methods how much 
of the traffic p oA will be blocked from the grading. 

Let us assume the mean and variance of this traffic 
to be m and v respectively. If we picture the entire 
seven cell structure as a system of linked gradings, 
we arrive at figure 3. Each grading represents a cell 
which receives two kinds of traffic: one which is 
allowed to overflow to some other cell and one which 

is not. Out of the total overflow traffic, 5/6 do not 
overflow to the centre cell, while 1/6 does. In a 
symmetric situation the centre cell of figure 1 will in 
all receive a traffic with mean m and variance v, 
(6*1/6m, 6*1/6v), since it is surrounded by six cells. 
The means and the variances of the overflow from 
the six cells can be added and represented by another 
ER T group. The centre cell can thus be seen as a 
structure similar to that of figure 2 and represented 
in the same way. 

A* n* 

-0 -(~--p:)~=r ---r-, 5
/

6rn
, 

PoA- - - - -1/6 rn, 

5/6 v 

1/6 v 

1/6 v 

rn, v-r --r (1-po)A-

~PoA~ - - ~ 

A* n* 

-O----O-r---] (1-p )A-

:oA- --- -'/6m. 1/6 v 

Figure 3. 

Generally there are not just seven cells in a 
structure, but rather an "infinite" number of cells 
covering an entire country, or several countries. The 
output from the rightmost grading of figure 3 
therefore has the same character as the input to that 
cell from other cells. An iterative procedure can 
consequently be applied to figure 3 in which the 
output of the second grading is fed back to the input 
of the first and there represented as an ERT group. 
The iterative procedure is repeated until there is no 
significant change in overflow between successive 
iterations. In the models, the mean and the variance 
of the overflow from the grading is solved "exactly" 
by numerically solving the system of equations 
resulting from the state vector representation of 

figure 2. The "exact" solution technique requires n * to 
be an integer, however, and the system is solved for 

* three different integer values in the vicinity of n 
and a Newton interpolation is then employed. Some 
other method could have been used to represent the 
overflow traffic [8,9], but ERT seems to give quite 
accurate results. 

From the offered traffic and the blocked traffic it is 
simple to calculate the blocking probability and the 
channel utilization. 
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SIMULATION MODEL 

The analytical model described above contains some 
approximations in addition to the general model 
assumptions concerning arrival process, holding times 
and so forth. One approximation is that indiv idual 
cells are assumed to be independent, while they in 
reality can be expected to be heavily dependent on 
each other. A consequence of this is that the true 
blocking probability for an arriving call which is 
allowed to make more than one attempt cannot be 
extracted from the analytical model. An 
approximation is to let the blocking probability for 
such a call be the square of the blocking probability 
for an individual cell. 

These considerations, and a general interest in 
validating the results, suggested the use of a 
simulation model of the cell structure and the 
Directed Retry facility. Input data to the simulation 
model was limited and a Monte Carlo simulation was 
considered sufficient. The simulation model itself was 
validated by comparing with known results. As an 
example, the blocking probability for Po = 0 should be 

equal to the value obtained from the Erlang B 
formula. For a more detailed discussion on the use of 
si mulati on models see [10] and also [11] 

The simulation model differs from the analytical 
model in a few crucial aspects: 

- The cellular pattern covers a limited geographical 
area, i · e it contains a specific number of cells. 

- Calls that are blocked in one cell are, if the 
conditions are fulfilled, directed to one of the 
neighbouring cells. 

- The overflow traffic maintains its t rue character, 
and is not, as in the analytical model, described by 
its first two moments only. 

By comparing simulation results and analytical results, 
some questions can be answered: Does the iterat ive 
scheme converge and how well does it describe the 
Interaction among the cells? Can individual cells be 
considered as independent as far as blocking is 
concerned? Does the limited number of cells in a 
"real" situation have any impact on the performance 
of t he system? 

RESULTS 

Results from the analytical model and the simulation 
model show that very good agreement can be obtained 
between the results. Simulation results are extremely 
costly to produce, however, because of the large 
number of cells that have to be illustrated in the 
simulation model. A 20x20 cell pattern has proved to 
be sufficient to descri be an "infinite" cell pattern if 
the (10,10) cell is used for measurements. But to get 
statistically significant results for this cell a very 
large number of calls have to be generated in the 
entire cell structure. The difficulties in generating 
statistically significant results are furthermore 
dependent on the overlap and blocking probabilities 
since it is indeed the overflow traffic that has to be 
signi ficant in volume to create noticeable changes in 
blocking for an individual cell. 

The improved service offered to some subscribers is 
accomplished at the expense of others. It is therefore 
reasonable to define a new blocking probability which 
takes into account both the service offered to 
subscribers who can use the Directed Retry facility 
and the service offered to those who cannot use it. 

Indicate by Pb the total blocking for all subscribers 

and by Pc the blocking of an individual cell. Define 

Pb as 

where Po is the overlap probability as defined earlier. 

This definition assumes that the blocking probability 
for a call in a cell is independent of the arrival 
process, i e it assumes all attempts are made at a 
random time. The validity of · the assumption that a 
subscriber at his second attempt will experience a 
blocking probability equal to Pc will be discussed 
below. 

To increase channel utilization, mobile telephone 
systems are assumed to work with higher blocking 
than landbased telephone systems. Figures around 5% 
have been mentioned. In the case of 10 channels per 
cell this corresponds to an offered traffic of 6-7 
Erlangs, and results are presented for these traffic 
values. Traffic is assumed to be distributed uniformly 
among the cells. 

Only a minor part of the results presented below have 
been verified by simulations. This is quite natural, 
since the aim of the analytical results is to give 
information that cannot be produced by simulation in 
a simple manner. The agreement between simulation 
results and analytical results is so good however, that 
there is reason to believe that the analytical models 
give a fair description of the system for more 
situations than the simulated ones. The simulation 
results are presented as 5% confidence limits. 

Figure 4 shows Pc and Pb as functions of offered 

traffic for an overlap probability of 0.5, i e Po = 0.5. 

The figure shows that if Pb is accepted as the 

blocking probability instead of Pc' traffic could be 

increased by approximately 20% in the case of a 
given blocking probability. Subscribers who cannot 
make more than one attempt because they are unable 
to hear more than one transmitter will suffer from 
the increased traffic, and experience a blocking equal 
to Pc' 

In figure 5, Pc is shown as a function of offered 

traffic for three different overlap probabilities, Po = 
0.1, 0.5 and 0.9. For Po = 0.5, analytical results are 

compared with simulation results. The agreement is, 
as may be seen, very good. Besides the effect the 
overlap probability has on Pc itself, it determines to 

what ·extent subscribers are allowed to make more 
than one attempt, which influences the total blocking 
Pb' 
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A similar phenomenon can be observed in figure 6 
where Pc is shown as a function of the overlap 

probabili ty. When overlap is increased from 0 to 1, 
blocking increases by approximately 50%. Traffic 
offered is 7.5 Erlang; at other traffic rates, change 
may be more or less dramatic. Pb is a good estimator 

of the blocking experienced by a random subscriber 
provided that Pc describes the probability of being 

blocked at the second attempt when the first has 
failed (for which the probability is p ). 

c 

Figure 7 shows calculated and simulated results for 
the blocking probability with retry as a function of 

offered traffic. It can be seen that p 2 (solid line) 
c 

describes the probability of blocking with fair 
accuracy, but also that it is a slight underestimate at 
high traffic rates. This is a consistent difference, 
since the probability of being blocked in the vicinity 
of a cell with all channels occupied ought to be 
larger than in a random cell. In spite of this, Pb can 

be assumed to give a good description of the overall 
blocking probability. For situations with evenly 
distributed traffic load, Directed retry can indeed 
increase channel utilization or decrease blocking -for a 
random subscriber. Whether or not the facility should 
be implemented depends on the effects on unfavoured 
subscribers and on the cost of increased program 
complexity in the switching office. 

CONCLUSIONS 

The analyses of this paper have shown that a 
substantial gain can be accomplished by the use of 
Directed Retry. The increased number of channels 
potentially available to the average subscriber can be 
used either to decrease blocking or to increase 
channel utilization. Subscribers that are unable to 
hear more than one transmi tter suffer from the 
scheme, however, because traffic that flows in from 
surrounding cells occupies channels in their cell. 
Blocking in a loss system is relatively insensitive to 
load increase up to a certain level, at which change 
is more dramatic. This effect is even more apparent 
in a system with Directed Retry and dimensioning has 
to be rather conservative. 

It is quite obvious that the overlap probability could 
be used as a system parameter, by change of 
transmitter power, but disadvantages, such as 
increased co-channel interference, may appear. 

It has been shown that an iterative analytical model 
can be used to model the system and that the 
accuracy of such a model is very good. This is a 
great advantage since simulation results are very 
costly to produce due to the large number of cells 
that have to be illustrated in a simulation model. 
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