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Abstract

We evaluated the impact that new session retrials have on theperformance of a mobile cellular network
which deploys a fractional number of guard channels, a queuefor handover sessions and an exponential
deadline for serving those requests, modeling in this way the overlapping area between cells. To solve the
Markov model we introduced an approximate methodology which is substantially more accurate than pre-
vious ones, while increasing the computation cost only marginally. Results show that deploying a handover
queue and a fractional number of guard channels help to improve system capacity while guaranteeing a
given QoS objective. Finally, we evaluated the magnitude ofthe over-dimensioning that takes place when
retrials are perceived as an increment in the arrival rate ofnew sessions, showing that it can be severe when
the terminals retry persistently as occurs when equipped with automatic redialing.

Keywords— Cellular networks, fractional guard channel, retrials, quasi–birth–and–death process.

1 Introduction

A common assumption when evaluating the performance of communication systems is that users that do not
obtain an immediate service leave the system without retrying. However, due to the increasing number of users
and the complexity of current systems the impact of retrialsis no longer negligible, and this is particularly true
in mobile cellular networks [1]. The impact of retrials has been extensively studied mostly in fixed networks,
see for example [2] and references therein. Nevertheless, the problem of customer retrials in mobile networks
is different from the problem in fixed networks due to the necessity of maintaining the communication while
the terminal is moving.

Recently, different papers studied the customer retrial phenomenon in a mobile network context by analy-
tical [3, 4] or simulation [5, 6] models. The common approachis to deploy a multiserver model with a finite or
infinite customer population and no waiting facility, whereblocked sessions either new or both new and hando-
ver, can retry indefinitely. Customer impatience is also taken into account by using a geometric distribution for
the number of retrials. Also, an integer number of guard channels is deployed to limit the probability of forced
session termination, because from the customer point of view the forced termination of an ongoing session is
less desirable than blocking a new one.

Handover queueing schemes have also been proposed as a meansto limit the probability of forced session
termination, see for example [7] and references therein. Additionally, deploying a fractional amount of guard
channels allows the operator to limit with more precision the probability of forced session termination and as a
result to achieve a higher system capacity [8].
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projects TIC2003-08272 and TEC2004-06437-C05-01.

†This author was supported by the Universidad Politécnica de Valencia underPrograma de Incentivo a la Investigación.
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We analyze a model in which blocked new session arrivals retry and customer impatience is being accounted
for by using a geometric distribution for the number of retrials. Blocked handover sessions are queued but an
exponential deadline is defined beyond which a session is forced to terminate, which models the time spent by
handover sessions in the overlapping area between adjacentcells. It is clear that a new session is not granted
a server while queued handover sessions exist, and therefore queuing is a handover prioritizing scheme. Our
model also supports the reservation of a fractional number of guard channels for handover sessions. We consider
that this model has not been sufficiently studied.

In the models studied in the literature, the population can be very large or even infinite, so the numerical
computation required to solve the model and to obtain valuesfor the parameters of interest can be extremely
large in terms of memory space and CPU time, or even impossible in many cases. Therefore, approximate
methodologies are needed like the one proposed in [3], whichis studied in a mobile cellular network scenario
and it is based on grouping states according to the presence or not of users in the retrial orbit.

We have developed a methodology to reduce the state space of the Markov model in such a way that the ac-
curacy is not compromised and the computation cost is greatly reduced. Our approximation is a generalization
of the one in [3], where it was shown to be a good approximationfor the blocking probabilities. Notwithstan-
ding, the approximation in [3] is too simple to obtain accurate values for other common performance parameter
used in retrial systems like the immediate service probability (Pis), the delayed service probability (Pds) and
the non-service probability (Pns), beingPis + Pds + Pns = 1. An additional feature of our proposal is that
allows a gradual transition from the model in [3] towards theexact model.

The rest of the paper is structured as follows. Section 2 describes the model of the system, while Section 3
introduces the proposed approximation methodology, evaluates its performance and defines the performance
parameters of interest. Section 4 evaluates the impact thatthe different features of the model have on system
performance. It also evaluates the magnitude of the over-dimensioning required to meet a given QoS objective
when retrials are perceived as an increment in the arrival rate of new sessions. Finally, Section 5 summarizes
the paper.

2 Model Description

The model under consideration is a cellular system where each cell is served by a unique base station. We
consider the homogeneous case where all cells are statistically identical, and consequently the global perfor-
mance of the system can be analyzed focusing on a single cell,under the assumption that neighboring cells
show independent random behavior.

Figure 1 displays the model that characterizes the cell under study, in which we consider two different
arrival streams. The first one with rateλn represents new sessions that are initiated in the cell, and the second
one with rateλh represents the incoming flow of handovers entering the cell.The value ofλh is determined by
assuming that the system is in statistical equilibrium and therefore the rate at which handover sessions enter and
exit a cell are equal [9]. Consequently, the incoming handover rate for the cell under study must be evaluated
numerically using a fixed point approximation. For the sake of mathematical tractability we make the common
assumptions of Poisson arrival processes and exponentially distributed random variables.

In our model, when a new session request is blocked the customer retries, at least once. In the case of
successive blockings, the customer reattempts with probability ( 1 − Pi). The time between reattempts of the
same customer is exponentially distributed with rate (µret).

For handover sessions, we consider that the resource allocation in the destination cell can be delayed while
crossing the overlapping area between adjacent cells. We model that scenario by incorporating a FIFO queue of
finite capacityQh and by considering that the sojourn time in the overlapping area is exponentially distributed
with rateµ′

r, which has been shown to be a good approximation [10].
The cell under study has a total ofC resource units, being the physical meaning of a unit of resources

dependent on the specific technological implementation of the radio interface. Without loss of generality, we
consider that each session occupies one resource unit. The session duration is exponentially distributed with
rateµs and the cell residence time is exponentially distributed with rateµr. Hence, the resource holding time
in a cell is exponentially distributed with rateµ = µs + µr. The maximum time a handover request can be
queued is also exponentially distributed with rateγ = µs + µ′

r.
We deploy a Fractional Guard Channel (FGC) [11] admission control policy, which divides the resource
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Figure 1: System model.

units into three groups: primary, secondary and one partially reserved resource unit (PRU). Primary resource
units can be assigned to both new and handover requests, while the secondary group is reserved for handovers.
The PRU can be assigned to both handover and new session requests, but in this last case, only with a certain
probability. The FGC policy is characterized by only one parametert (0 ≤ t ≤ C), from which the number
of resource units in the primary (m) and secondary group (n) and the probability that the PRU is allocated to a
new sessions (f ) can be determined in the following way:m = ⌊t⌋, f = t − m andn = C − (m + 1).

The order followed to allocate a resource unit when a handover request arrives is: primary group, PRU,
secondary group and, lastly, a position in the queue. If the assignment fails then the session is forced to
terminate. The resource allocation order followed when a new session request or a reattempt arrives is: primary
group and, if it is not possible, then the PRU with probability f . If the assignment is not possible the request is
rejected and the customer either retries again or abandon. When a resource unit is released, it is assigned to the
handover request at the head of queue, if the queue is not empty.

3 Performance Analysis

Due to the model complexity, approximate methodologies arerequired to reduce the computation cost. We have
developed [12] a generalization of the approximation proposed in [3], which aggregates levels of the Markov
model beyond levelQ.

The system described can be modelled as a quasi–birth–and–death (QBD) [13] process with a state space
given by(i, j) : 0 ≤ i ≤ C + Qh; 0 ≤ j ≤ Q, wherei is the number of busy servers plus the number of
handovers queued andj is the number of new sessions retrying, whenj < Q. States(i,Q) correspond to the
situation whereQ or more users are retrying.

Figure 2 shows the state transition diagram for the proposedmodel. Two new parameters have been in-
troduced in the last column:M denotes the average number of users retrying when there areQ or more users
retrying, andp is the probability that after a successful retrial the number of users retrying is bigger or equal
thanQ. By balancing the flux rates across the vertical cuts of the transition diagram it is not to difficult to show
that

p =
(1 − f)π(m,Q) +

∑C+Qh

i=m+1
π(i,Q)

(1 − f)[π(m,Q) + π(m,Q − 1)] +
∑C+Qh

i=m+1
[π(i,Q) + π(i,Q − 1)]

M =
λn[(1 − f)[π(m,Q) + π(m,Q − 1)] +

∑C+Qh

i=m+1
[π(i,Q) + π(i,Q − 1)]]

µret[
∑m−1

i=0
π(i,Q) + (1 − f)Piπ(m,Q) + fπ(m,Q) + Pi

∑C+Qh

i=m+1
π(i,Q)]

As can be observed in Fig. 2 only transitions between states of the same level or between adjacent levels
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Beingα = Mµret(1 − p) andβ = Mµretp.

Figure 2: State transition diagram.

are possible, thus the infinitesimal generatorQ has the following block tridiagonal structure:

Q =

























v0
0 v+

0
. . . 0 0

v−
1

v0
1 . . . 0 0

0 v−
2

. . . 0 0
...

...
. ..

...
...

0 0 . . . v+

Q−2
0

0 0 . . . v0
Q−1

v+

Q−1

0 0 . . . v−
Q v0

Q

























The blocks ofQ are of size(Q + 1) × (Q + 1) and their contents are defined in A.
The stationary probability distribution is obtained by solving πQ = 0 with the normalization condition

πe = 1. If Q is a finite matrix, as in our case, this system can be solved by any of the standard methods defined
in classical linear algebra. However, we can exploit the structure ofQ using the algortihm 0 defined in [14],
which allows us to reduce the computational cost.

Different performance parameters can be obtained from the stationary probability distribution like:

• Probability of a new session being blockedPn
b and probability of a new session being served in its first

attemptPn
is,

Pn
b =

Q
∑

j=0

(1 − f)π(m, j) +

C+Qh
∑

i=m+1

Q
∑

j=0

π(i, j); Pn
is = (1/λn)λn

[ m−1
∑

i=0

Q
∑

j=0

π(i, j) + f

Q
∑

j=0

π(m, j)

]
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(a) λn = 8.
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Figure 3: Impact of the approximation on the accuracy of results.

• Probability of obtaining service, but not in the first attempt,

Pn
ds = (1/λn)µret

[ m−1
∑

i=0

Q−1
∑

j=0

jπ(i, j) + M
m−1
∑

i=0

π(i,Q) + f

[ Q−1
∑

j=0

jπ(m, j) + Mπ(m,Q)

]]

• Probability of an impatient customer leaving the system without having been served,

Pn
ns = (1/λn)µretPi

[ C+Qh
∑

i=m+1

Q−1
∑

j=0

jπ(i, j) + M

C+Qh
∑

i=m+1

π(i,Q) + (1− f)

[ Q−1
∑

j=0

jπ(m, j) + Mπ(m,Q)

]]

• For handover requests, we define the probability of a sessionbeing forced to terminateP h
ft as a function

of the probability of a handover being blocked because the queue is fullP h
b and the probability of a

handover request abandoning the queueP h
ab ,

P h
ft =

µr

µs
[P h

b + P h
ab]

1 + µr

µs
[P h

b + P h
ab]

; P h
b =

Q
∑

j=0

π(C + Qh, j); P h
ab =

µ′
r

λh

C+Qh
∑

i=C+1

Q
∑

j=0

(i − C)π(i, j)

4 Numerical Evaluation

In this section, we evaluate the impact that the different features of the model have on the performance by
studying four different scenarios. In all the numerical examples we have used the following default values for
the configuration parameters. The capacity of the system isC = 32 resource units with a fractional threshold
of t = 31 and a handover queue of lengthQh = 1. The cell residence and session duration time satisfy:
µr/µs = 2, µr + µs = 1 sessions/s. For the mean time in the handover area we usedµ′

r/µr = 10. For retrials,
we setPi = 0.2 andµret = 50 sessions/s, which is around five times the arrival rate of fresh sessions for a load
that represents the center of the load range of interest.

To solve the different QBD processes we deployed the approximation described in Section 3. Figure 3(a)
and Fig. 3(b) show the variation of the relationProb(Q)/Prob(exact) with Q for two different new session
arrival ratesλn = 8 and 12 sessions/s, which correspond to scenarios that couldbe defined as quite loaded
and heavily loaded. The parameterProb is one of the elements of the set

{

Pn
is, P

n
ds, P

n
ns, P

n
b

}

beingPn
b =

Pn
ds + Pn

ns, Prob(exact) corresponds to the exact values andProb(Q) corresponds to values obtained for
a given value ofQ. Therefore, the relationProb(Q)/Prob(exact) expresses the relative error when using
different values forQ. For the results displayed in the rest of the paper we usedQ = 6 which provides an
excellent precision with a very small computation cost.

5



6 7 8 9 10 11 12 13 14
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

λ
n

P
bn

P
i
=0  

P
i
=0.2

P
i
=0.4

(a) Blocking probability for new sessions.

6 7 8 9 10 11 12 13 14
0

0.05

0.1

0.15

0.2

0.25

λ
n

P
fth

P
i
=0  

P
i
=0.2

P
i
=0.4

(b) Forced termination probability.

6 7 8 9 10 11 12 13 14
10

0

10
1

10
2

λ
n

M
ea

n 
nu

m
be

r 
of

 a
tte

m
pt

s

P
i
=0  

P
i
=0.1

P
i
=0.2

P
i
=0.3

P
i
=0.4

(c) Mean number of attempts per new session.
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Figure 4: Performance evaluation.

4.1 Model evaluation

In this subsection, we illustrate the impact that the retrial phenomenon has on the quality of service perceived
by customers. Figure 4(a) shows the behaviour of the blocking probability for new sessionsPn

b = Pn
ds + Pn

ns

with the arrival rate of new sessions. Asλn increases, the blocking probability also increases. Note that
the blocking probability increases asPi decreases, i.e. as the probability that users leave the system due to
impatience decreases, which shows the negative impact of retrials in system performance. Similar conclusions
can be drawn for the variation of the forced termination probability displayed in Fig. 4(b).

We defineη = (λn + λret)/λn as the mean number of attempts per new session, i.e. the mean number of
resource assignment requests per each fresh new session arrival, whereλret = E[ζ]µret is the average reattempt
rate andE[ζ] is the mean number of users in the retrial orbit. Figure 4(c) displaysη as a function of the new
session arrival rateλn. It is clear that asPi decreases the mean number attempts increases, but notice that
the increase jumps drastically fromPi = 0.1 to Pi = 0. Obviously,η also increases withλn. We have also
represented the common performance parameters for retrialsystems in Fig. 4(d). As a typical scenario, we have
takenPi = 0.2.

4.2 Handover queue impact

In this subsection we quantify the impact of the handover queue length (Qh) on system performance by means
of two different studies.
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Figure 5: Impact of the length of the queue for handover requests (Qh).

First, Fig. 5(a) displays the impact ofQh on the dimensioning process. The dimensioning process consists
of computing the minimum number of resource unitsC and thresholdt for a given new session arrival rateλn,
in order to guarantee thatPn

b ≤ 0.05 andP h
b ≤ 0.005. As expected, higher values ofC are required as the

system load increases. Note that using a queue for handover requests (Qh 6= 0) has a positive effect, as less
resource units are required to achieve the quality of service objective. Note also that only a few queue positions
are required to perceive the benefit and that deploying a higher number of them do not have any impact, except
in overloaded scenarios.

Second, Fig. 5(b) shows the impact of the handover queue length on the probability of forced termination.
As seen, increasingQh has a positive influence onP h

ft. As before, small values forQh are sufficient to benefit

from a reduction inP h
ft and higher values forQh do not have any impact. It is also interesting to observe that

increasingQh has a negligible impact onPn
b .

4.3 Fractional guard channel impact

In this subsection we study the impact of the number of fractional guard channels on the system performance.
We use a dimensioning process similar to the one described inthe previous subsection. Basically, we determine
the optimum value oft in order to guarantee thatP h

b ≤ 0.005.Figure 6(a) shows the requiredt to meet the
quality of service objective, while Fig. 6(b) displays the variation ofPn

b andP h
b with the arrival rate of new

sessions when deploying the optimum value oft. In both figures, we display the results when reserving a
fractional number of guard channels (FGC) and an integer number of them (GC). Observe that as system load
increases the required value oft decreases in order to meet theP h

b objective. This in turn decreases the mean
number of resources that new sessions have access to, increasing in this wayPn

b . Note that the when deploying
a fractional number of guard channels the objective is met with more precision and, although not shown, more
traffic is carried.

4.4 Redimensioning with retrials

It is commonly accepted that if the retrial phenomenon is ignored during the planning phase a system over-
dimensioning might occur, basically due to the extra load that the retries represent. In this subsection we
evaluate the magnitude of the over-dimensioning. For this purpose we dimension the system in two scenarios,
one in which the extra load is known to appear as a result of retrials and a second one in which it is perceived
as an increment in the arrival rate of new sessions (λ′

n = λn + λret).
For each arrival rate of new sessions we obtain the retrial rate (λret) according to the model of Fig. 1. In

the scenario where retrials are known to happen, the handover rate is determined by balancing the input and
output handover rates to the cell. The same value for the handover rate is used when retrials are perceived as
an increment in the arrival rate of new sessions. Otherwise,a higher handover rate would had been obtained
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Figure 7: Redimensioning of resources taking and not takingretries into account.

making the comparison of both scenarios less realistic. Then we determine the number of resource unitsC and
the optimum number of fractional guard channelst required to guarantee thatPn

b ≤ 0.05 andP h
b = 0.005.

Figure 7 displays the result of the dimensioning process in the two scenarios described above and for
Pi = 0.2 andPi = 0. Cc and tc are the number of resource units and fractional guard channels required
when using the model in which retrials are known to happen andCs andts are the same parameters but for the
scenario in which retrials are perceived as an increment in the arrival rate of new sessions.

As observed in Fig. 7, the number of resource units required increases as load increases in both scenarios,
in order to met the quality of service requirements. However, perceiving retrials as an increment in the arrival
rate of new sessions leads to a severe over-provisioning, specially whenPi = 0. Although the scenario with
Pi = 0 might seem exaggerate, mobile terminals can be equipped with automatic redialing [1] and therefore,
as observed in Fig. 4(c), considering a mean number of retrials around 10 for a moderate overload system
(λn = 10) is not too unrealistic.

5 Conclusion

We evaluated the impact that new session retrials have on theperformance of a mobile cellular network which
deploys a fractional number of guard channels, a queue for handover sessions and an exponential deadline for
serving those requests. These las features model the overlapping area between adjacent cells. We considered
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that such model has not been sufficiently explored in the literature.
We developed an approximate methodology that is a generalization of a previous proposal, which precision

was not satisfactory when dealing with parameters different from blocking probabilities, like the probabilities of
immediate service, delayed service and no service. Our proposal is substantially more accurate while increasing
the computation cost only marginally.

Results show that only a few waiting positions are required to perceive a substantial reduction of the forced
termination probability. We also showed that deploying a fractional number of guard channels allows the
operator to adjust the handover blocking probability with more precision. Deploying both a queue for handover
requests and a fractional number of guard channels helps to increase system capacity while meeting the required
QoS objective.

Finally, we evaluated the magnitude of the over-provisioning required to meet a given QoS objective when
retrials are perceived as an increment in the arrival rate ofnew sessions, showing that it can be severe when the
terminals retry persistently as might occur when equipped with automatic redialing.
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A Q blocks

Matricesv+

i define the transitions from states(i, j) → (i + 1, k) and take the next values:

v+

i =



















λ 0 0 . . . 0 0
µret λ 0 . . . 0 0
0 2µret λ . . . 0 0
...

...
...

.. .
...

...
0 0 0 . . . λ 0
0 0 0 . . . α λ + β



















wheni ∈ [0,m − 1]

v+
m =



















λh + fλn 0 0 . . . 0 0
fµret λh + fλn 0 . . . 0 0

0 2fµret λh + fλn . . . 0 0
...

...
...

. . .
...

...
0 0 0 . . . λh + fλn 0
0 0 0 . . . αf λh + f(β + λn)



















v+

i = λhI wheni ∈ [m + 1, C + Qh]

WhereI is a(Q + 1) × (Q + 1) identity matrix.
Matricesv0

i define the transitions from states(i, j) → (i, k) taking the next values:

v0
i = ∗I wheni ∈ [0,m − 1]

v0
m =



















∗ (1 − f)λn 0 . . . 0 0
(1 − f)µretPi ∗ (1 − f)λn . . . 0 0

0 2(1 − f)µretPi ∗ . . . 0 0
...

...
...

. . .
...

...
0 0 0 . . . ∗ (1 − f)λn

0 0 0 . . . (1 − f)αPi ∗



















v0
m =



















∗ λn 0 . . . 0 0
µretPi ∗ λn . . . 0 0

0 2µretPi ∗ . . . 0 0
...

...
...

. . .
...

...
0 0 0 . . . ∗ λn

0 0 0 . . . αPi ∗



















wheni ∈ [m + 1, C + Qh]

Note that∗ are the values that make the sum of every row ofQ equal to 0.
Finally, matricesv−

i define the transitions from states(i, j) → (i − 1, k) taking the next values:

v−
i = iµI wheni ∈ [1, C]

v−
i = [Cµ + (i − C)γ]I wheni ∈ [C + 1, C + Qh]
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