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Abstract. This paper deals with performance modeling of radio fre-
quency licensing. Licensed users (Primary Users - PUs) and normal users
(Secondary Users - SUs) are considered. The main idea, is that the SUs
are able to access to the available non-licensed radio frequencies.

A finite-source retrial queueing model with two non-independent fre-
quency bands (considered as service units) is proposed for the perfor-
mance evaluation of the system. A service unit with a priority queue
and another service unit with an orbit are assigned to the PUs ans SUs,
respectively. The users are classified into two classes: the PUs have got
a licensed frequency, while the SUs have got a frequency band, too but
it suffers from the overloading. We assume that during the service of
the non-overloaded band the PUs have preemptive priority over SUs.
The involved inter-event times are supposed to be independent, hypo-
exponentially, hyper-exponentially, lognormal distributed random vari-
ables, respectively, depending on the different cases during simulation.

The novelty of this work is that we create a new model to analyze the
effect of distribution of inter-event time on the mean and variance of the
response time of the PUs and SUs.

As the validation of the simulation program a model with exponen-
tially distributed inter-event times is considered in which case a con-
tinuous time Markov chain is introduced and by the help of MOSEL
(MOdeling Specification and Evaluation Language) tool the main per-
formance measures of the system are derived. In several combinations of
the distribution of the involved random variables we compare the effect
of their distribution on the first and second moments of the response
times illustrating in different figures.

Keywords: Finite source queuing systems - Simulation - Cognitive
radio networks - Performance evaluation

1 Introduction

Cognitive radio has emerged as a promising technology to realize dynamic spec-
trum access and increase the efficiency of a largely under utilized spectrum. In a
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cognitive radio network (CRN), a cognitive or secondary users (SUs) are allowed
to use the spectrum by primary users (PUs) as long as the PUs do not use it.
This operation is called opportunistic spectrum access, see for example [1,2]. To
avoid interference to PUs, SUs must intelligently release the unlicensed spectrum
if a licensed user appears as it was treated in [3,4].

In this paper we introduce a finite-source queueing model with two (non
independent) frequency channels. According to the CRN modeling the users are
divided into two types: the Primary Users (PUs) have got a licensed frequency,
which does not suffer from overloading feature. The Secondary Users (SUs) have
got a frequency band too, but suffers from overloading. A newly arriving SU
request can use the band of PUs (which is not licensed for SUs) if the band of
SUs is engaged, in the cognitive way: the non-licensed frequency must be released
by the SU when a PU request appears. In our environment the band of the PUs
is modeled by a queue where the requests has preemptive priority over the SUs
requests. The band of the SUs is described by a retrial queue: if the band is free
when the request arrives then it is transmitted. Otherwise, the request goes to
the orbit if both bands are busy. We assume that the radio transmission is not
reliable, it will fail with a probability p for both channels. If a failure happens
then the request retransmission process starts immediately, see for example [3,4].

Hence, it should be noted that the novelty of this work is that we create a
new model to analyze the effect of distribution of inter-event time on the mean
and variance of the response time of the PUs and SUs. In several combinations
of the distribution of the involved random variables and using simulation we
compare the effect of their distribution on the first and second moments of the
response times illustrating in different figures.

2 System Model

Figure 1 illustrates a finite source queueing system which is used to model the
considered cognitive radio network. The queueing system contains two intercon-
nected, not independent sub-systems. The first part is for the requests of the PUs.
The number of sources is denoted by N7. In order to analyze the effect of the dis-
tribution, these sources generate high priority requests with hypo-exponentially,
hyper-exponentially and lognormally distributed inter-request times with the
same rate \; or with the same mean 1/)\;. The generated requests are sent to
a single server unit (Primary Channel Service - PCS) with preemptive priority
queue. The service times are supposed to be also hypo-exponentially, hyper-
exponentially and lognormally distributed with the same rate pu; or with the
same mean 1/p7.

The second part is for the requests of the SUs. There are N» sources, the
inter-request times and service times of the single server unit (Secondary Channel
Service - SCS) are assumed to be hypo-exponentially, hyper-exponentially and
lognormally distributed random variables with rate Ao and ps, respectively.

A generated high priority packet goes to the primary service unit. If the unit
is idle, the service of the packet begins immediately. If the server is busy with
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Fig. 1. A priority and a retrial queue with components

a high priority request, the packet joins the preemptive priority queue. When
the unit is engaged with a request from SUs, the service is interrupted and the
interrupted low priority task is sent back to the SCS. Depending on the state
of secondary channel the interrupted job is directed to either the server or the
orbit. The transmission through the radio channel may produce errors, which
can be discovered after the service. In the model this case has a probability p,
and the failed packet is sent back to the appropriate service unit. When the
submission, is successful (probability 1-p), the requests goes back to the source.

In case of requests from SUs. If the SCS is idle, the service starts, if the SCS
is busy, the packet looks for the PCS. In case of an idle PCS, the service of
the low priority packet begins at the high priority channel (PCS). If the PCS is
busy the packet goes to the orbit. From the orbit it retries to be served after an
exponentially distributed time with parameter v. The same transmission failure
with the same probability can occur as in the PCS segment.

To create a stochastic process describing the behavior of the system, the
following notations are introduced

— k1 (t) is the number of high priority sources at time t,

— ka(t) is the number of low priority sources at time t,

— q(t) denotes the number of high priority requests in the priority queue at
time t,

— o(t) is the number of requests in the orbit at time t,

— y(t) = 0 if there is no job in the PCS unit, y(¢) = 1 if the PCS unit is busy
with a job coming from the high priority class, y(¢) = 2 when the PCS unit is
servicing a job coming from the secondary class at time t,

— ¢(t) = 0 when the SCS unit is idle and ¢(t) = 1, when the SCS is busy at
time t.
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It is easy to see that

N1 —q(t), (t)=0,2
F(n) = {Nl - Z(t) -1 5@) =1
Nz —o(t) — c(t), (t)=0,1
Fa(n) = {N2 —o(t) —c(t) — 1 Z(t) =2

In the case of exponentially distributed inter-event time a continuous-time
Markov chain can be constructed and the main steady-state performance mea-
sures can be obtained, as it was carried out in [4]. The numerical result obtained
in this paper were the test result for the validation of the simulation outputs.

However, in this paper we deal with more general situation allowing non-
exponentially distributed times. For the sake of easier understanding the input
parameters are collected in Table 1.

Table 1. List of simulation parameters

Parameter Maximum | Value at ¢
Active primary sources N1 k1 (¢)
Active secondary sources | No ka(t)
Primary generation rate A1
Secondary generation rate A2

Requests in priority queue | N1 — 1 q(t)

Requests in orbit Ny —1 o(t)
Primary service rate 1
Secondary service rate 2
Retrial rate v
Error probability P

3 Simulation Results

In order to estimate the mean and variance of the response times of the requests,
the batch means method is used which is the most popular confidence interval
techniques for the output analysis of a steady-state simulation, see for example
[5-7].

There are many possible combinations of the cases, but due to the page
limitation we considered only the following sample results showing the effect of
the distributions on the mean and variance of the corresponding response times.

For the easier understanding the numerical values of parameters are collected
in Table 2.
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Table 2. Numerical values of model parameters

No. Ni | Na| A\ A2 w1 | pe | v D

Figs.2 and 3|10 |50 |x-axis | 0.03 |1 |1 |20 0.1
Figs.4 and 5|10 |50 |x-axis [0.03 |1 |1 |20 0.1
Figs.6 and 7|10 |50 | 0.02 |x-axis|1 |1 |20 0.1
Fig.8 10 |50 |0.02 10.03 |1 |1 |x-axis|0.1
Fig.9 10 |50 {0.02 |x-axis|1 |1 |20 0.1

Figures2 and 3 show that the distribution of the inter-arrival time of the
primary packets with the same mean has no effect on the mean and variance of
response time of the secondary users, they depend only on their mean supposing
that the inter-request time of the SUs and the service time of both servers units
are exponentially distributed. It is the consequence of [8] in which it was proved
that the steady-state distribution is insensitive to the distribution of the source
times, depending only on their means.
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Fig. 2. The effect of inter-request time distribution of the PUs on the mean response
time of SUs vs A1

The other operation mode is where the service time at the primary server is
hyper-exponentially, hypo-exponentially and lognormally distri-buted with the
same mean supposing that the inter-arrival time of PUs and SUs, and the service
time of the secondary server are exponentially distributed.

Figures4 and 5 show that the value of the mean response time and variance
is greater when the service time is hypo-exponentially distributed, also the mean
response time of the secondary users. In the case the service time is lognormally
distributed is approximately the same when it is hypo-exponentially distributed.
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Fig. 3. The effect of inter-request time distribution of the PUs on the variance of
response time of SUs vs A1
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Fig. 4. The effect of service time distribution of the PUs on the mean response time
of SUs vs A1

In Figs. 6 and 7, the inter-request time for the PUs and SUs is exponentially
distributed. In this cases, figures show the effect of the SU’s inter-request arrival
time on the mean and variance response time of the SUs knowing that the ser-
vice time of SCS is exponentially, hypo-exponentially, hyper-exponentially and
lognormally distributed with the same mean. The value of the squared coefficient
of variation for the hypo-exponentially distribution is always less than one and
for the hyper-exponentially is always greater than one, therefore the mean and
variance of response time of SUs when the service time is hyper-exponentially
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Fig. 5. The effect of service time distribution of the PUs on the variance of response
time of SUs vs A1
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Fig. 6. The effect of service time distribution of the SUs on the mean response time of
SUs vs A»

is greater than the mean response time of SUs when the service time is hypo-
exponentially distributed.

On Fig.8 the service time distribution of SCS is exponentially, hypo-
exponentially, hyper-exponentially and lognormally distributed with the same
mean. The service time of PCS and the inter-arrival time of both PUs, SUs are
exponentially distributed. Figure shows the effect of the time spent in orbit on
the mean response time of the SUs, it was modeled by a variable retrial rate.
The result confirms the expectation that is increasing retrial rate involves shorter
response times.
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Fig. 7. The effect of service time distribution of the SUs on the variance of response
time of SUs vs A2
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Fig. 8. The effect of service time distribution of the SUs on the mean response time of
SUs vs the retrial rate v

On the last figure, we assume that the service time of the PCS is exponen-
tially, hypo-exponentially, hyper-exponentially and lognormally distributed with
the same mean. The service time of the SCS and the inter-request time of PUs
and SUs are exponentially distributed. The figure shows the effect of the inter-
request time of the SUs on the mean response time of SUs. Here again we get
what we expected that is increasing arrival intensity involves longer response
times.
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Fig. 9. The effect of service time distribution of the PUs on the mean response time
of SUs vs A2

4 Conclusions

In this paper a finite-source retrial queueing model was proposed with two bands
servicing primary and secondary users in a cognitive radio network. Primary
users have preemptive priority over the secondary ones in servicing at primary
channel. At the secondary channel an orbit is installed for the secondary packets
finding the server busy upon arrival. Simulation was used to obtain several sam-
ple examples illustrating the effect of the distribution of the inter-events times
on the first and second moments of the response times.
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