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Abstract—The current paper deals with the simulation of
a queuing model developed to evaluate the performance of a
cognitive radio network and its reliability.

We take into consideration two interconnected subsystems, the
first one is dedicated to primary users (PU). The number of
sources is finite, and each source generates a primary request
after an exponentially distributed interval of time, these requests
then are then sent to a single server called Primary Channel
Service (PCS), under the assumption that the service times are
distributed exponentially as well. The service is carried out in
the order of the arrivals of primary calls. The second part of
the model is associated to secondary users (SU), which has also
a finite source with exponentially distributed request generation
time and it is assumed that the service time at the Secondary
Channel Service (SCS) with a single server is exponentially
distributed. However, the two subsystems operate in the following
way. Each generated primary request is directed to the primary
server in order to check its accessibility, in case that the service
unit is free, the service starts instantly. If the primary unit is
already busy with another primary request, the call joins a FIFO
queue. However, if the primary unit is busy by processing a
service for a secondary user, this latter service stops immediately
and should be sent back to the (SCS), based on the availability of
the secondary server this postponed task either starts the service
again or joins the orbit.

In the other hand, the secondary requests are directed to the
secondary server to verify its availability, if the aimed server
is accessible, the service starts immediately, otherwise these
secondary requests try to join the (PSU) and if it is idle the
service starts. If not, they join to the orbit at SCS. Postponed
requests in the orbit retry to be served after an exponentially
distributed interval of time.

In the current work both service units are subject to some
random breakdowns, in such case the interrupted requests are
sent either to the queue or to the orbit, respectively. It is
assumed that the operation and repair times of the given server
are generally distributed. We use Hypo-Exponential, Hyper-
Exponential and Gamma distributed times because by assuming
the same means and variances the effect of the distribution could
be analyzed. Due to the page limitations we deal with the effect
of the distribution of operation and service time distributions,
only on the mean response time of the secondary server.

Assuming that all the random times concerned in this model
are independent of each other the primary aim of the present
paper is to show the impact of the distribution of the operation
and repair time on the mean response time of the secondary
users as a function of the failure and repair intensity, respectively
Several Figures are generated to visualize the difference due to
the distributions.
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1. INTRODUCTION

Recent years have seen a significant increase in the demand
for radio spectrum. As this kind of networks provide a effective
usage for customers, by allowing unlicensed (Secondary) users
to process their services, while there is no licensed (Primary)
user in the spectrum.

Cognitive Radio (CR) is an intelligent technology that
can sense automatically the available channels in a wireless
spectrum and modify transmission parameters allowing more
communications to establish and also improve the network’s
behavior. Their major feature is to exploit the free sections
of the primary frequency bands for the benefit of unlicensed
customers, without any disadvantage for the licensed users.
For a more detailed discussion and a survey, see for example
[1].

As the idea of the cognitive radio was introduced to the
research community of wireless communications, the inves-
tigation of Cognitive Radio Networks (CRNs) became more
and more popular, see for example [2],[3],[4],[5],[6].

There are two types of CRN, the first is known as (underlay
network) in which unlicensed users are entitled at the same
time to use the primary channels with the PUs, depending on
some predefined conditions. The second type is called (overlay
networks), where the secondary customers are allowed to use
the Primary Service Unit only if this unit is free and there are
no licensed customers.

This paper is going to deal with the second mentioned type
of CRN (overlay), by modeling a CRN that uses a retrial finite
source queuing system with two non-reliable servers (Primary
and Secondary) exposed to breakdowns and repairs.

In an earlier work [7] the authors investigated a similar sys-
tem when all random times were assumed to be exponentially
distributed and the service was not reliable. By introducing a
multidimensional Markov chain several figures were presented
to show the impact of different rates on the main performance
measures of the system.

In [8] an investigation of a CRN that uses two finite sources
(Primary and Secondary) and a retrial queueing system at
the secondary service unit was carried out by the help of
simulation, in order to show the effect of the distribution on
the main characteristic of the system. The two servers were
reliable, however the transmissions into the frequency channel
were unreliable.
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The present paper is the continuation of [9] where the
servers were subject to random breakdowns and repairs. Under
the assumption that the operation and repair times of the
server units were Hypo- and Hyper-Exponentially distributed
and the all the other the events (services, request generations
and retrials) were exponentially distributed, several Figures
showed the effect of different input parameters on the main
performance measures.

The main aim of this paper is to investigate and to show the
impact of the operation and repair time distributions on some
performance measures of the system, by allowing Gamma-
distributed times with the same mean and variance as the
Hypoand Hyper-Exponential distributions, respectively. This
enables us to see the effect of the distributions and not only
the first two moments.

As it’s difficult to get these results analytically, we have
created a simulation program written in C language for the
investigations. Our experience is that many times it is more
effective to write our own program than to use general purpose
simulation packages. The simulation was validated by several
test results obtained in several special cases. The examples
are just illustrations to show the functionality of the simulation
program. It has not been applied in any real situation. It is well-
known that it is almost impossible to get real data for modeling
since providers hide their methods and approaches. With this
page limitation there is no room for a case study section, even
we have no place to show the effect of distributions on other
performance measures, like utilization of the servers, mean
number customers in the systems, etc.

1) Abbreviations and acronyms:

CR: Cognitive Radio

CRN: Cognitive Radio Network
PU: Primary User

SU: Secondary User

PCS: Primary Channel Service
SCS: Secondary Channel Service
PSU: Primary Service Unit

SSU: Secondary Service Unit
FIFO: First In First Out

II. APPLIED DISTRIBUTIONS

This section of the paper deals with the most commonly
used distributions in simulations. Gamma, Hyper-exponential,
Hypo-exponential, lognormal and Pareto distributions are in-
troduced with their parameters. Procedures for moments fitting
are treated as well.

A random variable Xis Gamma-distributed if its density
function is:

ifzx<0
ifz>0

0
f(:l:) = {ﬁ(ﬂz)a—le—ﬂz

T'(a)

Where 5 > 0 and a > 0.

We can calculate the Mean, Variance and the squared
coefficient of variation as follows:
a 2 1
2 «

If the mean and variance are already known we can obtain
the parameters using the following formulas:

X = %, Var(X) =

_ 1
=
A. Lognormal distribution
Assuming that, Y € N(m,o) is a normally distributed
random variable, lognormal is a continuous distribution in
which X = eY is the logarithm of a variable having a normal

distribution with two parameters (m,o). Its density function
is the following:

8=
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e
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fz($)=a¥7 ), x> 0.

o

Mean, Variance and Squared coefficient of variation can be
obtained as:

X = em+%, Var(X) = 2mo’ (e"z—l), C% =e” 1.

The below interrelation helps us to calculate the two param-
eters of a lognormal distribution:

2
o=4/In(14+C%), m=In(X)-— %

B. PFareto distribution

Supposing a random variable X has a Pareto distribution if
its density function is:
0 ifx<k
flz) = {

akez—*l ifz>k

This kind of distribution has two parameters: o which is the
shape parameter and k, the location parameter. Both o and &
are input parameters for the random number generator. We can
obtain the Mean, Variance and squared coefficient of variation
using the following formulas:

% _ ke ifa>1
00 ifa<l1
k2o ka \2 s (a—1)2
Var(X) = a_2—(m) , CX = m—l, o> 2.

The below interrelation can be used to get o and k,
supposing that the mean and the variance are known:

1+C§( k—a_lx_

N o«

a=1+
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C. Hypo-exponential distribution

Supposing, X; € Ezp(u;)(i = 1,...,n) are exponentially
distributed random variables. If all the parameters are different
the the density function of a Hypo-exponential distribution is:

( ) 0 ifx <0
fY X)) = -1 . —HjT .
» == [H?=1 Hz] 27 ﬁm ifx>0.

The Mean value, Variation and the squared coefficient of
variation are:

n

-3y

=1
2 — Xic1 (i)2

Y. — 2°
Y
=1 p;

The below equations allow us to get the parameters of a 2-
phase distrbution if the mean and the variance are predefined:
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D. Hyper-exponential distribution

Let, X;,X5,--,X, are independent and exponentially
distributed random variables, where the rate parameter of X;
is A;. Every random variable X; has the probability p; where
p1+ .-+ p, = 1. A random variable X is said to follow
a Hyper-exponential distribution if its density function is the
following:

@) = {0 if £ <0
K TASm  pide ™= if 2 > 0.

If X is a random variable, in which C% > 1, the next fit
which is called two-moment, can be used:

fr(t) = phie™ + (1 — p)hge™

Y is a 2-phase Hyper-exponentially distributed random
variable. The most commonly used procedure is the balanced
mean method, that is

P _1-p
A1 Ay
The below formulas allow us to get the three parameters of
the Hyper-exponential distribution :

1( [cz -1
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III. SYSTEM MODEL

As shown in Figure 1 our system model is a finite source
queuing system with retrials which contains two sub-systems
for the PUs and SUs, knowing that, these two subsystems
are connected to each other. The model’s first subsystem
is dedicated for PU requests, with a finite number of N1
sources. Each inter-arrival time is exponentially distributed
with parameter A; for a primary request which is sent to
a preemptive priority queue (FIFO). If the queue is empty,
the service starts instantly and its duration is exponentially
distributed with parameter y;. Otherwise, the newly generated
request will have to wait in the queue. The requests of the
SUs are generated in an exponentially distributed inter-request
time with parameter Ay and is served during an exponentially
distributed time with parameter u2, supposing that this second
subsystem has a finite number of sources N2.

It should be noted that, if a high priority requester joins the
primary server and finds it busy with an unlicensed (secondary)
request, the latter request is interrupted and sent back either to
the SSU (Secondary Service Unit) or to the orbit depending
on the accessibility of the secondary channel. However, if
the primary server is processing a licensed request, the new
customer will have to wait in the queue.

When secondary users arrive, they can process their services
immediately if the dedicated channel is free, if not, they will
check the availability of the primary channel hoping to start the
service. Furthermore, if the primary channel is busy too this
request will be forwarded to the orbit. These postponed tasks
try to get served after an interval of time which is exponentially
distributed with parameter v.

As mentioned before, the server at both subsystems are
subject to breakdowns and repairs, the failures of the service
units can occur both in busy and idle status.

Failures appear randomly for primary and secondary servers
according to Hyper-Exponentially, Hypo-Exponentially and
Gamma-distributed time with intensities y; and -y,, respec-
tively. The repair times are distributed according to Hyper-
Exponentially, Hypo-Exponentially and Gamma-distributed as
well, with intensities o; and o9, respectively.

Using the stochastic model, we can clarify our system
through the below formulas:

o k1(t): represents the number of licensed sources at given
time ¢;

o k2(t): refers to the number of unlicensed at time given
t;

o ¢(t): is the number of primary requests in the queue at
time ¢;

» o(t): denotes the number of tasks in the orbit at time ¢;

o y(t) = 0, if the primary channel is free, Y (t) = 1, if
the primary channel is busy a high-priority request and
Y (t) = 2, if the primary service unit is busy with a low-
priority request at time t;

« c(t) = 0, if the secondary service unit is idle(free) and
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Back to the source

r 3

o

Praemptive
Frinsity

Service Request

Primary

Sl lesves
when PU arrive:

2
@

Secondary

s Secondary
gerver free 2,

®

Server
is down

Back to the source

Fig. 1: Cognitive radio network with finite source retrial queueing systems

TABLE I: Parameters of the simulation

TABLE II: Numerical values of model parameters

Parameters Value at moment { | Maximum Value Figure No. [| N1 | N2 [ M | A2 |1 | pe g1 g2 | m Y2
Primary sources k1(7) N1 Figure 2,3 6 10 (0702 ] 2 1.5 | x-axis | 0.5 6 5
Secondary Sources k2(t) N2 Figure 4,5 6 10 [ 0.7 | 0.2 2 1.5 0.5 0.5 6 X-axis
Primary arrival rate A1
Secondary arrival rate A2
Number of ts at th O t N1-1 . e .
O Nmber of ::qsu:sts :tq;zu:,b(im ) 38 N2-1 TABLE III: Values of the distribution parameters
Primary service rate p1 N
Secondary service rate g Distribution Hyper Hypo Gamma
Failure rate of the primary server o5t Mean N/A 0.2 0.2
Failure rate of the secondary server Y2 . Variance N/A 0.03 0.03
Repair rate of the primary server o1 Figure 24 % =0.0202 | @ =1.333
Repair rate of the secondary server o2 Parameters N/A A2 = 0.1707 | B = 6.667
Mean 0.2 N/A 0.2
. Variance 04 N/A 04
Figure 3,5 — —
A1 =02 a=0.1
Parameters - N/A _
. . . . A2 = 0.632 B8=0.5
¢(t) = 1, if the secondary service unit is busy at time ¢.

In the present work we add Gamma-distribution to the
Hypo-Exponential and Hyper-Exponential for the operation
and repair times in order to investigate and display the impact
of the distributions and their parameters on the behavior of
the system.

The set of parameters used in the simulation are shown in
Table I .

Table I presents all the values needed for the simulation we
can see that the primary number of sources is k1 at moment t,
however the Maximum number for this values is N1, similarly
for the second server has k2 a number of sources and N2 is
the max number of secondary sources .

As the Maximum number of primary sources in the system
is N1, the Maximum of the requests in the queue will be
N1 —1 since the server deals with one user in the same time,
similarly for the orbit the Maximum number of requests at the
orbit will be N2 — 1.

IV. RESULTS OF THE SIMULATION

Using our simulation program we could display many
figures for several cases combinations, whilst in this paper we
focus on the effect of the failure and repair times on the mean
response time of secondary users using different distributions.

It should be noted that we generated all the figures under
the assumption that both servers are non-reliable.

Both Figure 2 and 3 show the mean response time of
secondary users in function of the primary repair intensity
using different distributions (Hypo, Hyper and Gamma) for
the primary operating time, supposing that the Exponential
distribution was used for the rest of the inter-event times
(arrival, service, retrial, secondary operation). As expected, the
mean response time of the secondary users decreases with the
increment of the repair intensity as shown in Figures 2 and 3.

If we check closely the Figure 2, where the the squared
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. 2: The effect of the primary repair intensity on the mean
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Fig. 3: The effect of the primary repair intensity on the mean
response time of the Secondary Users.

coefficient of variation was less than one we can’t see any big
difference between the distributions except the fourth value of
the primary repair intensity, in which Gamma was a bit higher
then Hypo. However, the difference between the distributions
was significant in Figure 3, where the squared coefficient of
variation is greater than one, more differences between the
distributions can be observed.
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Fig. 5: The effect of the secondary failure intensity on the
mean response time of the Secondary Users.

The last two results are related to the effect of the failure
intensity of the secondary server versus the mean response
time of secondary users. The repair times of the secondary
users are Hypo, Hyper and Gamma distributed while all the
remaining random variables are exponential.

In Figure 4 where the squared coefficient of variation is
less than one, we can see how the the mean response time of
the secondary users increases with the increment of the failure
intensity of the secondary users and no essential effect can be
seen, regardless of the different distributions with the same
mean and variance. Furthermore, all the values of the mean
response time were nearly similar.

Figure 5 shows the mean response time of SU in function
with the secondary failure intensity, supposing that the means
and variances of the two distributions are equal and their
squared coefficient of variation is greater than one as shown
in Table III.

Even though the mean and the variance of the distributions
are equal, an important difference can be seen between the
values of mean response time of the SUs. The effect of the
used distributions can be obviously observed in this Figure.

V. CONCLUSION

In this paper a finite-source retrial queuing system is pre-
sented with a nonreliable servers. We showed the effect of

Mean Response Time of SU

1 z 3 4 5 6 7 8 - 1

Scondary Failure intensity

Fig. 4: The effect of the secondary failure intensity on the
mean response time of the Secondary Users.

several distributions on the mean response time of secondary
users. A significant effect of these distributions was seen when
the squared coefficient of variation is greater than one having
the same mean and variance, however the impact was almost
negligible when it is less than one. Lastly, as future works,
we will deal with more distributions, in order to investigate
further their influence on the cognitive radio networks

Finally, as future works, we will deal with new distributions
as lognormal and Pareto to investigate the effect of the
distributions on a such networks.
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