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Abstract. The current paper presents a Cognitive Radio Network with
impatient customers and unreliable servers by the help of a finite-source
retrial queueing system. We consider two types of customers (primary
and secondary) assigned to two interconnected frequency bands. A first
frequency band with a priority queue and a second frequency band with
an orbit are reserved for Primary Users (PUs) and Secondary Users
(SUs), respectively. If the servers are busy, both customers (licensed
and unlicensed) enter either the queue or orbit. Before they enter orbit,
the secondary customers receive a random retrial time according to the
exponential distribution, i.e. the waiting time before the next retry. Unli-
censed users (impatient) are obliged to leave the system as soon as their
total waiting time exceeds a random maximum waiting time. It should
be noted, that the secondary service unit of our system is subject to
random breakdowns and repairs. The novelty of this work consists in
the investigation of the abandonment and secondary server unreliabil-
ity impact on various performance measures of the system (Cognitive
Radio Network), such as the mean response and waiting time of users,
the probability of abandonment of SU, etc. Several figures illustrate the
problem in question through simulation.

Keywords: Finite source queuing systems - Simulation - Cognitive
radio networks - Performance and reliability measures - Non-reliable
servers - Impatient customers

1 Introduction

Cognitive Radio (CR) is an intelligent technology capable of overcoming the
problems of spectrum under-utilization by allowing secondary customers to
use the primary channel opportunistically without disrupting primary customer
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communications, in order to improve network performance. This intelligent tech-
nology is able to modify its transmitter parameters in compliance with the inter-
action of the environment in which it operates. The main objective of the CRN
is to use the unused portions of the primary frequency bands for the benefit of
unlicensed customers. Further details can be found in [1,4,6,9-12,17]. Several
studies and researches, such as [18,20] show that often many parts of the chan-
nels are unused in time and space by licensed users (white spaces). Secondary
users in these parts of the service unit can detect this non-use and communicate
freely without any harmful effects on the primary users. Today there are two
types of Cognitive Radio Network. The first type is called (underground) net-
work, where unlicensed users can use the primary channels simultaneously with
the licensed users under certain predetermined conditions. The second type is
referred to as (overlay) networks, in which the unlicensed users can use the pri-
mary service at any time as far as the primary unit is not occupied by licensed
users, the authors of [13,15,19,21] have introduced further information. How-
ever, the present paper deals with an overlay CR technique by modelling a CRN
system containing two finite source subsystems (primary and secondary).

In this queuing system, we take two elements into account. A first subsystem
is intended for the jobs of Primary Users (PU) with a finite number of sources.
In this part of the system, each source generates a primary call for the PUs after
an exponentially distributed time. The latter requests are forwarded to a sin-
gle server Primary Channel Service (PCS) with a preemptive discipline (FIFO
queue) to start the service, assuming that the service time is exponentially dis-
tributed. The second component of the model is created for Secondary Users
(SU) coming from a finite source and forwarded to Secondary Channel Service
(SCS), knowing that the inter-arrival and service times of secondary users are
exponentially distributed. The generated primary tasks aim to check the PCS
for accessibility. If this service unit is not occupied, the service starts imme-
diately. However, if the PCS is busy with another primary task, this last task
will join a First In First Out (FIFO) queue. However, if a second job is being
handled in the primary unit, this job is immediately disconnected and should
be routed back to the secondary Channel Service. Per the secondary channel’s
status, the aborted task either restarts the service on its original server (SCS) or
joins the retrial queue (Orbit). Besides, the secondary channel also receives low
priority requests. If the targeted unit is idle, the service may start immediately.
Otherwise, these secondary requests will attempt to join the primary unit. If
the primary unit is idle, the secondary requests will have the opportunity to
start. If not, they will automatically enter the orbit. From orbit, the postponed
requests will retry to receive service after an exponentially distributed random
interval. Further details are given in [6,13,17,21]. In this study, we assume that
impatient customers in orbit whose total waiting time exceeds a random aban-
donment time which is generally distributed have to leave the system and the
second service unit is unreliable which are the novelty of this work. Several
studies have examined the Abandonment and/or Unreliability on the basis of
different scenarios and systems. At [22] as an example, the authors have pre-
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sented a retrial queueing system with a single server which is subject to random
breakdowns and assuming that collisions may occur when a customer arrives at
a busy server which forces both jobs to join the orbit. However, to get closer to
real-life situations and involving more servers to the system, the authors of [23]
examined the abandonment concept on a Cognitive Radio Network by setting a
constant value for the maximum waiting time (abandonment time) of secondary
users. In an extended work [24], the same authors of the above-mentioned paper
assumed that the abandonment time is random, using various distributions to
investigate their influence on the main performance measures of such a system.
Other probes analysed the abandonment in other types of networks and showed
that customers can leave systems from queues, server units while receiving ser-
vices and while waiting; more details are given in [7,16]. However, in the current
paper, we assume that impatient users (secondary) are forced to leave the sys-
tem only from the orbit while waiting. Unreliability of servers was investigated
in [25,26], without taking in consideration that customers have the opportunity
to leave the system. Several figures will show the effects of the abandonment and
unlicensed server unreliability on the performance measures of the system using
simulation.

2 System Model

Figure 1 demonstrates a finite source queuing system that models the considered
cognitive radio network. Our queuing system consists of two not independent,
interconnected sub-systems. The first part is allocated to primary requests, with
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Fig. 1. Finite-source retrial queuing system: Modeling the Cognitive Radio Network
with unreliability and abandonment.
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N7 the number of sources. These sources will be responsible for generating high
priority requests with an inter-request and service times that are exponentially
distributed, using parameters A; and p1, respectively. All the produced requests
are directed to a single server unit (PCS) with a preemptive priority over the
secondary users. The second subsystem is devoted to the low-priority requests
with the number of sources denoted by Ny, the inter-arrival times and service
times in this subsystem are assumed to be exponentially distributed as well, with
parameter Ao/ Ny and pug, respectively. Based on the state of both server (idle or
busy), the generated primary packet goes to the primary server (if the server is
idle) or joins the FIFO queue (if it is busy with a PU). However, if an unlicensed
user occupies the PCS, its service is instantly stopped and will be sent back to
the Secondary unit.

Depending on the secondary unit’s availability, the aborted task is addressed
either to the server or the retrial queue from which reties to get served from
the beginning after an exponentially distributed time with parameter v/Ny. On
the other hand, requests from SUs are directed to SCS. If it is idle, the ser-
vice begins. If not, this unlicensed task will sense the PCS. In case of an idle
status for PCS, this service may opportunistically join the high priority chan-
nel. If the PCS is engaged, the request goes to orbit. It should be noted that
Secondary Users in orbit are obliged to leave the system once their total wait-
ing time exceeds a random abandonment time which is generally distributed
(Hyper, Hypo, Gamma, Log-normal and Pareto) a rate 7. Random breakdowns
during a busy and idle state of the secondary service unit may occur after
an exponentially distributed random time with parameters v; and ~s, respec-
tively. The repair time is also exponentially distributed random variable with
parameter o.

Assuming that all random variables included in the system are exponentially
distributed except the impatience time which is generally distributed random
variable, we created a stochastic simulation program written in C coding lan-
guage with SimPack [29] libraries. All the numerical results were collected by
the validation of the simulation outputs.

3 Simulation Results

In this section, several cases are analyzed using a simulation program. The advan-
tage of this later is to make difference between observations during a single run.
This difference allows us to investigate the performance measure of two types
of cognitive customers (SUs), those who leave the system with successful ser-
vice and those who abandon the system without a service due to their limited
waiting time. Also, the difference between secondary users who left the system
with a successful service from the primary service channel and secondary users
that leave the system without service after several interruptions at the primary
service unit due to the preemptive priority of the primary customers over the
secondary ones. In order to estimate the performance measures of these cate-
gories, the batch mean value method was used in the simulation. This method is
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a common confidence interval technique used for the analysis of the steady-state
simulation output. See for example [3-5,8]. By dividing the cognitive users into
two categories (Successful and Abandon, we could generate several results. This
section of the simulation results is organized following these scenarios:

— Scenario 1: Impatience time of the customers is exponentially distributed.

— Scenario 2: Impatience time is generally distributed with C? > 1, using
Hyper-Exponential, Gamma, Lognormal and Pareto.

— Scenario 3: Impatience time is generally distributed with C? < 1, using
Hypo-Exponential, Gamma, Lognormal and Pareto.

In the above scenarios, we suppose that the interrupted secondary service
from the PCS due to PUs arrival or from the SCS due to server breakdown will
be repeated from the beginning (non-intelligent). Also, the service unit failure
will not block the system and the free sources keep generating new calls.

3.1 Impatience Time is Exponentially Distributed

In this case, we would like to analyze the main features of the system while all the
involved random inter-times are exponentially distributed random variables. The
investigation is based on increasing the rate of the impatience times distribution
T.

For the sake of obtaining the following results, the set of parameters values
defined in Table 1 must be used.

Table 1. Different impatience rates

Nz | X2/No|v/Na v |72 |o|pa, po|T
Case 1100 |0.01 0.1 0.1/0.1/1 1 0.000001
Case 2100 | 0.01 0.1 0.1/0.1/1 /1 0.0001
Case 3100 |0.01 0.1 0.1/0.1/1 1 0.001
Case 4100 | 0.01 0.1 0.1/0.1/1 1 0.01
Case 5100 | 0.01 0.1 0.1/0.1/1 /1 0.1
Case 6100 | 0.01 0.1 0.1/0.1/1 1 1

For the numerous categories of cognitive users, including successfully served
and abandoned ones, we provide accurate estimates in the following. One of the
advantages of the simulation is to assist us to perform these measures. We could
see some characteristics of our systems in Tables 2, 3, 4, 5 for which the notations
are provided in 7. These results are the estimations mean and variance of the
measures based on two scenarios:
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— Scenario A: The arrival traffic of the primary customers is low and small
number of sources A\; = 0.01, Ny = 10.

— Scenario B: The arrival intensity of the primary users is high and large
number of sources A\; = 0.1, N; = 100.

Table 2. Estimation of the expectations for scenario A

E(TS) |EWS) | E(T) |E(W) |E(NS)|E(TA) | Pa
Case 1| 14.0437  13.8001 | 14.04 | 13.8001|48.59 | 0.0000 | 0.0000
Case 2 14.0525 13.8165 14.05 | 13.8284 44.64 |15.0001  0.001
Case 3| 13.8333 | 13.5979 | 13.59 | 13.0235 | 38.17 | 15.226 | 0.012
Case 4| 12.3461 | 12.1107 | 12.48 |12.27 |28.33 | 13.5472 0.15
Case 5 5.5598 | 5.3241 |6.0853 5.9801 1221 | 6.4914 | 0.56
Case 6 0.8258 | 0.5908 |0.9654 0.3491 | 5.2454 | 0.9772 |0.9217

Table 3. Estimation of the variances for scenario A

Var(TS) | Var(WS) | Var(T) | Var(W) | Var(TA)
Case 1]197.227 |190.66 197.227 1 197.227 |0.0000
Case 2|197.473 |190.897 197.47 |190.87 |185.249
Case 3 |191.36 184.902 191.35 |181.35 |185.652
Case 4 | 152.42 146.67 152.48 |146.66 |183.52
Case 5|30.9119 |28.3471 30.91 28.43 42.13
Case 6 | 0.6818 0.3491 0.6820 |0.3491 | 0.955

Table 2 and 3 determine the values of the expectations and variances of dif-
ferent types of cognitive users, respectively. These results are the outputs of the
simulation while A\; = 0.01 and N; = 10. The rows of the tables define the
cases where the impatience rate 7 is increasing. It is clearly seen that the mean
and variance values of the response, waiting and arbitrary users are decreasing
while the probability of abandonment is increasing. This later increases while
an elevation of impatience rate. Unexpectedly, the mean and variance values of
the impatient customers are increasing then decreasing during the growth of the
abandonment rate. The interpretation of this phenomenon can be as follows:
when the impatience rate is very small, the waiting time of the customers is very
long, as a result, they rarely leave the system. Therefore, the confidence interval
of the expectation for a small set of observations can be very large, thus, the
estimation is not accurate.

In Table4 and 5, the same features as above were treated but in this case the
primary traffic more intense supposing Ay = 0.1 and N1 = 100. The first thing we
notice comparing with Tables 2 and 3 is the efficiency of cognitive technology. It
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Table 4. Estimation of the expectations for scenario B

E(TS) | EWS) E(T) |E(W) |E(NS) E(TA)  Pa
Case 1| 25.0657  24.8343 | 25.0651 | 24.8338 | 57.28 | 29.5803 | 0.000023
Case 2 24.9055 24.66 | 24.8423 | 24.6119 57.28 | 26.5792  0.002
Case 3| 24.2940 | 24.0632 | 24.3561 | 24.1307 | 52.26 | 26.9554 | 0.02
Case 4| 20.0967  19.8643 | 20.4913 | 20.3042 | 30.15 |22.118 |0.194
Case 5 6.5178 | 6.2909 |7.2363 |7.1664 |6.07 | 7.5563 | 0.61
Case 6 0.8242 | 0.6068 |0.9743 |0.3682 | 0.9598 | 0.9834 |0.943

Table 5. Estimation of the variances for scenario B

Var(TS) | Var(WS) | Var(T) [ Var(W) |Var(TA)
Case 1]628.037 |616.75 628.29 | 616.57 |726.24
Case 2{620.037 | 608.519 608.59 |606.84 | 724.40
Case 3 |590.201 |579.04 590.2013 | 579.03 | 726.65
Case 4 | 403.8815 | 394.591 403.8813 | 394.5913 | 489.2139
Case 5|42.4828 |39.5766 42.4828 |39.4741 | 57.0989
Case 6 ]0.6771 0.3682 0.6794 |0.3682 |0.9671

is shown that when a very small impatience rate (7 = 0.000001), the probability
of abandonment is zero in Table2, row 1 since the licensed service channel in
scenario A is most of the time idle from primary customers. However, besides
the larger values of the mean and variance in scenario B. Same explanation
as previously for the expectation and variance waiting time of the impatient
customers (Table 6).

3.2 Impatience Time is Generally Distributed with C? > 1

This subsection is Scenario 2 of our investigation, we have analyzed the impact
of abandonment time distributions on the main characteristics of the system.

Table 6. Estimation of the variances for scenario A

Notation Definition

E(TS), Var(TS) | Mean and variance response time of successful cognitive users

E(WS), Var(WS) | Mean and variance waiting time of successful cognitive users
E(T), Var(T) Mean and variance response time of arbitrary cognitive users
E(W), Var(W) Mean and variance waiting time of arbitrary cognitive users
E(NS) Mean number of secondary customers in the system

E(TA), Var(TA) | Mean and variance waiting time of impatient customers

Pa Probability of abandonment
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In this scenario, we consider that the impatience time is hyper-exponentially,
gamma, Pareto and, lognormally distributed random variable with the same
mean and same variances. In order to calculate the shape, rate, and scale of
these distributions, see [28]. Table 7 defines the numerical values of distribution
parameters.

The inter-events times are generated using several methods of random num-
bers generator. These methods require input parameters which in our case are
the rates of the distributions. The numerical values of these parameters are
defined in Table 8.

Table 7. Parameters of the distributions

Distribution | Gamma Hyper-exponential | Pareto Lognormal
Parameters |« = 0.390625 |p = 0.33098 a = 21892 |m = 5.5797
£ = 0.0007813 | A1 = 0.00132 k = 270.5630 o = 1.12684
A2 = 0.00268
Mean 500
Variance 640000
(o5 2.56

Table 8. Numerical values of the parameters

Ni| Nz |\ )\2/N2 M1 | 12 Z//N2 T Y1 Y2 g2
10 |100/0.01 |x - axis |4 |4 |0.01 |[0.0020.01/0.01 1

Comments

In all the obtained results, it should be noticed that beside the abandonment
time, all the inter-event times in the system are supposed to be exponentially
distributed random variables.

Figure 2 illustrates the impact of the impatience time distributions on the
mean sojourn time of the cognitive users that leave the system after a successful
service while increasing the secondary arrival intensity. The Pareto distribution
gives the smallest value of the mean response while the gamma distribution gives
the greatest value. This relative difference could be explained by the help of the
density function of each distribution. Also, if we read the papers that investigated
a single server finite-source retrial queueing system with the abandonment of
customers, we notice that the relative difference of the mean values between
the lognormal and the hyper-exponential distributions is smaller then the one
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Fig. 2. The impact of the impatience time distributions on the mean sojourn time of
successful cognitive users vs secondary request generation rate
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Fig. 3. The impact of the impatience time distributions on the mean sojourn time of
impatient cognitive users vs secondary request generation rate
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obtained in Fig. 1. This difference is obviously due to the introduction of a second
server and a cognitive characteristic to the secondary customers which make the
system more complex. However, the maximum property of the mean response
time that was noticed in [27] is obtained.

Figure 3 shows the effect of the abandonment time distributions on the mean
response time of the secondary customers that leave the system without getting
served. The result shows that while increasing the request generation intensity,
the value of the mean increases. The aim of making a difference between suc-
cessful and impatient customer is obtained in this figure, we see that the Pareto
distribution gives the greatest value of the mean, while for this feature, the
lognormal distribution shows the smallest value.

With the help of the law of total expectation, it is easy to calculate the mean
of arbitrary users. Figure 4 illustrates the effect of the impatience time distribu-
tion on the mean response time of an arbitrary user while the secondary request
generation rate is increasing. The mean value of arbitrary users depends on the
probability of success and the probability of abandonment. As the gamma distri-
bution gives a small value of the impatience time, it involves a high probability
of abandonment, thus, the value of the mean response time of arbitrary users is
the greatest as shown in the figure.

Figure5 illustrates the mean number of secondary customers in the func-
tion of the second generation request rate while the impatience time is generally
distributed. The effect of the distributions can be seen when the system is low
loaded. When the arrival intensity increases, the mean number of cognitive cus-
tomers increases, and the distributions have no more impact on its value.

3.3 Impatience Time is Generally Distributed with sz <1

In Scenario 3 of our investigation, we set the parameters of the used distribution
in a way their squared coefficient of variation becomes less than one. For this
case, we use the two phases of hypo-exponential distribution. The aim is to
analyze their effects on the main performance measures of the system. The new
set of the distribution parameters and the numerical values of the simulation
input parameters are shown in Table9 and Table 10, respectively.

Table 9. Parameters of the distributions

Distribution | Gamma Hypo-exponential | Pareto Lognormal
Parameters | o« = 1.47059 | A1 = 0.01 o = 2.5718 m = 5.9552

£ = 0.002941 | A2 = 0.0025 k = 305.5844 | 0 = 0.72027
Mean 500

Variance 170000
Cc? 0.68
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Fig. 6. The effect of the impatience time distributions on the mean sojourn time of
successful cognitive users vs secondary request generation rate
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Fig. 7. The effect of the impatience time distributions on the mean sojourn time of
arbitrary cognitive users vs secondary request generation rate

Table 10. Numerical values of the parameters

Ni| N2 | A1 | A2/Na p1|p2|v/Na |7 Y1 |y |o2
10 {100 /0.01 | x-axis|4 |4 |0.01 |0.002/0.01|/0.01 1
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Fig. 8. The mean number of cognitive users in the system vs secondary arrival intensity

Comments

In terms of arrival intensity, Fig.6 and Fig.7 display the mean residence time
of successful and arbitrary customers, respectively. The same pattern can be
seen in the analysis of the outputs as in the previous corresponding figures, but
variations can also be seen, especially in case of the gamma distribution. These
statistics also indicate that, relative to the previous parameter setting, successful
and arbitrary users spend less time on the system on average.

Lastly, Fig.8 illustrates the mean number of secondary customers in the
system in the function of the secondary arrival intensity. Among a highly loaded
system, the figure shows no impact of the distribution on the mean number of
customers, but as a low loaded system, a slight difference can be investigated.
Also, relative to the previous set of parameters with the corresponding figure,
there are fewer customers in the system when the squared coefficient of variation
of the distributions is less than one.

4 Conclusion

In this paper, a finite-source cognitive radio network was modelled with the help
of a retrial queueing system with impatient customers and a secondary server
non-reliable. The results have demonstrated the impact of the abandonment
time distribution on the mean and variance of the main characteristic of such a
complex system. The efficiency of the primary service channel and of the cogni-
tive property at the secondary users was also demonstrated. Using simulation,
we succeeded to separate the secondary customers into three categories (impa-
tient/successful /arbitrary) and analyze their performances separately. Based on
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this work, our perspective for the future is to introduce intelligent cognitive users
which mean that a secondary user will continue the interrupted (due to primary
arrival or server breakdown) service and he will not repeat it from the beginning
and demonstrate the distribution of the customers (primary and secondary) in
such a system while both subsystems are non-independent. Also, with the help
of simulation, we can investigate separately the customers that leave the system
successfully from the primary service channel and their mean interrupted service
time.
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