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Abstract: In the domain of cognitive radio (CR), unlicensed users have the opportunity to efficiently
use available spectrum bands without interfering with licensed primary users (PUs). Our study
addresses the challenge of secondary user (SU) spectrum shortage due to high arrival rates of licensed
users. We propose two models aimed at improving the average total waiting time for SUs in such
scenarios. These models incorporate non-acquired and preemptive priority mechanisms within the
M/D/1 model of a PU delay system. Through quantitative evaluations and Monte Carlo simulations,
we evaluate the performance of these models. Our findings show significant improvements in average
waiting time for both PUs and SUs, especially under the priority scheme. Furthermore, we explore
these models in the context of real-time systems, considering the limited buffer capacity for both user
types. This further improves the average waiting time for PUs and SUs in both priority schemes. Our
contribution lies in providing effective solutions to mitigate SU shortages in CR networks, providing
insight into priority-based approaches and real-time system considerations.

Keywords: cognitive radio networks; admission control; spectrum allocation; user authorization;
priority queuing

1. Introduction

The widespread adoption of smartphones, tablets, and other types of digital devices
has led to an enormous surge in traffic on the internet in the past decade. Consequently,
there is a need to effectively use the wireless spectrum due to a lack of more wireless
resources and resources on the radio spectrum. Cognitive radio is a promising solution
for addressing the issue of bandwidth scarcity. Unauthorized customers may utilize
previously reserved frequencies for authorized individuals thanks to cognitive wireless
technology. Cognitive radio technologies are classified into two types: frequency-sharing
and heterogeneity. Numerous conceivable variations of the transfer of data in cognitive
radio networks (CRNs) necessitate taking into account various queueing systems as their
descriptors; for an example, refer to [1]. Here, we apply the resulting assumptions regarding
the CRN’s operational circumstances. It is assumed that the bandwidth of each network
cell is split into identical sub-bands or channels, each available for usage by high-priority
users (HPUs) and low-priority users (LPUs). There might be more than one channel. The
single-server example widely discussed in the literature barely applies to CRNs. There is
no waiting buffer in the unlikely event that all available bandwidth is used [2]. Spectrum
measurement is perfect because LPUs can precisely measure or predict how much of a
channel is occupied by HPUS or other LPUs. The so-called overlay mode is used by the
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cell. Under these conditions, if an HPU arrives while every channel is occupied, one LPU’s
service must be stopped. It involves a spectrum handoff wherein an LPU can quickly settle
an additional idle channel if it becomes available after an HPU reclaims its track. If the
inactive channel is unavailable, the LPU may attempt to join the service later, at random.

1.1. Motivations

It is essential to emphasize the critical role of efficient spectrum utilization in CRNs,
where unlicensed users seek to leverage unused spectrum bands without causing interfer-
ence to licensed PUs. As the arrival rate of licensed users increases, the potential for SU
deprivation grows, necessitating robust mechanisms to mitigate waiting-time disparities.
The proposed models, integrating M/D/1 queuing frameworks with both non-preemptive
and preemptive priority mechanisms, aim to address this challenge by optimizing the
average total waiting time for both PUs and SUs. By contrasting these models with an
M/D/1 system incorporating PU delay, the study seeks to quantify the performance im-
provements achieved through priority-based scheduling strategies. Through quantitative
evaluations and Monte Carlo simulations, the efficacy of the proposed models is rigorously
assessed, demonstrating significant enhancements in waiting-time metrics under both
non-preemptive and preemptive priority schemes. Moreover, by extending the analysis to
real-time systems with finite buffer capacities, the study underscores the practical relevance
of the proposed approaches to scenarios wherein resource constraints must be considered.
Overall, the study not only contributes to advancing the theoretical foundations of queuing
theory in cognitive radio networks, but also offers practical insights for optimizing system
performance in real-world deployment scenarios, thereby facilitating more efficient and
equitable spectrum utilization for all users.

Apart from the previously mentioned hypotheses, we propose that there exists a
possibility in this cell to disseminate the bandwidth condition to every user. There are two
outcomes for this status: either the bandwidth is open for LPUs to sense, or it is temporarily
closed off (blocked) to LPUs. This proposal is unrestrictive for radio access networks.

1.2. Contributions

The contributions of the present article are as follows:

• The study introduces two priority models, non-pre-emptive and pre-emptive, within
the M/D/1 framework to address SU starvation in CRNs with a high PU arrival rate.

• The research compares the proposed non-pre-emptive and pre-emptive priority models
and an M/D/1 model with PU delay to determine which improves the average total
waiting time for PUs and SUs.

• Numerical analysis and Monte Carlo simulations are used to analyze the suggested models’
impact on waiting times in different scenarios, helping to elucidate system dynamics.

• To model real-time systems, the research extends the proposed models to include finite
buffer capacity for both PUs and SUs, leading to significant improvements in average
total waiting time with non-pre-emptive and pre-emptive priority.

• The suggested models improve average total waiting time for PUs and SUs, providing
useful insights for priority-scheme design and optimization in CR networks with high
PU arrival rates.

The structure of the paper is as follows. Section 2 provides a comparison of related
studies. The dynamics of the system are developed in Section 3. Section 4 presents the
performance analysis of the proposed algorithm in terms of the convergence speed and time
complexity. Section 5 deals with the numerical results achieved for the study. In Section 6,
a comparative analysis of major key performance metrics obtained for the proposed system
and the existing studies is presented in a comprehensive manner. Section 7 discusses the
challenges and limitations of the present study. Finally, a summary of the study is found in
Section 8, along with potential avenues for the proposed model’s generalization.
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2. Related Work

The retrial phenomena described in the retrial-queue literature bear similarities to
the sensing process. If a client entering a retry queue cannot locate an available server,
they will be barred and will need to try again later. Clients who are blocked enter the
orbit, a line. The M/G/1/1 retrial queue was analyzed by Keilson et al. [3] to determine
the system’s efficiency metrics. Falin [4] established a limiting hypothesis for the waiting
period experienced by consumers during heavy traffic, whereas Falin [5] developed the
waiting-time distribution of customers in orbit. Falin [6] calculated the average, variance,
and probability distribution based on the total number of trials. The models we use in this
study feature two classes of users, PUs and SUs, but there is only one class of users in these
models. While accessing a server, SUs must perceive, and when a PU arrives, an SU may be
interrupted in transmission. Correlated retrial queuing architectures that feature two-way
interaction with two customer classes without disruptions were showcased by Artalejo and
Phung-Duc [7]. A queuing framework for cognitive radio networks with reactive-decision
spectrum handoff was put forward by Salameh et al. [8].

The blocking probability, the average number of sensing SUs, and the transmission
time are among the outcome metrics that the authors calculated by restricting the number
of SUs that can feel simultaneously (i.e., by considering a finite orbit size). According to
Salameh et al. [8], an SU keeps detecting servers one by one until it locates one that is idle. By
removing assumptions and opening up protocols and interfaces among various elements,
this multi-vendor, interoperable technology enables the incorporation of intelligence into
RAN to support a variety of implementation settings [9,10]. In keeping with the current
trend, this study introduces a federation layer to an O-RAN architecture to facilitate effective
admission management, dynamic traffic forecasting, and service monitoring. A weighted-
sum-based multi-objective optimization framework for resource allocation in cloud systems
was suggested by Shrimali et al. [11]. This framework utilized the fuzzy-logic method
to provide the coefficients for the specified objectives. The adaptive algorithm uses the
coefficients above to produce Pareto-optimal alternatives. A combination of techniques
that employs a multi-point algorithm in heterogeneous networks to determine the best
RAT selection was put forward by Goudarzi et al. [12]. The scheme was implemented by
applying biogeography-based optimization (BBO) to RAT selection probabilities generated
by a Markov decision process (MDP). The study [13] proposed an M/D/1 model of a PU
delay system with both non-preemptive and preemptive priority. The average waiting
time for PU was 18% and that for SU was 32% under the non-preemptive scheme in their
proposed approach. Further, the waiting times for PUs and SUs were observed to be 22%
and 7%, respectively, with the preemptive approach. A comprehensive summary showing
the comparison between the above studies is discussed in Table 1 below.

Table 1. Comparative of relevant studies surveyed.

Authors Models Used Contributions Limitations

Keilson et al. [3] M/G/1/1 retrial queue Analysis of system efficiency
metrics

Focus on single-class user
models

Falin [4] M/G/1/1 retrial queue
Establishes limiting
hypothesis for waiting period
during heavy traffic

Single-class user models

Falin [5] M/G/1/1 retrial queue
Develops waiting-time
distribution of customers in
orbit

Single-class user models

Falin [6] M/G/1/1 retrial queue
Calculates average, variance,
and probability distribution
based on total number of trials

Single-class user models
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Table 1. Cont.

Authors Models Used Contributions Limitations

Artalejo and Phung-Duc [7] Correlated retry queueing
architectures

Showcases two-way
interaction with two customer
classes without disruptions

N/A

Salameh et al. [8]

Queueing framework for
cognitive radio networks with
reactive-decision spectrum
handoff

Introduces blocking
probability, average number
of sensing SUs, and
transmission time metrics

Finite orbit size assumption

Shrimali et al. [11]
Multi-objective optimization
framework for resource
allocation in cloud systems

Proposes
weighted-sum-based
multi-objective optimization
framework utilizing fuzzy
logic

-

Goudarzi et al. [12]
Multi-point algorithm in
heterogeneous networks for
RAT selection

Introduces combination of
techniques for best RAT
selection using
biogeography-based
optimization

Implementation scheme
focused on RAT selection
probabilities from MDP

Proposed framework
Priority-based M/D/1 queue
(with preemption and
non-preemption)

Effective in mitigating SU
spectrum outage in CRNs.
Provides insight into
priority-based admission of
requests. Consideration of
real-time system constraints.

Scalability with increasing
users and implementation
complexity.

The studies focus on CRNs that aim to improve PU and SU management via admission
control or queueing models. This motivated us to devise an effective admission-control
mechanism to assure PU area coverage, while the SUs utilize spectrum resources fairly and
efficiently. The M/D/1 queue strategy proposed in this study is promising for prioritizing and
admission control. The proposed strategy may increase spectrum consumption by PUs with
priority or with secondary priorities. In CRNs, it will reduce latency and boost performance.

3. Proposed Framework

The queuing theory is a useful analytical tool that can be utilized in the process of de-
signing and optimizing admission-control systems in cognitive radio networks (CRNs) [13].
In the context of CRNs, where dynamic spectrum access and effective resource usage
are of the utmost importance, queuing theory makes it possible to conduct a systematic
examination of the queuing dynamics, service rates, and user arrivals in the network [14].
It is possible to conduct an analysis of the performance indicators that are essential for
admission control by modeling the network as a queuing system [15]. These metrics include
queue lengths, waiting times, and levels of system utilization. This technique makes it
possible to gain a thorough understanding of how admission decisions affect network
performance. This, in turn, makes it possible to build effective strategies that optimize spec-
trum usage, decrease interference, and assure efficient exploitation of available resources
in cognitive radio environments. Overall, the utilization of queuing theory in admission
control for cognitive radio networks makes a contribution to the improvement of overall
network efficiency and the fulfillment of quality-of-service standards [16].

In the workflow of a cognitive radio network, requests from both PUs and SUs are man-
aged by the server to optimize spectrum utilization and minimize interference, as presented in
Figure 1. Upon arrival, requests are queued and prioritized, with PUs given precedence over
SUs to access spectrum bands for communication [17]. Once PU requests have been serviced,
the server addresses SUs, allowing them to exploit the unused spectrum opportunistically.
Responses indicating request status are provided to both PUs and SUs, facilitating efficient
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resource allocation and communication. Continuous monitoring and adaptive adjustments
ensure responsive handling of requests, optimizing system performance and user satisfaction.
This workflow underscores the dynamic nature of spectrum management in cognitive radio
networks, which balances the needs of PUs and SUs while maintaining efficient spectrum
utilization and minimizing interference. Table 2 provides a comprehensive summary of the
important mathematical notations used in the manuscript.
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Table 2. Description of mathematical notations.

Symbols Description

P Primary users
S Secondary users
k Users in the system
q The system queue of CRN server
λP Arrival rate of PUs
λS Arrival rate of SUs
µP Service rate of PUs
µS Service rate of SUs
NP Number of PUs in the system
NS Number of SUs in the system
N Total number of slots in the system
Wk Waiting time of packets in system
Wq

P Average waiting time in queue for PU delay

Wq(non−premp)
P

Average waiting time in queue for non-preemptive PU delay
Wq

S Average waiting time in queue for SU delay

Wq(non−premp)
S

Average waiting time in queue for non-preemptive SU delay
ρP Utilization factor for PU delay
ρS Utilization factor for SU delay



Telecom 2024, 5 421

The performance of the various proposed methods is assessed by examining the
average total waiting times for both the PU and the SU under different scenarios. Initially,
performance was assessed for a delay model based on PUs that has already been developed.
The study in [4] focuses on analyzing the priority queuing models to improve the Quality of
Service (QoS) for the SU. These methods, which have an infinite buffer size, are suggested
for the purpose of performance assessment. Subsequently, identical designs are proposed,
albeit with a limited buffer capacity [18,19]. The M/D/1 model is considered for both the
PU queue and the SU queue in all schemes. It should be noted that the average overall
waiting time for the packet in the system, denoted as Wk, is equal to the sum of the average
service time of the user, denoted as Xk, and the average waiting time for the user in the
queue, denoted as Wq

k , as follows:

Wk = Xk + Wq
k (1)

Delay by PUs

The study in [4] utilizes the M/D/1 priority queueing model and incorporates a PU
delay, a term that refers to the number of time slots that are postponed in order to transmit
PU packets. This delay enhances the SU waiting time and prevents famine. The duration of
the delay will fluctuate based on the frequency of delay requests and the specific purpose
for which this system is employed [20,21]. This approach incorporates a time delay, TD,
prior to the commencement of a time slot [4]. The study in [4] utilizes the M/D/1 priority
queueing model and incorporates a PU delay, a term that refers to the number of time slots
that are postponed for the transmission of the PU’s packets. This delay improves the SU
waiting time and prevents hunger. The duration of the delay will be contingent upon the
frequency of delay requests and the specific purpose for which this scheme is employed.
This approach incorporates a time delay, TD, prior to the commencement of a time slot [4].

(i). Scheme 1: M/D/1 with PU delay and non-pre-emptive priority model

The model described in Section 3.1 of Scheme 1, which incorporates PU delay [4], is
further improved by incorporating non-preemptive priority [22]. The PU packet experi-
ences a delay equal to a specific number of time slots (PU delay, d = 1). Consequently, the
PU packet is unable to disrupt the transmission in the presence of a served SU packet. We
assume an unlimited buffer and zero delay time. Despite the absence of a SU in the queue,
the PU packet experiences a delay and is subsequently transmitted in the following time
slot. TD, the delay time till the start of a time slot, is not accounted for in this approach.

In Scheme 1, the average total waiting time of the tagged PU packet encompasses
the average service time as well as the service times of the current PU and SU (if there is
one) [23]. The system that does not prioritize or interrupt ongoing tasks. The formula for
calculating the average total waiting time, given that the PU delay is i (an integer) timeslots,
was developed as follows:

Wq
P(d) =

1
2

(
λP

µ2
P
+

λS

µ2
S

)
+

Nq
P

µP
+

i
µS

, ∀ d = i (2)

Next, employing Little’s hypothesis, Nq is equal to λWq, as follows:

Wq(non−premp)
P (d) =

1
2

 λP
µ2

P
+ λS

µ2
S
+ i

µS

1 − ρP

 (3)

The equation representing the average total waiting time of the processing unit in
Scheme 1 is displayed below:
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Wq(non−premp)
P (d) = XP +

1
2

 λP
µ2

P
+ λS

µ2
S
+ i

µS

1 − ρP

 (4)

The average cumulative waiting time of the labeled SU packet is thereafter indicated.
The calculation includes the average service time, as well as the service time of the identified
SU packet and the combined service times of the PU and SU. The future arrivals at the PU
line have no influence on it.

Wq
S(d) =

1
2

(
λP

µ2
P
+

λS

µ2
S

)
+

Nq
P

µP
+

Nq
S

µS
, ∀ d = i (5)

By applying Little’s theorem, this can be deduced as demonstrated below.

Wq(non−premp)
S (d) =

1
2

 λP
µ2

P
+ λS

µ2
S

(1 − ρP)(1 − ρS)

 (6)

Ultimately, when the average service time of SU, XS, is included, the resulting state-
ment is as follows:

W(non−premp)
S (d) = XS + Wq(non−prem)

S (d) (7)

In this work, the following two equations are derived for simulation purposes, assum-
ing that the service time, denoted as XS, is equal to one time slot for both the service and
processing times.

W(non−premp)
P (d) = 1 +

1
2

 λP
µ2

P
+ λS

µ2
S
+ i

µS

1 − ρP

 (8)

W(non−premp)
S (d) = 1 +

1
2

 λP
µ2

P
+ λS

µ2
S

(1 − ρP)(1 − ρS)

 (9)

(ii). Scheme 2: M/D/1 with PU delay and pre-emptive priority model

Scheme 2 aims to enhance the average total waiting time of the PU by sacrificing the
QoS of the SU [24,25]. This is because the performance of the SU is influenced by the arrival
rate of the PU.

This model proposes the combination of the pre-emptive priority system with the
approach described in reference [4]. The PU packet will have a delay for a designated
number of time intervals. However, following the PU delay, if there is an SU packet being
processed, the PU packet has the ability to interrupt the transmission in order to receive its
own service. However, the timing of the packets’ arrival is a determining factor [26]. The
PU packet experiences a delay of one unit of time. Infinite buffer capacity is assumed, as
for the non-pre-emptive priority with the PU delay scheme. In addition, this scheme does
not incorporate the time delay, TD, prior to the start of a time slot, which differentiates it
from the scheme in [4].

The average total waiting time of the tagged PU packet is determined by the sum of
the mean service time and the combined service times of both PU and SU packets in the
system. Furthermore, it experiences a delay of i occurrences prior to transmission, resulting
in the following equation:

Wq(premp)
P (d) =

1
2

(
λP

µ2
P

)
+

Nq
P

µP
+

i
µS

, ∀ d = i (10)
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By applying Little’s theorem, we derive the following equation:

Wq(premp)
P (d) =

1
2

(
λP
µ2

P

)
+

Nq
P

µP
+ i

µS

1 − ρP
(11)

Finally, an expression describing the average total waiting time for each PU packet is
derived.

W(premp)
P (d) = cp + Wq(prem)

P (d) (12)

where cp represents the average time it takes to complete a task.
The mean waiting time in the system for the tagged SU packet is determined by

considering the mean service time, the average service times of all PUs and SUs present,
and the service time of the marked packet. The outcome of this leads to the following
mathematical expression:

Wq(premp)
S (d) =

1
2

(
λP

µ2
P
+

λS

µ2
S

)
+

Nq
P

µP
+

Nq
S

µS
, ∀ d = i (13)

When Little’s theorem is utilized, it is expressed as follows:

Wq(premp)
S (d) =

1
2

 λP
µ2

P
+ λS

µ2
S

(1 − ρP)(1 − ρS)

 (14)

Finally, the derivation concludes with the expression for the average total waiting time
of the SU.

W(premp)
S (d) = cS + Wq(premp)

S (d) (15)

The mean completion time, denoted as cS, is represented by [13].
The mean cumulative waiting time for SU is provided as follows:

W(premp)
S (d) =

XS
(1 − ρP)

+
1
2

 λP
µ2

P
+ λS

µ2
S

(1 − ρP)(1 − ρS)

 (16)

Next, the assumption that there is only one slot for service time is utilized, and the
equations for calculating the average total waiting time for both PU and SU are produced.

W(premp)
P (d) = 1 +

1
2

 λP
µ2

P
+ i

µS

1 − ρP

 (17)

W(premp)
S (d) =

1
(1 − ρP)

+


1
2

(
λP
µ2

P
+ λS

µ2
S

)
(1 − ρP)(1 − ρS)

 (18)

The pseudocode presented below in Algorithm 1 describes the mechanism of user
prioritization in CRN, where the capacity and service rate are the major factors that are
considered. It can manage arrivals and departures, along with the capacity limitations
at various levels so that the whole system is leveraged to the maximum degree while
maintaining fairness between the PU and SUs.
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Algorithm 1: Algorithmic workflow of the proposed framework.

1. Initialize system parameters: λP, λS, µP, µS, K
2. Initialize system state:
3. Wq

S → Set waiting time of SUs to 0
4. Wq

P → Set waiting time of PUs to 0
5. For i = 1 : 10000 do
6. Generate random number of arrivals for PUs according to Poisson distribution with rate λP
7. Generate random number of arrivals for SUs according to Poisson distribution with rate λS
8. Update the current number of PUs and SUs in the system:
9. If K = FULL
10. Discard incoming requests
11. End If
12. If K ̸= FULL
13. Dequeue first user from buffer K
14. Update Wq

S and Wq
P as per user type

15. Update remaining service time of users in K
16. End If
17. Repeat steps 12 to 16 until all users get service
18. End For
19. Calculate total average waiting time WS and WP for SUs and PUs
20. Exit

4. Performance Analysis of Proposed Algorithm

To estimate the time complexity and convergence speed of the given Algorithm 1 to
simulate the proposed models in a CRN, we need to analyze each step of the pseudocode
and derive the complexity in terms of the number of users N and the buffer capacity K.

4.1. Time Complexity

The initialization phase is a constant-time operation and therefore has complexity of
O(1). Arrival times for PUs and SUs are generated using a Poisson distribution O(N),
where N is the total number of users (both PUs and SUs). To determine the type of arrival
and enqueue the user O(1) per user, the following conditions are considered. If the buffer
is full, the process of discarding the user also has a constant complexity of O(1) per user.
Dequeuing the first user and updating the total waiting times have a constant complexity
of O(1). Updating the remaining service time for users in the buffer is considered as O(K),
since each user in the buffer might need an update. The process of repeating until all
users are processed has complexity O(N). Calculating average waiting times involves
simple arithmetic operations and has a constant complexity of O(1). Therefore, the overall
complexity associated with generating arrival times is O(N), while that associated with
enqueuing and processing users is O(N.B) and that associated with calculating averages is
O(1). Hence, combining these steps, the overall time complexity of the algorithm is found
to be O(N) + O(N.B) + O(1) = O(N.B).

4.2. Convergence Speed

The convergence speed of the algorithm is related to how quickly it reaches a stable
state wherein the performance metrics (e.g., average waiting times) do not change signifi-
cantly with additional iterations. For a number of users N, an increase in the number of
users leads to better estimates of average waiting times but increases the computation time.
The larger the buffer capacity K, the more users can be queued, affecting the total waiting
times and their stabilization. For practical precision, the number of iterations required
for convergence depends on the variability in arrival and service times. Typically, the
system needs enough iterations to capture the stochastic behavior accurately. Empirically,
convergence is often achieved after a sufficient number of arrivals and services have been
simulated, and this number is typically O(N). The algorithm processes each user in O(K)
time, so the convergence speed can be approximated by the time it takes to process all
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users sufficiently. If each user needs to be processed multiple times for stabilization, the
convergence iterations can be estimated as a factor of the number of users N.

Combining these factors, the convergence speed can be approximated by the product
of the number of users N and the buffer capacity K, i.e., O(N.K). Hence, the time complexity
of the algorithm is O(N.K), and the convergence speed is typically reached after O(N)
iterations, with each iteration taking O(K) time, resulting in an overall complexity of
O(N.K).

5. Results

This section presents the numerical and simulation findings of the four strategies,
as stated in part 3. The study conducted in [4], as discussed in Section 2, was employed
to evaluate and contrast our findings. The result figures incorporate plots from [4] for
the purpose of comparison. Monte Carlo simulation (MCS) was conducted for all results,
and they have been incorporated into all the figure plots. The legends of the graphs
designate the plot for the scheme proposed in [4] as ‘Scheme ref [4]’. The Monte Carlo
simulation, abbreviated as ‘MCS’, is denoted solely by markers. The numerical graph
displays the frequency of PU delays (d = 0, 1, 2), as represented by lines. Table 3 provides
an overview of the simulation parameters used in the study to evaluate the proposed
M/D/1 queueing-based CRN.

Table 3. Simulation parameters used in the study.

Parameter Value

Service Rate (µ) [11.00, 11.20, 11.40, 11.60] requests/sec
Arrival Rate (λP) [19.00, 19.50, 20.00, 20.50] requests/sec
Arrival Rate (λS) [5:10] requests/sec
Buffer Capacity 50 requests
Priority Scheme PU > SU
Processing Time (d) [0, 1, 2] sec/request
System Stability Stable
Packet Accumulation 20 packets
Detection Time 0.1 s
Accuracy 95%
Interference Mitigation Frequency-hopping
Performance Metrics Avg. waiting time: 2 s

Figure 2 presents the impact of the utilization factor on the mean number of packets.
It measures how aggressively a resource is used and affects the system packet count.
This diagram shows how utilization-factor variations affect the mean number of packets,
revealing the system’s behavior as the utilization factor fluctuates. In Figure 2, the analysis
examines how changes in the utilization factor, which reflects resource-usage intensity in a
system, affect waiting time. It shows how well the system handles demand and allocates
resources based on wait times. Figure 3 describe the impact of utilization factor ρP on the
average number of packets in the network.

In Figure 4, we present a comprehensive comparison of the average number of packets
across a spectrum of service rates, delineated by different ranges of λS, reflecting the arrival
rates of SUs. This visualization allows for a nuanced understanding of how changes in
service rates impact the accumulation of packets within the network, offering insights
into the system’s performance under varying levels of SU activity. Additionally, Figure 5
illustrates a detailed comparison of the average number of packets within the network with
regard to the service rate for primary users (PUs), with λP varying across different scenarios.
By comparing these metrics against service rates, this figure provides valuable insights
into the behavior of packet accumulation for PUs under different arrival-rate conditions,
facilitating a comprehensive analysis of network dynamics and resource utilization in
cognitive radio environments.
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varying values of λP.

Figure 6 shows a comparison of network-induced SU delays with respect to service
rate for different values of λS for SUs. It represents the delays experienced by SUs at
intervals within the network as the level of service provided to SUs varies while the arrival
rates for SUs, λS, also vary. Each curve represents a different value of λS, allowing a
comparative analysis of how changes in λS affect delays caused by different SUs at different
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service levels. The x-axis represents the service rate for SUs, while the y-axis shows the
delay experienced by SUs. Figure 7 shows the delays experienced by PUs in the network in
terms of coverage. It shows how the delay varies as the number of services provided to
PUs changes, as the number of arrivals to PUs, λP, is also adjusted. For different value of
λP, a comparative analysis of how changes in λP affect delays caused by different PUs at
different service levels is depicted for the considered CRN.

Telecom 2024, 5, FOR PEER REVIEW 13 
 

rates for SUs, 𝜆𝑆, also vary. Each curve represents a different value of 𝜆𝑆, allowing a com-

parative analysis of how changes in 𝜆𝑆 affect delays caused by different SUs at different 

service levels. The x-axis represents the service rate for SUs, while the y-axis shows the 

delay experienced by SUs. Figure 7 shows the delays experienced by PUs in the network 

in terms of coverage. It shows how the delay varies as the number of services provided to 

PUs changes, as the number of arrivals to PUs, 𝜆𝑃, is also adjusted. For different value of 

𝜆𝑃, a comparative analysis of how changes in 𝜆𝑃 affect delays caused by different PUs at 

different service levels is depicted for the considered CRN. 

 

Figure 6. Comparison of SU delay incurred by the network with respect to service rate for SUs with 

varying 𝜆𝑆. 
Figure 6. Comparison of SU delay incurred by the network with respect to service rate for SUs with
varying λS.

Telecom 2024, 5, FOR PEER REVIEW 14 
 

 

Figure 7. Comparison of PU delay incurred by the network with respect to service rate for PUs with 

varying 𝜆𝑃. 

For the purpose of obtaining a random sample of size 100 on the system size at service 

epochs, we used the system simulation. These are then divided into two categories: (a) 

those requests that ended up leaving behind an empty system; and (b) those that ended 

up leaving behind a system that was not empty. As a result, the mean and standard devi-

ation of 𝜌𝑆 is 0.5002 and the 95% confidence interval for 𝜌𝑆 in the Wilson distribution is 

(0.5677, 0.7271), as can be observed from Figure 8 below. Additionally, it is worth noting 

that the mean and standard deviation of 𝜌𝑃 in Figure 9 are both 0.5000. Additionally, the 

95% confidence interval for 𝜌𝑃 in the Wilson distribution is between 0.5767 and 0.7371. 

 

Figure 7. Comparison of PU delay incurred by the network with respect to service rate for PUs with
varying λP.



Telecom 2024, 5 429

For the purpose of obtaining a random sample of size 100 on the system size at
service epochs, we used the system simulation. These are then divided into two categories:
(a) those requests that ended up leaving behind an empty system; and (b) those that ended
up leaving behind a system that was not empty. As a result, the mean and standard
deviation of ρS is 0.5002 and the 95% confidence interval for ρS in the Wilson distribution is
(0.5677, 0.7271), as can be observed from Figure 8 below. Additionally, it is worth noting
that the mean and standard deviation of ρP in Figure 9 are both 0.5000. Additionally, the
95% confidence interval for ρP in the Wilson distribution is between 0.5767 and 0.7371.
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6. Comparative Analysis

In this section, we provide a comparison of our proposed study with some existing
state-of-the-art studies deployed commonly for managing the QoS of both PUs and SUs in
CRNs. For the sake of analysis, we considered the studies that were most similar to our
work to observe the specific improvements in QoS. The metrics used to evaluate the model
are buffer size, delay between PUs and SUs, and network congestions. Table 4 provides the
comparison of different studies with the proposed work.

Table 4. Comparative analysis of state-of-the-art literature with the proposed framework.

Related Works Buffer Size Delay Network
Congestion Throughput

Perveen et al. [27] ✗ ✓ ✓ ✗

Phung-Duc et al. [28] ✓ ✗ ✓ ✗

Mahmood et al. [29] ✓ ✗ ✓ ✓

Villota-Jacome et al. [30] ✗ ✓ ✗ ✓

Luu et al. [31] ✗ ✓ ✓ ✓

Proposed Framework ✓ ✓ ✓ ✓

7. Challenges and Limitations

The challenges encountered by CRNs with PU and SU delays may be multi-faceted
and depend on the characteristics of the communication protocol. This challenge in CRNs
is mostly encountered due to dependency over arbitrary thresholds towards allocation
of servers, which may in turn lead to suboptimal performance under dynamic network
conditions [32]. Furthermore, CRNs can face challenges due to limited capabilities with
limited sensitivity for accurately identifying the available spectrum, contributing to efficient
resource utilization and causing congestion problems in practical applications, especially
in different environments with different models and data causing delay and packet loss.
Besides the optimization of resource allocation between active PU-SU links, the selection
of optimal requirements for admission-control policies poses computational and heuristic
challenges, and for understanding network dynamics [32].

For CRNs, the mentioned constraints provide valuable insights for improving system
performance and QoS [32,33]. By addressing the reliance on arbitrary thresholds defin-
ing hysteresis paths, researchers can optimize responsive control mechanisms for server
reservation, enabling more efficient spectrum management by increasing sensing capacity
through accurate identification of available spectra to optimize resource usage and maxi-
mize spectrum utilization. In addition, the development of congestion control techniques
helps to reduce collisions and ensure services with optimal QoS by prioritizing network
resources and prioritizing critical services. The integration of deep learning techniques
can further enhance CRNs through dynamic scheduling and resource allocation based on
real-time rate of congestion in the CRN, ultimately providing improved network efficiency
and experience [33–36].

8. Conclusions and Future Scope

The radio spectrum, which is used for wireless communication, is a limited resource.
This study explores different OSA methods to enhance the QoS for both PUs and SUs. This
study introduces innovative priority queueing models that incorporate PU delay and finite
buffer size. These models have demonstrated a substantial enhancement in the QoS for
both PU and SU. As a result of utilizing solely the model described in reference [4], the
SU encounters no challenges in receiving prompt service without excessive waiting time.
Nevertheless, the processing unit experiences a small increase in its waiting time. Therefore,
the authors of this work conducted more research by incorporating priority models with
the PU delay. Previous research has shown that implementing the non-preemptive priority
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with PU delay leads to a further decrease in the average overall waiting time for the SU.
Similarly, the pre-emptive priority with the PU delay model significantly enhanced the
performance of the average total PU waiting time. The combination of non-preemptive
priority and PU delay undeniably yields a favorable effect on the system compared to the
PU delay model.
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