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Abstract—Cognitive radio network (CRN) is an established 

approach for solving the challenge of spectrum underutilization 

and scarcity respectively. This can be achieved through a 

dynamic spectrum access (DSA) policy. The incumbent user 

(Primary User), being the licensed owner/user, has higher 

priority to utilize the channel while the unlicensed user 

(secondary users) can access the primary channel 

opportunistically anytime when the channel is not occupied by 

Primary User (PUs). Whenever the Primary User (PU) arrives 

and the unlicensed user is still occupying (utilizing) channel, the 

secondary users (SU) either coexist if the interference/power 

threshold is minimal or it is forced to terminate/queue in a 

buffer if the interference is destructive. However, if the PU 

arrives and enough channel/resources is available, how does this 

transaction affect the SU performance in an overlay scenario. 

This paper investigates and evaluates the effect of the 

incumbent user on unlicensed user channels in terms of 

throughput, average service time, delay and packet blocking. 

The occupancy of the primary channel is modelled as a discrete-

time two state Markovian chain. An analytical model is 

presented to evaluate the performance of opportunistic spectrum 

access policy using a Discrete Time Markov Chain (DTMC) 

model which is validated by extensive simulations.  

 

Index Terms—Cognitive radio networks, discrete-time, markov 

chain, overlay, primary user, secondary users.  

I. INTRODUCTION 

Cognitive radio introduces a concept shift in wireless 

communication system as a nimble technology that 

allows the opening of spectrum space to simultaneous 

users operating in a non-interfering mode. Thus, to make 

possible spectrum allocation without causing harmful 

interference to existing traffics, SUs should possess a 

minimum information about other neighboring non-

cognitive users (primary users). Depending on the 

knowledge that is needed to coexist with the primary 

network, cognitive radio approaches fall into three classes: 

Underlay, Overlay and Interweave [1]. Overlay and 

underlay are the two most commonly used techniques in 

spectrum access, in a bid to optimally utilize the 

limited/scarce spectrum resources. However, interweave 

is a Hybrid scheme using a combination of the 

aforementioned paradigms (Overlay and underlay) 
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mentioned above thus, have a great potential to improve 

the efficiency of spectrum access/sharing.  

The scarce radio resource is due to the increase in 

demand for radio resources both frequency and time. 

Furthermore, the proliferation of bandwidth-hungry 

wireless services and multimedia applications in the last 

decade has exacerbate pressure on the limited licensed 

band [2]. Extensive investigation shows that the fixed 

frequency allocation results in low utilization (about 6%) 

of the licensed radio band most of the time [3], [4]. The 

remaining portion of the unlicensed band is used up by 

the emerging wireless services and applications, resulting 

in the problem of spectrum scarcity. Motivated by this, 

the demand for better spectrum access and more effective 

management policies is proposed [4], [5]. To better 

explore and exploit both licensed and unlicensed band, a 

promising approach which improves spectrum utilization, 

is proposed. This is to cater for the exponential growth in 

wireless services and multimedia applications with 

limited resources [6], [7]. The SU uses an opportunistic 

spectrum access (OSA) scheme to exploit the temporary 

unused spectrum resources, by constantly 

searching/probing the PU bands co-operatively. The 

essence for cooperative sensing is to be sure of PU 

presence and to ensure that the cognitive base station 

makes the right allocation. The sensed information is 

collated by cognitive radio base station (CRBS) for 

possible decision based on the channel state and the 

volume of licensed band available.  Subsequently, 

managing large volume of unused spectrum resources 

becomes easier and more effective. The PU, being the 

licensed user, is not aware of the existence of the SUs 

hence no pre-information is given before it occupies the 

own channel(s). This raises the question; how will SUs 

react/respond when the PU arrives? This paper 

investigates and evaluates the interaction impacts of the 

PU on the SU’s performance through simulations and a 

carefully developed model using a simplified discrete-

time two state Markov chain model to analyse the PU/SU 

channel occupancy. 

II. RELATED WORK 

The usage of frequency band under the present 

dispensation of fixed strategy has impelled several 
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research investigations particularly on dynamic spectrum 

access (DSA) protocols [8]. In [9], two medium access 

control (MAC) structures for SU voice service was 

suggested for DSA which are; the contention-based 

system and the contention-free systems respectively. An 

analytical model was developed to obtain the voice-

service capacity of the proposed regimes. The 

consequence of the incumbent idle/busy activities is 

considered for both independent and correlated 

channel(s). An approximated solution for un-slotted OSA 

networks under a non-saturated state was investigated and 

proposed in [10]. In [11], a priority access scheme was 

proposed among the SUs. In the investigation, SUs is 

categorized as high and low priority class respectively. 

The high priority SU are given access while the low 

priority SUs are buffered. In [12], the detailed 

performance analysis for the OSA was considered. In [13] 

a distributed cognitive MAC (CogMAC) algorithm that 

resourcefully utilize the scarce spectrum without 

upsetting the structures of PUs was proposed. In the study, 

the use of spectrum openings can often require non-

deterministic strategies due to constraint in predicting 

arrival/presence. Nonetheless, a centralized and 

synchronized admission procedures was not feasible for 

some requests/services and frequency bands, particularly 

in of wireless local area (WLAN) and sensor networks 

(WSN) respectively. In addition, the study describes 

CogMAC, as a distributed MAC protocol, which is 

dependent on the multi-channel preamble reservation 

system. The structure autonomously chooses an 

accessible communication link using a distributed 

selection strategy and allows users to be totally 

asynchronous to each other. The investigation of [13] was 

extended by [14], proposing a CogMAC+ procedure for a 

distributed multi-channel scenario. The concept is not 

only dependent on multi-channel preamble reservation 

system but on carrier-sense multiple access (CSMA) 

principle. This therefore, achieves parallel transmissions 

for several SUs by allowing the estimation of time frame 

for channel occupancy by each SU. Hence, to achieve the 

finest sensing schedule, it also allows SUs to dynamically 

access channels per occupancy of PUs and other SUs. In 

addition, the CogMAC+ uses an adaptive energy 

detection scheme to set the energy detection threshold per 

carrier sensing status, false detection fraction and the 

estimated noise level. In [15], a new cognitive MAC 

protocol for efficient DSA based on full-duplex CRNs 

(FD-CRNs) was proposed. In this investigation, the SUs 

can achieve concurrent spectrum identification and 

packet transmission owing to the full-duplex schemes. 

Precisely, SUs can sense the collision during transmission 

hence reduce the collision time and thus improve 

secondary network performance. In [16], an opportunistic 

spectrum access for mobile cognitive radios was 

investigated. The study recognised and addressed three 

significant challenges encountered precisely by mobile 

SUs. Firstly, the channel availability experienced by a 

mobile SU are characterized as a two-state continuous-

time Markov chain (CTMC) and validate its accuracy via 

in-depth system simulation. Secondly, to protect 

incumbent (PU) communications from SU meddling, a 

guard distance is introduced in the space domain with the 

derivation of the optimal guard distance that maximizes 

the spatial-temporal spectrum openings accessible to 

mobile cognitive users (SUs). [17] proposed an 

investigation using Hidden Markov Model (HMM) with 

state prediction for opportunistic spectrum access (OSA) 

in cognitive radio networks. In the study, the incumbent 

channels are presumed to be operating in a time division 

multiplexing access (TDMA) way with synchronous 

time slots of equal intervals, alternating between idle 

(OFF) and busy (ON) states. The SUs senses the 

incumbent’s channel, identifies the idle/OFF intervals 

and exploit it. This proposed scheme takes advantage of 

state prediction, channel sensing, and acknowledgments 

(ACKs) policies from the receiver to optimize the SU 

system. [18] proposed an effective dynamic spectrum 

admission algorithm to improve the spectrum utilization 

and reliable communication in the multi-hop cognitive 

wireless network. In this research work, the Pareto 

distribution model was adopted due to the intrinsic nature 

of PUs behaviours. Based on this proposed model, SUs 

can precisely sense and identify the white/grey spectrum 

holes. Unlike the out-dated DSA strategy, where the 

acknowledged information provides the reliable 

transportation of data packets in multi-hop cognitive 

wireless networks was exploited. To achieve the higher 

spectrum utilization, the graph theory to perform the 

reasonable channel allocations was used. In the study, the 

time and frequency division multiplexing technologies 

are adopted to support their strategies of channel 

distributions and modifications. [19] proposed a MAC 

procedure for SUs which enable it to resourcefully utilize 

the unused PU spectrum. In the study, time is apportioned 

on a slot basis and each slot-time has equal interval. 

However, the slots are structured in two stages which are 

the contention stage and the data transmission stage. The 

contention stage selects a SU based on 802.11 with right 

to send/clear to send (RTS/CTS) policy, while the second 

stage is for data transmission. The unlicensed users (SU) 

could occupy all the time remaining after the contention 

stage. In the case of collision (packet/users’ collision) 

because of interference, a dynamic back-off strategy is 

deployed to avoid it. [20] proposed a DSA policy to 

achieve spectrum and energy efficiency respectively. In 

this investigation, an incumbent (SU) can dynamically 

pick a channel to transmit packet when the channel 

vacant. On the other hand, the incumbent can save RF 

energy for data transmission when the channel is 

occupied by the incumbent. The optimal channel 

selection policy of the incumbent can be gotten by 

formulating a Markov decision process (MDP) problem. 

Thus far, the OSA has shown to be one of the reliable 

approaches to optimally utilize/access the PU channel 

without interference with the incumbent. Nevertheless, 

the centralized network models where the SUs are 
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synchronised by a base station (central controller) were 

not considered in their examination. In addition, metrics 

like delay, packet blocking and throughput as a 

performance measure were not considered in the study. 

For further investigation on DSA, a directory of DSA is 

found in [21]. The rest of this paper is organized as 

follows: an overview of related work is given in Section 

II, the system model and assumptions is presentation in 

Section III. Section IV and V present performance 

analysis and performance measures respectively while the 

system flow chart/algorithm and pseudo code are 

presented in Section VI. Numerical results and 

discussions are in Section VII and thereafter the paper is 

concluded in Section VIII. 

III. SYSTEM MODEL AND ASSUMPTIONS 

The system model of the study is an infrastructure 

based (centralized) cognitive radio networks where the 

PU channel is detected/identified by SUs via a 

cooperative architecture shown in Fig. 1. The channel 

state information (CSI) which includes the signal to noise 

ratio (SNR), the signal to interference noise ratio (SINR) 

of the PU is fed back to the fusion centre/cognitive radio 

base station (CRBS) for decision and resources sharing.  

Depending on the CSI of the primary users received, the 

fusion centre then, grants access/admission to the SU into 

the incumbent channel. On the one hand, when the PU is 

not occupying the channel at a given time, the SU 

becomes and behaves as the owner of the channel. Based 

on the overlay model, it is very likely to have dual 

coexisting communications in each interference region, 

where typically single communication transaction takes 

place at a time. On the other hand, if the SU inference 

overshot a specific predefined threshold, the SU data 

(packet) must be blocked/dropped to evade negative 

interference and likely collisions among users. The scope 

of this paper did not focus much on inference, as 

investigation on interference has been overemphasis in 

literature. Our future work will possible study at the 

impact of inference on the SU performance with a 

comparative analysis.  

Primary 
User 

PU TV Mast/

Base Station
SU1

SU...N

CRBS

SU2

 

Fig. 1. Network model/architecture 

In this investigation, single primary and secondary 

channel are considered to simplify the analysis for easy 

understanding. The time is partitioned into slots, thus for 

each time slot, the PU is either ON (busy) or OFF (idle). 

The primary channel is in ON state when it is occupied 

by the PU and OFF state when the PU is not using its 

channel or when the SU is using the channel. The 

occupancy of the channel is modeled as a two state 

Markov chain. The channel state takes the value 1 when 

the PU is in busy state and 2 when the PU is in idle state. 

The PU transits from busy state to idle state with 

probability 𝜃, wher𝑒 𝜃 =  𝑃12 and stays in idle state with 

probability   𝜂, 𝑤ℎ𝑒𝑟𝑒  𝜂 =  𝑃22.  Fig. 2 and 3 show a 

transition diagram and the sensing of PU channel by the 

SU respectively. Note that BUSY/ON and IDLE/OFF are 

used interchangeably in this study. Since we are 

investigating a SU scanning for spectrum opportunities in 

the primary channel, we assumed that prior to sensing, 

and access to the PU channel, the SUs initially harmonize 

with the slot arrangement of the primary channel by the 

help of its cognitive capability. If the PU channel is 

sensed to be idle, the SUs (cognitive user) can then send 

their packets. Alternatively, if the channel slot is busy, 

SUs are restrained from sending their packets to avoid 

interference or packet collision. The SU keeps sensing the 

channel slot by keeping its packet at the head-of-line 

(HOL) position of the queue, and sense the primary 

channels again at the next slot, as shown in Fig. 2. The 

cognitive users sense the primary channels at an average 

interval of  𝑙 sequentially for each time-slot at the 

beginning of each fixed queue for a SU packet, where 

 𝑙 ≥ 1 [12]. However, if the SU has not sent packets for  𝑙  
successive time-slots, it will resend in the next time-slot 

to avoid omission. 

ON OFF ON OFF ON ON OFF OFF ON
.  .  .  .  .

SU 
Probing

To 
transmit 
packet

PU 
transmitting PU transmitting

SU 
transmitting .  .  .  . .  .  .  . SU transmitting

 

Fig. 2. PU ON/OFF slots showing SU probing and transmitting 

BUSY IDLE
P11

P21

P22

P12
 

Fig. 3. Markov transition diagram 

The system assumptions are listed as follows: 

 The secondary channel is dedicated to the SUs. 

 Accurate sensing of primary channel by the SUs. [14], 

[22] 

 The SUs operates under overload/saturation condition 

where packet is ready and waiting to be serviced. 

 Centralized architecture where the cognitive radio 

based (CRBS) protocol does the coordination and 

management [23]. 

 The SUs could be real-time traffic/users (packetized 

voice calls e.g. Skype, WhatsApp, Viber, etc.) or non-

real time traffic (file downloading, browsing etc.). 
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IV. SYSTEM ANALYTICAL MODEL 

Since the PU behaviour is describe as ON/OFF, the 

system model is presented and analysed using a Hidden 

Markov Chain (HMC). For ease, a fixed interval hidden 

points at the start of the time slot after a packet departs 

the queue as shown in Fig. 2 is adopted.  To represent the 

order of hidden points, let {𝜙𝑚, 𝑚 = 1,2,3, . . . . . } be the 

order of the hidden points and 𝑌(𝜙𝑚)  be the state of the 

primary channel at the 𝑚𝑡ℎ hidden point  𝜙𝑚. Therefore,   

𝜑𝑚 ≡ 𝜙𝑚+1 − 𝜙𝑚                             (1) 

Then, we define our two states as, 

 {{𝜑𝑚 ,𝑌(𝜙𝑚)} ,𝑚 = {1, 2,3, . . . }} as a birth death process 

whose behaviour is guided by the partial Markov kernel 

or transition matrix [10], [12]. The generalized transition 

matrix kernel can be expressed as, 

𝑃𝑖,𝑗 (𝜓) ≡ 𝑃{𝑌(𝜙𝑚+1) = 𝑗, 𝜑𝑚 = 𝜓⎸𝑌(𝜙𝑚) = 𝑖}  (2) 

For 𝑖 = 1, 2;   𝑗 = 1, 2, and 𝜓 = 1, 2, 3,   .  .  .  , 𝑙, 𝑙 + 1 . 

The transition matrix kernel is expressed as, 

𝑃𝑖,𝑗 = [
𝑝11 𝑝12
𝑝21 𝑝22

]                                                   (3) 

where 

𝑝11(𝜓)

=

{
 

 
1,                             𝜓 = 1

[(1 − 𝜃)𝜓−2𝜃(1 − 𝜂)],       𝜓 = 2, 3, .  .  . 𝑙 

[(1 − 𝜃) 𝑙−1[(1 − 𝜃)2 + 𝜃(1 − 𝜂)],      𝜓 =   𝑙 + 1 
      

(4)  

   𝑝12(𝜓)  

= {

1,                             𝜓 = 1

[(1 − 𝜃)𝜓−2(𝜃𝜂)],                   𝜓 = 2, 3, .  .  . 𝑙

(1 − 𝜃) 𝑙−1[(1 − 𝜃)𝜃 + 1 − 𝜃𝜂],      𝜓 =   𝑙 + 1 

   (5) 

 

𝑝21(𝜓) = {
1 − 𝜂,                                  𝜓 = 1     
1,                 𝜓 = 2, 3, .  .  . 𝜄 + 1

               (6) 

 

𝑝22(𝜓) = {
𝜂,                                  𝜓 = 1     
1,                  𝜓 = 2, 3, .  .  . 𝜄 + 1  

                  (7) 

 

Therefore, the transition probability from state 1 to 2 

or 𝑖 𝑡𝑜 𝑗  respectively, for the Markov chain 

{ 𝑌(𝜙𝑚),𝑚 = 1, 2 3.  .  }  can be expressed as 

𝑝𝑖,𝑗 = ∑ 𝑃𝑖,𝑗 (𝜓)

 𝑙+1

𝜓=1

, 𝑖 = 1,2, 𝑗 = 1,2,                   (8) 

𝑝11 = [(1 − 𝜂) − (𝜃 − 𝜂)(1 − 𝜃) 𝑙]                           (9) 

𝑝12 = [𝜂 + (𝜃 − 𝜂)(1 − 𝜃)
 𝑙]                                   (10) 

𝑝21 = (1 − 𝜂)                                                               (11)  

𝑝22 = 𝜂                                                                          (12) 

From the problem formulation, a discrete random 

variable is assumed. However, the conditional probability 

mass function, 

𝛿𝑖(𝜓) ≡ 𝑃{𝜑𝑚 = 𝜓⎸𝑌(𝜙𝑚) = 𝑖}                                             

 𝑖 = 1,2,   𝜓 = 1,2,3,   .  .     𝑙 + 1,                                              

for 𝜑𝑚, given that 𝑌(𝜙𝑚) = 𝑖, it can be expressed as 

  

𝛿1(𝜓) 

= {

1,                               𝜓 = 1

(1 − 𝜃)𝜓−2. 𝜃,     𝜓 = 2, 3, . 𝑙

(1 − 𝜃) 𝑙−2,                        𝜓 =   𝜄 + 1           

 (13) 

 

𝛿2(𝜓) = {
2,                                         𝜓 = 1,
1,                𝜓 = 1,2,3,   .  .     𝑙 + 1

                (14)  

V. PERFORMANCE MEASURES 

In this paper, the performance measure of the SU is 

based on the following performance metrics. 

A. Service Time 

The service time is the interval required for a SU 

packet to be successfully sent and deliver after it is placed 

in the HOL position. However, this is a function of the 

primary channel state, as it moves to the HOL position, as 

shown in Fig. 2. Let the state probability be 𝜋, then, the 

probability of the channel in state 𝑖 will be 𝜋𝑖  where 𝑖 =
1,2. The state of the PU channel when the SU packet 

moves to the HOL position of the queue can be expressed 

as 

 

𝜋1 =
𝑝21

𝑝12+𝑝21
=

[1 − 𝜂]

[1 + (𝜃 − 𝜂)(1 − 𝜃)𝑙]
                       (15) 

                              

 𝜋2 =
𝑝12

𝑝12+𝑝21
=

[𝜂+(𝜃−𝜂)(1−𝜃])

[1+(𝜃−𝜂)(1−𝜃)𝑙]
                       (16) 

 

Having established that the state of the channel is 𝑖(1) 
when the SU packet moves to the HOL position of the 

queue, the conditional probability that the service time of 

the packet 𝜓 is precisely the same as the probability𝛿𝑖(𝜓). 
Nevertheless, the condition of the primary channel and 

the probability distribution can be determined for the 

service time 𝜇 of the SU packets. Therefore, probability  

𝑃{𝜇 = 𝜓} of the service time of a SU packet is expressed 

as  

𝑃{𝜇 = 𝜓} =  𝜋1𝛿1(𝜓) +  𝜋2𝛿2(𝜓)                   (17) 

{𝜇 = 𝜓}

=

{
 
 
 
 
 

 
 
 
 
 

𝜂 + (𝜃 − 𝜂)(1 − 𝜃) 𝑙         

1 + (𝜃 − 𝜂)(1 − 𝜃) 𝑙
             𝜓 = 1   

   
(1 − 𝜂)(1 − 𝜃)𝜓−2

1 + (𝜃 − 𝜂)(1 − 𝜃) 𝑙
    𝜓 = 1,2,3, .  . 𝑙,

              
(1 − 𝜂)(1 − 𝜃) 𝑙−1

1 + (𝜃 − 𝜂)(1 − 𝜃) 𝑙
                  𝜓 =  𝑙 + 1            

 (18) 

 

278©2018 Journal of Communications

Journal of Communications Vol. 13, No. 6, June 2018



The average service time of the secondary user packet 

is expressed as  

𝑍[𝜇] = 1 +
1

𝜃
∙ [
(1 − 𝜂)[1 − (1 − 𝜃) 𝑙]

1 + (𝜃 − 𝜂)(1 − 𝜃) 𝑙
]                    (19) 

B. Saturated Throughput (𝑇𝑝 & 𝑇𝑠)   

The saturated throughput 𝑇𝑝  of the SU over the 

primary channel is the number of secondary packets that 

are successfully delivered through the primary channel 

per time-slot. The saturated throughput 𝑇𝑠 of the PUs over 

the secondary channel is the amount of primary packet 

that successfully delivered via the secondary channel per 

interval. Thus, the saturated (overload) throughputs 

𝑇𝑝 and 𝑇𝑠 respectively can be expressed as 

𝑇𝑝 =
1 − 𝑃{𝜇 = 𝜓 + 1}

𝑍[𝜇]
                                                   (20) 

 

𝑇𝑝

=
[1 + (𝜃 − 𝜂)(1 − 𝜃)𝑙 − (1 − 𝜂)(1 − 𝜃)𝑙−1]

[1 + (𝜃 − 𝜂)(1 − 𝜃)𝑙 + (1 − 𝜃)
1−(1−𝜃)𝑙

𝜃 ]

      (21) 

𝑇𝑠 =
𝑃{𝜇 = 𝜓 + 1}

𝑍[𝜇]
                                                             (22)

 

𝑇𝑠

=

[
 
 
 
 

[(1 − 𝜂)(1 − 𝜃)𝑙−1]

[1 + (𝜃 − 𝜂)(1 − 𝜃)𝑙 + (1 − 𝜃)
1−(1−𝜃)𝑙

𝜃 ]
]
 
 
 
 

        (23) 

 
The SU total throughput  𝑇, defined as the number of 

SU packets successfully sent per slot, is expressed as  

 𝑇 = 𝑇𝑝 + 𝑇𝑠                                                                 (24)  

 

=
[1 + (𝜃 − 𝜂)(1 − 𝜃)𝑙 − (1 − 𝜂)(1 − 𝜃)𝑙−1]

[1 + (𝜃 − 𝜂)(1 − 𝜃)𝑙 + (1 − 𝜃)
1−(1−𝜃)𝑙

𝜃 ]

 

 

+
[(1 − 𝜂)(1 − 𝜃)𝑙−1]

[1 + (𝜃 − 𝜂)(1 − 𝜃)𝜄 + (1 − 𝜃)
1−(1−𝜃)𝑙

𝜃 ]

 

 

=
[1+(𝜃−𝜂)(1−𝜃)𝑙−(1−𝜂)(1−𝜃)𝑙−1]+[(1−𝜂)(1−𝜃)𝑙−1]

[1+(𝜃−𝜂)(1−𝜃)𝑙+(1−𝜃)
1−(1−𝜃)𝑙

𝜃 ]

  

 

𝑇 =

[
 
 
 
 

[1 + (𝜃 − 𝜂)(1 − 𝜃)𝑙]

[1 + (𝜃 − 𝜂)(1 − 𝜃)𝑙 + (1 − 𝜃)
1−(1−𝜃)𝑙

𝜃 ]
]
 
 
 
 

        (25) 

C. Time Delay 

In this paper, the delay is the interval between the time 

the SU packet is waiting to be served and the time the PU 

channel turns OFF or indicates that the channel is free 

(transitions from ON state to OFF state). However, the 

delay is obtained from extensive system simulations. 

D. Packet Blocking (ζ) 

In this work, it was assumed that the packets could be 

blocked or dropped based on certain criteria: when a PU 

arrives and there is no available slot for it, and when a SU 

packet is considered to have over stayed its position in 

the queue (HOL) waiting for a time-slot to transmit its 

packet. It can be expressed as the converse of the 

throughput [24], [25]. 

 

𝜁 = (1 − 𝑇)                                                                  (26)  
 

=

{
 
 

 
 

1 −

(

 
 1 + (𝜃 − 𝜂)(1 − 𝜃)𝑙

[1 + (𝜃 − 𝜂)(1 − 𝜃)𝑙 + (1 − 𝜃)
1−(1−𝜃)𝑙

𝜃 ]
)

 
 

}
 
 

 
 

  

VI. FLOW CHART/ALGORITHM 

This section presents a simplified system 

algorithm/flow chart of the system analytical model in 

Section IV. As stated earlier, the SU probes the PU’s 

channel and queues its packets at the HOL position of the 

PUs slot, as shown in Fig. 2. The adjustment and 

synchronization of the SUs with the PU channel structure 

allows and ensures smooth co-existing for seamless OSA. 

For convince and understanding, the pseudo code is 

found below. 

Are there PU spectrum 
holes/ TVWS?

Keep probing the 
PU spectrum

channel for vacant 
slots  

Is PU ON and transmitting?

SU Opportunistically 
access and transmit 

packets waiting at head of 
line ( queue) 

Is PU ON and transmitting ?
SU reduce its 

transmission parameters 
and check for free slots  

  
Is SU demanding more slot 

than expected/or 

interference 

distructive 

Reduced or block 

SU packets

Yes

Coexist and 
….

No

Yes

No

Yes

No

Blocked packet 

(worst case scenario)

No

Yes

Start to probe the PU 
spectrum/ channel 

 
Fig. 4. System algorithm/flow chart 

TABLE I: PSEUDO CODE FOR ALGORITHM 

Pseudo code for Algorithm 
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1. SU start probing the PU (incumbent) channels. 

2. Are there PU spectrum holes (TVWS) available for SUs 

3.  If no :// PU are still present /transmitting 

4. Else; SU keep probing the PU spectrum for vacant slot 

5. Go To step 2 

6. If yes:// PU are still present /transmitting 

7. SU opportunistically access the available channels and 

transmit its packets waiting at the head of line (queue) 

8. Go To step 4 

9. Go To step 2 

10. Go To step 3 

11. SU reduce its transmission parameter and Go To step 4 

12. Is SU demanding more slots than expected 

13. If yes 

14. Reduce or block SU packet 

15. Go To step 2 

16. If no 

17. Coexist and Go To step 7 

18. End if 

 

VII.   NUMERICAL RESULTS AND DISCUSSIONS 

 

Fig. 5. Average throughput vs time-slot 

In this section, a numerical result that illustrates the 

performance of the system model based on the 

performance measures in Section V was presented. The 

theoretical analysis presented were verified with 

extensive simulations. Fig. 5 shows the average service 

time under different occupancy statistics of the primary 

channel. With a large probability of 0.8 (the probability 

of the state remaining in the OFF/IDLE state), there is a 

likelihood that the time-slots will be more numerous in 

OFF state than in ON state and so, the average service 

completion time will reduce as compared to 0.5 and 0.2 

respectively, which has relatively higher ON state 

probability. This further means that SU packet 

transmission (service) will take more time before 

completion, when fewer slots are OFF/IDLE or when 

many slots are ON/BUSY. However, the probability of 

0.8 outperforms 0.5 and 0.2 respectively, as the time-slot 

𝑙 varies from 1 to 20. Also, the different traffic statistics 

of the primary channels have different performances but 

become consistent after a point along 𝑙  that is, as 𝑙 
increases, the average service time of the SU packet 

increases and at a point remains constant which confirms 

the SU synchronization with the channel structure, as 

mentioned previously. 

 

Fig. 6. SU throughput vs. time-slot 

In Fig. 6, the throughput  𝑇𝑠  of the PUs over the 

secondary channel shows that, as   𝑙  increases, the 

throughput (number of packets transmitted successfully) 

increases, irrespective of the occupancy statistics. Though, 

as expected, a probability of 0.8 implies that more 

packets are sent due to more slots being available for the 

PUs over the secondary channel. Closely followed in 

performance are 0.5 and 0.2 respectively. However, the 

throughputs over secondary channel 𝑇𝑠 reach a saturation 

point as the time-slot further increases. 

 
Fig. 7. SU throughput Tp vs. time-slot  

At a glance, the results presented in Fig. 6, 7 and 8 

respectively, demonstrate similar behavior. This is due to 

emphasis on the metric (throughput) which is discussed 

in detail, though in different cases. However, the result in 

Fig. 7 shows that the throughput 𝑇𝑝 of the SU over the 

primary channel increases irrespective of the occupancy 

statistics, as mentioned earlier. As expected, 𝑇𝑝 increases 

with increase in the time-slot, meaning that more time-

slots are available for packets to be sent. The probability 

of 0.5 has a higher throughput than 0.8 and 0.2 

respectively. This is due to the equal number of ON/OFF 
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distribution depicting a relative stable or equal sharing of 

the time-slots (resources) among the PUs and SUs 

respectively. 

 
Fig. 8. Total (PU/SU) Throughput vs. Time-Slot  

In Fig. 8, the result of the total throughput 𝑇 which is 

the summation of the throughput of PUs over the 

secondary channel and the SUs over the primary channel 

respectively shows that, as   𝑙  increases, the total 

throughput (total number of packets transmitted 

successfully) increases irrespective of the occupancy 

statistics. However, as projected, a probability of 0.8 

implies that more packets were sent due to more slots 

existing for the PUs over the secondary channel, just as in 

Fig. 6. Closely followed in performance are 0.5 and 0.2 

respectively due to already established facts.  

 
Fig. 9. Throughputs (𝑇 and 𝑇𝑝) vs time-Slot 

Fig. 9 is a partial comparison between the total 

throughput  𝑇  and the throughput of the SUs over the 

primary channel. Since 𝑇  is the summation of the 

respective throughputs, it is expected that the total 

throughput will be higher than individual throughputs for 

each of the occupancy statistics. Similarly, in Fig. 10, 

which compares the entire throughputs 𝑇,  𝑇𝑝  and  𝑇𝑠 

respectively, the same outcomes are expected as in Fig. 9. 

The reason for this total comparison is to have a clearer 

picture of the performance of the respective throughputs 

and to show how the occupancy statistics have an impact 

on the system performance at a glance.  

 
Fig. 10. Throughputs (𝑇, 𝑇𝑝 and  𝑇𝑠 vs Time -Slot)  

 
Fig. 11. Time delay vs. time-slot 

The delay is presented in Fig. 11. It shows the 

occupancy statistics (ON-OFF) as the transition occurs 

from one state to another. From the results, the delay 

increases to a point and after SU synchronisation with 

slot structure, the delay begins to reduce because more 

slots are available for the SU packets. The 0.2, 0.8 and 

0.5, 0.5 (20% ON slot, 80% OFF slot and 50% ON slot, 

50% OFF slot) occupancy statistics indicate that more 

OFF slots exist than ON slots. This means that enough 

window periods exist for a SU to transmit its packet 

before a PU arrives and as such, blocking of the SU 

packet will be reduced at the same time. However, 

occupancy rates of 0.8, 0.2 and 0.2, 0.8 (80% ON slot, 20% 

OFF slot and 20% ON slot, 80% OFF slot) indicates that 

an equal number of OFF slots and ON slots exist. 

However, in comparison, the former showed less of a 

delay compared to the the latter occupancy statistics. 

Fig. 12 shows the packet blocking for each of the 

occupancy statistics. The 0.2, 0.8 (20% ON slot, 80% 

OFF slot) occupancy statistics indicate that more OFF 

slots exist than ON slots. Therefore, SUs would transmit 

more packets before a PU arrives and as such, blocking of 
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the SUs’ packets will be reduced significantly. 

Conversely, a 0.8, 0.2 (80% ON slot, 20% OFF slot) 

occupancy rate indicates that more ON slots than OFF 

slots exist while 0.5, 0.5 (50% ON slot, 50% OFF slot) 

occupancy statistics show that equal numbers of ON and 

OFF slots exist. However, the packet blocking was 

reduced as more slots were made available. In 

comparison, 0.2, 0.8 statistics will give more opportunity 

for SU packets than 0.5, 0.5 and 0.8, 0.2 statistics 

respectively. 

 
Fig. 12. Packet blocking vs. time-Slot  

VIII. CONCLUSION 

This paper has shown and answer the question on the 

effect of interaction between the PUs and SUs on their 

respective channels. An analytical approach to evaluate 

the performance of the OSA strategy has been presented 

with different occupancy statistics. Average Service time, 

packet blocking, and throughput (𝑇, 𝑇𝑝  and  𝑇𝑠 ) are the 

metrics used for the performance measures/analysis of the 

OSA strategy. The analytical model is validated by 

simulations. The future work will focus on two aspects: a 

decentralized network with SUs of different traffic 

classes and the effect of imperfect sensing among SUs in 

both underlay and interweave scenarios. 
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