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Abstract: This paper investigates multiple attributes and related comparative 
issues regarding channel selection of IoT objects for cognitive radio IoT 
networks towards 5G. CU or SU as IoT nodes may intelligently manage their 
activity in a licensed spectrum by accessing vacant spectrum through dynamic 
spectrum access methodology. Therefore, that IoT is a booming developing 
concern to organise digital accessories. It will also provide the fastest data 
connections through sensor nodes by producing more data than any other 
emerging technology. With the continuous evolution in CRN and cognition 
capability, the IoT objects may think, learn, and make decisions by perceiving 
outside worlds. To frame the IoT with CR-based architecture in the coming 
future, some attributes such as intracell/intrapool handoff latency, 
intercell/interpool handoff latency, link continuation probability, link failure 
probability, switching cost, awaited number of spectrum handoff,  
non-execution probability, blocking probability, dropping probability, and 
throughput, are needed to learn the overall network attributes. 

Keywords: IoT; CRN towards 5G; CRIoT; DSA; handoff; channel selection 
attributes. 
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1 Introduction 

Several digital accessories within the home area and working environment connected to 
the internet ensuring the security of the digital movement of the IoT is turning into a big 
rising concern. Using smart devices associated with the broader openings or cloud 
networking platforms, the IoT may also provide the speediest data connections among 
sensor nodes by producing a more remarkable volume of data than any other evolving 
technology. The intelligent tracking system in shipping, public safety, manufacturing 
wireless automation, individual health monitoring, and health application for the aged 
society are examples of IoT, IIoT, and edge computing that is developing at a wildly fast 
pace and has become an indispensable part of our everyday lives. The possibility is 
infinite. As per the report on IoT in IDC (2020), the worldwide investment in 2021 on 
IoT will achieve double-digit growth, with a CAGR of 11.3%. As all the sectors like 
smart sensor nodes to smart factories, from smart home digital accessories to connected 
healthcare devices, everything is productive. The IoT entities can be managed just like 
any other internet-enabled device because those are connected with the web. Making 
business with such a high level of IoT objects connectivity through the web may bring 
into the job can create a remarkable risk of data security. Several types of national 
security alerts like shutting down IoT gadgets by web hackers and firewall-security 
attacks against enterprise infrastructure, electrical grids, dams, etc. also came into the 
picture along with home or enterprise data security (DSCI, 2021). The evolution of IoT in 
India has drawn the industrial transformation to the next level, representing Industry 4.0. 
IoT plays a prime role in developing the IoT trade and technology in India and naming as 
the new ‘Digital India’. A program launched by the Government of India. The funding 
for IoT was around to USD 5Bn in 2019 in India, according to a recently released report 
by Zinnov in June 2020 (TechSagar, 2020), and which will be projected to increase up to 
USD 15Bn in 2021. The basic concept of IoT is unfolding rapidly to reach most of our 
daily life. To deal with the packets which is delivered from the IoT networks are 
important and requires a spectrum access. The idea of IoT is amalgamated with the 
cognitive radio networks (CRNs), named as cognitive radio internet of thing (CRIoT), to 
provide sufficient spectrum to spread as required for the IoT (Tarek et al., 2020b). 

This paper is structured in a following manner; Section 2 gives the basic concept of 
IoT, the idea of spectrum resources used in CRN towards 5G is discussed in Section 3, 
Section 4 presents a short review on CRIoT, system model and analysis with respect to 
various attributes for IoT objects’ spectrum utilisation in CRIoT are discussed in  
Section 5, Section 6 represents results including discussion and the conclusion has been 
drawn in Section 7. 
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2 Internet of things 

2.1 Overview 

The next-generation communication system came into the picture to survive with the 
emerging extension of the mobile data traffic, gigantic connection for devices with the 
uninterrupted development of new technology, and various application situations for the 
future. The generation is named 5G, and IoT with mobile internet will be the significant 
steering force for expanding this generation. Soon, 5G will achieve the multiple 
requirements of human being in several sectors like accommodation, jobs, leisure, and 
transportation. It fulfils the spectrum allocation need of IoT as well. It also meets the 
numerous professional domains to realise the actual interrelation of all things such as 
transportation, industry, medical, and other enterprises (Agiwal et al., 2016). Human 
beings are trying to gather information and assistance from the internet every time, 
everywhere, and even during the relocation in the rapid growth of broadband access of 
wireless channel and mobile terminology (Gupta and Jha, 2015). IoT devices are 
economical and typically have moderate power, average battery health, low bitrate, 
economical range, and processing. For the academic and industrial circles, the IoT is 
increasingly receiving more and more recognition as an emerging technology (Gubbi  
et al., 2013; Gazis, 2016) and is nominated as one of the most powerful technologies that 
may escort to the growth of the future network (Ghanbari et al., 2017; Hortelano et al., 
2017). IoT is defined in the following ways. 

2.2 Definition 

“IoT is a seamlessly connected network of embedded objects/devices, with identifiers, in 
which M2M communication without any human intervention is possible using standard 
and interoperable communication protocols” – tablets, phones, and computers belong to 
part of IoT (Liu et al., 2019). IoT is a network where objects are interconnected, based on 
standard communication protocols. It is uniquely addressable preferably using any 
path/network and any facility (Khan et al., 2017). 

2.3 IoT structure 

The structure of IoT (Liu et al., 2019; Antao et al., 2018; Gaitan et al., 2015) consists of 
five layers which are depicted in Figure 1. 

2.3.1 Sensing layer 
It is also called data accumulation or recognition layer. The primary job of this layer is to 
accumulate the purposeful information and transform it into corresponding data. Just like 
conversion of the control signal into order by actuators. It represents physical objects like 
sensors, actuators RFID, etc. 

2.3.2 Network layer 
It is also called transmission layer. The primary role of this layer is to pass on the data 
which is collected by the sensing layer to the data processing layer. The control signals 
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which are transferred from the middleware layer are accumulated in it using networking 
technologies. 

Figure 1 IoT architecture: five stages of layer (see online version for colours) 

 

2.3.3 Data processing layer 
This is a kind of software layer. The accepted data which are accumulated from previous 
layer will be analysed and corresponding decisions would be taken based on that analysis. 

2.3.4 Application layer 
The responsibility of this layer is defined for IoT applications. By the help of this layer 
the assistance has been provided to an end-subscriber according to the modified data such 
as smart application and management, smart grid, smart healthcare, smart building, smart 
transport, etc. 

2.3.5 Business layer 
Beyond the above four layers, another layer has been considered hypothetically. It is 
termed the business layer that permits the system administrator to command the whole 
IoT networks’ functionality. It may shape numerous trading prototypes. 

It promotes world-wide partnerships of industry and research bodies to promote IoT 
technologies exhibited in the country by creating a committee of national experts  
for IoT standards development. The expert committee is contained of industry 
experts/organisations. They participate in standards committees of ITU, IEEE, and other 
relevant global forums for standards making in IoT (https://www.meity.gov.in, 2021). 
The fields are contained with research technology like development of open framework 
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for IoT, communication technology like ultra-low power chipsets, platform 
interoperability, on-chip antennas, network technology like self-organising networks, 
storage and energy networks, hybrid networking technologies, algorithms with software 
like next-generation IoT based social application, application for enterprises, power and 
energy storage technologies. 
Table 1 Physical layer parameters of various IoT protocols: a summary 

Technology Modulation type 
(UNB/NB/SS/OFDM/UWB) Frequency bands Channel bandwidth 

(MHz/GHz) 
5G OFDM < 100 mmWave, GHz 
ANT+ NB 1 GHz 
BLE mesh NB 1 GHz 
LTE-M OFDM 1.08,1.4 Sub-GHz and GHz 
MiWi NB 0.040, 0.250 Sub-GHz and GHz 
NB-IoT NB, OFDM 0.18 Sub-GHz and GHz 
RFID NB 0.2 Sub-GHz and GHz 
Sigfox UNB 0.2 Sub-GHz 
Telensa NB 0.1 Sub-GHz 
Thread NB 5 GHz 
Dash7 NB 0.025, 0.200 Sub-GHz 
EC-GSM-IOT NB 0.2 Sub-GHz 
EnOcean NB 0.0625 Sub-GHz 
Ingenu SS 1 Sub-GHz and GHz 
ISA101.11a SS 5 GHz 
LoRa SS 0.125, 0.50 Sub-GHz 
Wirepas NB 0.126, 0.5 Sub-GHz and GHz 
WiSUN NB, SS and OFDM 0.2–1.2 Sub-GHz and GHz 
ZigBee SS 0.6, 1.2, 2 Sub-GHz and GHz 
ZigBee-NaN SS 0.6, 1.2, 2 Sub-GHz 
Z-Wave NB 0.2 Sub-GHz 
Weightless-N UNB 0.2 Sub-GHz 
Weightless-P NB 0.0125 Sub-GHz 
Weightless-W SS 5 Sub-GHz 
WirelessHART SS 0.25 GHz 
WiFi802.11af OFDM 8 sub-GHz 
WiFi802.11ah OFDM 1,2,4,8,16 sub-GHz 
WiFi802.11az OFDM 20, 40, 60, 80, 160 GHz, mmWave 
WiFi802.11p OFDM 10 GHz 

It defines each technologies’ strategic physical characteristics, like channel bandwidth, 
frequency bands and modulation type (Figueiredo e Silva et al., 2018). 
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3 Spectrum resources towards 5G 

Different countries manage the radio frequency spectrum resources by their spectrum 
management departments. The fixed allocation principle is endorsed by the spectrum 
allocation method (Zhou et al., 2017), and the spectrums are split into several parts. Each 
and individual part is allocated to various licensed subscribers, and there is no freedom to 
access it by other subscribers. The allocated spectrum is called the licensed band, and the 
allocated subscriber is called the licensed subscriber or user. In Spectrum Policy Task 
Force Report (2002), FCC’s survey report showed that several resources of spectrum 
band at different levels of inactiveness in dimensions like time and space due to the FSA, 
even in any congested bands. In contrast, only a small part of the spectrum is used 
repeatedly. Therefore, different multiplexing technologies came into the picture like 
FDMA, TDMA, CDMA, and MIMO to enhance the use of licensed spectrum utmost. 
These techniques are useful to assist more number of subscribers on inadequate spectrum 
resources (Wang and Liu, 2010). 

The mobile data demand due to the rise of mobile devices and varied data traffic 
applications will increase ten-fold between 2014 and 2019 (Cisco, 2015). But due to the 
fixed allocation policy, they fundamentally failed to solve spectrum resources deficiency. 
This booming demand for mobile data affects numerous challenges, bringing the research 
objectives to 5G networks (Chen and Zhao, 2014). 5G networks are considered to 
provide pointedly high data rate access and assured QoS. Therefore, the demand for 
spectrum resources is expected to increase considerably in 5G networks. It needs wireless 
system designers to suggest suitable spectrum management schemes. Several views on 
5G architecture are explained in Iwamura (2015), Droste et al. (2015) and Agyapong  
et al. (2014) with crucial technologies like massive MIMO, visible light communication, 
energy-efficient communications, CR, small cells, etc. It can meet the demand of high 
capacity and consist of network densification over space and frequency in 5G 
heterogeneous networks (Bhushan et al., 2014). DSA has appeared as the solution for 
spectrum sharing, ensuring the coverage of 5G heterogeneous networks everywhere and 
always opportunistically. Employing DSA into a radio network to coexist with a licensed 
network is named CRN (Ejaz et al., 2013). 5G will meet higher data transfer rates and 
more affluent business conditions due to the very congested frequency bands below  
6 GHz. The inactive licensed bands are known as ‘spectrum holes.’ It is difficult to find 
an ample amount of spectrum to reach the growing spectrum need. It is practically simple 
to find out the spectrum above 6 GHz and provide a constant wide band. To increase the 
system capacity and high data rate transmission support, the spectrum band will be 
further enlarged into the entire spectrum era, likely from 1 GHz to 100 GHz in 5G, as 
shown in Figure 2. 

The solution to establish spectrum allocation is to compose dynamic algorithms and 
protocols for spectrum allocation, to improve spectrum utilisation performance  
in a conflict-free manner, relatively as near to the optimal point as possible (Hu et al., 
2018). Traditionally 802.11, microwave, Bluetooth and other applications occupy  
short-distance wireless communication spectrum (such as 2.4 GHz, 5 GHz band). Again, 
communication technology is used to achieve a higher spectrum utilisation in increased 
complexity. Like the Europe and USA, several countries have segregated the 60 GHz 
band for general use (Yong and Chong, 2007). The 60 GHz band is divided into  
5 GHz–7 GHz unlicensed continuous spectrum resources. The WiFi is compatible with 
60 GHz IEEE 802.11ad with MAC architecture. As the signal direction of wireless 60 
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GHz is powerful, the interference of communication signals in various directions is 
minimum and valuable to the space division multiplexing (Kobayashi et al., 2016). 

Figure 2 Spectrum utilisation towards 5G (see online version for colours) 

 

3.1 White space 

The ultra-high frequency band is generally used in television and broadcasting. It is 
positioned in an identical frequency band and has high-grade propagation characteristics. 
According to the research outcome in Van de Beek et al. (2011) explained, the popular 
UHF band is very ineffective, with an ordinary utilisation rate 17.4% in Chicago and 
4.54% in Singapore. For the effective use of reliable spectrum resources, the inactive 
frequency bands are used for analogue broadcasting for television are called ‘TV White 
Spaces.’ It is essential to obtain fast internet access in rural areas like topographical blind 
regions due to the unavailability of the wireless network while the television signal is 
available. The TV White spaces are used for data transmission in the USA to promote 
superWiFi (Wang et al., 2016), which is not WiFi in the true sense. 

4 Cognitive radio internet of things 

DSA capability allows a CR user to adopt different network requirements. PU may get 
insured protection while a CR user can use this spectrum. It is visualised that CR-based 
IoT frameworks will be compulsory to develop CRNs and IoT soon. The IoT objects are 
provided with cognition capability to think, learn, and make decisions by learning 
physical and social, i.e., real worlds (Khan et al., 2017). Due to the following reasons, 
CR-based IoT would be a predictable requirement soon. 

• The primary motive arrives in force from spectrum allocation for IoT objects. It is 
anticipated to expand IoT objects in massive numbers. So that spectrum assignment 
for such a massive number of objects may make unneeded investments due to FSA, 
which needs spectrum purchase. CRNs may help in all of these situations. 

• The interference is reduced in CR-based IoT framework among all users by scanning 
for interference-free channels through DSA. 

• IoT objects can achieve consistent connectivity equipped with cognitive capability. 
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• It is anticipated that CR-based IoT objects will automatically explore in a  
self-governed manner for available storage places in cloud servers to support a 
gigantic number of data generation by the process named spectrum sensing. 

• The single wireless mechanism may unavailable everywhere to provide continuous 
connectivity to these objects. The OTG platform can provide connectivity to smart 
objects with cognitive capability. 

Two type of approaches are essential for IoT related to cognitive-communication. The 
first one is the INTRACC approach. The next is the INTERCC approach. In INTRACC 
approach, the same cognitive capabilities are allotted to IoT objects, while in INTERCC 
approach, the object has unlike cognitive abilities (Tervonen et al., 2014). IoT spectrum 
deficiency problem may overcome using CRN as an inexpensive and effective solution to 
establish the IoT intelligent network. The IoT framework is amalgamated with CR 
technology named CRIoT. These technologies should meet several network attributes 
like intracell/intrapool handoff latency, intercell/interpool handoff latency, channel 
availability, link continuation probability, allocation delay, end-to-end delay, link failure 
probability, switching cost, high throughput, energy efficiency, reliability, etc. The IoT 
networks should perform all the different functions intelligently. It will have to sense the 
interference-free channels, detect the holes by evaluating the quality of service. CRIoT 
provides constant communication by changing the working channel, either at appearance 
of a PU or its movement. Ultimately, it manages the spectrum access of licensed band for 
the massive number of IoT objects including little interference. 

Figure 3 CRIoT design factors (see online version for colours) 

 

Figure 3 shows the factors which are considered to design a CR-based IoT system. 
Furthermore, the figure actually represents the connection among the design factors 
(Awin et al., 2019). Three different kind of key parameters like applications, technology 
and regulations are structured. Where data size, signal type, transmission time define the 
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applications, again the standard is maintained through the technology involves a special 
data rate, frequency range, bandwidth and MAC control mechanism. The regulations 
imply a proper frequency assignment, power constraint and licensing. 

4.1 Spectrum handoff 

Spectrum handoff is a fundamental process of the secondary user which assures seamless 
and healthy services to maintain the QoS of the CRN. Liu et al. (2008) obtained a 
standard form of probability of spectrum handoff for a stationary SU with exponential 
traffic parameter distribution. The outcome of general service time distributions has been 
presented on the possibility of spectrum handoff for a stationary SU in a CR network 
(Hoque et al., 2014, 2018). Yao et al. (2012) supposed that the inter-handoff CUs have a 
higher priority than the new CUs to access a spectrum band to enhance the blocking 
probability. Pan et al. (2015) introduced a spectrum handoff scheme based on analysis 
and matching for higher traffic networks to reduce handoffs. Tran et al. (2015) proposed 
a new spectrum handoff scheme to improve the spectrum utilisation in an industrial CR 
network. Yawada and Dong (2019) and Yawada et al. (2019) explained various handoff 
algorithms to illustrate and enhance spectrum handoff mechanisms for the better 
performance of a CR network. Tair et al. (2019) developed a seamless spectrum handoff 
strategy to minimise the occurrence of the same in CR networks. The authors proposed a 
secure handoff mechanism in Rathee et al. (2020), introducing cognitive user emulation 
attack for the better performance of CR network. Hoque et al. (2020) proposed a  
cell-based spectrum handoff model in a CR cellular network. They analysed the 
performance of a mobile SU for link maintenance probability and service completion 
probability. 

In this article, we have discussed various teletraffic attributes to analyse the system 
model performance for a non-stationary CRIoT object considering the service time of 
CRIoT as SU also termed as CU. The system model is discussed in Section 5 along with 
the theoretical analysis. 

5 System model and analysis 

We have assumed that the IoT objects as SU completes its service within two cells of the 
CRIoT network. For simplicity, we call those objects as SUIoT. In our proposed model, 
we consider two identical cells: 

1 cell 1 as source cell where an SUIoT starts its service 

2 cell 2 as target cell where the SUIoT completes or ends its service. 

Figure 4 shows the proposed spectrum handoff mechanism of a mobile SUIoT along with 
the PUs activity model. The grey, orange boxes in Figure 4, indicate the PU and SUIoT 
objects respectively. The sky coloured cloud based architecture is represented for SUIoT 
base station whereas PU base station has been defined by different symbol in the  
Figure 4. We have assumed that the non-stationary SUIoT object operates in the vacant 
licensed channel of cell 1 of LSP1 to begin its service. If the ongoing communication of 
the SUIoT is interrupted in cell 1 before it crosses the cell boundary, the SUIoT object 
requires to switch its service to another spectrum holes of the source cell to continue its 
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service. This process is known as intracell/intrapool spectrum handoff of a newly arrived 
SUIoT object similarly if the SUIoT object moves out from the cell 1 to cell 2 during the 
ongoing communication, the SUIoT requires to perform spectrum handoff to maintain the 
seamless and unbroken communication. This type of handoff is known as traditional or 
intercell/interpool spectrum handoff which is indicated by black thick line in Figure 4. 
After performing the intercell spectrum handoff, the SUIoT object service may interrupt 
due to the arrival of PUs in cell 2. Hence, the SUIoT object may require to perform 
spectrum handoff within cell 2 to continue its ongoing communication. This process of 
handoff is known as intracell/intrapool spectrum handoff of a post intercell/interpool 
handoff SUIoT object which is shown by black coloured thick arrow within cell 2 of 
Figure 4. The IoT objects are represented in CRN, therefore SUIoT object is termed as 
CRIoT object. In the next section, we have discussed some of the major teletraffic 
attributes (Kundu et al., 2020) which may affect the CRIoT network. 

Figure 4 Spectrum pool-based CRIoT architecture (see online version for colours) 

 

5.1 Teletraffic attributes for CRIoT network 

5.1.1 Intracell/intrapool handoff latency 
This is known as scheme-1 and may be given as 

1
sen tx

prep syn sen dec synL l l l l l= + + + +  (1) 
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It may occur when the spectrum identifies the PU. Hence, it has been executed reactively. 
Here, (lprep) is the preparation time. It is required to specify the type of handoff. CRIoT 
objects must await ( )sen

synl  the sensing time for synchronisation, where they check 
spectrum bands in the pool (lsen). After identification by CRIoT, a suitable spectrum 
decision latency (ldec) will be included. The scheduled transmission with synchronisation 
on that spectrum is ( ).tx

synl  

5.1.2 Intercell/interpool handoff latency 
This is known as scheme-2 and written as 

2
sen tx

recfg syn sen dec sychL l l l l l= + + + +  (2) 

Like intracell/interpool handoff, this scheme requires L3 handoff latency, where handoff 
preparation time (lprep). 

3
sen tx

prep recfg syn sen dec synL l l l l l l= + + + + +  (3) 

Again, the control channel is monitored by CRIoT objects for a particular time (llis) for 
every reconfiguration. This type of latency may define as scheme-3 is expressed as 
follows. In this case switching latency performed worse due to multiple reconfigurations. 

Where γ is randomly chosen, and hence it is considered as ( 1)
2

f +  on average. Where f = 

frequency reuse factor. 

( )4
sen tx

prep recfg lis syn sen dec synL l γ l l l l l l= + + + + + +  (4) 

An extended neighbour cell that uses the same spectrum pool is called new target cell. 
Therefore, reconfiguration is not at all necessary. The intercell/intrapool handoff latency 
is expressed as follows. This scheme is known as scheme-4. 

5
sen tx
syn sen dec synL l l l l= + + +  (5) 

5.1.3 Link continuation probability 
Let qs1 is the link continuation probability for the CRIoT. It migrates its service from one 
LC to another free LC in the same licensed spectrum pool LSP1, and defines intrapool 
spectrum handoff. It derives the link continuation probability of the CRIoT as 

( ) ( )1 1 1 2Pr 1 Pr Pr Pr Prs v b b b LC thq T D = − + <   (6) 

where TLC is the delay in LSP1 during intrapool spectrum handoff and is represents as, 

( )1 1( ,1) ( ,2) ( ,3) ( , 1) ( , ).....mi , . ,.n ,r r r r r
LC pu pu pu pu C pu CT T T T T T−=  (7) 

where ( , )
r
pu iT  is PU’s residual service time for ith licensed channel. The expression  

Pr(TLC < Dth) which is expressed in equation (6) is calculated from (Hoque and Arif, 
2019) 

( ) ( )1 1Pr 1 C
LC thT γD −< = − β  (8) 
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where 

( ) ( )1 s pu thrT DF= −β  (9) 

And, 

( )1 spuT thγ F D= −  (10) 

Similarly, the interpool spectrum handoff occurred while the LCs become full. So that 
link continuation probability qs2 of CRIoT is 

( ) ( ) ( )[ ]2 1 2 2Pr Pr 1 Pr Pr Pr Prs v b b SD th b HD thq T D T D= − < + <  (11) 

where switching delay is 2.1 .2 .3 .min( , , , ............, )SD SD SD SD SD CT t t t t=  and intrapool 
spectrum handoff delay is 

( )*1 *2 *C 22.1 .2 .min , , , .
cu cu cu

r r r
HD s SD s SD s SD CT t t t t t t= + + +  

Here, tSD.j is switching delay and 
* .cu j

r
SD jst t+  denote the handoff delay during interpool 

spectrum handoff, and CRIoT migrate its service to jth UC from LCs. 
Hence, the qs, link continuation probability for CRIoT in OSB is calculated from 

(Hoque and Arif, 2019) 

( ) ( )( ) ( )( )2 1 21
1 1 2 1 2Pr 1 Pr Pr 1 Pr 1 Pr Pr 1C C C

s v b b b b bq γξ− = − + − − + − α β  (12) 

where 

( )1 SDT thF D= −α  (13) 

And, 

( )1 HDT thξ F D= −  (14) 

5.1.4 Link failure probability 
Within the limited threshold period, i.e., Dth, the continuation of link will be terminated if 
there is no available channel. Therefore, the link failure probability in OSB for the 
interrupted CRIoT objects is written as 

((
) )

,1 ,2 ,3 , 1 , *11 1

2*2 * 2

1 2

1 2

.1 .2 .

1
1 2

Pr Pr Pr Pr min , , ...... , ,

, , .......,

Pr Pr Pr

pu pu pu pu C pu C cu

cu cu C

r r r r r r
f v b b s s s s s s

r r
SD SD SD C ths s

C C
v b b

q T T T T T t

t t t t t D

β γξ

−

−

=

+ + + >

=

 (15) 

where Dth is the threshold period, Prb1, Prb2 = blocking probability, ( , )
r
pu iT  = PU’s residual 

service time for licensed channel and ( )1 .HDT thξ F D= −  
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5.1.5 Switching cost 
The estimated switching cost is defined as the sum of two types of delay. These are 
instantaneous switching delay and the estimated switching delay. It is caused due to 
overload in the neighbouring cell because CRIoT objects move to neighbouring cell 

1
2 1 3,

,
. Pr ( ).over

BA
m h

ESC B i
off i

TT L L L
T L

R 
 


+

+
= +  (16) 

where BAESCT  is base area (BA) intracell/intrapool handoff and 
1, L

m

off i

T
T
 
 + 

 is the 

intracell/intrapool handoff’s average value, and Toff,i is the inactive duration on average 
for the spectrum within the cell i. 

5.1.6 Awaited number of spectrum handoff 
It is defined by E(H). CRIoT experienced the required number of spectrum handoffs 
during its whole service time. It harms the performance of the delay in handoff, service 
execution, and link continuation of CRIoTN. For absolute complete and incomplete 
service of the CRIoT in a distinct diverse spectrum environment under HetSE the E(H) is 
written as 

( )

( )
( ) ( )

*( )
*( 1)

2

( 1)
1

0 0

1

( ) Pr( )
( 1)!

.
Pr

Prscu
scu

n
pu s pu

n n

s
n

pu vT n
s f pu vT

λ q
E H n H n n

λ

f λ
q q F λ

n

n

q

−∞

= =

−

∞

+ +

−
= = =

−

 
 
 

 
 (17) 

The derivation of equation of E(H) is written in standard form after employing Taylor’s 
infinite series theorem as 

( )( ) ( )( )
( ) ( )( ) ( )( )

*(1)
2 2

*(1)*
2 2 1 2

( ) Pr
scu

scu scu

pu s f pu v pu s fT

pu s f T pu s f pu s pu s fT

E H λ q q λ f λ q q

λ q q F λ q q λ q λ q qF

= + − +

+ + + − +  
 (18) 

5.1.7 Non-execution probability 
CRN long-time performance is explained by the non-execution probability of a CRIoT. 
The service execution probability Pne of a CRIoT and throughput of the CRN are closely 
related. Due to the presence of PUs throughput during its service time, the CRIoT objects 
are interrupted and the service execution probability in that case is evaluated. First, 
execution of spectrum handoffs of the n intrapool are done successfully. Next, the 
execution of (n – 1) intrapool including the nth interpool spectrum handoffs are done. 
Therefore, Pne is written as (Hoque and Arif, 2019). 
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( ) ( )( )
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( 1) 1
0

( 1)
1 2
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2 2 2

1 Pr 1 Pr

Pr 1 Pr

1 s scu cu

n
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n

n
cu n s v s

T pu s f pu s T pu s f

P S t S q

T S q q

f λ q q λ q F λ q q

∞

+
=

−

= − < < + −

+ > + − 
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 (19) 

where Sn is the of primary users’ throughout inter arrival time, and obeys an Erlang 
distribution (Kleinrock, 1975). So, Sn has been expressed as 

( )( 1)
( ) , 1

( 1)!

pu

n

λ tn n
pu

S
e

f n
λ t

t
n

−−

−
≥=  (20) 

Here, ( )( .1) ( .2) ( .3) ( . ) ( . ).( 1)
( 1)

......
m

n pu pu pu pu n pu npu n
n

S t t t t t t−
−

= + + + + + =   and t(pu.n) is the inter-

arrival time between the nth and (n – 1)th PUs. 

5.1.8 Blocking probability 

Whenever the PU including other CRIoT objects already hold all the network channels in 
the system then CRIoT’s services will be blocked. The blocking probability of a CRIoT 
is completely supervised by the occupancy of PU and other CRIoT objects in the same or 
the availability of channels in that particular system. The joint probability, Px,y,z of PUs 
and CRIoT objects available in the system, and must be determined. The Pb of CRIoT is 
achieved by using the joint probability Px,y,z. Consider the availability of PUs in LSP-1 
and LSP-2 are x and y, respectively. However, CRIoT tries to reach the system to initiate 
its transmission with an arrival rate of λ3 described in the Figure 4. Consider ‘x’ is the 
total channels consumed by the PUs in LSP-1. Therefore, the available channels for 
CRIoT in LSP-1 is (C1 – 1). Again, consider ‘y’ is the number of PUs presented in LSP-2. 
Thus, (C2 – y) is the number of channels are available for CRIoT in LSP-2. Therefore, 
CRIoT use available channels in the entire system. It totally depends on the channels 
which are used by the PU is represents as k = C1 + C2 – (x + y). So during the 
transmission the PUs occupy total (x + y) no. of channels. If (x + y) < (C1 + C2), then 
utmost number of channels will be available for CRIoTs. Thus, Pb can be defined by 
following expression 

( )
1 2

1 23 , , ( )
0 0

. .
C C

b x y C C x y
x y

P λ P + − +
= =

=  (21) 

After computing the value of 1 2( , , ( ))x y C C x yP + − +  and P(0); Pb is derived from (Jee et al., 
2020) 

( )

( )
1 2

1 2
( ) ( )

1 3 2 3
3 0 3

1 200 ! ! ( ) !

C Cx yx
c

b
yx

y
c ρ ρP λ P ρ ρρ

x y C C x y

− −

==

+=
+ − +   (22) 
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Table 2 Review of CRNs for IoT related articles in literature (continued) 
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5.1.9 Dropping probability 
When CRIoT is engaging the channel, they need to evacuate the medium right away due 
to the sudden appearance of PU in the system. The dropping probability for the CRIoT is 
Pd, which depends on PU’s activity model 

( ) ( )
1 2

1 2

1 1
1 2

, , ( )
1 20 0

.. .
( )

C C

d x y C C x y
x y

λ λP P
C x C y

− −

+ − +
= =

=
− −  (23) 

After computing the value of 1 2( , , ( ))x y C C x yP + − +  and P0; Pd is derived from (Jee et al., 2020) 

( )
( ) ( )

1 1
1

1 1( ) ( )
2 1 3 2 3

1 2 0 3
1 1 10 0

1 1. .
! !(2 ( )!

C Cx y yx
c

d
x y

ρ ρ
P λ

ρ ρ
λ ρP

C x x C y y C x y

− −− −

= =

=
− − − +   (24) 

A CRIoT is blocked due to the lack of channels and cannot complete its service when  
C1 = C2. It happens due to the arrival of the PUs, and services are dropped during its 
transmission. Therefore, the Pne of CRIoTs could be determined for those two situations 
like blocking and dropping respectively 

( )1ne b b dP P P P= + −  (25) 

5.1.10 Throughput 
The throughput is an important performance metric in CRN, and is almost related to the 
incomplete service of CRIoT objects. After computing the value of Pne, Px,y,z and P0; T is 
derived from (Jee et al., 2020) 

( )
1 21 2 (

1 2
)

( , , ) 0
0 0 1

3. . 1
! ! !

C C x yC C

b d b d x y z

y

z

x z

x y

ρ ρT z P P P P P
y
ρ P

x z

+ − +

= = =

= − − +   (26) 

There are two different primary channels where the interrupted CRIoTs are switched their 
facilities to and from LSP-1 to LSP-2 and vice versa to enhance the network’s 
throughput. 

6 Results and discussion 

In our proposed model, we have considered two identical cells: 

1 cell 1 as a source cell where a SUIoT starts its service 

2 cell 2 as a target cell where the SUIoT completes or ends its service. 

We also assumed that the non-stationary SUIoT object operates in the vacant licensed 
channel of cell 1 of LSP1 to begin its service. To explain the model, we discussed some 
attributes which affect the model to hold its place as a CRIoT network. To identify the 
spectrum for PU in scheme-1 intracell/intrapool handoff latency L1 has been identified. 
Similarly, for the scheme-2 intercell/interpool handoff latency L2 has been proposed. An 
extended neighbour cell that uses the same spectrum pool is called new destination or 
target cell. So that spectrum handoff for CRIoT object may follow the other type of 
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latencies for intracell/interpool handoff and intercell/intrapool handoff as L3 and L4, 
respectively. 

Figure 5 Classical and proposed spectrum handoff schemes in variable network condition  
(see online version for colours) 

 

In Figure 5, the spectrum handoff performance behaviour is explained. The 
demonstration is done under variable network conditions like OSB, OS, NSB and NS in 
terms of CRIoTs. In the earlier studies regarding intra-cell spectrum handoff aimed at 
general residual time distributions of spectrum holes under SU mobility, the research was 
done by the probability of intra-cell spectrum handoff due to new call-in progress at 
originating cell and post-inter-cell handoff call-in progress at the terminating cell by 
Monte Carlo iteration process. The exponential distribution for non-stationary SU call 
duration with general distribution of residual time of spectrum holes were done against 
SUs mobility μs, SUs’ departure rate μ and spectrum holes λ (Hoque et al., 2018). 
Whereas the following outputs of CRIoT in Figure 5, has been considered in variable 
network conditions. 

Figure 6 shows the relative nature of awaited number of spectrum handoffs, E(H) all 
the way through total service time of the CRIoT in variable network conditions viz. OSB, 
OS, NSB and NS having different λPU / μCRIoT. As λPU / μCRIoT increases the E(H) is also 
increases for OSB otherwise decreases after certain limit for all other variable network 
conditions. The comparison between results of E(H) shows with and without switching 
delay in terms of λ and μ, respectively. The increasing value of λ signifies that a CRIoT 
needs higher spectrum holes during its whole connectivity. Hence, E(H) of CRIoT 
increases with increasing λ as shown in figure. 
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Figure 6 Relative nature of E(H) with λPU / μCRIoT in variable network conditions (see online 
version for colours) 

 

Figure 7 Link continuation probability in variable network conditions (see online version  
for colours) 
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Figure 7 defines the link continuation probability qs1 migrates its service from one LC to 
another free LC in the same licensed spectrum pool LSP1, which defines intrapool 
spectrum handoff. In contrast, link continuation probability qs2 occurred while the LCs 
become full due to the interpool spectrum handoff. The comparison is drawn among the 
classical (OS, NS) and (OSB, NSB) as per system model of our consideration under the 
opportunistic and negotiated situations for qs. It is important for the CRIOTs to leave the 
existing channel in LSP1 once the system is in state (C1 – 1) in NSB whereas the channel 
vacant probability is much better in opportunistic situation compared to the other one. 

Figure 8 Link failure probability in variable network conditions (see online version for colours) 

 

During the spectrum handoff the continuation of link will be terminated if there is no 
available channel; therefore link failure probability qf has been presented in equation (15) 
and in Figure 8, qf is reduced for both OSB and NSB as compared with the classical 
variable network situations like OS and NS. 

The blocking probability is calculated in respect of average traffic of interrupted users 
like CRIOTs according to equation (21) and it defines all the waiting positions. The 
blocking probability Pb of a CRIoT is completely supervised by the occupancy of PU and 
other CRIoT objects in the same or the availability of channels in that particular system 
and derived in equation (22). A CRIoT is blocked due to the lack of channels and cannot 
complete its service because of the arrival of the PUs, and services are dropped during its 
transmission. Therefore, it affects the throughput which is an important metric in 
CRIoTN, and is almost related to the incomplete service of CRIoT objects. 
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Figure 9 depicts the result of Total service time of a CRIoT for spectrum handoff 
switching scheme with respect to changing arrival rate of the PU in variable network 
conditions. If the PUs’ arrival rate increases the CRIoT’s interruption during transmission 
is also increases. Therefore, a big arrival rate of PUs creates higher number of 
interruption in comparison to low arrival rate of PUs. The performance is near about 
same up to λPU = 0.025 for OS and OSB. Whereas performance begin to divert at λPU = 
0.0275 for all variable network conditions. 

Figure 9 Relative nature of PU arrival rate throughout total service time for spectrum handoff 
switching (see online version for colours) 

 

The basic requirement of CRIoTN is the co-existence of CRIoT with PU, and these 
operate clearly for the primary system. Therefore, it is essential to examine the effect of 
CRIoT dynamics on the spectrum handoff performance for varying network conditions. 
λPU / μCRIoT represents the mobility of spectrum hole in CRIoT network. Figure 10, shows 
the relative nature of total service time with the mobility of spectrum hole in CRIoT 
network, i.e., λPU / μCRIoT to perform spectrum handoff switching. In Figure 10, at λPU / 
μCRIoT = 0.075 the performance of NS and NSB is almost same whereas the performances 
for OS and OSB are deviated respectively. 

The instantaneous switching delay and the estimated switching delay are integrated as 
estimated switching cost an essential attribute while CRIoT objects move to neighbouring 
cell. During the same, awaited number of spectrum handoff is a key performance 
measuring metrics of spectrum handoff in CRIoT network. It harms the performance of 
the delay in handoff, service execution, and link continuation of CRIoTN. After 
calculating the non-execution probabilities Pne in CRN long-time performance is 
explained by equation (19). 
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Figure 10 Relative nature of total service time during mobility of spectrum hole in CRIoT 
network (see online version for colours) 

 

7 Conclusions 

IoT and CRN are both promising technologies nowadays and have excellent research 
exposure presently. IoT offers a new lifestyle by revealing several purposes. However, 
IoT needs to integrate the CRN skills to avoid the bandwidth deficit. CRIoT is still 
underdeveloped compared to other advanced wireless communication technologies, but it 
brought some attention. Researchers used to focus on cognitive radios in IoT but do not 
present motives following the paradigm’s paradigm. This paper explores some teletraffic 
attributes (to the best of our knowledge) for spectrum handoff and allocation/scheduling 
for CRIoT. Most of the research is done using a limited number of IoTs, which is not 
practical in most IoT applications. Soon, there would be a world of trillions of IoT 
objects in requisite of uninterrupted spectrum functionalities. Regular communication 
technologies would not resist this situation. Therefore, migration from ordinary IoT 
objects to CRIoT objects would be an assured solution to overcome the spectrum 
bottleneck situations. 

Acknowledgements 

I would like to express my special thanks to my supervisor Dr. Wasim Arif for his able 
guidance and support in completing this paper work. I would also like to thank AICTE 
for giving me such an opportunity to pursue the research work under QIP scheme. Last 
but not least, I would like to thank my family, my daughter and my parents for their 
continuous support to do the work. 



   

 

   

   
 

   

   

 

   

   24 A. Kundu and W. Arif    
 

    
 
 

   

   
 

   

   

 

   

       
 

References 
Agiwal, M., Roy, A. and Saxena, N. (2016) ‘Next generation 5G wireless networks: a 

comprehensive survey’, IEEE Communications Surveys & Tutorials, 3rd Quart., Vol. 18,  
No. 3, pp.1617–1655. 

Agyapong, P.K., Iwamura, M., Staehle, D., Kiess, W. and Benjebbour, A. (2014) ‘Design 
considerations for a 5G network architecture’, IEEE Communications Magazine, Vol. 52,  
No. 11, pp.65–75. 

Aijaz, A. and Aghvami, A.H. (2015) ‘Cognitive machine-to-machine communications for  
internet-of-things: a protocol stack perspective’, IEEE Internet of Things Journal, Vol. 2,  
No. 2, pp.103–112. 

Alberti, A.M., Mazzer, D., Bontempo, M.M., de Oliveira, L.H., da Rosa Righi, R. and  
Sodre Jr., A.C. (2017) ‘Cognitive radio in the context of internet of things using a novel future 
internet architecture called NovaGenesis’, Computers & Electrical Engineering, Vol. 57,  
No. 1, pp.147–161. 

Amini, M.R. and Baidas, M.W. (2020) ‘Availability-reliability-stability trade-offs in ultra-reliable 
energy-harvesting cognitive radio IoT networks’, IEEE Access, 1 May, Vol. 8,  
pp.82890–82916. 

Amini, M.R. and Baidas, M.W. (2021) ‘Performance analysis of URLL energy-harvesting 
cognitive-radio IoT networks with short packet and diversity transmissions’, IEEE Access,  
24 May, Vol. 9, pp.79293–79306. 

Ansere, J.A., Han, G., Wang, H., Choi, C. and Wu, C., (2019) ‘A reliable energy efficient dynamic 
spectrum sensing for cognitive radio IoT networks’, IEEE Internet of Things Journal, Vol. 6, 
No. 4, pp.6748–6759. 

Antao, L., Pinto, R., Reis, J. and Gonçalves, G. (2018) ‘Requirements for testing and validating the 
industrial internet of things’, in 2018 IEEE International Conference on Software Testing, 
Verification and Validation Workshops (ICSTW), April and June, pp.110–115. 

Awin, F.A., Alginahi, Y.M., Abdel-Raheem, E. and Tepe, K. (2019) ‘Technical issues on cognitive 
radio-based internet of things systems: a survey’, IEEE Access, 19 July, Vol. 7,  
pp.97887–97908. 

Bauwens, J., Jooris, B., Giannoulis, S., Jabandžić, I., Moerman, I. and De Poorter, E. (2019) 
‘Portability, compatibility and reuse of MAC protocols across different IoT radio platforms’, 
Ad Hoc Networks, 1 April, Vol. 86, pp.144–153. 

Benmammar, B. (2021) ‘Internet of things and cognitive radio: motivations and challenges’, 
International Journal of Organizational and Collective Intelligence (IJOCI), Vol. 11, No. 1, 
pp.39–52. 

Bhushan, N., Li, J., Malladi, D., Gilmore, R., Brenner, D., Damnjanovic, A., Sukhavasi, R.T., 
Patel, C. and Geirhofer, S. (2014) ‘Network densification: the dominant theme for wireless 
evolution into 5G’, IEEE Communications Magazine, Vol. 52, No. 2, pp.82–89. 

Chen, S. and Zhao, J. (2014) ‘The requirements, challenges, and technologies for 5G of terrestrial 
mobile telecommunication’, IEEE Communications Magazine, Vol. 52, No. 5, pp.36–43. 

Cisco (2015) Cisco Visual Networking Index: Global Mobile Data Traffic Forecast Update  
2014–2019, White Paper c11-520862, May [online] http://www.cisco.com/c/en/us/solutions/ 
collateral/serviceprovider/visual-networking-index-vni/mobile-white-paper-c11-520862.Html 
(accessed 12 March 2021). 

Das, A., Das, N., Barman, A.D. and Dhar, S., (2019) ‘Energy incentive for packet relay using 
cognitive radio in IoT networks’, IEEE Communications Letters, Vol. 23, No. 9,  
pp.1581–1585. 

Droste, H., Zimmermann, G., Stamatelatos, M., Lindqvist, N., Bulakci, O., Eichinger, J., 
Venkatasubramanian, V., Dotsch, U. and Tullberg, H. (2015) ‘The METIS 5G architecture: a 
summary of METIS work on 5G architectures’, in 2015 IEEE 81st Vehicular Technology 
Conference (VTC Spring), Glasgow, Scotland, May, pp.1–5. 



   

 

   

   
 

   

   

 

   

    An investigation on teletraffic attributes for channel selection of IoT objects 25    
 

    
 
 

   

   
 

   

   

 

   

       
 

DSCI (2021) 12.03.2021 at 11.37 hrs [online] https://www.dsci.in/blogs/iot-technology-in-india/ 
(accessed 12 March 2021). 

Ejaz, W., Ul Hasan, N. and Kim, H.S. (2013) ‘Distributed cooperative spectrum sensing in 
cognitive radio for ad hoc networks’, Computer Communications, Vol. 36, No. 12,  
pp.1341–1349. 

Figueiredo e Silva, P., Kaseva, V. and Lohan, E.S. (2018) ‘Wireless positioning in IoT: a look at 
current and future trends’, Sensors, Vol. 18, No. 8, p.2470. 

Gaitan, N.C., Gaitan, V.G. and Ungurean, I. (2015) ‘A survey on the internet of things software 
architecture’, Int. J. Adv. Comput. Sci. Appl. (IJACSA), 1 December, Vol. 6, pp.140–143. 

Gazis, V. (2016) ‘A survey of standards for machine-to-machine and the internet of things’, IEEE 
Communications Surveys & Tutorials, Vol. 19, No. 1, pp.482–511. 

Ghanbari, A., Laya, A., Alonso-Zarate, J. and Markendahl, J. (2017) ‘Business development in the 
internet of things: a matter of vertical cooperation’, IEEE Communications Magazine, Vol. 55, 
No. 2, pp.135–141. 

Gubbi, J., Buyya, R., Marusic, S. and Palaniswami, M. (2013) ‘Internet of things (IoT): a vision, 
architectural elements, and future directions’, Future Generation Computer Systems, Vol. 29, 
No. 7, pp.1645–1660. 

Gupta, A. and Jha, E.R.K. (2015) ‘A survey of 5G network: architecture and emerging 
technologies’, IEEE Access, 28 July, Vol. 3, pp.1206–1232. 

Han, R., Gao, Y., Wu, C. and Lu, D. (2018) ‘An effective multi- objective optimization algorithm 
for spectrum allocations in the cognitive-radio-based internet of things’, IEEE Access,  
3 January, Vol. 6, pp.12858–12867. 

https://www.meity.gov.in/sites/upload_files/dit/files/Draft-IoT-Policy%20%281%29.pdf (2021) 
(accessed 12 March 2021). 

Hoque, S. and Arif, W. (2019) ‘Performance analysis of spectrum handoff under heterogeneous 
spectrum environment in ad hoc and centralized CR networks’, Ad Hoc Networks, 1 August, 
Vol. 91, p.101877. 

Hoque, S., Arif, W. and Sen, D. (2020) ‘Assessment of spectrum handoff performance in cognitive 
radio cellular networks’, IEEE Wireless Communication Letters, Vol. 9, No. 9, pp.1403–1407. 

Hoque, S., Arif, W., Baishya, S., Singh, M. and Singh, R. (2014) ‘Analysis of spectrum handoff 
under diverse mobile traffic distribution model in cognitive radio’, in 2014 International 
Conference on Devices, Circuits and Communications (ICDCCom), Ranchi, September,  
pp.1–6. 

Hoque, S., Sen, D. and Arif, W. (2018) ‘Impact of residual time distributions of spectrum holes on 
spectrum handoff performance with finite switching delay in cognitive radio networks’,  
AEU-International Journal of Electronics and Communications (AEÜ), 5 February, Vol. 92, 
pp.21–29. 

Hortelano, D., Olivares, T., Ruiz, M.C., Garrido-Hidalgo, C. and López, V. (2017) ‘Bluetooth low 
energy, a standard for this evolution’, Sensor Networks to Internet of Things, Vol. 17, No. 2, 
p.372. 

Hu, F., Chen, B. and Zhu, K. (2018) ‘Full spectrum sharing in cognitive radio networks toward 5G: 
a survey’, IEEE Access, 5 February, Vol. 6, pp.15754–15776. 

IDC (2020) Worldwide spending on IoT, IDC [online] https://www.idc.com/getdoc.jsp?containerId 
=prUS46609320 (accessed 13 March 2021). 

Iwamura, M. (2015) ‘NGMN view on 5G architecture’, in Proc. IEEE 81st Vehicular Technology 
Conference (VTC Spring), Glasgow, Scotland, pp.1–5. 

Jee, A., Hoque, S. and Arif, W. (2020) ‘Performance analysis of secondary users under 
heterogeneous licensed spectrum environment in cognitive radio ad hoc networks’, Annals of 
Telecommunications, Vol. 75, No. 7, pp.407–419. 

 



   

 

   

   
 

   

   

 

   

   26 A. Kundu and W. Arif    
 

    
 
 

   

   
 

   

   

 

   

       
 

Kaur, A., Sharma, S. and Mishra, A. (2019) ‘Performance optimization of cognitive decision 
engine for CR-based IoTs using various parameter-less meta-heuristic techniques’, Arabian 
Journal for Science & Engineering (Springer Science & Business Media BV), Vol. 44, No. 11, 
pp.9499–9515. 

Khan, A.A., Rehmani, M.H. and Rachedi, A. (2016) ‘When cognitive radio meets the internet of 
things??’, in 2016 International Wireless Communications and Mobile Computing Conference 
(IWCMC), Paphos, Cyprus, September, pp.469–474. 

Khan, A.A., Rehmani, M.H. and Rachedi, A. (2017) ‘Cognitive-radio-based internet of things: 
applications, architectures, spectrum related functionalities, and future research directions’, 
IEEE Wireless Communications, Vol. 24, No. 3, pp.17–25. 

Kim, S. (2017) ‘Inspection game based cooperative spectrum sensing and sharing scheme for 
cognitive radio IoT system’, Computer Communications, 1 June, Vol. 105, pp.116–123. 

Kleinrock, L. (1975) Queueing Systems, John Wiley and Sons, New York. 
Kobayashi, M., Motozuka, H., Urushihara, T., Shirakata, N. and Takinami, K. (2016) ‘IEEE 

802.11ad/WiGig based millimeter-wave small cell systems with adjacent channel interference 
suppression’, in Proc. IEEE Conference on Standards for Communications and Networking 
(CSCN), October, pp.1–5. 

Kundu, A., Roy, D., Talukdar, B. and Arif, W. (2020) ‘Analysis of teletraffic parameters for 
channel selection of secondary users under heterogeneous cognitive radio network through 
virtual mode’, in 2020 Advanced Communication Technologies and Signal Processing 
(ACTS), December, pp.1–6. 

Li, T., Yuan, J. and Torlak, M. (2018) ‘Network throughput optimization for random access 
narrowband cognitive radio internet of things (NB-CR-IoT)’, IEEE Internet of Things Journal, 
Vol. 5, No. 3, pp.1436–1448. 

Liu, H.J., Wang, Z.X., Li, S.F. and Yi, M. (2008) ‘Study on the performance of spectrum mobility 
in cognitive wireless network’, in 2008 11th IEEE Singapore International Conference on 
Communication Systems, November, pp.1010–1014. 

Liu, X. and Xie, J.L. (2017) ‘Priority-based spectrum access in cognitive D2D networks for IoT’, in 
2017 IEEE International Conference on Communications (ICC), May, pp.1–6. 

Liu, X., Lam, K.H., Zhu, K., Zheng, C., Li, X., Du, Y., Liu, C. and Pong, P.W. (2019) ‘Overview 
of spintronic sensors with internet of things for smart living’, IEEE Transactions on 
Magnetics, Vol. 55, No. 11, pp.1–22. 

Matin, M.A. (Ed.) (2017) Spectrum Access and Management for Cognitive Radio Networks, 
Springer Singapore. 

Miz, V. and Hahanov, V. (2014) ‘Smart traffic light in terms of the cognitive road traffic 
management system (CTMS) based on the internet of things’, in Proceedings of IEEE  
East-West Design & Test Symposium (EWDTS 2014), September, pp.1–5. 

Moon, B. (2017) ‘Dynamic spectrum access for internet of things service in cognitive  
radio-enabled LPWANs’, Sensors, Vol. 17, No. 12, p.2818, Switzerland. 

Nallarasan, V. and Kottilingam, K., (2021) ‘Spectrum management analysis for cognitive radio 
IoT’, in 2021 International Conference on Computer Communication and Informatics 
(ICCCI), IEEE, January, pp.1–5. 

Nurelmadina, N., Hasan, M.K., Memon, I., Saeed, R.A., Zainol Ariffin, K.A., Ali, E.S.,  
Mokhtar, R.A., Islam, S., Hossain, E. and Hassan, M. (2021) ‘A systematic review on 
cognitive radio in low power wide area network for industrial IoT applications’, Sustainability, 
Vol. 13, No. 1, p.338. 

Pan, C., Zhang, X. and Yan, K. (2015) ‘Efficient spectrum handoff scheme in cognitive radio’, in 
2015 5th International Conference on Information Science and Technology (ICIST), 
Changsha, April, pp.40–45. 

Qu, L., Huang, Y., Shi, M. and Tang, C. (2012) ‘A spectrum allocation system model of internet of 
things based on cognitive radio’, in Knowledge Discovery and Data Mining, AISC, Vol. 135, 
pp.177–184, Springer, Berlin, Heidelberg. 



   

 

   

   
 

   

   

 

   

    An investigation on teletraffic attributes for channel selection of IoT objects 27    
 

    
 
 

   

   
 

   

   

 

   

       
 

Rajpoot, V. and Tripathi, V.S. (2018) ‘A novel sensing and primary user protection algorithm for 
cognitive radio network using IoT’, Physical Communication, 1 August, Vol. 29, pp.268–275. 

Rathee, G., Jaglan, N., Garg, S., Choi, B.J. and Choo, K.K.R. (2020) ‘A secure spectrum handoff 
mechanism in cognitive radio networks’, IEEE Transactions on Cognitive Communications 
and Networking, Vol. 6, No. 3, pp.959–969. 

Salameh, H.A.B., Al-Masri, S., Benkhelifa, E. and Lloret, J. (2019) ‘Spectrum assignment in 
hardware-constrained cognitive radio IoT networks under varying channel-quality conditions’, 
IEEE Access, 15 March, Vol. 7, pp.42816–42825. 

Sardar, A.A., Roy, D., Mondal, W.U. and Das, G. (2021) Queuing Analysis of Opportunistic 
Cognitive Radio IoT Network with Imperfect Sensing, arXiv preprint arXiv:2103.08875. 

Shah, M.A., Zhang, S. and Maple, C. (2013) ‘Cognitive radio networks for internet of things: 
applications, challenges and future’, in 2013 19th International Conference on Automation 
and Computing, Brunel University, London, UK, September, pp.1–6. 

Shahini, A., Kiani, A. and Ansari, N. (2018) ‘Energy efficient resource allocation in EH-enabled 
CR networks for IoT’, IEEE Internet of Things Journal, Vol. 6, No. 2, pp.3186–3193. 

Shigueta, R.F., Fonseca, M., Viana, A.C., Ziviani, A. and Munaretto, A. (2014) ‘A strategy for 
opportunistic cognitive channel allocation in wireless internet of things’, in 2014 IFIP 
Wireless Days (WD), November, pp.1–3. 

Singh, D.G., Nguyen, H.H. and Tuan, H.D. (2020) Wireless Information and Power Transfer for 
IoT Applications in Overlay Cognitive Radio Networks, arXiv e-prints, pp.arXiv-2004. 

Spectrum Policy Task Force Report (2002) document ET Docket 02-155, FCC, April. 
Tair, A.A., El Astal, M.T., Shaat, M. and El-Nahal, F. (2019) ‘On developing seamless spectrum 

handoff strategy for cognitive radio networks’, in 2019 IEEE 7th Palestinian International 
Conference on Electrical and Computer Engineering (PICECE), Gaza, Palestine, March, 
pp.1–6. 

Tarek, D., Benslimane, A., Darwish, M. and Kotb, A.M. (2020a) ‘A new strategy for packets 
scheduling in cognitive radio internet of things’, Computer Networks, 4 September, Vol. 178, 
p.107292. 

Tarek, D., Benslimane, A., Darwish, M. and Kotb, A.M. (2020b) ‘Survey on spectrum 
sharing/allocation for cognitive radio networks internet of things’, Egyptian Informatics 
Journal, 9 March, pp.231–239. 

TechSagar (2020) [online] http://www.techsagar.in (accessed 13 March 2021). 
Tervonen, J., Mikhaylov, K., Pieskä, S., Jämsä, J. and Heikkilä, M. (2014) ‘Cognitive  

internet-of-things solutions enabled by wireless sensor and actuator networks’, in 2014 5th 
IEEE Conference on Cognitive Infocommunications (CogInfoCom), November, pp.97–102. 

Tragos, E.Z. and Angelakis, V. (2013) ‘Cognitive radio inspired M2M communications’, in 2013 
16th International Symposium on Wireless Personal Multimedia Communications (WPMC), 
pp.1–5. 

Tran, M.P., Minh, T.P.T., Lee, H.M. and Kim, D.S. (2015) ‘Effective spectrum handoff for 
cognitive UWB industrial networks’, in 2015 IEEE 20th Conference on Emerging 
Technologies & Factory Automation (ETFA), Luxembourg, September, pp.1–4. 

Van De Beek, J., Riihijarvi, J., Achtzehn, A. and Mahonen, P. (2011) ‘TV white space in Europe’, 
IEEE Transactions on Mobile Computing, Vol. 11, No. 2, pp.178–188. 

Wang, B. and Liu, K.R. (2010) ‘Advances in cognitive radio networks: a survey’, IEEE Journal of 
Selected Topics in Signal Processing, Vol. 5, No. 1, pp.5–23. 

Wang, T., Jiang, C. and Ren, Y. (2016) ‘Access points selection in super WiFi network powered by 
solar energy harvesting’, in Proc. in 2016 IEEE Wireless Communications and Networking 
Conference, April, pp.1–5. 

Wu, Y. (2018) ‘Localization algorithm of energy efficient radio spectrum sensing in cognitive 
internet of things radio networks’, Cognitive Systems Research, 1 December, Vol. 52,  
pp.21–26. 



   

 

   

   
 

   

   

 

   

   28 A. Kundu and W. Arif    
 

    
 
 

   

   
 

   

   

 

   

       
 

Yao, Y., Ngoga, S.R., Erman, D. and Popescu, A. (2012) ‘Performance of cognitive radio spectrum 
access with intra-and inter-handoff’, in 2012 IEEE International Conference on 
Communications (ICC), June, pp.1539–1544. 

Yawada, P.S. and Dong, M.T. (2019) ‘Intelligent process of spectrum handoff/mobility in cognitive 
radio networks’, Journal of Electrical and Computer Engineering, No. 3, pp.1–12. 

Yawada, S., Kiki, M.J.M. and Dong, M.T. (2019) ‘Spectrum handoff mechanism in the framework 
of mobility management in cognitive radio networks’, International Journal of Technology 
Diffusion (IJTD), Vol. 10, No. 4, pp.19–35. 

Yong, S.K. and Chong, C.C. (2007) ‘An overview of multi gigabit wireless through millimetre 
wave technology: potentials and technical challenges’, EURASIP J. Wireless Communication 
Networks, January, Vol. 1, p.078907. 

Yu, H. and Zikria, Y.B. (2020) ‘Cognitive radio networks for internet of things and wireless sensor 
networks’, Vol. 20, No. 18, p.5288. 

Zhang, B. and Chen, K. (2012) ‘Selective spectrum leasing in internet of things via Nash 
bargaining solutions’, Proc. – 2012 In 2012 IEEE 2nd International Conference on Cloud 
Computing and Intelligence Systems, October, Vol. 2, pp.841–845. 

Zhang, M., Zhao, H., Zheng, R., Wu, Q. and Wei, W. (2012) ‘Cognitive internet of things: concepts 
and application example’, International Journal of Computer Science Issues (IJCSI), Vol. 9, 
No. 6, pp.151–158. 

Zhou, Z., Guo, D. and Honig, M.L. (2017) ‘Licensed and unlicensed spectrum allocation in 
heterogeneous networks’, IEEE Transactions on Communications, Vol. 65, No. 4,  
pp.1815–1827. 

Zhu, J., Song, Y., Jiang, D. and Song, H. (2017) ‘A new deep-Q-learning-based transmission 
scheduling mechanism for the cognitive internet of things’, IEEE Internet of Things Journal, 
Vol. 5, No. 4, pp.2375–2385. 

Websites 
https://www.meity.gov.in/sites/upload_files/dit/files/Draft-IoT-Policy%20%281%29.pdf (2021) 

dated 12.03.2021 at 12.20 hrs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



   

 

   

   
 

   

   

 

   

    An investigation on teletraffic attributes for channel selection of IoT objects 29    
 

    
 
 

   

   
 

   

   

 

   

       
 

Appendix 

Abbreviation Definition 
CRIoT Cognitive radio internet of things 
1G First generation 
5G Fifth generation 
IoT Internet of things 
CR Cognitive radio 
CRN Cognitive radio network 
DSA Dynamic spectrum access 
FSA Fixed spectrum allocation 
IDC International data corporation 
CAGR Compound annual growth rate 
M2M Machine to machine 
D2D Device to device 
RFID Radio frequency identification 
HAN House area network 
FAN Family access network 
WAN Wide area network 
ITU International telecommunication union 
IEEE Institute of Electrical and Electronics Engineers 
FCC Federal communications commission 
FDMA Frequency division multiple access 
TDMA Time division multiple access 
CDMA Code division multiple access 
MIMO Multiple input multiple output 
QoS Quality of service 
PU Primary user 
SU Secondary user 
SUIoT Secondary user internet of things 
HetSE Heterogeneous spectrum environment 
UHF Ultra high frequency 
WRC World Radio communication Conference 
WRAN Wireless regional access network 
OTG On the go 
INTRACC Intra-cognitive communication 
INTERCC inter-cognitive communication 
CIoT Cognitive internet of things 
LC Licensed channel 
LSP Licensed spectrum pool 
OSB Opportunistic situation with backup channels 
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Appendix (continued) 

Abbreviation Definition 
NSB Negotiated situation with backup channels 
OS Opportunistic situation 
NS Negotiated situation 
BA Base area 
BS Base station 
RF Radio frequency 
PBS Primary base station 
WCS Wireless communication services 
ICT Information and communication technology 
FIA Future Internet architecture 
SSS Spectrum sensing service 
RMS Resource management service 
RUBS Relative utilitarian bargaining solution 
TCBCSS Trustful cluster-based cooperative compressed spectrum sensing 
PURx Passive primary receiver 
EE Energy efficiency 
CDE Cognitive decision engine 
MFO Moth–flame optimisation 
DSS Dynamic spectrum sensing 
ISM Industrial, Scientific and Medical 
PSO Particle swarm optimisation 
DPPSO Discrete permutation particle swarm optimisation 
SDP-PSO Scheduling based-on DP-PSO 
UR-EH-CRIoT Ultra-reliable energy-harvesting CRIoT 
CCRN Cooperative cognitive radio network 
SWIPT Simultaneous wireless information and power transfer 
DF Decode-and-forward 
LPWAN Low power wide area network 
IIoT Industrial internet of things 
URLL Ultra-reliability and low-latency 
EH Energy-harvesting 
MPT Microwave power transfer 
DTMC Discrete time Markov chain 

 


