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1  |   INTRODUCTION

Due to technological advances in wireless sensors since 
1978, wireless systems have been widely used for data trans-
mission purposes—particularly in terrestrial sensors that 
monitor environmental conditions. There are many reasons 
for using terrestrial wireless systems, with the most import-
ant being low cost, low power consumption, good data pro-
cessing and wireless communication capacities, a limited 
number of equipment usage requirements, and the small size 
of the sensors [1]. These features give terrestrial sensors an 
important role in the fields of wireless communication, ob-
servation, and data transfer. Because wired systems have to 

contend with problems such as cable breaks, high cable costs, 
and high-power consumption, wireless sensors are generally 
preferred for academic and commercial purposes.

The cognitive radio network is widely utilized in the field 
of wireless communication, due to its dynamic access capa-
bility. With the help of this characteristic, idle spectrum can 
be fully exploited, using cognitive radio technology, and the 
throughput performance of any network can be maximized.

In a cognitive radio network, there are licensed users, un-
licensed users, and base stations. Licensed users have a li-
cense for their spectrum, while unlicensed users do not have 
any license for spectrum, and exploit unused portions of the 
licensed spectrum opportunistically, during idle time slots. 
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Licensed base stations organize communication between 
licensed users, while cognitive radio base stations achieve 
coordination between unlicensed users, by assigning idle li-
censed spectrum time slots.

In terrestrial or rural areas, wireless spectrum is not 
highly exploited by licensed users [2], and for efficient 
spectrum usage, unlicensed users may fully exploit unused 
spectrum portions. An unlicensed user may be any cogni-
tive radio capacity-based user, such as a wireless sensor 
node, smartphone, laptop, or computer. Exploitation of un-
used spectrum by cognitive radio, capacity-based wireless 
sensor nodes is a very important aspect of maximizing the 
throughput performance of any wireless cognitive radio 
sensor network.

In this work, a priority-based data communication ap-
proach for wireless terrestrial sensor networks has been pro-
posed. In this approach, cognitive radio technology is utilized 
for sensor nodes, and licensed users employ a nonpersistent, 
slotted carrier sense multiple access (CSMA) technique, 
while unlicensed sensor nodes use a nonpersistent CSMA 
technique. A simulation model of the proposed network has 
been presented in this study. To analyze the performance of 
the proposed network, delay, energy, and throughput param-
eters are investigated.

In Section 2, the literature has been reviewed and the 
main contributions of this study have been presented. In 
Section 3, the analytical model of the proposed approach 
has been introduced, while in Section 4, the simulation 
model of the proposed approach has been presented, in-
cluding simulation parameters and a process flow diagram. 
In Section 5, performance of the proposed approach has 
been evaluated, using graphical demonstrations of the re-
sults, and conclusions drawn from this study have been 
listed in Section 6.

2  |   RELATED WORK

Many wireless terrestrial sensor network studies have 
been described in the literature, with more recent work fo-
cusing on dynamic spectrum sharing and cognitive radio 
technology.

Bekhti and others investigated the path planning of au-
tonomous unmanned aerial vehicles with tracking capabili-
ties provided by terrestrial wireless networks [3]. Shaat and 
Perez-Neira studied the problem of the cross-layer design 
of the link scheduling and flow control in a hybrid terres-
trial-satellite wireless backhauling network [4]. Baranda 
and others presented the ns-3 framework for modeling hy-
brid terrestrial-satellite mesh backhaul networks that carry 
LTE traffic, and a comparison of the different backpres-
sure-based approaches against generic shortest-path rout-
ing, in a low-density suburban scenario for LTE networks 

[5]. Lin and others proposed a beamforming scheme to en-
hance wireless information and power transfer in terrestrial 
cellular networks coexisting with satellite networks [6], 
while Ahmad and others presented an advanced first-order 
energy consumption model for terrestrial wireless sensor 
networks [7].

Ghaleb and others proposed and developed a discrete 
event simulation, designed specifically for mobile data gath-
ering in wireless sensor networks [8]. Garcia-Lesta and others 
introduced a wireless sensor network to detect the presence of 
snails in fields [9]: they also designed their own wireless sen-
sor network simulator, to account for real-life conditions—of 
uneven spacing of motes in the field, or of different currents 
generated by solar cells at the motes. Shah and Akan for-
mulated the approximate bandwidth available to secondary 
users for a given set of traffic channels operated under an 
exclusively available common control channel, taking dy-
namic spectrum access into account [10]. Mesodiakaki and 
others proposed a novel contention-aware, channel selection 
algorithm that focused on throughput and energy efficiency 
improvement, in cognitive radio ad hoc networks [11]. Hu 
and others considered medium access control protocols as 
radio parameters in the cognitive cycle, and proposed a new 
approach—called medium access control protocol identifica-
tion—to implement smart cognitive medium access control 
[12].

Zhao and others tackled the problem of interference es-
timation in a channel, in a scenario with one primary user 
and multiple secondary users [13]. Mesodiakaki and oth-
ers evaluated a novel, contention-aware channel selection 
algorithm that focused on energy efficiency improvement 
in a secondary network, in a scenario where other, non-co-
operating secondary networks were also using the primary 
resources [14]. Mesodiakaki and others evaluated the per-
formance of a secondary network coexistence scheme, in 
terms of fairness, and showed that, in comparison to other 
state-of-the-art approaches, it could achieve throughput and 
energy efficiency gains, while maintaining fairness among 
the coexisting secondary networks [15]. Bhattacharjee and 
others analyzed the delay performance of distributed and 
centralized cooperative sensing approaches, to identify 
which was suitable for sensing inter-packet white space 
[16]. Saad and others proposed a centralized cognitive me-
dium access method that used prediction of white spaces to 
avoid collisions, as well as to improve use of transmission 
opportunities [17].

Zhuo and others proposed a distributed protocol of light 
complexity for congestion regulation in cognitive indus-
trial wireless sensor networks—to improve channel utili-
zation while achieving predetermined performance levels 
for specific devices, called primary devices [18]. Morcel 
and others proposed a new algorithm that added proac-
tive behavior for channel allocation at the medium access 
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control layer [19]. Rastegardoost and Jabbari proposed an 
asymptotically optimal, fast-converging channel selection 
algorithm—referred to as a modified-myopic strategy—for 
a single-user scenario, based on the results of multiarmed 
bandits [20]. Saad and others presented a single channel, 
cognitive, medium access control protocol, for wireless 
industrial communication in highly dynamic, shared envi-
ronments [21]. Chen and others considered medium access 
control protocol design for random access cognitive radio 
networks [22].

Liu and others considered channel statistics-based 
secondary transmission strategy design problems in 
CSMA-based primary networks [23]. Mesodiakaki and 
others proposed a novel, contention-aware channel se-
lection algorithm, where the secondary network under 
study firstly detected the licensed channels with no pri-
mary user activity—by exploiting cooperative spectrum 
sensing, secondly estimated the probability of collision 
in each one, and then, thirdly, selected the less contended 
channel for access [24]. Cammarano and others presented 
a distributed, integrated medium access control, schedul-
ing, routing and congestion/rate control protocol stack, 
for cognitive radio, ad hoc networks that dynamically ex-
ploited available spectrum resources left unused by pri-
mary licensed users, maximizing the throughput of a set 
of multi-hop flows between peer nodes [25]. Kawamoto 
and others focused on data collection for location-based 
authentication systems, as an application of the indus-
trial Internet of things (IoT) [26]. Chiti and others dealt 
with a cognitive overlay, IEEE 802.15.4e wireless sensor 
network, relying on a low-complexity, spectrum-sensing 
technique [27].

Majumdar and others proposed a multiple input-, mul-
tiple output-based, cognitive radio sensor network archi-
tecture for futuristic technologies, such as the IoT and 
machine-to-machine communications [28]. Raza and oth-
ers presented a detailed discussion on design objectives, 
challenges, and solutions, for industrial wireless sensor 
networks [29].

Main contributions of this work are as follows:

1.	 Priority classes, that is, priority-1, priority-2, and pri-
ority-3, have been taken into account;

2.	 Energy consumption and average delay have been re-
duced, with the help of a nonpersistent CSMA technique;

3.	 Throughput has been increased, with the help of the cog-
nitive radio capability of wireless sensor nodes;

4.	 Nonpersistent CSMA protocol, which is also a sensing-
based technique, has been used in sleep-awake mode, to 
decrease energy consumption;

5.	 Simulation results obtained from Riverbed software have 
been validated, using analytical results acquired from 
MATLAB software;

6.	 The cognitive approach has been designed and simu-
lated in Riverbed software, for priority-based purposes in 
terrestrial wireless sensor (TWS) networks, for the first 
time in the literature.

3  |   ANALYTICAL MODEL OF THE 
PROPOSED APPROACH

In this study, the wireless sensor network environment for 
terrestrial sensor nodes which are not able to be re-energized 
due to their subtle locations was investigated. The TWS nodes 
transmitted their data to the collector station that was near-
est to them, and if they could not transfer data directly to the 
collector station, they transmitted their data via other sensor 
nodes to the collector station, in an ad hoc manner. Licensed 
users in the network utilized a nonpersistent, slotted CSMA, 
medium access technique, while unlicensed sensor nodes used 
a nonpersistent CSMA technique, to avoid packet collisions. 
Unlicensed sensor nodes always sensed the spectrum to find 
licensed user slots that were idle. Non-preemptive priority 
classes—that is, prio-1, prio-2, and prio-3—were taken into 
consideration, to accelerate the transmission duration of a 
sensed data packet, based on its urgency. By providing contin-
uous data transmission without any collisions in the network 
environment, energy consumption was minimized, and net-
work throughput performance was maximized, by constantly 
using full spectrum capacity. By using all licensed user idle 
time slots, and maintaining unlicensed users in sleep-awake 
mode, the average network delay was optimized, to 0.25 ms, 
which is acceptable for the terrestrial sensor network [30].

In cognitive radio networks, idle spectrum is discovered 
with the help of spectrum-sensing techniques, of which the 
energy detection technique is one of the most used, due to 
its simple structure—and the fact that it does not need any 
prior spectrum information [31]. In the energy detection 
technique, energy in the definite spectrum is observed, and is 
compared with a predefined threshold: if the energy level is 
above the predefined threshold, it is concluded that the spec-
trum is used by a licensed user, and otherwise, it is not. For 
energy detection-based spectrum-sensing processes, A0 and 
A1 represent absence and presence of a licensed user in the 
spectrum, respectively:

In (1), RS[x] is a signal received by an unlicensed base 
station, N[x] is environmental noise, TS[x] is the transmitted 
signal, x is the sample index, and X is the total number of 
samples. In (2), the decision statistic, DS, is obtained, using 
the predefined threshold, PT:

(1)RS [x]=

{
N [x] , A0,

TS [x]+N [x] , A1, x=1,2,… , X.



      |  39BAYRAKDAR

In terms of finding spectrum holes, there are two import-
ant parameters in cognitive radio networks—the probability 
of false alarm, PFA, and the probability of detection, PD [32]. 
PD is defined as detecting a licensed user communication on 
the spectrum correctly, while PFA is described as detecting 
a licensed user communication on the spectrum incorrectly, 
when there is no licensed user communication on the spec-
trum. PD and PFA are defined in (3), where P() is the prob-
ability function:

and

The probability of detecting licensed user communication 
in the spectrum correctly and incorrectly has been defined 
in (4):

1-persistent CSMA was mainly proposed for improving 
the CSMA performance, by decreasing the extent of idle time 
periods [19], although for high network loads, nonpersistent 
CSMA outperforms 1-persistent CSMA [23]. As different 
sensed data packets mean a very high load for the network en-
vironment, the nonpersistent CSMA technique was employed 
in this study. Licensed sensor nodes use nonpersistent, slotted 
CSMA, as unlicensed sensor nodes detect and exploit idle 
time slots—and do so at the beginning of each time slot. In 
contrast, owing to periodical time slot sensing of unlicensed 
nodes, licensed nodes use nonpersistent, slotted CSMA. 
Unlicensed nodes utilize the nonpersistent CSMA technique 
because they do not need any slotted structure.

The normalized propagation time, a, of nonpersistent 
CSMA is calculated as shown in (5):

where τ is an unsuccessful transmission period and T is a suc-
cessful transmission period. The offered load is expressed as 
the total number of packets that the transmission process initi-
ated at a specific time. For calculating the exact load, G, offered 
load, λ, was multiplied with a successful transmission period, 
as in (6):

The probability of successful packet transmission, Psuc, 
was defined as shown in (7):

Expected useful time, U, has been calculated as shown in 
(8), by using (6) and (7):

Derived from (8), the expected useful time is written as 
in (9):

Throughput performance has been defined in this study 
as the total number of packets successfully transmitted over a 
given time. Throughput of nonpersistent CSMA, S, was cal-
culated as shown in (10):

After editing variables, nonpersistent CSMA throughput 
was found as shown in (11) below:

The throughput for unlicensed sensor nodes was calcu-
lated using the idle time slots of licensed users, as in (12). 
The probability of time slots being idle, Pidle, occurred 
only when the absence of a licensed user was correctly 
identified:

By re-defining Pidle as P(A0|A0), throughput was acquired, 
as shown in (13):

To calculate an effective throughput, time slot utiliza-
tion, Uts, was defined as the ratio of a successful transmis-
sion period over the total time period, as shown in (14) 
below:

Using time slot utilization, effective throughput—the Seff of 
unlicensed sensor nodes—could be expressed as shown in (15):

(2)DS=

X∑

x=0

|RS [x]|2
A1
>

<

A0

PT.

PD=P
(
DS≥PT|A1

)

(3)PFA=P
(
DS≥PT|A0

)
.

(4)P
(
A0|A0

)
→detecting absence of licensed user as absent,

P
(
A1|A0

)
→misdetecting absence of licensed user as existent.

(5)a= �∕T ,

(6)G=�∗T .

(7)Psuc = e
− (�∗�).

(8)U=T ∗Psuc.

(9)U=T∗e
−(�∗�).

(10)S=
G∗ e

−(a∗G)

G∗ (1+2∗a)+
(
e−(a∗G)

) .

(11)S=
�∗T∗e

−(�∗�)

�∗ (T +2∗�)+
(
e−(�∗�)

) .

(12)S=Pidle∗
�∗T∗e

−(�∗�)

�∗ (T +2∗�)+
(
e−(�∗�)

) .

(13)S=P
(
A

0
|A

0

)
∗

�∗T∗e
−(�∗�)

�∗ (T +2∗�)+
(
e−(�∗�)

) .

(14)Uts =T∕ (T +�) .
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Describing Uts in (15), (16) was obtained—as the through-
put of unlicensed sensor nodes:

Throughput of nonpersistent, slotted CSMA, Sslot, was 
then calculated, using (17):

After editing variables, throughput for nonpersistent, slot-
ted CSMA for licensed users was found by using (18):

For unlicensed sensor nodes, an average delay, Du, was 
expressed as in (19):

where Dprio is the delay coefficient according to priority 
class, Ts is spectrum-sensing time, Nc is the number of a 
collision, Tbo is an average back-off time period, Tcw is 
collision waiting time period, and Tcb is a collision-busy 
time period. The delay coefficient, Dprio, was 1, 2, and 
3, for prio-1, prio-2, and prio-3 classes, respectively. 
Because there was no spectrum-sensing stage for licensed 
users, the equation for average delay, Dl, was as shown in 
(20) below:

Because energy is restricted for unlicensed sensor nodes 
in wireless sensor networks, minimizing energy consumption 
by removing negative factors in the environment—such as 
noise, reflection, and collision—was crucial. Average energy 
consumption for unlicensed sensor nodes, Ecu, was expressed 
as shown in (21):

where Ess is the energy consumption for spectrum sensing 
(sensing licensed spectrum), Ecs is the energy consumption for 
channel sensing, Ect is the energy consumption for data trans-
mission, Ecp is the energy consumption for propagation delay, 
and Eack is the energy consumption for an acknowledgment 

packet. Because there was no spectrum-sensing stage for li-
censed users, the energy consumption equation could be ex-
pressed as in (22):

where Ecl is the average energy consumption for licensed users.

4  |   SIMULATION MODEL OF THE 
PROPOSED APPROACH
The terrestrial wireless network environment has been de-
picted in Figure 1, showing that, in this environment, unli-
censed sensor nodes, licensed users, a licensed based station, 
an unlicensed base station, and a collector station exist to-
gether. The licensed base station coordinates the licensed 
user spectrum, while an unlicensed base station finds idle 
spectrum, using a spectrum-sensing capability, and manages 
data transmission coordination among unlicensed sensor 
nodes. It is the duty of unlicensed sensor nodes to collect 
data from the surrounding environment.

Sensed data delivery time varies according to priority 
class, where prio-1 reaches the destination first and prio-3 
reaches the destination last—that is, the priority of the sensed 
data changes according to its urgency. For example, prio-1 
class consists of data related to a security event, disaster 
event, and so on, prio-2 class consists of data related to a 
monitoring event, surveillance event, and so on, while prio-3 
class consists of data related to pollution control, weather 
conditions, and so on.

Using wireless communication technology in rural areas, 
cattle health may be observed using wireless sensors to 
monitor blood pressure, temperature, and so on. Cattle lo-
cation may be controlled using wireless sensors for distance, 
position, and so on, while vegetation (cattle feed) and soil 
conditions may be monitored using wireless sensors for tem-
perature, humidity, and other variables. In this instance, in-
formation from sensors monitoring cattle health is the first 
priority, information on cattle location is second priority, and 
information from sensors reporting vegetation soil conditions 
is the third priority.

(15)Seff =Uts∗P
(
A0|A0

)
∗

�∗T∗e
−(�∗�)

�∗ (T +2∗�)+
(
e−(�∗�)

) .

(16)Seff =
(

T

T +�

)
∗P

(
A0|A0

)
∗

�∗T∗e
−(�∗�)

�∗ (T +2∗�)+
(
e−(�∗�)

) .

(17)Sslot =

(
a∗G∗e

−(a∗G)
)

(1+a)−
(
e−(a∗G)

) .

(18)Sslot =
�∗T∗�∗e

−(�∗�)

(T +�)−
(
T∗e−(�∗�)

) .

(19)Du =Dprio∗
{

Ts+
[
Nc∗

(
Tbo+Tcw+Tcb

)]
+
(
Tbo+T

)}
,

(20)Dl =Nc∗
(
Tbo+Tcw+Tcb

)
+
(
Tbo+T

)
.

(21)Ecu =Ess

(
Ecs+Ect

)
+
(
Ecp+Eack

)
,

(22)Ecl =Ecs+
(
Ect+Ecp+Eack

)
,

F I G U R E  1   Terrestrial wireless sensor network environment
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Unlicensed sensor nodes that are far from the collector 
station transmit their sensed data to the collector station 
via other nodes, in an ad hoc manner. The collector station 
collects all the sensed data coming from unlicensed sensor 
nodes, with the unlicensed sensor nodes consuming as little 
energy as possible by waiting in sleep mode when idle.

In Table 1, simulation parameters and values for the 
terrestrial wireless network environment are given. In 
the scenario tested here, the number of unlicensed sensor 
nodes was 81, the number of licensed users was 23, and 
the binary phase shift keying (BPSK) modulation scheme 
was chosen. Sensing time for the spectrum-sensing pro-
cess was 100 µs, while sensing time for the nonpersistent 
CSMA technique was 128 µs. The slot duration of the non-
persistent, slotted CSMA technique was 100  ms and data 
packet size was 58 bytes, while the acknowledgment packet 
size was 4 bytes. The data rate was 1000 kbps, while fre-
quency was 3500  MHz, for both licensed and unlicensed 
nodes [20]. Licensed nodes were given permission to use 
spectrum primarily without interruption, while unlicensed 
nodes sensed the spectrum and tried to find idle frequency 
bands, using cognitive radio capabilities [24]. Unlicensed 
nodes exploited the idle spectrum without causing any 
harmful interference to licensed nodes [27], and with the 
help of cognitive radio technology, use of license bands did 
not generate any conflict [24].

In Figure 2, the flow diagram for data transmission in the 
proposed, priority-based, unlicensed sensor node has been 
depicted. Initially, following determination of the sensed data 
priority class, the data packet is pushed into the queue, ac-
cording to priority. Then, prio-1, prio-2, and prio-3 data pack-
ets start their sequential communication—that is, prio-2 data 
packets start their communication after all prio-1 data pack-
ets, and prio-3 data packets start their communication after 
all prio-2 data packets. The spectrum engaged by licensed 

users is sensed, and if there is idle licensed user spectrum, 
random Inter Frame Space (IFS) is identified.

If the status of the channel is idle, the data packet is trans-
mitted, and if an acknowledgement (ACK) is received, the 
process of the next packet starts. If the ACK is not received 
after a defined time, the spectrum of licensed users is sensed, 
with the aim of re-transmitting the data packet. If the status of 
the channel is not idle, random back-off is applied, while for 
a busy channel, random IFS is applied. If the channel is idle, 
back-off is decreased, and if not, random IFS is applied to the 
busy channel. After decreasing back-off, a check is applied, 
to see if the back-off has finished, and if not, random IFS is 
applied to a busy channel. If the back-off is finished, the spec-
trum of licensed users is again surveyed, to make sure that the 
licensed user does not use this spectrum element. When all 
packets in the queue have been transmitted, the flow diagram 
shows that the process recycles, looking at the priority class 
of the next sensed data packet, in a continuing process.

In Figure 3, priority-based queue organization and the packet 
structure for unlicensed sensor nodes have been shown. In queue 
organization, prio-1, prio-2, and prio-3 packets are queued in 
sequence. New packet arrivals are queued in compliance with 
the first come first serve algorithm. In a packet structure, source 
information occupies 2 bytes, destination information takes up 
2 bytes, priority information requires 2 bytes, data occupies 50 
bytes, and error detection requires 2 bytes. For error detection, a 
cyclic redundancy check is utilized, owing to its simplicity, with 
the aim of re-transmitting packets that include an error.

Riverbed Modeler simulation software offers numerous 
tools, such as those required for simulation, design, and data 

T A B L E  1   Simulation parameters and values

Parameter Value

Data rate 1000 kbps

Modulation scheme BPSK

Number of unlicensed sensor nodes 81

Number of licensed users 23

Transmit power 20 mw

Data packet size 58 byte

Acknowledgement packet size 4 byte

Size of contention window 10

Back-off period 320 µs

Sensing time (Spectrum sensing) 100 µs

Sensing time (CSMA) 128 µs

Slot duration 100 ms

Frequency 3500 MHz

F I G U R E  2   Data transmission flow diagram for proposed, 
priority-based unlicensed sensor nodes

Queueing according to priority

Sensed data packet

Getting the priority class

Sensing the 
licensed 
spectrum

Yes

No

Is there a prio-1 
packet?

Is there a prio-2 
packet?

Is there a prio-3 
packet?

Yes

No

Yes

All packets are 
transmitted.

No

Is there an idle 
spectrum of 

licensed users?No

Waiting 
random IFS

Is the 
channel 

idle?

Waiting random 
back-off

No

Waiting random IFS 
after busy channel

Is the 
channel 

idle?

Decreasing back-off

Yes

Is the back-
off finished?

Yes

No

Yes No

Transmitting 
data packet

Is the ACK 
received?

Yes

Processing 
next packet

No

Yes



42  |      BAYRAKDAR

collection [33]; the software also provides an extensive devel-
opment environment, covering wireless sensor network and 
distributed network system modeling. In this software, perfor-
mance assessment of a simulation model is conducted using 
discrete event simulations. The software also presents a graph-
ical user interface, with the aim of both configuring simula-
tion models and developing wireless sensor network scenarios. 
Configuration of the wireless sensor network is performed in 
network, node, and process stages. In the network stage, the 
topology of the sensor network is organized, while the node 
stage defines the behavior of the node and monitors packet 
flow in the diverse parts of the node. The process stage is char-
acterized by state machines, which are used for states, and for 
transitions between states. Riverbed Modeler simulation soft-
ware source code is written in proto-C programming language.

Node and process models of an unlicensed sensor node, 
created with Riverbed Modeler, are shown in Figure 4. As 
the software is event-driven, after all variables have been 
defined, the first values are assigned to the initial state; the 
process then passes into the idle state, to wait for an inter-
rupt, indicating the onset of a new event. In the priority 
state, the priority of the sensed data packet is determined 
before it is pushed into the queue according to priority, 
while in the sensing state, the cognitive radio sensing 
mechanism is employed to find idle time slots among li-
censed users. In the queue state, after an idle time slot has 
been identified, the source and destination information of 
the unlicensed sensor nodes are added to the sensed data 
packets coming from the upper stages. The data packets 
with complete information are then pushed into the queue, 
according to priority, after which the process passes into 
the transmit state, at the beginning of each time slot, to 
transmit the data packets existing in the queue.

4.1  |  Performance evaluation

The parameters’ average throughputs, average delays, and 
average energy consumption were investigated to evalu-
ate the performance of the TWS network. Simulation re-
sults were obtained from the Riverbed software [33], and 

analytical results were acquired from MATLAB software 
[34]. In the figures presented in this section, dotted lines 
represent analytical results, while the circles, triangles, and 
squares on the dotted lines represent simulation results.

In Figure 5, analytical and simulation results for average 
throughput performance attained by several medium access 
techniques are shown—and it can be seen that CSMA gave 
the best throughput performance.

Analytical and simulation results for average throughput 
by the proposed TWS network have been presented in Figure 

F I G U R E  3   Unlicensed sensor node priority-based queue 
organization and packet structure
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6, and it can be seen that, overall, the network achieved high 
throughput performance, helped by unlicensed sensor nodes 
fully utilizing the idle licensed user spectrum.

Analytical and simulation results for overall spectrum uti-
lization are shown in Figure 7, where utilization is described 
as a percentage.

Analytical and simulation results for spectrum utilization based 
on priority class have been presented in Figure 8. After some time 
in the simulation scenario, the average spectrum utilization by all 
of the priority classes converged—due to the number of higher pri-
ority class packets decreasing through simulation time.

In Figure 9, analytical and simulation results for average 
packet delay across the proposed TWS network have been 
presented. Here it can be seen that the unlicensed terrestrial 
sensor network was exposed to a higher average delay than 

the licensed network, due to sensing issues related to oppor-
tunistic spectrum access.

Analytical and simulation results for the average packet 
delay—based on priority classes—have been shown in Figure 
10, and it can be seen that prio-3 was exposed to a greater 
packet delay than prio-1 and prio-2, as the higher priority 
packets waited in the queue for a shorter time than the lower 
priority packets.

Analytical and simulation results for average energy con-
sumption by the proposed sensor network are shown in Figure 
11. The unlicensed TWS network consumed more energy 
than the licensed network, due to sensing issues. However, 
overall energy consumption was at a level that was considered 
to be acceptable for any kind of wireless sensor network [35].

In Figure 12, analytical and simulation results for the aver-
age packet loss ratio in the proposed sensor network have been 

F I G U R E  6   Average throughput for proposed terrestrial wireless 
sensor network
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F I G U R E  7   Overall spectrum use
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F I G U R E  8   Spectrum utilization according to priority class
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F I G U R E  9   Proposed wireless terrestrial sensor network average 
packet delay
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presented. Here it can be seen that licensed users were exposed 
to lower packet loss ratios, due to the miss detection probability 
of unlicensed sensor nodes. Average packet loss ratio increased 
as the number of unlicensed sensor nodes rose—due to spec-
trum and priority competition issues among them.

5  |   CONCLUSIONS
In this paper, cognitive, radio-based data communication, 
using priority classes for sensor nodes in a TWS network, 
has been proposed. Licensed users utilized a nonpersistent, 
slotted CSMA technique, while unlicensed sensor nodes em-
ployed a nonpersistent CSMA technique for data transmis-
sion, in a TWS network environment. An analytical model 
of the proposed approach was developed, and a simulation 
model of the proposed wireless terrestrial sensor network 
was designed, using Riverbed Modeler. The performance of 
the terrestrial sensor network, in terms of delay, energy, and 
throughput parameters, was analyzed.

Overall network throughput has been maximized with the 
help of unlicensed sensor nodes that fully utilize idle licensed 
user spectrum, and overall spectrum use was similarly im-
proved, by exploiting this idle spectrum. Data packets that 
were sensed as having high priority had less delay than other 
packets in the queue. Overall energy consumption was found 
to be at an acceptable level, with the value of 8 mJ/s.

In future work, wireless terrestrial sensor networks 
using optimization techniques may be tested, using different 
scenarios.
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