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Abstract
In Cognitive Radio Wireless Sensor Networks, the licensed spectrum bands are highly 
dynamic, and their status varies overtime. With the expansion of these networks, regarding 
the energy constraints and the fact that reallocation of the frequency spectrum is energy-
consuming, the problem of controlling the behavior of secondary users in the allocation of 
the spectrum is of great importance. Providing a method to reduce the number of channel 
reallocation, which in turn results in reducing energy consumption in such a dynamical 
network is essential. In this paper, considering the energy constraints, an optimal method 
for allocating frequency spectrum resources is presented using game theory and Nash equi-
librium. By analyzing the activity model of primary users on the frequency spectrum and 
selecting the appropriate spectrum using the Nash equilibrium, the method reaches the net-
work to a stationary equilibrium point. In these conditions, in addition to reducing interfer-
ence between primary and secondary users, the number of channel reallocations by cogni-
tive radio users is reduced and thus reduces overall energy consumption in the network and 
increases its life span.

Keywords  Wireless sensor networks · Cognitive radio · Channel reallocation · Game 
theory · Nash equilibrium

1  Introduction

Currently, most wireless applications are operating in a specific spectrum band (2.4 GHz, 
ISM1 band), which leads to overload in this spectrum band and a reduction in the quality of 
communications. In this situation, the use of this spectrum for the wireless sensor network 
results in poor quality. Cognitive radio technology, with the possibility of opportunistic use 
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of the licensed spectrum, improves the optimum efficiency of the spectrum and improves 
wireless sensor network communication quality.

Wireless sensor networks that consist of sensor nodes equipped with cognitive radio 
technology have many advantages, including opportunistic use of the channel for bursty 
traffic, dynamic access to the spectrum, and the use of adaptability to reduce power con-
sumption [1]. Despite the many advantages of cognitive radio wireless sensor networks, 
the design of such networks faces many challenges due to their unique characteristics. The 
rules of the Federal Communications Commission are based on the notion that cognitive 
radio networks should not create harmful interference to primary users (PU) when using 
spectral white spaces. In this way, if the PU wants to use this spectrum, the secondary user 
(SU) should change its channel. One of the main constraints in wireless sensor networks 
is energy consumption, which should be minimized as much as possible to prolong the 
network life span. Among the sources of energy consumption in cognitive radio wireless 
sensor networks, is switching between the appropriate channels for transmitting informa-
tion. Consequently, frequent switching between channels consumes energy, which should 
be avoided.

In order to reduce energy consumption in cognitive radio wireless sensor networks, it is 
better to use a PU activity model, resulting in increasing the appropriate spectrum selection 
and reducing the number of channel switching. This paper proposes a method in which the 
problem of channel selection and power allocation is formulated as a potential function. 
This function uses parameters derived from the behavioral analysis of the PU’s activity. 
The following cases are obtained by using this function: reducing the number of channel 
reallocation, decreasing the interference on PUs and SUs and increasing the efficiency of 
spectrum resources. Using the defined potential function, it is possible to find a solution to 
place the network in the optimal state by using a recursive algorithm for selecting a chan-
nel and allocating transmission power.

The rest of the paper is organized as follows. Section. 2 reviews the previous studies 
conducted in this regard. The assumptions of the proposed method are discussed in Sect. 3. 
Further, Sect. 4 describes the proposed method and the details of the frequency spectrum 
selection algorithm, as well as the elements used in the algorithm. Section 5 is related to 
the simulation process of this method and its results, in addition to the corresponding dia-
grams and their analysis. Finally, the conclusions will be conducted in Sect. 6.

2 � Related Works

Channel selection is one of the essential issues in cognitive radio networks. Cognitive 
radio users are intrinsically autonomous and, by changing its sending parameters, can 
learn from the environment and optimize their performance. As a result, the spectrum 
allocation problem becomes a multi-criteria optimization problem, which makes it chal-
lenging to analyze and solve. In order to coordinate different variables, their perfor-
mance can be modeled as game theory. A lot of researches are done on the application 
of Game Theory in cognitive radio networks [2, 3]. Some of them use the Game theory 
to choose suitable spectrum to reduce energy consumption. In [4], using the Game The-
ory, a player’s strategy is to select a channel between several channels to reduce interfer-
ence on rest of SUs. Zeng and Zhang dealt with the design of a two-stage model using 
the Betrand game model and the Nash equilibrium to solve the allocation of bandwidth 
problem in the Cognitive Radio Sensor Networks (CRSNs) [5, 6] Presented a game 
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theory-based approach in order to dynamic spectrum allocation and effective resource 
sharing. In addition, to deal with the complexity, the authors apply a greedy based 
backtracking search optimization algorithm. This technique leads towards performance 
enhancement of power consumption and reducing queuing delay. Salim and Moh, state 
that energy optimization is the most critical issue in the design of CRSNs because this 
will determine the network lifetime. In this paper, the EGSD model has been used to 
select a spectrum, which includes two functional modes, random selection and selec-
tion based on game theory. Ultimately, this model has increased the network lifetime 
[7]. Chiwewe and Hancke presented an algorithm based on Game Theory. This algo-
rithm deals with the dynamic allocation of the frequency band, which results in faster 
convergence by using simultaneous multi-channel sensing [8, 9] discussed that based 
on application type, a certain level of reliability in the cognitive radio wireless sensor 
network is needed. This level affected due to several other aspects such as energy con-
sumption in the data delivery mechanism. The authors developed a game theory-based 
framework that aspects mentioned above are considered [10]. A game theory framework 
for dynamic spectrum allocation is designed based on auction theory. This method tries 
to improve the primary user’s revenue along with enhancing the secondary user’s spec-
tral efficiency. Moreover, using pricing based auction theory has an important effect on 
decreasing the secondary user’s collision.

Some researchers have used other variables, such as power transmission to apply the 
game theory in increasing the efficiency of the network. In [11], the authors have dealt 
with power allocation in addition to channel allocation to improve their strategy. By pro-
viding a potential function and an iterative algorithm, they have come up with a solution 
that achieves a Nash equilibrium. In the Nash equilibrium, no player can unilaterally devi-
ate the equilibrium to increase his gain. In a similar method, other writers have presented a 
model for channel selection and transmit power allocation. A potential function is defined 
which, by creating a Nash equilibrium, attempts to control the total interference generated 
on licensed users [12]. Gallego and Canales [13] did the channel allocation and power con-
trol using the potential game. In this method, the goal is to increase the overall network uti-
lization defined by maximizing the transmission capacity in bps. In [14] proposed a power 
transmission plan and frequency band selection based on reinforcement learning that sen-
sors are learning from their previous choices or their neighbors’ choices. Gmira proposed 
a model based on the channel access process when the PU is active. It takes into account 
the level of interference and presents a system based on the collaboration of PUs and SUs, 
which attempts to increase the overall system performance. This model is based on the coa-
lition game. The purpose of the utility function is to optimize the two parameters of trans-
mitted, power and noise channel level [15]. In all of the proposed solutions, the behavior 
and activity of the licensed user in the spectrum and its effect on selecting the appropriate 
spectrum are not considered.

Routing algorithms in the networks with energy constraints is critical. According to the 
researches on routing algorithms in cognitive radio networks, there are so many algorithms 
which none of them apply energy consumption and energy constraints in their calculations 
[16]. However, some energy-efficient algorithms for these networks are presented. These 
algorithms address the energy constraint challenge [17, 18]. In [18], the reduction of the 
number of reallocations has been applied in calculations as a factor in reducing network 
energy consumption. Although this algorithm takes into account the energy constraints 
and the effect of the number of reallocations in its calculations, it does not mention the 
PUs activity model of the licensed user as a factor in reducing the number of switching 
channels.
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Diagnosis of channel occupation is effective in reducing energy consumption and 
increasing network lifetime. Some articles have suggested ways to reduce the misdiagnosis 
of channel occupation. Li and Chang provided a new method to improve the probability of 
detection for spectrum sensing. It has been shown in this paper that only channel whose 
occupancy status is changed in consecutive time slots needs to consider. This method 
greatly reduces the misdiagnosis of channel occupation [19]. Qiao, provided a model to 
reduce the overhead of misdiagnosis of the occupied channel, which increases the power 
consumption and the energy loss of the nodes. The plan addresses energy optimization 
by using the D-S Theory, minimizing the misdiagnosis of occupation on the channel [20]. 
None of them has been used the prediction of PUs’ activity based on their previous behav-
iors for detecting the channel occupation.

3 � Proposed Method Assumptions

In our modeling, it is assumed that the wireless sensor network is clustered. In the network 
initialization phase, each sensor node knows its cluster head via a control message, and 
each cluster head knows its neighbors. The neighbors’ information includes cluster head 
identification, the frequency spectrum that the nodes of the cluster currently work with, 
and the number of neighbors working in each frequency spectrum and their transmission 
power.

In this model, exist k frequency spectrum bands R1,R2,… ,Rk in which the PUs are 
operating, and each PU only operates on one frequency spectrum band. These k channels 
are not always available and cannot be used in the presence of the PU. The 2.4 GHz unli-
censed frequency spectrum band named R0 , is always available. The network uses R0 to 
send control messages. Also, in this algorithm, as long as one of the R1,R2,… ,Rk spectra 
is selectable due to the absence of a PU, R0 will not be selected and returned as the output 
of the algorithms [17].

We assumed that the location of the nodes is fixed. Besides, these nodes are equipped 
with a transmitter/receiver that can adjust and operate on different frequency spectra. Clus-
ter heads whose primary capability considered are sensing the frequency spectrum and col-
lecting information from it. Additionally, similar to sensors, they should be equipped with a 
transmitter/receiver that can operate on different frequency spectra. These nodes also have 
limited energy, which, given the tasks assigned to it, requires higher initial energy of the 
sensors. The cluster head node for communicating with other nodes has a determined com-
munication range limited to its neighboring cluster head. The main function of routing and 
transmitting messages from the sensor node to the sink is the responsibility of this node.

In the process of this algorithm for routing and selecting the next step by cluster heads, 
the distributed routing algorithm is used to reduce energy consumption across the entire 
network. In this algorithm, instead of choosing the whole path from source to target, each 
node involved in the routing process determines only the best next step in the path locally 
[17].

Due to the fact that the frequency spectrum status will change over time due to the 
variability of the PU’s activity, it is necessary to perform the appropriate band selec-
tion to be sent periodically and dynamically. In the proposed algorithm, cluster heads 
are responsible for this task. Each cluster head periodically senses the existing radio 
spectra R1,R2,… ,Rk and obtains information about the presence or absence of a PU. In 
the stage of decision-making about the spectrum, according to the values obtained from 
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the spectral checking stage, the n spectra in which the PU is employed is excluded from 
choices. Given that the cluster holds information about its neighbors, from among the 
remaining k-n spectra, it selects a spectrum with the lowest number of neighbors active 
in it. This spectrum is used for the activity of all nodes in this cluster. The reason for 
this choice is to reduce the probability of collision in packets sent in neighboring clus-
ters. To reduce the delay caused by the movement of radio bands, it is preferable that 
if after the re-sensation of the spectrum, the current band used was still available and 
we did not need to move to a new band, the cluster head would not replace the band. 
After communicating this selected spectrum to sensors, all sensors in that cluster regu-
late their transmitter/receiver in order to send all of their data packets to the cluster head 
on this spectrum.

In a cluster head, after choosing the node that is the next step in sending route of the 
packet to the sink, you need to select the appropriate frequency range. To select this 
spectrum with the mentioned components, the Nash equilibrium and the potential func-
tion are used. Nash equilibrium is one of the concepts of the Game Theory in which 
each player chooses the best possible strategy, concerning the performance of others, 
seeking to achieve its maximum utility function, and the best strategy is provided in 
which all players are in the Nash equilibrium. When a game is modeled as a potential 
game, it can be guaranteed that the game will end on a Nash equilibrium [21].

If N represents the number of players, Ai is a set of operations of Player i and Ui is a 
utility function represented as Ui: Ai → R which indicates the gain of the Player i when 
the player has performed the Ai operation; the game ⟨N, (Ai), (Ui)⟩ is a potential game if 
it can be defined for a potential function P ∶ A → R that meets Eq. 1 conditions for all 
i ∈ N and a ∈ N and a�

i
∈ Ai:

By defining this function, it is clear that the individual operations of each player, and 
choose the best strategy regarding the performance of other players, improve the status 
of others and thus improves overall performance. In a potential game where all players 
choose the best strategy based on the maximum value of the potential function, we will 
reach a Nash equilibrium after limited stages. As a result, all players will be at the best 
status in relation to the performance of the rest of the players.

In the potential function presented, parameters are considered to reduce the inter-
ference on other SUs and reduce the interference of other SUs on the SU. Also, other 
benefits of using these parameters include reducing Signal-to-Interference Ratio (SIR), 
reducing interference with PUs, and improving network performance by choosing the 
most appropriate spectrum in terms of bandwidth and increasing the occupation time of 
the spectrum.

Each cluster head is modeled as a cognitive radio user and has the ability to select its 
channel and power to maximize the potential function. The cluster head will not select 
a channel for sending unless the total value of the potential function is maximized. The 
transmission power of cognitive radio users using a shared frequency channel to send 
data affects the link quality. The purpose of choosing the most suitable transmission 
power is to set the appropriate transmission power to all SUs in order to improve the 
link quality and reach the minimum Bit error rate required by them.

Cognitive radio users are aware of the bandwidth and frequency range of the PU. The 
most critical issue raised in opportunistic access to the spectrum in cognitive radio net-
works is that the SU is permitted to work on the spectrum band of a PU only when the 

(1)P(ai, a−i) − P(a�
i
, a−i) = ui(ai, a−i) − ui(a

�
i
, a−i)
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band is free. Therefore, our main priority is in deciding the non-interference spectrum 
with the PU. If, after sensing the frequency spectrum, it was determined that a band is 
occupied due to the presence of a PU, the band will be removed from the choices at that 
time.

Energy constraints are the most fundamental challenge in wireless sensor networks. 
Repeatedly reallocating the channel increases the energy consumption of the sensor nodes. 
By choosing the right spectrum in terms of the low probability of presence a PU, and the 
more use of the spectrum by a SU, the power consumption can be significantly reduced.

Periodically, in intervals of τ seconds, each cluster head senses radio spectra and con-
cludes about working band. After that, it broadcast its decision result. Because this mes-
sage is transmitted as broadcast, all nodes in the communication domain of the sender 
cluster head will receive it. The receiver cluster head compares the identification in the 
message with that of its neighbors’ cluster heads. If this message were sent from one of 
the neighbors, the new information would replace the previously stored information. From 
now on, decisions will be made based on new information.

4 � Proposed Method

Given those mentioned above, we present a potential function for selecting the frequency 
spectrum to cover constraints with the following elements:

4.1 � Bit Error Rate

The quality of the transmission channel can be described based on the Bit error rate 
required for the desired application. To satisfy the Bit error rate required for a particular 
application, one can consider the SIR [12]. SIR in receiver j with transmitter i is calculated 
by Eq. 2:

In which, for N radio transmitter, Pi is the transmission power of the transmitter i and 
Gij , are the link gain between the transmitter i and the receiver j. PN is the received noise 
power that is assumed to be the same for all receivers. I (k, j) is the interference function 
by node k to node j, which is equal to 1 if the transmit channel is the same. Otherwise, its 
value is zero. The channel gain is defined between sender i to receiver j, which is defined as 
Gi,j = d

−�

i,j
 where � is the path loss index, and d is the distance between the transmitter and 

the receiver.
By setting the transmission power level and selecting the appropriate channel to reduce 

the interference, it is possible to improve the quality of the link and ensure the minimum 
SIR required by all receivers in a shared transmission channel.

It is assumed that there are k frequency channels, and each channel can be used by sev-
eral SUs to transmit. All SUs should determine the proper transmission power according to 
the level of interference in channels shared with other SUs. Hence, one of the most effec-
tive factors in the potential function is this:

(2)
SIRij =

PiGij

PN +
∑N

k = 1

k ≠ i

PkGkjI(k, j)



201Optimal Spectrum Allocation Based on Primary User Activity…

1 3

If the channel is shared by the selected channel of the neighbors, X takes the value of 1 
and otherwise 0. For N radio transmitters, Pi is the transmission power of transmitter i and 
Gij , channel gain between the transmitter i and the receiver j. This term tries to select the 
maximum transmission power in order to meet the minimum SIR for the given interference 
constraints. At the same time, this term takes into account the SU interference on other 
SUs as well as the interference by other SUs in the shared channel on SU as a cost. Choos-
ing the right transmission power is important in order to increase the quality of transmis-
sion and also reduce the level of interference with other neighbors.

4.2 � Channel Capacity

According to Nyquist, even the best transmission channel has limited capacity. There is 
noise in the transmission channel. Shannon defined the Nyquist equation for noised chan-
nels as the maximum rate that can be transmitted on a channel, while being able to detect 
information at the destination, with a low probability of error. The channel capacity is fixed 
and dependent on the channel characteristics. Transmitting at a rate higher than the capac-
ity of a channel leads to error. Therefore, in addition to SIR, the bandwidth of a chan-
nel which determines the maximum channel capacity is effective in increasing the network 
utility. Thus, another element added to our potential function, Wc as the selected channel 
bandwidth.

4.3 � Activity model of Primary User

The use of the elements as mentioned above in the potential function is some instantaneous 
and memoryless decision making and reveals the effect of a particular channel selection 
merely at that moment. But, the impact of the probable presence of a PU and learning from 
it also has a significant effect on network performance. Therefore, there is a need for the 
components that can compensate for this deficiency. These components are Mc conditional 
probability of PU’s absence and Pc probability of PU’s presence on the frequency spectrum 
c.

4.3.1 � Probability of Primary User’s Presence

Awareness of the activity history of the PUs and the presence probability of them will 
significantly help in the use of spectra with better conditions in terms of access to more 
spectral free opportunities. The choice of frequency spectra with the lower presence prob-
ability of a PU, in addition to the possibility of using the spectrum over a longer period, 
will reduce the number of switching channels and reduce the probability of interference 
with the PU.

Cognitive radio networks must intelligently sense the licensed bands and care-
fully monitor them to find the right opportunities and also prevent interfering with the 
licensed users [22–25]. By specifying the activity of PUs, contrary to consider them as 
a Poisson model [22], the PU’s behavior can be carefully determined. Consequently, at 
any moment, a precise activity model of 0 and 1 could be obtained from the activity of 

(3)[PiGij]−

[(∑N

c=1
c≠i

PiGciX

)
+

(∑N

k=1
k≠j

PkGjkX

)]
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a PU. Using this algorithm, SU can detect the occupation and non-occupation of the 
spectrum and then use Eq. 4, to calculate the probability of each licensed user presence 
in the frequency spectrum:

Counton is the number of times a PU is present on the spectrum, checked at intervals of 
τ seconds, and Countoff is the number of times it is absent. Each cluster head, in the entire 
lifetime of the network and as long as it has the energy required to operate, periodically in 
intervals of τ seconds, senses the frequency spectra and calculates Pc . This value becomes 
more realistic over time.

4.3.2 � Conditional Probability of Primary User’s Absence

Using the probability parameter of the PU’s presence and applying it to the potential 
function, somewhat helps to improve the potential function and its results are effective in 
improving the overall optimization of the network. But it’s not efficient alone. With careful 
consideration of the PU’s behavior, we find that although the use of PU’s presence prob-
ability is essential in reducing channel switching, it is not enough in some cases. For exam-
ple, in the sample given, although the duration of the presence and absence of two PUs var-
ies, their presence probability is the same. Therefore, the use of probability is not enough:

PU1′s activity model:
1111111000000011111110000000111111
PU2′s activity model:
1100110011001100110011001100110011
“0” indicates the absence of PU on the frequency spectrum and “1” indicates its pres-

ence. The two PUs with different activity models have the same probability of absence as 
50%. However, in terms of the duration of absence time of PU, the spectrum in which PU1 
is active, gives us more suitable free space. The duration of the PU’s absence, is important 
to recognize its behavior, and its long-term checking gives us a model of PU’s activity.

Collect and Map Data With each spectrum checking, we map the data obtained from 
the absence time of PU to a function. The domain of this function represents the duration 
of the absence of a licensed user in the spectrum, and its range is the number of repeated 
times of that duration. In fact, with this mapping, in the long run, we’ll get a distribution 
from the duration of PU’s presence.

The process of recording values is such that each cluster head checks a spectrum using a 
timer, whose time is the smallest unit that allows PUs to change activity status within that 
interval. With each checking, in the absence of a licensed user, until the licensed user is 
inactive, the duration of its absence in the spectrum is recorded. By starting the PU’s activ-
ity, the cluster head calculates the total duration of its absence and record it in its database. 
Each time this inactivity time is added to the number of times of PU absence with this 
particular period. In this way, each cluster head will be aware of the approximate time of 
inactivity of PUs and the number of such times, which in turn results in produce a distribu-
tion function of them.

Hence, according to the timer’s periodical function, the inactivity information of each 
PU is stored in cluster head. An example of this data information is given in Fig. 1; 1 indi-
cates presence, and 0 indicates the absence of PU in the spectrum:

(4)Pc =
CountOn

CountOn + CountOff
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Based on this activity cycle, its distribution function will be completed as in Fig.  2. 
As you can see, the number of times the PU is absent for 2 s is three times. Also, in the 
checked interval, this PU was not present once for 3 s. It can be concluded that at this inter-
val, the PU’s frequency spectrum has not been free for more than 3 s.

The Primary User’s Absence Probability for a Certain Period of Time To calculate the 
PU’s absence probability in the next few seconds, according to its activity history in the 
spectrum, we will explain the concepts that this method is based on. A conditional prob-
ability is used to calculate the probability of occurrences, when some partial information 
concerning the result is available [26].

If the event F occurs, then for E to happen we need the actual occurrence be a point both 
in E and F, that is, it should be in EF. Now, as we know, F has occurred, as a result our 
sample space decreases to F, and so the probability of (E|F) occurring is equal to the prob-
ability of EF occurring relative to the probability of F occurring:

With the distribution function, at any moment by sensing the spectrum, in addition 
to determining whether a PU is present in the spectrum, the duration of its absence can 
also be estimated. ‌Based on the use of the conditional probability Eq. 5 in the distribu-
tion function and according to the period of the PU’s absence until that time, it is pos-
sible to estimate the duration of its absence in the future. Also, by knowing the time 
required to transmit the specific data, the best spectrum in terms of the most reliable 
spectrum that will be free during the desired time, will be selected.

(5)P(E|F) = P(EF)

P(F)
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Fig. 1   A sample of the stored information from the PU in the cluster head

0
1
2
3
4
5
6

0 1 2 3 4 5 7

Distribu�on func�on of PU's inac�vity

N
um

be
r 

of
PU

’s
 a

bs
en

ce

Time(s)

Fig. 2   A sample of distribution function of PU in the cluster head
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As noted in the previous section, each cluster head senses spectrum periodically at 
intervals of τ seconds and obtains the necessary information. The amount of each time 
interval of a timer is a small unit that the cluster head senses the spectrum and then cal-
culates the following values:

•	 T0-count: This variable displays the PU’s absence time. Each time, sensing the absence 
of a PU (0), one is added to its value. By sensing the first presence of the PU (1), its 
value is changed to zero, and the calculations for the absence period are made.

•	 T1-count: This variable displays the duration of the PU’s presence in the spectrum. 
Sensing every presence of a PU, one is added to its value. By detecting the first 
absence, its value is changed to zero and calculations are made for the PU’s presence 
in the spectrum.

The result of the cluster head observations in certain intervals will be as Fig. 3:
The values of the function are calculated in two states, change the PU’s activity state 

from zero to one (the rising edge) and change its state from one to zero (the falling 
edge).

The function diagram is based on sensing spectrum data, in such a way that the val-
ues of the duration, the values of the T0-count are placed on the horizontal axis, and the 
values of repeated times of these periods, are placed on the vertical axis Fig. 2 After 
constructing this function, whose data become gradually more complete and closer to 
the PU’s activity model, to select the frequency spectrum for the transmission, the clus-
ter head calculates the parameter of the PU’s activity model shown by Mc, using this 
function:

Mc is the conditional probability of the absence of a PU in the frequency spectrum c, 
for the tftr seconds later, provided that it has not been present in the tprv previous seconds 
in the spectrum. Schematic view of Eq. 6 on a PU activity model is as Fig. 4:

Now, in the potential equation, we use the factor Mc, which makes it possible to 
choose the most appropriate spectrum in terms of being free in a longer time in the 
future.

With respect to the elements explained, the final potential function Vij for the transmitter 
node i and the receiver node j is defined as:

(6)Mc = P
((
T ≥ tprv + tftr

)
|T ≥ tprv

)
=

P
(
T ≥ tprv + tftr

)

P
(
T ≥ tprv

)

T0-count

First absence after a period of presence

First presence after a period of absence
T1-count

Fig. 3   Diagnosis of user activity model by cluster head
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In this function, for N radio transmitters in a neighborhood,Pi is the transmission power 
of the transmitter i, and Gij is the gain link between the transmitter i and the receiver j. Mc 
represents the conditional probability of the absence of a PU that is calculated based on 
the current state of the PU and its previous conditions, using the conditional probability 
equation, and Pc is the present probability of the PU in channel c. Wc is the bandwidth of 
the selected spectrum c which is a spectral feature. X is equal to 1 if the channel selected is 
the same as the channel selected by neighbors, and 0 otherwise. ∝ and β are coefficients by 
which the sensitivity of the system to the degree of optimization or cost can be determined. 
The first part of this equation is a beneficial part. The greater the amount of this part, the 
greater the amount of potential function and profit. At the same time, the negative value of 
the equation is considered costly. Thus, increase in interference reduces the usefulness.

By expressing the problem as a potential function, one can be sure that a Nash equilib-
rium point will always exist for the channel allocation. On this basis, each cluster head, at 
the time of selecting the spectrum and transmission power, chooses a spectrum that, will 
have the most gain for the whole network according to the potential function.

(7)

Vij =

N∑

i=0

(
�[
(
Mc ×

(
1 − Pc

)
×Wc

)
+ PiGij] − �

[(∑N

d=1
d≠i

PiGdiX +
∑N

k=1
k≠j

PkGjkX

)])

The moment of conditional 
probability calculation

Fig. 4   Schematic view of PU’s activity to calculate the conditional probability
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5 � Simulation and Evaluation

In this section, simulation of the proposed model and analysis of its results are presented. 
In the first section, the simulation environment and the assumptions are introduced. Then, 
the results of using the potential function in the choice of the spectrum by the SUs are 
examined. In addition, applying a PU’s activity model and the effect of alternative and non-
alternative behavioral models of the PUs in the proposed model have been investigated. In 
the final section, the proposed method results are compared to the CR-CEA method [17].

5.1 � Simulation Environment

The simulator area is a square 500 × 500 m, which is divided into 100 × 100 m grids and 
has a sink. Each grid represents a cluster. Each cluster head is located in the middle of a 
grid and the sensors of each cluster are dispersed in their environment. Each cluster head 
selects its transmission power dynamically from the specified powers Pi , based on the cal-
culation of the potential function. The bandwidth of each licensed frequency spectrum is 
considered constant and normalized in order to observe the effect of other factors. The 
simulation parameters are defined in Table 1.

In order to simulate, k frequency spectra that a PU is operating in each, and one free 
spectrum are considered. The seven different PU’s activity models, based on their presence 
and absence, are considered according to Table 2.

The schematic representation of the PU’s activity model in Table 2 is shown in Fig. 5. 
The value of 1 represents the PU’s presence in the frequency spectrum, and the value of 
zero represents the absence. The values are related to intervals of 0.5 sec:

As it is clear from the PU’s activity model and their presence probability, in addition to 
showing the presence probability, the activity model also offers more useful information, 
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such as time periods for presence and absence. By comparing the behavior model of PUs, 
it can be deduced that although the PU2 has less presence probability than PU4, but with 
care in the activity model of these two users in the frequency spectrum, it’s apparent that 
the use of the frequency spectrum in which the PU4 is operating is far more appropriate in 
terms of providing more spectral opportunities.

5.2 � Simulation Results and Analysis

Each SU senses the frequency spectra in 0.2 sec intervals by its timer and calculates the 
presence probability of that PU on the frequency spectrum. Each PU, based on the pattern 
of activity designed for it, operates in the spectrum over specified periods. As noted in 
Sect. 5.1, the PU’s activity state changes within 0.5 sec intervals. In order to sense all PU’s 
activity, the time interval for sensing spectrum is assumed by the SU to less than this inter-
val and equal to 0.2 sec. Figure 6 displays the result of calculating the presence probability 
of a PU on its frequency spectrum, by a SU. The result shows that the SU, after a short 
time, obtains the correct value of these probabilities.

As stated, applying the presence probability of a PU alone, prevents optimal use of the 
spectrum because of the existence of identical probability for different activity models. 
Each SU, using its timer, at intervals of 0.2  sec, to calculate the presence probability of 

Table 1   Simulation parameters Parameter value

Number of sensors 200
Number of cluster-heads 25
Sink position (250,0)
P
i

{80, 120, 
160,200,300, 
360} mW

W
c

1
∝ 1
β 1
� 2
P
N

− 100 dbm
k 5

Table 2   Primary Users Activity mode

PU activity model Symbol probability of PU presence

111 000 111 000 111 000 111 000 PU1 50%
1 0000 1 0000 1 0000 1 0000 1 00 PU2 20%
1111 0 1111 0 1111 0 1111 0 1111 PU3 80%
111111 000000000 111111 000000000 PU4 40%
111 0000000 111 0000000 111 0000 PU5 30%
1000111000110111110100111000111 PU6 Non-alternative activity
0111111000000000111111000101000 PU7 Non-alternative activity
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Fig. 5   Schematic view of PUs’ activity
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a PU and the Conditional probability of spectrum being free in the next 2  sec. Figure 7 
shows the value of the total potential function in the network. In the process of this simula-
tion, which lasts for 100 sec, ten events per second occur throughout the network. At a time 
interval of 0 to 10 sec, gradually with increasing packets in the network, the value of the 
total potential function increases, and because the probability values and conditional prob-
ability do not yet reach their constant value, the maximum value reaches 2.4. After 10 sec, 
with the stabilization of probability values, the trend chart has slow and slightly downtrend 
changes. The downward slope is due to interference that occurs in the transmission with 
the same channel and interference with neighbors. It’s seen that from the second 70 forth, 
the trend of changes is much slower and progressed to stability, but it is not fully linear, 
since sometimes with the presence of a PU on the spectrum, SUs are forced to leave the 
better spectrum and choose a lower efficiency spectrum.

Figure 8 shows selecting the spectrum by SU in 100 sec in two states. In the process of 
this simulation, the PUs’ activity model is alternative. Ten events occur every second in the 
whole network. The results for the two states of non-applying the PU’s activity model and 
applying the PU’s activity model in the potential function are shown.

In the non-applying of the PU’s activity model in the frequency spectrum, the SU calcu-
lates the value of the potential function, regardless of the PU’s activity model, and selects 
its transmission channel accordingly. However, in the case of applying a PU’s activity 
model, the SU uses the PU’s activity model based on the conditional probability in calcu-
lating the potential function.

In the case of non-applying the PU’s activity model, the use of spectra with a lower 
probability of PU’s presence is the priority of being chosen. Accordingly, most use belongs 
to channel 2, then 5, 4, 1, and channel 3 with a presence probability of 0.2, 0.3, 0.4, 0.5 
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Fig. 6   Probability calculation of PU’s presence in the frequency spectrum
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Fig. 7   Total potential function across the entire network in 100 s
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and, 0.8, respectively. In the case of applying a PU’s activity model, investigating the 
results clearly shows that the SU’s selection has been driven towards the 4th and 5th spec-
trum, which both have a low presence probability and a more free space. Also, the spectra 
that provide a more appropriate chance of utilizing to SUs, due to having more free con-
secutive space, such as spectrums 4 and 5, are more likely to be selected, and vice versa, 
the spectrum 3 is less used with very little free space and being occupied most of the time.

Figure 9 shows the selection of the spectrum throughout the network in 100 sec in two 
states of PU’s non-alternative activity model and the PU’s alternative activity model. This 
simulation has been conducted to check the effect of the alternation of PU’s activity model 
on the performance of the potential function. Ten events occur each second in the whole 
network. In the process of this simulation, the activity models of two PU1 and PU4, which 
give us a spectrum with few and many free opportunities, respectively, are converted to 
non-alternative activity models. The converted activity models of these two PUs are PU6 
and PU7, respectively.

As the results show, the non-alternation in the activity model of the PU7 eliminates 
freed spectral opportunities and reduces the use of the PU7 spectrum and, and vice versa, 
the non-alternation in the activity model of the PU7 increases freed spectral opportunities 
in the PU6 spectrum. But the amount of changes is not enough to change the order of the 
use of the spectra. The system adapts well to the changes, and PUs activity models are cor-
rectly identified. Spectra 7 and 5 still have more chances to be selected.

In Fig. 10, the number of switching channels by SUs in the entire network is shown in 
100 sec with two T1, T2 traffic according to Table 3. In traffic T1, ten events occur per 
second, and in traffic T2, 100 events per second occur on the entire network. Three modes 
of channel selection are checked with this two traffic. In CR-CEA method [17], where 
a random probability is allocated to each spectrum, and each SU decides regarding this 
probability at the time of his choice. In the mode of using the potential function by using 
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Fig. 9   Selected spectra using potential function in 100 s
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PU’s presence probability, each SU, when deciding, uses the potential function proposed 
by Eq. 7, without the coefficient of the PU’s activity model Mc. In the potential function 
mode, applying the PU’s presence probability and activity model, the potential function 
proposed by Eq. 7 is used. The results of the simulation show that the proposed function, 
by considering the interference with other SUs and the PUs, has significantly reduced the 
number of switches compared to the CR-CEA method. In addition, the use of a PU’s activ-
ity model has improved the process of this decline. The low number of switching on the 
network is the benefits of this proposed method, which reduces energy consumption and 
increases network lifetime.

Figure  11 checks the efficiency of the potential function in three modes of channel 
selection: using the CR-CEA method [17], the mode of using the potential function by 
using PU’s non-alternative activity model and the mode of using the potential function by 
using PU’s alternative activity model. The number of switching channels by SUs through-
out the network is shown with the two T1 and T2 traffic in 100 sec. As the results show, in 
the case of applying a non-alternative PU activity mode, we are faced with a reduction in 
the functionality of the potential function relative to the mode of the alternative PU activ-
ity model. However, due to the system being adapted to the changes of the non-alternative 
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Fig. 10   The number of switching channels by SUs with two T1, T2 traffics in 100 s

Table 3   Traffic models Model Traffic load

T1 10 events per second
T2 1000 events per second
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activity of PU after a while, the functionality of using the potential function by non-alter-
native activity model is better than the CR-CEA method, which lacks the use of a PU activ-
ity model. In the case of applying a non-alternative activity model, by detecting the model 
after a while, the number of switches is reduced and consequently, the number of switching 
becomes lower than the CR-CEA method. The time required to detect an activity model 
depends on the degree of irregularity of the PU’s behavior.

6 � Conclusion

As mentioned above, none of the proposed methods have considered the effect of the PUs’ 
activity model and the cost of channel reallocation reduction on energy consumption in 
wireless sensor networks. This proposed method, by formulating the spectral allocation 
problem as a potential function, covers the constraints mentioned in the wireless sensor 
networks, such as energy limitation and network lifetime. This method covers the goals of 
reducing channel reallocation, reducing interference to other SUs and increasing the appli-
cation of available spectral opportunities.

In the proposed model, the spectral capacity feature, as well as the selection of the most 
suitable transmission power, is used in the potential function. In addition, for selecting 
spectrum, the presence probability of PUs in the spectrum and, conditional probability of 
PU’s absence are applied. The simulation results show that the application of the presences 
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probability and conditional probability of PUs in the potential function reduce the number 
of channel reallocations compare to the CR-CEA method [17]. In this method, by selecting 
the most suitable spectrum, the network converges to Nash equilibrium and optimization.

In the proposed method, a parameter is presented, which is the result of an activity anal-
ysis of PUs in the spectrum. In future works, we intend to apply learning algorithms on the 
results of this parameter, and with the knowledge of the time needed to have the spectrum 
available for transmitting in specific applications, a spectrum which is free during a suit-
able time is further considered. In addition, in the proposed algorithm, spectrum sensing 
time by the SUs is supposed to be fixed and periodical. Due to the energy-consuming pro-
cess of spectrum sensing, as a future plan, the results of the learning algorithm on the pro-
posed parameters can be effective in increasing the intervals between senses, and thus by 
reducing the frequency of spectral senses reduce the energy consumption of nodes.
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