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In 5G networks, the spectrum allocation techniques play a very important part of the quality of content delivery services. The
processes of channelling and device selection are important in the 5G technology and beyond with many access devices in
networks to improve the quality of services. In this paper, we propose a method based on Fuzzy Logic, Game Theory, and Smart
Method (which is a combination of Fuzzy Logic and Game Theory). These methods are suitable to improve the speed and quality
of links of data routing in networks. The paper shows that effective spectrum allocation to devices is not an option but a re-
quirement in a huge data flow environment of the wireless communications, if one wants to ensure acceptable speed and quality of
the connection and to provide adequate quality of the services. Each of the selected methods for radio resource management has
some advantages and disadvantages in the evaluation of results. The paper describes the process of channel allocation with
different methods for IEEE 802.11xx networks that are in the focus of our research in the sphere of wireless communication.
Companies use cloud computing to provide services and to share information, but there needs to be some radio resource
management to effectively use the services in the wireless mobile environment because the number of different types of devices

being connected to the wireless networks to create smart homes and smart cities is growing.

1. Introduction

The 5G technology, mobile ad hoc networks, or other types
of wireless networks take into account communication
control information between devices and obtain this in-
formation to select suitable channels to increase the quality
of the network. The main aim is to allocate channels to
improve the quality of the services, which leads to a speed
improvement and decrease the interference. The efficiency is
used for the optimization of the channel selection in wireless
networks to improve the quality of the device connection.
Furthermore, smartphones are very significant devices in the
modern era of the wireless networks and their constantly
increasing processing, communication, and sensing capa-
bilities lead to the expansion of their application in various
fields of the services. The available spectrum in the way that
is used today is not effective. It is more effective to use a free

channel for communication without interference (trying to
minimize interference) while serving a huge number of
wireless devices. For this purpose, the cognitive radio tech-
nology is suitable, because it enables spectrum switching
based on a set of measurable parameters. Also, the cognitive
radio allows a channel to be changed even if communication
on the selected channel is insufficient due to interference
caused by an adjacent device communicating on an inap-
propriate communication channel. The 5G technology will be
able to support all communication needs as a low power Local
Area Network (LAN) used as a home network, for Wide Area
Networks (WAN), with the right latency and speed settings.
The technology will be able to communicate with the broad
variety of modern wireless and mobile networks (IEEE
802.11xx, Z-Wave, LoRa, 3G, 4G, etc.). Where there is a
communication, there also needs to be the channel allocation
mainly in networks with many types of devices such as the
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Internet of Things [1]. It should be a smart channel allocation
and the process should be able to adapt to the environmental
conditions in order to prevent radio interference.

2. Spectrum Allocation in Modern
Wireless Networks

If there is an imminent threat, whether natural or artificial,
people prefer to work from home, usually operating from
local home networks for some period of time. In such a
situation, every provider in the world faces a problem of a
large amount of people staying at home all day long and
using their services with a huge data flow [2]. This is a
situation requiring fast, secure, and low interference for-
warding of the data on the Internet in the time when vast
numbers of people need to work from local Internet pro-
viders. One can see how some Internet providers decrease
the quality of their services (e.g., video streams) to be able to
serve every customer watching films, listening to music,
playing video games, and so forth at the same time at home.
Many devices and data streams are connected to the same
access point with the same selected channel. The design of
the method for channel allocation needs to take into account
a spectrum sensing to obtain availability information from
the radio environment for each associated device [3-7].

The spectrum sensing method helps to measure indi-
vidual parameters, for instance, the intensity of the received
signal (received signal strength (RSS)), the interference from
surrounding devices, and their communication channels
currently in use. Another important parameter is the ratio of
signals (signal-to-interference ratio (SIR)). This parameter
indicates the ratio of useful signal and interference caused by
the transmission of neighbouring devices within the radio
range. Certainly, it is not effective to select a channel with the
high traffic/network data load. A more suitable approach
would be to select channels with average, low, or no traffic at
all. An important parameter representing the quality of the
network connection is the SIR ratio.

2.1. Game Theory as a Method for Channel Allocation.
The Game Theory (GT) was originally designed for economic
and social research, but nowadays it is used in much more
disciplines. This method can also be applied in wireless
communication to the channel allocation [8]. The method can
be defined as a study of mathematical models of conflict and
cooperation between intelligent rational decision-makers.
Game is defined as the set Q =1,2,...,N, which is a
nonempty set. Elements of this set are individual players.
In addition to this set, we also have a set of N sets y, x5 - - - »

xn and N real functions M, (x,%xy....%XyN), ..o
My (xy,x,,...,xy) defined on the set x;, x5, . - . » xn- Thena
normal game holds two sets:
{Qixixo - xnh (1)
{My (%1, %5, %xN)s o My (%1, %5, .. 5 xN0) )

where the set Q means a set of players, y,, represents the set of
strategies for the n-th player, and M, is a gain function (pay-
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off function) of the n-th player. Also, each player has a
strategy set s, s,, S3, or s,, where p represents the total
number of players [8].

The GT provides general mathematical techniques for
analysing situations in which two or more players make
decisions and influence other players [9]. It is a method for
channel allocation, which uses input parameters to select a
suitable type of game with a suitable strategy to improve the
pay-oft for channels used in the network [10].

The input parameters are priority parameters and they
define the quality of services on each channel. The problem
in the channel allocation is the cooperation in game strategy
(channel choices) to improve the quality of the affected
channel and network. The quality of the network for better
communication should be the main aim, rather than the
communication between two individual devices. We decided
to use the Game Theory based on the game with the name
“prisoner’s dilemma” for the channel selection in D2D
networks. The prisoner’s dilemma presents a situation where
two players are separated and are unable to communicate
with each other. Each of them must choose between
cooperating or not with the other player. The highest reward
for each part occurs when both parts choose to cooperate.
The same strategy can be used to select the best available
channel to increase the quality of the link. When the quality
of the network increases, it also means that the quality of the
channel is better. In the situation where one player betrays
another one, the quality of channel is increased only for a
dominant player. The remaining player is forced to select
one of the inferior channels. Thus, mutual cooperation is a
key strategy for an optimal channel allocation. Therefore, the
quality of network services can be optimal on both sides. The
GT consists of players and strategies to improve the prob-
ability of winning the game. In a network, devices represent
players playing the game. A typical wireless network consists
of several equivalent devices. Because of that, the channel
distribution is distributed equally. If a scenario regarding
cognitive radio network consists of a particular number of
primary and secondary devices, these devices are not
equivalent (they are not treated equally) [11-15]. This sce-
nario has a hierarchy, where the primary device has higher
access rights to a transfer medium than the secondary device.

P

2.2. Fuzzy Logic as a Method for Channel Allocation. A
method based on Fuzzy Logic (FL) is used for a more accurate
evaluation of the channel selection. The advantage of FL is in
the interval of values and not just in the definition of a pa-
rameter as suitable or nonsuitable [16]. Figure 1 shows how
the method works, with each parameter defined by its affinity
function. As one can see in Figure 1, the process of the
channel selection includes the fuzzification and defuzzifica-
tion processes [17]. The fuzzification is the process of
changing a real scalar value into a fuzzy value. This is achieved
with the different types of functions (membership functions).
The types of membership functions (MF) provided by the
Fuzzy Logic Toolbox in Matlab are shown in Figure 2 and the
simplest one is formed by the straight lines to create a triangle,
which is the basic shape of a membership function [18, 19].
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FIGURE 1: Process of Fuzzy Logic method to obtain output value of channels.
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FIGURE 2: Available types of membership functions in Fuzzy Logic Toolbox in Matlab.

The fuzzification process determines the degree to which
input data belong to each appropriate fuzzy set via the
membership functions. The shapes of these functions can be
diverse and various. For each input and each output, a
variable member function needs to be selected. Typically,
there are three, but the final number of functions can vary.

The defuzzification process obtains a single number from
an output of the aggregated fuzzy set. The most commonly
used defuzzification method is “the centre of the area
method,” also commonly referred to as the centroid method.
Figure 3 shows the number of input parameters (IP); one
needs to define several rules for each combination of the
parameter sets.

Table 1 contains possible fuzzy operations for OR and
AND operators on these sets, comparatively. The most
frequently used operations for OR and AND operators are
max and min, respectively. Let y, and g represent the
membership functions for fuzzy sets A and B. For com-
plement (NOT) operation, equation (2) is used for the fuzzy
sets [17]:

pz(x) =1=p, (). (2)

The output from the FL is the rank of each channel. The
Fuzzy Inference System consists of two methods, which have
different consequences of fuzzy rules and also different
impacts on output values.

The Mamdani method [20] uses the trimming of the
output membership function to rank input membership

IP_1 is suitable
&

If IP_2is suitable
&

IP_3 is suitable

then output is very suitable

FIGURe 3: Fuzzy Logic rule with three input parameters.

TaBLE 1: Fuzzy set operations.

OR (union)

MAX max{y 4 (x), g (1)}
ASUM ta () + up (X) = pa (g (X)
BSUM min{1, g, (1) + p5 ()}
AND (intersection)

MIN min{1, g, (1), 45 ()}
PROD ta (Oug (O}

BDIF max{0, y, (y) + pg (x) — 1}

value. This method was originally designed to imitate the
performance of the human operators in charge of con-
trolling certain processes in an industrial environment. This
system is composed of If-Then rules of the following form: If
X is A'ThenY is B, where X and Y are parameters and A and
B are sets of these parameters. As an example in our sce-
nario, it can be as follows: If traffic is “low” then a channel is
“suitable.” The If part X is A is called the antecedent of the
rule, and the Then part Y is B is called the consequent of the
rule. The Mamdani systems are universal approximators and



they can include knowledge in the form of linguistic rules
that can be used for local fine-tuning [21].

The Sugeno method is the system that was first proposed
by Takagi and Sugeno in 1985 [22], and the next version of
the method was proposed by Sugeno and Kang in 1988. This
method is also known as the Takagi-Sugeno-Kang (TSK)
fuzzy model or the Sugeno model. The main feature of the
Takagi-Sugeno fuzzy model is to express the local dynamics
of each fuzzy implication (rule) by a linear system model.
Also, this model is a universal approximator of any smooth
nonlinear system [23].

The main difference between these two methods is that
the Mamdani method is intuitive, it has widespread ac-
ceptance, and it is well suited to a human input. On the other
hand, the Sugeno controller has more adjustable parameters
compared to the Mamdani method controller. The Sugeno
method is computationally efficient, it works well with linear
techniques, and it also works well with optimization and
adaptive techniques [23].

3. Proposed Algorithms for Channel Allocation

In this section, we present algorithms for channel allocations
based on three methods (Game Theory, Fuzzy Logic, and
Smart Method). In our algorithm, we consider a situation in
which 13 wireless channels exist. These channels work as
communication medium based on IEEE 802.11xx technol-
ogy [24]. Every proposed method works autonomously on
every device, but we define a parameter ID_value for the
order of channel allocation in the algorithm. This parameter
is based on the total number of devices in the algorithm. First
of all, every device needs to power on and to be able to
connect to the network. The next step is the spectrum
sensing which has a capability to collect important infor-
mation about QoS of the links between neighbouring devices
and the device itself, as well as the information about already
selected channels in the radio range. The device can start a
process of communication or it can stay idle if the device has
no data to transfer. After this initial process, when the device
has all information about the neighboured channel, the
allocation method is used. The priority is to distribute
available channels with no repetition in the radio range, as it
is in a random distribution. Beyond these parameters of QoS
for proposed methods, we also need to define the initial
parameters, such as the position and radio range in the
investigation area of each device (see Table 2). Devices share
information about neighbours in the radio range and they
can create a topology of the network. The network topology
is created by links between devices. There is no localization
algorithm that defines the position of each device in the
network [25]. These parameters are shown in Table 3. Also
for our algorithm, we need the priority parameters to define
the quality of services on each channel.

The quality of the selected channel is based on inter-
ference from the environment in the radio range. We need to
define how many of these priority parameters are enough to
define the adequate quality of the link. We determine three
main priority parameters: the first is the parameter of
SIR_value which shows the communication suitability of the
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TaBLE 2: Example of position matrix of device location in network
topology.

Device ID_ 1 2 3 4 5 - n
x 50 373 402 423 100 ... 350
y 50 33 468 408 323 - 350

TaBLE 3: Parameters of simulations.

Parameters names Values
Area (m) 500 x 500
Radio range of device (m) 100
Number of nodes 40
Number of iterations

(Game Theory) 20

(Fuzzy Logic) 2

(Smart Method) 20
Simulation duration (min) 20

channel in the present environment, the second is the pa-
rameter of RSS value which selects the more suitable
channel for the device in a lower distance, and the third is the
parameter representing the current amount of network
traffic in order to determine how much capacity of the
channel is being used. We select these three parameters to
define the quality of the channel, but, with more parameters
for the device, we need more time to obtain information.
Also, the method with many parameters needs more time to
evaluate the output value for each channel. The main focus of
the suitability of channel is based on the SIR_value and only
channels with the suitable value of this parameter are
considered as appropriate channels for communication.
Table 4 shows all possible sets of the selected input pa-
rameters for the proposed algorithms. We use the RSS_value
to calculate the SIR_value, because the distance between two
devices influences the available channel difference. It is
possible to calculate the SIR_value as the ratio of used signal
and interference from other devices in the radio range [26].
Small distance influences connection more than long dis-
tance on the edge of the radio range. The value of the RSS
parameter is determined by the strength of the received
signal from the device in the radio range. Mobile devices can
measure and determine the RSS_value based on the received
signal strength [27, 28]. So we assume that the device can
determine this value, and, therefore, we only use the distance
of two devices to define the value of this parameter for the
algorithm process. The value of the SIR parameter is de-
termined by the radio range of devices and their channels
used. The intensity of this influence is according to their
distance. A device is more influenced by the closer device.
We select the path from Source device ID_1 to the Desti-
nation device ID_40. The path is selected using Dijkstra’s
algorithm for determining the shortest path between the two
devices, based on the connecting links in the network for
devices in the radio range. Every device in the network with
our algorithm has at start initial channel set to 1 as a channel
to share the information between devices. Every device,
when it makes a game move, exchanges information about
the channel selection from devices with lower ID numbers.
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TABLE 4: Sets of input parameters for proposed algorithms.

Parameter SIR RSS Traffic
Suitable Low No traffic
Nonsuitable Normal Low traffic
High Normal traffic
High traffic

The device does not have to analyse every device; it needs to
analyse only devices in radio range and neighbours of
neighbours to secure no interference. If there is a situation
when there are no available channels, the device has two
options. The first one is to wait until at least one available
channel appears, and the second option is to choose some of
the already used channels. The second option has some
disadvantages but we can decrease the interference to a
minimum and choose the channel with the lowest
interference.

In the algorithm, ID_value indicates the order in which
devices run the method. The first game move is made by the
device with ID_I to allocate channels for all neighbours of
this device. A device with ID_I also allocates channels to
each device in radio range based on ID_value from the lower
one of the highest. After the device with ID_I selects
channels for all neighbours, the next device can start the
process of allocation. The next device in order is the device
with the value ID_2 and the process is the same; only the
device with ID_2 needs to consider selected channels by a
device with ID_1 and optimize the channel allocation to this
selection. Every device has a list of available channels that
can be used. If the previous device uses some channels and it
is in the radio range, then the device will discard this channel
from the available list. If the device has no neighbours, there
is no need to start the process of channel allocation, and it is
possible to skip to another device with a higher ID_value.
The network topology consists of channel allocation for each
link in the network, but it only represents preparation for
demand on new data transfer between devices to select a
suitable channel. The change of these channels takes place at
each time slot of the movement. The proposed methods
optimize channel allocations with a different number of
iterations. The second iteration of the algorithm is about
channel allocation and optimization of the network link
quality based on the selected allocation method. During the
next iterations, the optimum channel for connection be-
tween two devices is selected. Another attribute is the final
channel allocation for each device, which is the last iteration
of each method. The channel selected in the last iteration is
to be used for the D2D connection in the radio range. The
main idea of the proposed methods is presented in Figure 4
with main blocks for channel allocation. After parameter
initialization based on the selected method, rules, and
threshold_value, the algorithm decides if a device has the
new better channel to be used or the previous channel is
more suitable to be used. Each method based on a number of
iterations changes channels multiple times, but the final
channel allocations for the D2D connections come from the
last iterations. What is suitable for one method is not suitable
for another method. Also, this influences the total number of

[ Load or generate input parameters ]

v

[ Set path from source to destination device by ]

Dijkstra’s algorithm

v

[ Set channel 1 to every D2D connection ]

v

Initial statistic value of channel rank
based on Fuzzy Logic

Channel selection for
D2D connection

Number of iterations

Input method for channel allocation

Available
better
channel
to select

> [ Select the same channel as previous ]

Statistic value of channel rank
based on Fuzzy Logic

[ Select better channel

Number
lower as
number

Statistic value of channel rank
based on Fuzzy Logic

Selected channel for D2D connection
based on the selected method

FiGURE 4: The main idea of proposed methods for channel allo-
cation for the D2D network.

iterations necessary for the channel allocations optimization
in the D2D network.

3.1. Method Based on the Game Theory Principle. There exist
many different types of games that can be used, as well as
information that can improve channel selection for devices
in the network [29-31]. If devices want to cooperate to
improve the quality of the network, then it is possible to
achieve the best possible communication quality in the
network. Improvement of network communication should
be the main aim, rather than the communication between
two individual devices. We suggest using the game type
similar to the game with two prisoners. The main purpose is
to reach an agreement sufficient for all players. Each device
selects a channel based on previous game moves on a device
with a lower ID number. The principle of the game is that
one player makes a game move and other players need to
react to this movement and to implement an appropriate
strategy for this movement. The pseudocode of the algo-
rithm is shown by Figure 5. We use functions such as
SIR_rank_value to evaluate SIR ratio for each channel; also



input: load or generate Position_matrix, Number_of_Devices, Radio_range, ...
set path by dijkstra_algorithm from device ID_1 to device ID_40
generate channel_allocation to each links in radio range to 1;
Number_of Iterations = 20;

Initial_parameters for method
for ID_value < 1 to ID_value < Number_of_Devices - 1 do
if distance of ID_value & ID_value+1 is lower as Radio_Range do
device_connection (ID_value, ID_value + 1) = 1;
set initial_first_value for each devices;
SIR_rank_channel_initial calculate with RSS as influence ratio;
RSS_value_device_initial calculate by distance;
Traffic_value of channel set to 10;
end
end
input to fuzzy logic: SIR_rank_channel, RSS_value_of_device, Traffic_matrix;
rules_for_each_parameter_sets;
output Fuzzy_logic_out_value for channel rank on selected link and iteration;
channel_rank_iteration (1, :, :)= Fuzzy_logic_out_value;

for Number_of Iterations < 2 to Number_of _Iterations do
for ID_value — 1 to ID_value < number_of devices + 1 do
if device_connection (ID_value, ID_value + 1) = 1 do
for channel < 1 to channel «— 13 do
Call Funnctions: SIR_rank_channel;
RSS_value_device;
Traffic_matrix;
Device_links_by_radio_range;
end
if difference between value of channel SIR and previous selected channel SIR
value is higher as threshold_value do
if Traffic_value of channel is lower as high_traffic do
set channel_allocation of link = channel;
else
set channel_allocation of link = channel_allocation (Number_of Iterations — 1);
end
end
input to fuzzy logic: SIR_rank_channel, RSS_value_of_device, Traffic_matrix;
rules_for_each_parameter_sets;
output Fuzzy_logic_out_value for channel rank on selected link and iteration;
channel_rank_iteration (Number_of_Iterations, :, ID_value) = Fuzzy_logic_out_value;
end
end
end

FiGure 5: Pseudocode of the proposed method based on Game
Theory.

input to this function is RSS_value. The distance of two
devices with RSS_values influences how strong the inter-
ference to other channels is and if that can be used as the
channel for communication. The Traffic_matrix influences
how suitable the channel is. However, the main aim is to
evaluate the channel’s suitability based on the SIR_value. A
device selects the channel if the difference between the se-
lected channel SIR_value from the previous iteration and the
SIR_value of the best channel in the current iteration is
higher than the threshold_value. If this difference is lower
than selected threshold_value, the device will use the channel
from the previous iteration. The last step of each iteration is
to rank the channel used in this iteration. The channel rank is
based on FL method and the output of this method is used as
the channel rank, due to the fact that the channel rank value
in the FL is defined as the degree of suitability. This value is
from the interval 0 to 100, where 0 is the worst value and 100
is the best one.

Game Theory operates autonomously on each device and
every device uses the cooperation strategy to share infor-
mation with the other neighbours in the radio range to
increase the effective distribution of channels. But, in our
simulation, we set the order of channel allocations by the ID
value. There exist many types of games to be implemented in
our scenario, but we have decided to simulate a scenario with
the cooperation of all devices in the network and we use the
“prisoner’s dilemma” game type. The “prisoner’s dilemma”
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game aims to obtain pay-off not for one of the players but to
each one of them to give the best output value. To obtain this
value, players need to cooperate and play the same strategy.
The same principle can be used to choose an optimal channel
in the network and to improve the quality of links for each
communication.

3.2. Method Based on the Fuzzy Logic Principle. In the FL
method, we use the RSS_value, SIR_value, and Traffic_value
parameters to rank the quality of a link for each device the
same way as in the GT method. Figure 6 shows FL with these
selected input parameters. Also, we focus rules more to
SIR_value as the priority parameter that defines if the
channel can be used or not. If the SIR_value is suitable, then
the channel is suitable to be used. Other parameters (RSS
and traffic) only define how suitable this channel is. On the
other hand, if the SIR_value is nonsuitable, no matter how
high values of other parameters are, we consider this channel
as nonsuitable. Some examples of rules for FL are shown in
Figures 7 and 8 [32]. These figures show the limited rules for
input parameters. Other rules only define how suitable
examined channel is for allocation. The total number of rules
is defined by several input parameters and their number of
sets.

A channel can be ranked as very suitable, more suitable,
suitable, or nonsuitable. A device can select if a channel is
suitable or with a higher rank value, but the main aim is to
select those with the highest value due to the information
from the spectrum sense and obtained information from
devices in the radio range. Figure 9 shows the pseudocode of
the algorithm we used for the channel selection. As one can
see, it is similar to the GT with the same input and initial
parameters. The main difference toward GT is in the deci-
sion. The GT uses SIR value difference as an attribute to
decide if the channel is suitable or not. The FL uses
Fuzzy_logic_value as an output from FL not only to rank
each channel but also to decide if the channel can be used.
The difference of previous iteration Fuzzy logic_value and
current Fuzzy logic_value has to be higher than the
threshold_value. Only then can this channel be used and be
allocated to link two devices. It is not effective to use a
channel with a nonsuitable value of the SIR parameter, due
to the fact that this channel has high interference, which
means also low speed, more errors of packet delivery, and so
on. The first process of each device is to allocate the channel
to be able to communicate with other devices and to send
control information, channel selection of other devices, and
other information about the quality of links in the radio
range.

3.3. Smart Method for Channel Allocation. The Smart
Method is based on a combination of the GT and the FL.
Attributes from the GT are the cooperation and more it-
erations to obtain optimal channels for each device. The
process of this method is autonomous on each device in a
one-time slot, where devices are not moving. The devices
move in the simulation area with some social attributes but
within one-time slot step simulation complete evaluation to
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FIGURE 6: Fuzzy Logic with input parameters used for channel allocation.

Traffic is low
&
If RSSis high
&
SIR is suitable

then output is very suitable

FiGure 7: FL rule with suitable SIR value used for channel
allocation.

Traffic is low
&
If RSSishigh
&
SIR is nonsuitable

then output is nonsuitable

F1Gure 8: FL rule with nonsuitable SIR value for channel allocation.

verify which channel is suitable to select in each iteration
[33]. The FL is used as a complete unit; we only add at-
tributes from the GT. The principle of decision is the same as
the FL method, only with more iterations, where each device
can react to other device selections. The player makes a game
move and then the next player makes a game move but every
player needs to consider the previous player’s selection. The
channel rank is defined by the FL method for each iteration.
The algorithm for this method is shown in Figure 10, where,
in comparison with a method based on the FL, the only
differences are the number of iterations and the strategy. The
devices are able to change a channel multiple times, when it
is possible to make it due to threshold_value condition. If the
channel is the same for more than one iteration, it means
that there is no suitable channel to improve channel rank
with consideration to the threshold_value.

The multiple-channel selection by each device improves
the channel allocation in the network, where a player makes
a game move and the other player needs to react to this game
move with the suitable game moves. The device sequence of
selections of the suitable channel is by the device ID
(IDentification number). The device with the lowest ID
number uses this method as the first [34]. This method is
used for each device separately, but again it is necessary to
maintain a certain order in the algorithm. The first player by
ID_value, after analysis of available channels at each itera-
tion, selects if a suitable channel is available based on a
threshold condition. If this threshold condition is not valid,
then the device uses the same channel as in the previous

input: load or generate Position_matrix, Number_of_Devices, Radio_range, ...
set path by dijkstra_algorithm from device ID_1 to device ID_40
generate channel_allocation to each links in radio range to 1;
Number_of Iterations = 2;

Initial_parameters for method
for ID_value < 1 to ID_value «— Number_of_Devices-1 do
if distance of ID_value & ID_value+1 is lower as Radio_Range do
device_connection (ID_value, ID_value + 1) = 1;
set initial_first_value for each devices;
SIR_rank_channel_initial calculate with RSS as influence ratio;
RSS_value_device_initial calculate by distance;
Traffic_value of channel set to 10;
end
end
input to fuzzy logic: SIR_rank_channel, RSS_value_of_device, Traffic_matrix;
rules_for_each_parameter_sets;
output Fuzzy_logic_out_value for channel rank on selected link and iteration;
channel_rank_iteration (1, :, :) = Fuzzy_logic_out_value;

for Number_of_Iterations < 2 to Number_of_Iterations do
for ID_value — 1 to ID_value < number_of _devices + 1 do
if device_connection (ID_value, ID_value + 1) = 1 do
for channel «— 1 to channel < 13 do
Call Funnctions: SIR_rank_channel;
RSS_value_device;
Traffic_matrix;
Device_links_by_radio_range;
end
if difference between value of channel SIR and previous selected channel SIR
value is higher as threshold_value do
if Traffic_value of channel is lower as high_traffic do
set channel_allocation of link = channel;
else
set channel_allocation of link = channel_allocation (Number_of Iterations - 1);
end
end
input to fuzzy logic: SIR_rank_channel, RSS_value_of_device, Traffic_matrix;
rules_for_each_parameter_sets;
output Fuzzy_logic_out_value for channel rank on selected link and iteration;
channel_rank_iteration (Number_of_Iterations, :, ID_value) = Fuzzy_logic_out_value;
end
end
end

FIGURE 9: Pseudocode of the proposed method based on Fuzzy
Logic.

iteration. Based on the strategy of device, one iteration is
appropriate to select the best available channel for this device
or improve also networks’ quality of links. Also, this change
of channel is based on received information from other
devices in network and the spectrum sensing from the radio
range. If the device in the radio range chooses a channel, the
device being investigated receives another suitable channel
for reassessment; for this reason, the FL should be used
multiple times and react to these allocations by other de-
vices. The GT is represented in this Smart Method by the
cooperation of each device and by sharing their information
about channel selection. Also, the GT typically uses more
iterations than one in a total time of evaluation to obtain the
output value of the method. The disadvantage of this method



input: load or generate Position_matrix, Number_of_Devices, Radio_range, ...
set path by dijkstra_algorithm from device ID_1 to device ID_40
generate channel_allocation to each links in radio range to 1;
Number_of Iterations = 21;

Initial_parameters for method
for ID_value — 1 to ID_value «— Number_of_Devices-1 do
if distance of ID_value & ID_value + 1 is lower as Radio_Range do
device_connection (ID_value,ID_value + 1) = 1;
set initial_first_value for each devices;
SIR_rank_channel_initial calculate with RSS as influence ratio;
RSS_value_device_initial calculate by distance;
Traffic_value of channel set to 10;
end
end

input to fuzzy logic: SIR_rank_channel, RSS_value_of_device, Traffic_matrix;
rules_for_each_parameter_sets;

output Fuzzy_logic_out_value for channel rank on selected link and iteration;
channel_rank_iteration (1, :, :)= Fuzzy_logic_out_value;

for Number_of Iterations < 2 to Number_of_Iterations do
for ID_value < 1 to ID_value — number_of_devices + 1 do
if device_connection(ID_value,ID_value + 1) = 1 do
for channel < 1 to channel «— 13 do
Call Funnctions: SIR_rank_channel;
RSS_value_device;
Traffic_matrix;
Device_links_by._radio_range;
end

input to fuzzy logic: SIR_rank_channel, RSS_value_of_device, Traffic_matrix;
rules_for_each_parameter_sets;

output Fuzzy_logic_out_value for channel rank on selected link and iteration;
channel_rank_iteration (Number_of_Iterations, :, ID_value) = Fuzzy_logic_out_value;

if difference of actual Fuzzy_logic_value and previous selected channel
Fuzzy_logic_value is higher as threshold_value do
set channel_allocation of link = channel;
else
set channel_allocation of link = channel_allocation (Number_of Iterations-1);
end
end
end
end

F1GURE 10: Pseudocode of proposed Smart Method.

with more than one iteration is the time that is needed to
complete the evaluation. More iterations can enhance the
suitability of using a given channel, since repetition can be
used to select a more appropriate channel if this channel is
available. The main aim is to optimize the network pay-oft
with the cooperative strategy of devices.

4. Simulation and Results

We simulated the proposed algorithms for channel alloca-
tion based on IEEE 802.11xx technology in the simulation
program Matlab. This program is suitable to use the FL
toolbox and to evaluate our definition of rules and pa-
rameters for simulations. Also, this environment is suitable
for the use of the GT principle for channel selection. We can
simulate our proposed Smart Method as a combination of
the GT attributes with the FL method. We set an interval for
RSS and traffic priority parameters from 0 to 100. We
consider the best value of RSS as 100, when two devices are
side by side, and the value of 0, when two devices are not
within radio range. The traffic value is set at the best value 0
and the worst 100. Generally, a signal ratio is represented by
SIR_value of 20dB or more. It is recommended that data
networks should have the SIR_value of 25 dB or more to use
voice applications. We set the limit (minimum) value of
SIR_value to 18, which represents value in dB, and channel
with the higher value is more suitable to be used. Similarly,
we predict a signal strength based on the distance, where the
radio range of the device is set to 100 m. We consider that the
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signal is very strong if a distance between the two devices is
lower than 30 m. When two devices are side by side, then the
RSS_value is set to 100, because their distance is very low.
We consider device distance as large when it is more than
70 m. The RSS_value is “low,” when the value equals 30. We
consider the distance of two devices between 30 m and 70 m
as “normal.” The initial Traffic_value is set to 10 for the start
of the algorithm. Subsequently, the Traffic_value is gener-
ated in the range from 10 to 90 when a channel is changed to
a link between two devices based on the selected scenario of
the simulation. We simulated the channel allocation on the
selected path from the Source device with ID 1 to the
Destination device with ID_40. The path from Source device
to a Destination device is selected by Dijkstra’s algorithm.

4.1. Game Theory as the Method for Channel Allocation.
The Game Theory with final channel allocation according to
this method is shown in Figure 11, where the investigated
path from the Source device to the Destination device is
shown by the red line. Every device allocates a channel for
communication in every iteration. To show the channel
change during iterations, we select this path and it is possible
to show how the channel rank is changed. Also, we can show
how the channel selection influences other devices in the
radio range. Other devices react to these game moves and
adjust the strategy to them. Each device has a finite set of
actions. The GT method is more based on the cooperation of
devices in the game. The strategy of the device in a typical
game is to win the game. We eliminate the dominant strategy
to select the best channel for the device by itself no matter if
this selection increases or decreases the pay-oft of the other
devices and uses the strategy to optimize the channel al-
location by coordination to select the channel, which in-
creases the rank of the network. A method based on the
game needs to make compromises to improve network
routing. Every device is able to communicate with only one
device at a one-time slot. Other allocated channels are
prepared for devices in case there is a demand to set up a new
connection and to start the data transfer with another
neighbour device in the radio range. It is not correct and
sufficient to set a value of threshold for each parameter due
to changes in input parameters at each time step when the
device movement occurs. The better choice is to select a
threshold of difference between the previous channel rank
(RSS, SIR, and traffic) and the current channel rank (RSS,
SIR, and traffic). When we set the threshold with low value
such as 15, it leads to more channels selection and also more
iterations for the optimal channel selection in a network. The
higher value of threshold such as 30 or more leads to a lower
number of the total iterations for the optimal channel se-
lection. The total number of iterations will be five or lower to
allocate the final channel of link. In this scenario, we use the
value of the threshold difference set to 20, due to the fact that
each parameter is set to an interval from 0 to 100. If the
previous channel is selected, then SIR_value of this channel
is set to 18, which represents that this channel is suitable to
be used but only in case if there is no better channel to be
selected. Another channel has a better value if there are not
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FiGure 11: Example of the selected network topology with com-
munications and channels allocated by Game Theory (red line
represents the path from Source to Destination).

so many devices in the radio range with inappropriate
(interference) channels, which influence the quality of this
channel. A device with lower RSS_value influences the lower
SIR parameter compared to a device with higher RSS that
influences higher SIR value. The reason for this is the
process in which we obtain RSS_value in our scenario. We
calculate this parameter from a distance of the two devices.
When the distance of the two devices is high, the value of
RSS is “low,” which also means the low intensity of the
signal received at this device. When two devices are close to
each other, the value of the RSS is “high” and the intensity
of signal strength is better. Parameter traffic is at first it-
eration set to value of 10. It means there is no data transfer
and only this channel is used to send control frames to each
device in the radio range. In the second iteration, where the
device selects a better channel to communicate with other
devices, the value of traffic is changed to the random value
from the interval of 10 to 90. The traffic parameter is
changed at every channel change, which represents the data
flow at the communication channel on each device. There is
no need to send packet data between devices; we simulate
this transfer by this parameter. When devices make a move
(physically) in a one-time slot, every parameter changes.
The fixed value of the threshold is not suitable when this
value needs to be different in every slot. It is not very
suitable to determine a general threshold value appropriate
for every possible situation of parameters values combi-
nation. This would only be possible if one of the most
important parameters is determined as suitable. Only then
is it possible to continue the channel rank with other
parameters of the link quality. Therefore, it is preferable to

determine the threshold_value as the difference between the
previously selected channel and the current channel suit-
able to be used. The exact value of the threshold is at one
point sufficient, but when devices make a game move or the
physical movement, the same value of the threshold will be
insufficient. The evaluation would be possible by additional
rules and this would lead to the application of the principle
of a simplified version of the FL.

Figure 12 shows the channel change based on the GT
method and cooperation strategy on the selected path from
the Source device to the Destination device. As we can see,
there are a lot of channel changes based on the GT channel
allocations in a one-time slot with 20 iterations. The device
can change the channel if the threshold_value of difference
is equal to or higher than 20. Links between selected
devices change channels at all possible iterations. Some
devices use the same channel for more iterations, due to
the fact that there is no better channel to be selected. Also,
based on this figure, two links can change the channels just
one time for the time slot during the simulation. This
means that no better channel with a higher difference as set
threshold_value is available. If the value of the threshold is
set to 20, it shows, in some cases, constant channel use for
more iterations, because there is no better channel to
select. Some links change channel more often based on the
threshold_value, if there is a better channel. If we select the
threshold to a higher value, then the lower number of
channel changes will be made. The higher value of
threshold means lower number of changes to optimal
channel allocation in networks. The GT method changes
the channel of at least one device in every iteration. It
means, for this method, to decrease the total number of
channel changes, we need to increase the number of input
parameters. Figure 12 shows the channel selection based
on the GT and, for this selection, we evaluate the channel
rank for each channel link on the selected path. We
evaluate the channel rank for each method with the FL
principle, which only shows statistical values for the
comparison of different methods. The FL principle is
suitable to be used for statistics of channel rank because the
output can be defined on the interval of values based on
rules and the membership functions to each parameter as
the input of this method. The channel rank based on the
GT is shown in Figure 13. The final channel allocation is at
the last iteration of each method. Every change of channel
rank influences devices in the radio range with their game
move based on the strategy sets to cooperate and improve
the quality in the network. The device does not change the
channel, but the quality of the link decreases or increases.
This change is by the channel selection of other devices in
the radio range. Each device uses strategy to improve the
quality of a link in the network. It means every device,
when it makes a game move, uses the strategy of coop-
eration and selects the best channel to improve the quality,
not for its higher pay-oft value but to improve the pay-oft
of the network. The channel rank of these two methods is
different due to the total number of channel changes in
iterations. The GT method changes channel more often for
devices based on the channel rank.
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the selected path.

100 |
90
80

70
60
50
40
30
20

Channel rank output of GT

14 16 18 20

Iteration

—— Link 1-32
—— Link 32-13
Link 13-15

—— Link 17-24
—— Link 24-40

—— Link 15-5
—— Link 5-17

FiGUure 13: Channel rank based on Game Theory on the selected
path.

4.2. Fuzzy Logic as the Method for Channel Allocation.
The Fuzzy Logic as a method for channel allocation seems to
be more suitable because this is a more precise method to
rank each channel based on the membership functions. On
the one hand, the FL works as a ranking method, and, on the
other hand, the GT works as a method that selects channels
based on the strategy directly. Consideration should also be
given to the case when the same channels are allocated for
communication between different devices. The topology of
the network is shown in Figure 14 with selected channels for
each device, but at a one-time slot similar to that in GT the
device can communicate only with one device. Other
channels are ready for possible communication with
neighbours. Membership functions use a triangular form or
other forms of the functions to define individual values in
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FIGUure 14: Network topology with channels allocated by Fuzzy
Logic (red line represents the path from Source to Destination).

extreme cases of the interval, and the trapezoid form
function is used in other parameter values. These functions
can be seen in the previous subchapter on the FL principle.
The FL method uses rules to determine whether a statement
is true or false. In this case, we consider rules based on the
values of the RSS_value, traffic on a channel, and the SIR
ratio of signals. Mobile devices can measure and determine
the RSS_value based on the received signal strength. So we
assume that the device can determine this value, and
therefore we only use the distance of two devices to define
the value of this parameter for the simulation process. The
output value of the FL based on the rules can be very suitable,
more suitable, suitable, less suitable, or nonsuitable. Some of
the rules for this method are shown in Table 5. The main aim
is to choose a channel with a suitable value of SIR. Other
values of parameters influence how suitable a channel to
allocate is. The FL uses only one iteration to choose an
optimal channel to increase the quality of the network.
Figure 15 shows channel allocations based on the FL method
on the selected path.

The FL method based on rules for the input parameters
(RSS, traffic, and SIR) evaluates the channel selection. Each
device chooses the channel with the highest value to improve
the quality of the network. The FL output value is set for each
channel from an interval of 0 to 100. This value represents
how suitable a channel for communications is. The value
represents the evaluation of the channel rank for connection
between two devices based on information obtained from
the surroundings as well as the transmission of information
data. This value is evaluated based on the information ob-
tained from the spectrum sensing and information that the
devices share in the radio range. It means that the value is
based on cooperation between devices to select a better
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TaBLE 5: Some rules for Fuzzy Logic used in simulation.

If RSS is high and traffic is nonsuitable and SIR is suitable THEN output is very suitable
If RSS is high and traffic is low and SIR is suitable THEN output is more suitable

If RSS is high and traffic is normal and SIR is suitable THEN output is suitable

If RSS is high and traffic is high and SIR is suitable THEN output is less suitable

If RSS is low and traffic is normal and SIR is nonsuitable THEN output is nonsuitable
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Figure 15: Channels determined (allocated) by Fuzzy Logic on
selected path.

channel and increase the quality of the network. The rules
are defined for each input parameter value to evaluate
channel rank in this method. The simulation parameters are
the same as those in the GT, a method with 40 devices, and
the order of channel selection is based on the ID for each
device. This process can be assigned to channel selection
based on the MAC address, where the order of the value is
determined by this address. The method has only one it-
eration, where each device based on the ID order selects a
better channel for communication, if there is a one based on
the threshold_value of difference. The simulation uses
threshold_value set to 20. The higher or lower thresh-
old_value influences the countability of channel change. This
method also uses the output value of the FL as a channel
rank. The device selects a new channel if the value of the
difference between the previous channel and the current best
channel on the current rank is higher. If this difference is
lower, the device uses the same channel. If the movement
was used in the simulation, this channel selection would be

repeated at each time slot, when each device moves to a new
location. Every time slot consists of channel allocation based
on this method. This type of allocation is not so slow in
evaluation so it can be used in every time slot with move-
ment. However, the GT with 20 iterations will be slower than
the FL to evaluate the final channel allocation for each
channel at every time slot. More iterations mean FL with
attributes from GT. The method works independently on
each device; only channel selection is according to the order
based on the ID number in our simulation. In the real
operation scenario, each device obtains the necessary in-
formation and it performs the channel redistribution pro-
cess using this method. To redistribute and improve the
quality of the network, it is sufficient to choose this method,
as the individual devices choose the optimal channel for
communication from the available channels, and, at the
same time, this channel is suitable for them. Each device
makes a move (channel allocation) and responds to the
previously selected channels by devices with a lower ID
number to all neighbours in the radio range. The channels
ranks are shown in Figure 16 with links between two devices
on the selected path from the Source device to the Desti-
nation device. The channel rank is “low” if there is a large
number of interference devices in the radio range. The
channel change leads to a more suitable one and obtains a
higher output of channel rank in the next iteration. The
method uses an interval to define the quality of the channel
and not just a Boolean-type of evaluation. Some types of the
GT use Boolean logic to define parameters of the link quality.
The FL, on the other side, uses the membership functions to
define these parameters with mathematical functions with
different shapes. Change type of membership function from
one type to another one means to change the result of the
output value for each defined parameter. The simulation of
GT needs 20 iterations to obtain an optimal channel allo-
cation for the network. Same threshold_value and the same
input parameters but a different type of membership
function together mean a different number of iterations to
obtain an optimal channel allocation.

4.3. Smart Method as the Method for Channel Allocation.
The smart channel allocation method of simulation uses 20
iterations to obtain optimal channels for the network in a
one-time step when devices do not change their location.
The topology of the network is shown in Figure 17. The
channel allocation is a process that evaluates the channel
allocation between the movements of each device. Time is
required to get the input parameters into the method, but
subsequent decision-making is performed within a one-time
step. The repetition of the simulation shows that the number
of iterations does not have to be large, as repetition does not
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FIGUure 17: Network topology with channels allocated by Smart
Method (red line represents the path from Source to Destination).

result in such drastic increases in channel rank if an ap-
propriate decision value is selected. The biggest change of
value is at the second iteration, when the allocation of
communication channel 1 is changed according to the pa-
rameters to a more appropriate one using FL as the method
of selection. The subsequent rank of possible channels being
used is decreased due to the fact that some of the channels
are already used with devices and they will not achieve such a
low interference. The output from the Smart Method is the
channel allocation for each device in the network, which is
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shown in Figure 17. Each link of two devices has a channel
for communication, but, in the one-time slot, the device can
connect only to one device. So other channels are only to be
ready if there is a demand to create a new connection to
another device in the radio range. The red line represents the
path from the Source device to the Destination device. The
Smart Method uses channel rank by the FL, while also taking
into account the sharing of information between devices and
hence the strategy of device cooperation.

Figure 18 shows channel selection on each iteration of
links between two devices on the selected path from Source
device to Destination device, based on the Smart Method. It
shows how devices stop changing their channels at the tenth
iteration; after this iteration, there is no channel change
based on the threshold_value. Figure 12 shows a channel
selection based on the GT. As one can see, the Smart Method
needs fewer iterations steps to optimize the quality of the
network. The optimal channel allocations for most of the
devices is achieved by eight interactions of the Smart
Method; only one link needs more iterations in this selected
path to select the optimal channel for communication. After
the tenth iterations, there are no more changes, so we can say
that ten iterations are enough to select optimal channels for
communications in the network because one link between
devices 5 and 17 needs more iterations. The device is able to
change the channel only if the pay-off is more than the
selected threshold, which is set to 20. The threshold value of
the channel rank is defined as a difference between a pre-
viously selected channel and the currently more suitable
channel. The channel rank is an interval of values from 0 to
100, so difference set to 20 can be considered as a percent of
change due to fact that the channel rank is without di-
mensional number. When we set threshold_value lower than
20, it means more channels selections and also more iter-
ations for optimal channel selection in a network. The higher
value of threshold such as 30 or more means a lower number
of total iterations for optimal channel selection. The total
number of iterations will be five or lower to allocate the final
channel of the link. A high difference in channel rank is only
at the start of the simulation, where each device has a lot of
free channels to select. After the first iteration, there is a
lower difference between the channel ranks.

Figure 19 shows how channel ranks influence channel
selection not only by the device that makes a channel se-
lection but also with other devices in the radio range.
Figure 13 shows channel rank based on the GT method. The
comparison of these methods in these figures shows that the
same input parameter for method influences not only the
total time needed to evaluate simulation but also the total
number of iterations to obtain the best channel for com-
munication. Allocation based on the Smart Method selects a
better channel if the threshold value is higher than the
difference between the previous channel rank and the
current channel rank. Also, other devices in the radio range
negatively influence this rank with no channel change.
Figure 19 shows that the channel rank of links for D2D
connection can have the same value of channel rank even if
the channel is unchanged. Also, this value can be changed
based on other device selections in the radio range. It is a
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case with not many devices in the radio range, which can
affect individual communication on these channels.
Therefore, the rank of the channel is without change. Al-
ternatively, an adjacent device changed the channel to a
more appropriate channel, and this change helped maintain
the rank for the device that did not make the channel change.
If the neighbour devices choose the most appropriate
channel, the rank of the device will decrease or stay the same;
but it is still suitable to maintain a good connection. The
effort is to improve the network as a whole, and it is,
therefore, possible to accept a deterioration in the evaluation
of the channel used, if this value is acceptable and it does not
cause a significant decrease in the quality of the connection.
A comparison between the GT and the Smart Method only
shows the change in rating and usage of channels on the
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selected path. Every device in network topology also changes
the channels used in each iteration and affects the resulting
value of channel ranks on the selected path. Smart Method
uses more input attributes to evaluate faster optimal channel
selection. The GT is suitable as a method for channel se-
lection, but the Smart Method with parameter definition by
membership functions and attributes from the GT decreases
the number of iterations needed to evaluate optimal channel
selection for selected network topology.

5. Conclusion and Future Work

Our proposed algorithms show the effective channel allo-
cation by a method based on Fuzzy Logic, Game Theory, and
the Smart Method. For the proper function of channel al-
location management, it was necessary to select the ap-
propriate parameters that characterize the quality of the
connection to a sufficient level. The Smart Method based on
the FL and the GT attributes is more accurate, but the cost of
this accuracy is a longer period of evaluation. These methods
show that content delivery services in 5G, modern wireless,
or mobile networks need radio resource management to
increase channel allocation for the faster and better quality of
services. As for directions for future work, we intend to aim
our research at investigation and evaluation of evolution
games as methods for the channel allocations. Also, the next
sphere of the research could be neural networks as part of
artificial intelligence.
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