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Abstract: Wireless communication technology has transformed connectivity across industries, but its widespread adoption comes with significant challenges. The purpose of paper is to identify and analyze the most critical obstacles affecting the efficiency, reliability, and scalability of wireless communication systems. This research paper mainly demonstrates to determine the most effective challenges for wireless communication technology. In recent times, it is really very significant and demanding work of this technology-based society. Interference, security vulnerabilities, bandwidth limitations, signal attenuation, and latency concerns etc. are the basic factors of this challenging work. 

This study explores the application of multi-criteria decision making (MCDM) techniques using intuitionistic fuzzy numbers (IFNs) to evaluate this. We apply the weighted MCDM method, i.e., Entropy in this paper. The decisions of multiple decision makers (DMs) are considered into account when collecting this problem related data and IFNs are utilised as mathematical tools to handle uncertainty. In order to address the ambiguity and inconsistency of the system, we finally conclude to conduct the analysis here with final result. 
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1 Introduction

Wireless communication technology has adapted modern connectivity, with vast data exchange across diverse applications, from mobile phones to Internet of Things (IoT) devices [1, 2]. It encounters various complex challenges that effect its efficiency, reliability and scalability. The main causes include the particular spectrum availability, weaknesses in security and signal interference in the transmission of valuable data. 

Different technological

challenges [1, 3, 4] arise from the growing demand for faster data rates and connectivity of low-latency, particularly as 5G and beyond are introduced. For battery-powered devices and large-scale deployments, energy efficiency is a big concern. Various environmental factors, i.e., weather and topography, have an additional effect on signal propagation. Identifying these challenges and getting the noble solutions in hardware design, network protocols and regulatory frameworks. Wireless communication [5] can better support upcoming developments in connectivity and digital transformation to overcome these barriers. 

To select the ideal option, multi-criteria decision making (MCDM) methods consider multiple criteria. In the enormous field of operations research, it has various procedures for discovering the criteria weight. Several well-known MCDM processes, such as, Analytic Hierarchy Process (AHP) [6], Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) [7], Criteria Importance Through Intercriteria Correlation (CRITIC) [7], 

Complex Proportional Assessment (COPRAS) [8], Multi-Objective Optimization based on Ratio Analysis plus Full Multiplicative form (MULTIMOORA) [9], VIekriterĳumsko KOmpromisno Rangiranje (VIKOR) [10], Elimination
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and Choice Translating Reality (ELECTRE) [11], Preference Ranking Organization Method for Enrichment Evaluation (PROMETHEE) [12] etc. are applied to identify the actual decision-making issues. The above explained decision making processes help to make the perfect and wise decision for adoptation of wireless communication technology. 

The main motive of this paper is to figure out the most effective and difficult challenges for wireless communication technology. The motivation for this paper are described here. The multiple criteria are considered to determine the most effective challenges for wireless communication technology. Intuitionistic Fuzzy Numbers (IFNs) are taken for capturing the uncertainty of the data set. All the data are taken in linguistic terms and converted into IFNs. The new score and accuracy functions are developed and applied this new score function to process the fuzzy value. 

Calculate the criteria weight of each criterion using the decision matrix and utilise it in further evaluation. If DIFN

based MCDM model is constructed, namely fuzzy Entropy and it determine the criteria weight. Two decision makers (DMs) are given data in linguistic terms in an unbiased process. 

We determine the most effective challenges for adaptation of wireless communication technology, which is the main purpose of this paper. Seven critical criteria are considered for this easy analysis. An MCDM process is selected as optimization tools and Discrete Intuitionistic Fuzzy Numbers (DIFNs) are appraised as uncertain tools. 

Data are gathered in an unbiased process and numerically evaluated the result on it. 

The structure of this research work is discussed in detail in this section. Section 1 describes the introduction, motivation and research outline of this work. A brief literature review on the total work shown in Section 2. The basic fuzzy set concept and intuitionistic fuzzy set idea is described in Section 3. A MCDM technique, namely Entropy weighted method that is used in this study, is demonstrated in Section 4. The criteria selection and alternatives to determine the most effective challenges for wireless communication technology are fully discussed in Section 5

and Section 6, respectively. Application of decision making framework of this research is mentioned in Section 7. Additionally, the sensitivity analysis of this study is presented in Section 8. Finally, the conclusion, research implication and future research scope are presented in Section 9. 

2 Literature Survey of this Study

This section explains the literature survey of this study. Literature studies on wireless communication technology, Intuitionistic Fuzzy Number (IFN) and Entropy methodology, respectively, are described below in detail. 

2.1 Background on Wireless Communication Technology

Wireless communication technology [13] is a popular technology nowadays and it allows for immediate communication with mobile phones and the internet, creating the seamless connectivity. It enables data transfer without any help of physical connections, using radio waves or many other electromagnetic signals. It boosts emergency response with GPS tracking. It also confirms remote work and online education and powers smart homes. 

Through telemedicine and remote monitoring, healthcare benefits from wireless technology, while industries apply it for automation and real-time data exchange. Further, it enhances pleasure via streaming and social media. 

Prakash et al. [1] explained the comprehensive review of IoT, wireless communication, sensors and hardware for agricultural automation. Aman et al. [3] explained the security system of underwater and air–water wireless communication. Li and Wang [14] expressed edge computing with artificial intelligence for evaluation of the teaching quality. For advanced underground mining operations, Theissen et al. [15] evaluated the wireless communication technologies. Chandan et al. [16] discussed secure modern wireless communication network according to blockchain technology. It powers several applications, i.e., mobile networks [2], Wi-Fi [17], Bluetooth [18] and IoT devices [1], 

etc. This technology gives the flexibility and connectivity to many industries. In 2019, Islam and Jin [19] talked about the wireless communication network and Yan [20] is also explained this in 2024. Moreover, in 2017 and 2012, Sengaliappan and Kumaravel [13] and Gupta [21] also evaluatedon it respectively in the research paper, respectively. 

2.2 Background of Intuitionistic Fuzzy Number (IFN)

Fuzzy set has the ability to catch the uncertainty and vagueness of the data set and model. It’s applied in optimization, differential equations [22] and difference equations [23] in various studies. 

Here, we apply the Intuitionistic Fuzzy Number (IFN) to obtain an accurate presentation of this research work in the uncertain environment throughout the MCDM process. Even in an ambiguity environment, it is feasible to effectively convey uncertainty by exhibiting decision-making ability in various contexts and for various reasons. 

There are many several applications where Intuitionistic Fuzzy Number (IFN) are used, s.t., evaluation of various states in India on women empowerment [24], use of the airport performance from the passengers’ perspective [25], 

application in Neural network [26], application in manufacturing and inspection during energy production using sustainable life cycle in industry 4.0 [27] and many more. 
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2.3 Literature of Entropy Method

MCDM [28] is a popular decision making technique for various real world problems. And, the Entropy-based decision making method measures the uncertainty in the data in order to identify the relative significance of criteria in decision-making. It allocates the criteria weights on the variability of information, where higher variation demonstrates the big importance. To choose the best alternatives, it is frequently used in several domains including engineering, business and environmental management, etc. 

Now, we have discussed in detail the various applications of the entropy method. It is applied in numerous fields including the medical field [29], site selection [30], financial optimization [31], supply chain [32] and so on. To evaluate the criteria weights, the MCDM process, i.e., Entropy method, is used to process the problem. Shannon [33]

invented this methodology in 1948. This approach is adaptable and flexible, that can be applied in different complex decision-making situations. The Entropy procedure has been used in several research works of various areas in real life problems. This MCDM method is used in plenty of areas, including select the materials in the engineering sector [34], a suitable site selection for a hospital [35], computing enduring women’s empowerment [24] and so on. 

Moreover, the Entropy methodology was applied to use the fuzzy Entropy measure [36] to the generalised distance measure. 

3 Preliminaries of Mathematical Tools

We can find the initial base of fuzzy sets, fuzzy numbers and their spread, like intuitionistic fuzzy sets, in this section. Fuzzy set is a mathematical concept from the illustration of classical set theory and intuitionistic fuzzy set is the extension of fuzzy set theory. Here, we discuss both of them with their properties, numerical example and a new de-fuzzification method. 

3.1 Fuzzy Set and Fuzzy Number

In 1965, fuzzy sets were first introduced by Zadeh [37] to handle the uncertain circumstances. The proper definition and initial properties of it are explained as below:

Definition 1. Fuzzy Set: [37]

Let us choose, p be an arbitrary element of ˜

F where U be a universal set. Therefore, the fuzzy set ˜

F on U is

denoted as follows, 

˜

F = {(p, µ ˜) : p ∈ U }

(1)

F

where, the membership value is µ ˜

F (p) : U → [0, 1] of the element p in ˜

F . 

Definition 2. Fuzzy Number: [38]

A fuzzy set F on the set of real numbers R maintain the following contexts, these are, (i) ˜

F need to be the normal fuzzy set, s.t., ∃ an element q ∈ ˜

F i.e., µ ˜

F (q) = 1. 

(ii) α ˜

F must be a closed interval for every α ∈ (0, 1], which is defined that, α ˜

F = q : µ ˜

F (q) ≥ α  is closed. 

(iii) α ˜

F need to be a convex fuzzy set. 

(iv) The support of ˜

F must be bounded, s.t., Support ˜

F = 0 ˜

F = {q : µF (q) ≥ 0} is bounded. 

(v) The membership function of ˜

F need to be the piecewise continuous. 

3.2 Intuitionistic Fuzzy Numbers (IFN)

Intuitionistic Fuzzy Numbers (IFN) was first introduced by Atanossov and Gargov [39] in 1989. For presenting an unknown quantity, the intuitionistic fuzzy numbers [25] play an important role. Like fuzzy numbers, IFN has a concept of membership function associated with another characteristic function, namely the non-membership function. Fuzzy set has various extensions, like intuitionistic fuzzy set [26], neutrosophic set [40], interval fuzzy set [39], type-2 set [41] and so on. The IFN is a triplet ordered pair where the first is the element itself followed by membership and non-membership functions. 

Definition 3. Intuitionistic Fuzzy Set (IFS): [25]

Choose that, U be a universal set and an Intuitionistic Fuzzy Set (IFS) denoted by ˜

H and explain as, 

˜

H =  r, µH (r), ν ˜

H (r) : r ∈ U  

(2)

where, µH (r) : U → [0, 1] and νH (r) : U → [0, 1] are the membership and non-membership function, respectively, with 0 ≤ µH (r) + νH (r) ≤ 1 for any r ∈ U . 

Definition 4. Intuitionistic Fuzzy Number (IFN): [24]

An Intuitionistic Fuzzy Number (IFN) is an Intuitionistic Fuzzy Set (IFS) that defines on (R), the set of real numbers and must satisfy the properties of fuzzy numbers (Definition 2). So, the IFN can be represented as, 

˜

H =  r, µ



˜

H (r), ν ˜

H (r) : r ∈ R

(3)
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where, µ ˜

H (r) : R → [0, 1] and ν ˜

H (r) : R → [0, 1] are the membership and non-membership function, respectively, with 0 ≤ µ ˜

H (r) + ν ˜

H (r) ≤ 1 for any r ∈ R. 

Definition 5. Discrete Intuitionistic Fuzzy Number (DIFN):

An Discrete Intuitionistic Fuzzy Number (DIFN) is defined on the set of real numbers (R) and must maintain the properties of fuzzy numbers (Definition 2). So, the DIFN is represented as, 

˜

H =  r, µ



˜

H (r), ν ˜

H (r) : r ∈ R

(4)

where, r, µ ˜

H (r) and ν ˜

H (r) are distinct number, Here, µ ˜

H (r) : R → [0, 1] and ν ˜

H (r) : R → [0, 1] are the

membership and non-membership function, respectively, and 0 ≤ µH (r) + νH (r) ≤ 1 for any r ∈ R. 

3.3 Arithmetic Operations of Discrete Intuitionistic Fuzzy Number (DIFN) This section mainly expresses the arithmetic operations of DIFNs. Some basic arithmetic operations, such as addition, scalar multiplication, multiplication and scalar power on DIFNs are described here. 

n



o

In this paper, we consider that, 

˜

H = {(r, µH (r), νH (r)) : r ∈ R} and ˜

J =

s, µ ˜

J (s), ν ˜

J (s) : s ∈ R

are two DIFNs define on R. Then, ∃ some arithmetic operations, they are, (i) Addition of two DIFNs:

The addition of the above described two DIFNs

˜

H and ˜

J is define as, 

˜

H ⊕ ˜

J = (r + s); µ



˜

, ν

H⊕ ˜

J

˜

H⊕ ˜

J

(5)

= (r + s); µ



˜ + µ

− µ µ , ν ν

H

˜

J

˜

H

˜

J

˜

H

˜

J

(ii) Scalar Multiplication of DIFNs:

If δ is the positive real number (δ ∈

+

R ). Then, the scalar multiplication (δ) of DIFN

˜

H is, 

δ ˜

H = δ × ˜

H = δr; µ



δ ˜

H , νδ ˜

H

nD

=

δr; 1 − 1 − µ

δ

δ Eo

(6)

˜

H

, ν ˜

H

(iii) Multiplication of two DIFNs:

The multiplication of two DIFNs

˜

H and ˜

J is denote as, 

˜

H

nD

Eo

⊗

˜

J =

rs; µ ˜

H ⊗ ˜

J , ν ˜

H ⊗ ˜

J

(7)

nD

Eo

=

rs; µ ˜

H µ ˜

J , ν ˜

H + ν ˜

J − ν ˜

H ν ˜

J

(iv) Power of DIFN:

Consider λ be a natural number (λ ∈ N). Then the scalar power (λ) of DIFN ˜

H is, 

˜

H λ = rλ; µ



˜

H , ν

λ

˜

H λ

nD

=

rλ; µ

λ

λ Eo

(8)

˜

H

, 1 − 1 − ν ˜

H

3.4 Score and Accuracy Functions of DIFN

This section describes the score function and accuracy function of Discrete Intuitionistic Fuzzy Number (DIFN). 

Since there is no order relation on the DIFNs, then two numbers can’t be comparable. The score and accuracy functions on DIFN provide a crisp value corresponding to DIFN which can be comparable by the usual Euclidean metric space. There are various score and accuracy functions [35] defined in different fuzzy numbers. Here, proposed score and accuracy functions on DIFNs are as follows:

Definition 6. Score functions of DIFN:

Consider, from a Discrete Intuitionistic Fuzzy set

˜

H = {(r, µH (r), νH (r)) : r ∈ R}, we can represent the

DIFN

˜

H = µ



˜

H , ν ˜

H . Here, we propose a new score function (S( ˜

H )) on ˜

H , as follows, 

1

S( ˜

H ) = Score( ˜

H ) =

1 + µ3 − ν3  µ



˜

(9)

3

˜

H

˜

H

H + ν ˜

H

Definition 7. Accuracy functions of DIFN:

Consider, from a Discrete Intuitionistic Fuzzy set

˜

H = {(r, µH (r), νH (r)) : r ∈ R}, we can represent the

DIFN

˜

H = µ



˜

H , ν ˜

H . Here, we propose a new accuracy function (A( ˜

H )) on ˜

H , as follows, 
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1

A( ˜

H ) = Accuracy( ˜

H ) =

1 + µ3 − ν3 

(10)

3

˜

H

˜

H

Theorem 1. Consider ˜

I and ˜

J are two Discrete Intuitionistic Fuzzy Numbers (DIFN) defined on the set of real numbers (R). Then the order relation is defined on DIFNs ˜

I and ˜

J as follows:

1. If S( ˜

I ) < S( ˜

J ), then ˜

I < ˜

J . 

2. If S( ˜

I ) > S( ˜

J ), then ˜

I > ˜

J . 

3. If S( ˜

I ) = S( ˜

J ), then

(a) If A( ˜

I ) < A( ˜

J ), then ˜

I < ˜

J . 

(b) If A( ˜

I ) > A( ˜

J ), then ˜

I > ˜

J . 

(c) If A( ˜

I ) = A( ˜

J ), then ˜

I ≡ ˜

J . 

Remark 1. In this research paper, we consider the score function on Discrete Intuitionistic Fuzzy Number (DIFN) to compute the numerical results. If the score function does not provide any conclusion, then the accuracy function applies on the Discrete Intuitionistic Fuzzy Number (DIFN) for numerical evaluation. 

4 MCDM Based Entropy Weighted Methodology

In this research work, this section properly explained the mathematical procedure through MCDM methodology [29]. 

There are several weighted calculated MCDM methods are used for optimization, such as Analytic Hierarchy Process (AHP) [42], Analytic Network Process (ANP) [43], CRiteria Importance Through Inter-criteria Correlation (CRITIC) [44], Entropy [31]; Decision making trial and evaluation laboratory (DEMATEL) [45], Stepwise Weight Assessment Ratio Analysis (SWARA) [46]and many more. It is a standard procedure for evaluating the criteria weight for making decisions in considering multiple conflicting factors. The Entropy named MCDM technique [34], 

is used here to assess the required outcomes. The approach of the above mentioned method is clarified below. 

In 1948, Shannon [33, 47] proposed a mathematical communication theory, naming the Entropy weighted method. Figure 1 repressed the structural flowchart of the Entropy weighted method. 

In this research work, l′ number of decision makers (DMs) make opinions based on their skills and knowledge. 

Also, consider that there are m number of criteria and c number of alternatives associated with this model. For each criteria ζ, here, ζ = 1, 2, . . . , m. The following steps are in the Entropy method: Figure 1. Constructional framework of the Entropy process







I: Structured the decision matrices

˜

Am

:

D







First of all, we have established a decision matrix

˜

Am

based on the wise opinion of DMs in linguistic

D

terms. This is structured by D-th decision makers (DMs) where, D = 1, 2, . . . , D, . . . , l′ and l′ be the total number of decision makers. 



˜

E 
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˜ 



11

E12

. . . 

E1m
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D

D



















˜

E

˜

E
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˜

E





21

22

2m

˜

A 



D

D

D 

m

= 



(11)
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


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







˜
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D

D
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i.e., 



˜

A 

h ˜  i

m

=

Eηζ

(12)

D

D cm





where, 

˜

Am

is c × m order matrix; D = 1, 2, . . . , l′; each alternatives η (when, η = 1, 2, . . . , c) and each criteria D

ζ (when, ζ = 1, 2, . . . , m). 





II: Aggregation the structured decision matrices

˜

Am :





The above decision matrices aggregate into a decision matrix

˜

Am , 

n

o

χ1

=

µ

, ν

¯

˜

˜

δ

δ

δ

ζν

ζν

ζν





(13)









=

min

µ˜

,D=1,2,...,l′ ν˜

D

δ

δ

=1,2,...,l′

ζν

δ

ζν

δ





The aggregated decision matrix

˜

Am is constructed from Eq. (11) using Eq. (13). So, the aggregated decision matrix

˜

Am for criteria, denoted as ˜

Fe, i.e., 

˜

A

h ˜ i

m =

Eηζ

(14)

cm





III: Score valued aggregated decision matrix

˜

As :







Using the score function S

˜

Es

of the DIFNs are converted to a crisp number and so the score valued decision matrix

˜

As is formulated as follows, 

˜

A

h ˜ i

m =

Eηζ

(15)

cm





where, 

˜

Es

is the score value of DIFN ˜

Eηζ calculated by Eq. (9). 

ηζ





IV: Normalized the decision matrix

˜

An :









To formulate a Normalized decision matrix

˜

A

˜

n

from the score valued decision matrix

As , we use the

following formula, 

˜

E

˜

E k

ηζ

=

ηζ

(16)

Pc

˜

E

η=1

ηζ

V: Calculate the required entropy value (Y ′ζ) :

Evaluate the entropy value (Y ′ζ) of each criteria using Eq (16), we get, c

Y ′

1

X n



o

= −

×

˜

E k × log ˜

E k

ζ

(17)

log c

ηζ

ηζ

η=1

where, η = 1, 2, . . . , c and ζ = 1, 2, . . . , m. 

VI: Compute the degree of dissatisfaction (Gζ) :

The degree of dissatisfaction (Gζ) for each criteria µ, e|valuated by Eq. (18), as follows: Gζ = (1 − Y ′ζ)

(18)

where, ζ = 1, 2, . . . , m. 

VII: Criteria weight (Wζ) :

The required criteria weight (Wζ) is find out by Equation (19), as follows: G

W

ζ

ζ =

(19)

Pm

G

ζ=1

ζ

The evaluated criteria weight (Wζ) from Eq. (19), which is used for further calculation, where ζ = 1, 2, . . . , m. 

Eq. (19) shows the weight of criteria by the Entropy weighted method. 

Remark 2. In this work, we only consider the seven important criteria for calculating the factor weight to determine the most effective challenges for wireless communication technology. 
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4.1 Pseudo Code of This Empirical Model

This section describes the Pseudo code [48] of this proposed study. Establish the framework with m number of criteria, c number of alternatives and l′ number of decision makers (DMs) consider for constructing the model. 

The decision matrix is built with c × m order for criteria. The MCDM technique, namely Entropy, is applied to determine the criteria weights. The l′ number of c × m order decision matrix for criteria is taken as input data. The pseudo code of this model is:

Input: l′ number of c × m order decision matrix for criteria

Output: Calculate criteria weight

Compute: Local and global weights of the criteria

Initialize: Linguistic terms and crisp numbers

Operation: Entropy

1. Merge Aggregate the l′ number of decision matrices for criteria 2. Normalization normalize the aggregated decision matrix

3. For Entropy

4. Find determine the logarithmic value for every entry

5. Then evaluate the logarithmic sum for every criteria

6. Calculate find out the entropy value and degree of dissatisfaction value 7. Find determine the weights of the criteria

8. End Entropy

5 Criteria Selection

This section describes the short description of every criterion. Determine the most effective challenges for wireless communication technology is dependent on multiple criteria. Those criteria are chosen from the detailed literature studies, i.e., [1–5, 13–19] and opinions taken from two wise decision makers (DMs). Seven criteria are considered for this work. The short discussion on these criteria is mentioned below. 

(a) Scalability (D1) : Scalability [49] is a key challenge for wireless communication technology, focusing on controlling the rising number of connected devices while mounting data traffic. While maintaining the performance, future systems must support various IoT devices, which is very important for innovative resource allocation, density of network and scalability of cloud-based solutions. 

Identifying scalability [50] ensures smooth connectivity and experience of the user across diverse environments. Further, it prepares networks for overseeing evolving technologies, i.e., 5G and beyond. 

(b) Efficiency of Energy (D2) : Energy efficiency [51] is a crucial challenge for wireless communication technology, that aims to minimise power usage while maintaining performance. Low-power design is vital mainly for IoT devices and battery-powered systems, which gain efficiency through techniques, such as energy harvesting, sleep modes and optimized transmission protocols. Determining this challenge guarantees longer device lifespans and sustainable operations. It also helps to reduce the operational costs in wireless networks. 

(c) Applying Spectrum (D3) : A major obstacle for wireless communication technology is proper spectrum [52]

utilisation, which addresses making the most of the limited frequency resources. Advanced techniques, i.e., dynamic spectrum and cognitive radio access, help to increase sharing, efficient allocation and reuse of spectrum by enabling smarter utilisation. Fixing this challenge ensures elevated network connectivity and supports emerging technologies like IOT and 5G. Moreover, it inhibits interference and improves the reliability of total communication [53]. 

(d) Interference Management and Costs (D4) : Managing interference [54] and lowering deployment and operational costs are significant challenges to ensure reliable wireless communication in dense atmospheres. 

Advanced techniques, such as signal filtering, beamforming and dynamic frequency selection are necessary for alleviating interference. 

And, the growth of cost-effective infrastructure solutions,i.e., small cells and shared networks, is important. Dealing with interference is tough for supporting seamless connectivity while scaling capacity with advances in next-generation technologies like 5G. 

(e) Latency and Security (D5) : Creating certain latency and strong security is extremely important to make sure the wireless communication systems are protected from different cyber threats, unauthorized access, data breaches, etc., by hampering latency for applications, such that AR/VR that enable real-time wireless communication. On the one hand, advanced measures, such as quantum encryption and AI-based monitoring, develop network resilience. On the other hand, techniques like edge computing, network slicing and optimized routing help diminish latency [55]. 

Dealing with this challenge supports the progress of next-generation technologies by addressing security while keeping critical data secure and strengthening user experience. 

(f) Compatibility and Emerging Use Cases (D6) : Ensuring compatibility is a big obstacle as wireless networks adapt to seamlessly integrate with already existing infrastructure. In addition, things, i.e., AR/VR, smart cities and IoT represent newrequirements on wireless systems for a variety of emerging use cases [56]. Compatibility with 167

unified addressing quits fragmentation and promotes user satisfaction while technology upgrades. It is vital to design scalable networks for diverse applications that require higher data rates, ultra-low latency, and improved reliability. 

(g) Environmental Effect (D7) : Eliminating the environmental effects of wireless communication technology is a rising challenge nowadays. Energy-efficient designs and renewable energy sources are important to trim the carbon footprint of network operations. E-waste from devices and infrastructure can be mitigated by recycling and environmentally friendly production processes. 

Innovations, s.t., green network deployments and energy

harvesting support the eco-friendly operations. Identifying this issue guarantees sustainable growth while balancing technological advancements with preserving the environment [57]. 

6 Alternative Selection

This section describes the alternative selection procedure in detail. Alternatives of wireless communication technologies are considered by the study on different research, including [1–5, 14–18]. Here we use different wireless communication technologies as alternatives. 

i). Infrared (IR) (B1): Infrared (IR) is a particular type of electromagnetic radiation that has wavelengths longer than visible light but shorter than microwaves. It is frequently applied in different applications, i.e., remote controls, thermal imaging and communication systems. Infrared radiation is tied with heat, as it is released by warm substances. It has an important role in everyday technologies, like astronomy, medicine, etc. 

ii). Zigbee (B2): Alow-power, wireless communication technology structured for Internet of Things (IoT) devices is known as Zigbee. It works on a mesh network, with the connected devices to communicate efficiently over short to medium distances. Zigbee is widely applied in industrial automation, smart home systems and healthcare devices. Its devotion to energy efficiency and reliability makes it perfect and proper for battery-used applications. 

iii). Cellular Networks (4G/5G) (B3): Cellular networks, s.t., 4G and 5G enable wireless communication for mobile applications and it support the high-speed internet and data services. 4G gives the offer of superfast connectivity, that is suitable for streaming and browsing, and 5G increases the speed, reduces latency, and enables advanced systems like IoT and augmented reality. These networks are vital for contemporary technology and communication. 

iv). Bluetooth (B4): Bluetooth is a popular wireless communication technology adopted for short-range data exchange between two devices. It is extensively used for connecting supplementary, i.e., headphones, keyboards, smartphones, without the need for any cables. It is energy-efficient and can support different applications, including important file transfer, audio streaming and IoT connectivity. 

v). Near Field Communication (NFC) (B5): A short-range wireless technology that allows devices to exchange data within a few centimeters is known as Near Field Communication (NFC). It is mainly used for access control, contactless payments and quick data sharing between smart devices. NFC is a safe, convenient, and expanding integration into modern technologies. 

vi). Wi-Fi (B6): Wi-Fi is a widely utilised wireless networking technology that permits devices to communicate with the internet and communicate over the local area network (LAN). It applies radio waves to supply high-speed data transfer, which is typically used in homes, offices, and public spaces. Wi-Fi is important for seamless connectivity and it supports the vast range of applications. 

vii). LoRaWAN (B7): A low-power, wireless communication protocol structured for long-range connectivity in IoT devices is called LoRaWAN (Long RangeWide Area Network). It serves on unlicensed radio frequencies, enabling devices to transfer small datasets over distances up to various kilometers. 

LoRaWAN is perfect for

agriculture, smart cities and industrial monitoring for the reason of its scalability and energy efficiency. 

7 Application of Decision Making Framework

This section first discussed the model structure of this study, followed by the data collection procedure and data sources of this research in detail. Lastly, the results and discussion of this study are discussed elaborately in this section. The model formulation of this proposed study is presented as follows: 7.1 Model Structured

This section structured the proposed model in detail. The seven most beneficial criteria for determining the potent challenges for wireless communication technology are chosen from a detailed literature review and the decision makers’ (DMs) perspective. Further, seven alternatives are considered for this wireless communication technology adaptation by considering various wireless communication research articles. All the criteria and alternatives are selected through detailed literature studies and the decision makers’ opinions. Then, the decision matrix is evaluated with a 7 × 7 order matrix for data collection for numerical evaluation. Section 5 and Section 6 discuss on the criteria and alternatives of wireless communication technology, respectively. The structural flowchart of the effective challenges for wireless communication technology is shown in Figure 2. 
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Figure 2. Hierarchical structure of the most effective challenges for wireless communication technology 7.2 Data Collection

Data source and data collection procedure are thoroughly discussed in this section. All the data are collected from two decision makers (DMs), who are knowledgeable, professional, experienced and unbiased in their fields. 

The DMs are given data in linguistic terms and it is converted into DIFNs using Table 1. Details about DMs as follows:

DM1: A computer engineer with 20 years of experience. 

DM2: A professor works in computer science engineering fields. 

Model structured Table 1 represents the conversion matrix between linguistic terms and Discrete Intuitionistic Fuzzy Number (DIFN). The data are given in decision matrix form in Table 2 in linguistic terms and decoded using Table 1. This data are further used in the numerical evaluation later section. 

Table 1. Conversion table between linguistic term and DIFN

Linguistic Terms

Discrete Intuitionistic Fuzzy Number (DIFN)

Score Value

Severe Important (SI)

⟨0.55, 0.10⟩

0.25

Very Important (VI)

⟨0.50, 0.12⟩

0.23

Moderately Important (MI)

⟨0.45, 0.14⟩

0.21

Equally Important (EI)

⟨0.40, 0.16⟩

0.19

Weekly Important (WI)

⟨0.35, 0.18⟩

0.18

Below Important (BI)

⟨0.30, 0.20⟩

0.17

Low Important (LI)

⟨0.25, 0.22⟩

0.16

7.3 Numerical Illustration and Discussion

This section talks about the required numerical result evaluated by the Entropy process and then tests the results. 

Seven criteria are taken for evaluation elaborately, which have already been discussed in Section 5 and seven alternatives are considered to determine the required results discussed elaborately in Section 6, respectively. The MCDM based decision making technique, namely the Entropy weighted method, explained in Section 4 is used for numerical formulation. Needed data are collected from Section 7.2 and changed into the DIFNs for numerical evaluation. 

In this uncertain environment, we consider the data from the two DMs in linguistic terms and it is formulated in the decision matrices in Table 2 at first. Then, we calculate the criteria weights using the Entropy weighted method, which is shown in Table 3. 

The Entropy weighted method utilized the criteria weights by following steps. First, structured the decision matrix

˜

Am

by Eq. (11) from Table 2 and applied for further numerical procedure. Then the two DMs data D





are aggregated to one aggregated decision matrix

˜

Am by using Eq. (13). Further, the score valued aggregated









decision matrix

˜

A

˜

s

formulated from the aggregated decision matrix

Am using Eq. (9). Then, normalized









the decision matrix

˜

An by using Eq. (16). Further, determine the entropy value Y ′ and the degree of ζ

dissatisfaction value (Gζ) of each criteria ζ by using Eq. (17) and Eq. (18), respectively. Finally, the required criteria weight (Wζ) are calculated for each criteria ζ using Eq. (19). The weights of the criteria determined by Entropy weighted method for this wireless communication technology are presented in Table 3. 

Table 3 presents theweight of given criteria to determine the most effective challenges for wireless communication technology. Moreover, Figure 3 shows this graphically through the Pi diagram. 

169

[image: Image 6]

Table 2. Decision matrix constructed in linguistic terms by two DMs Compatibility

Efficiency

Interference

Applying

Latency and

and

Environmental

Criteria

Scalability

of

Management
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Security
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Effect

vs Alternatives

(D1)
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and Costs

(D

(D
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(D

(D

3)
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(D4)

(D6)

Infrared (IR) (B1)

WI

MI

EI

VI

MI

BI

MI

Zigbee (B2)

EI

VI

SI

MI

MI

MI

SI

Cellular Networks

SI

MI

VI

LI

VI

EI

BI

DM1 (4G/5G) (B3)

Bluetooth (B4)

SI

EI

MI

MI

BI

VI

MI

Near Field

Communication

BI

MI

WI

EI

BI

BI

SI

(NFC) (B5)

Wi-Fi ( B6 )

VI

SI

SI

VI

MI

VI

EI

LoRaWAN ( B7 )

BI

WI

LI

WI

EI

MI

VI

Infrared (IR) (B1)

BI

VI

EI

MI

VI

WI

MI

Zigbee (B2)

EI

SI

VI

MI

SI

VI

VI

Cellular Networks

VI

VI

SI
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SI
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DM2 (4G/5G) (B3)

Bluetooth (B4)

SI

EI

VI

MI

LI

SI

VI

Near Field

Communication

LI

MI

BI

EI

LI
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VI
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Wi-Fi (B6)

SI

VI

VI

SI

VI

SI

EI

LoRaWAN (B7)

BI

LI

BI

BI

EI

MI

MI

Table 3. Criteria weight evaluated by Entropy method

Criteria

Weight

Scalability (D1)

0.232

Efficiency of Energy (D2)

0.106

Applying Spectrum (D3)

0.161

Interference Management and Costs (D4)

0.126

Latency and Security (D5)

0.154

Compatibility and Emerging Use Cases (D6)

0.148

Environmental Effect (D7)

0.073

Figure 3. Pi diagram of the criteria weight applying Entropy methodology Remark 3. Table 3 and Figure 3 represent the criteria weight of the criteria and graphical structure of it through the Pi diagram using Entropy based MCDM methodology. From the above result, criteria Scalability (D1) get the optimal weight with weighted value 0.232 and Applying Spectrum (D3) get the secohd optimal weighted value with 0.161 score. Then criteria Latency and Security (D5) get the third highest weighted value with 0.154 score and criteria Compatibility and Emerging Use Cases (D6) get fourth highest weighted value with 0.148 score, respectively. 
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The criteria Interference Management and Costs (D4) and Efficiency of Energy (D2) get fifth and sixth optimal value with 0.126 and 0.106 weighted values, respectively. Lastly, Environmental Effect (D7) gets the least weighted values 0.073 by the Entropy weight method. 

8 Sensitivity Analysis

This section discussed the sensitivity analysis of this proposed model. There are three cases conducted to perform this sensitive analysis. The cases are described as follows:

(A) Case 1: Removing criteria Efficiency of Energy (D2) : Sensitivity analysis performed by removing criteria Efficiency of Energy ( D2 ). This criterion is one of the important criteria with weight 0.106 . In sensitivity analysis, we remove the criteria and evaluate the weight of the remaining criteria by the Entropy weighted method. The weight of the criteria is presented in Figure 4 compared with the proposed method. 

Figure 4. Comparative weight analysis by removing criteria Efficiency of Energy D2

(B) Case 2: Removing criteria Interference Management and Costs (D4) : In the second case, sensitivity analysis conducted by removing the fourth criteria, namely Interference Management and Costs (D4). It is one of the most significant criteria with weight value 0.126 by the Entropy weighted method. Here, we remove the criteria and calculate the weight of the remaining criteria by this MCDM based method. The weight of the criteria is shown in Figure 5 compared with the proposed method. 

(C) Case 3: Removing criteria Environmental Effect (D7) : In the third sensitivity analysis case performed by removing the criteria Environmental Effect (D7). It is the least weighted criteria with the weighted value 0.073 by the Entropy weighted method. In this case, we evaluated the criteria weight by considering the first six criteria and the results are shown in Figure 6 compared with the proposed method. 

Figure 5. Comparative weight analysis by removing criteria Interference Management and Costs (D4) 171
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Figure 6. Comparative weight analysis by removing criteria Environmental Effect (D7) 9 Conclusions, Research Implication and Future Research Scope

In brief, determining the most effective challenges for wireless communication technology is crucial for modifying connectivity and noble innovation. 

Researchers can enhance the performance of the network and

scalability by handling various problems including energy efficiency, security threats and spectrum scarcity. 

Solutions to these difficulties support the growth of future technologies, such as 6G and IoT, while boosting user experience with the accessibility. Furthermore, managing these hurdles ensures safe and secure wireless systems. 

Interdisciplinary collaboration is essential for crafting comprehensive solutions. And ultimately, this research work drives technological development and enables the world that is more connected. 

To determine the most effective challenges for wireless communication technology has important research implications in a number of areas. First of all, addressing different kinds of difficult challenges (i.e., energy efficiency, spectrum scarcity, latency and security, etc.) assists in guiding the innovative ideas and enhancing the speed and reliability of wireless communication technology. Research can help to find the solutions for handling the increasing number of connected devices in 5G, IoT, etc., assuring the sturdy communication networks. Identifying several issues like signal quality, interference and flawless connectivity, etc. can expand the experience and satisfaction of the user. And finally,economic growth can be facilitated by finding solutions to wireless challenges that lower costs, increase accessibility and open new markets. 

This research paper has some study limitations, i.e., a limited number of decision-makers, specify more wireless devices and presumptions made during model formulation, etc. This related research can be developed in the future to overcome these limitations. Only seven criteria are selected for this paper, which may extend to choose all less significant criteria and get more appropriate results. And also, one can consider sub-criteria for every criterion to evaluate this work with more clarity. In the future, one can find the rank of the selected alternative with several ranking MCDM methods. This paper may extend by choosing different MCDM processes, like the AHP weighted method, SWARA method, CRITIC method, etc. Various fuzzy numbers can be selected as uncertainty tools, such as Neutrosophic fuzzy numbers, Pythagorean fuzzy numbers, etc. Comparative analysis may be conducted to verify stability and vagueness of the system. May concern different formulas for finding the score value to analyze the accuracy of the results. Besides, more wise decision makers may consider finding the required error free data. 
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Abstract: Wireless communication technology has transformed connectivity across industries, but its widespread
adoption comes with significant challenges. The purpose of paper is to identify and analyze the most critical obstacles
affecting the efficiency, reliability, and scalability of wireless communication systems. This research paper mainly
demonstrates to determine the most effective challenges for wireless communication technology. In recent times, it
is really very significant and demanding work of this technology-based society. Interference, security vulnerabilities,
bandwidth limitations, signal attenuation, and latency concerns etc. are the basic factors of this challenging work.
This study explores the application of multi-criteria decision making (MCDM) techniques using intuitionistic fuzzy
numbers (IFNs) to evaluate this. We apply the weighted MCDM method, i.e., Entropy in this paper. The decisions
of multiple decision makers (DMs) are considered into account when collecting this problem related data and IFNs
are utilised as mathematical tools to handle uncertainty. In order to address the ambiguity and inconsistency of the
system, we finally conclude to conduct the analysis here with final result.

Keywords: Wireless communication technology; Discrete intuitionistic fuzzy numbers; MCDM methodology;
Entropy

1 Introduction

Wireless communication technology has adapted modern connectivity, with vast data exchange across diverse
applications, from mobile phones to Internet of Things (IoT) devices [1, 2]. It encounters various complex challenges
that effect its efficiency, reliability and scalability. The main causes include the particular spectrum availability,
weaknesses in security and signal interference in the transmission of valuable data. Different technological
challenges [1, 3, 4] arise from the growing demand for faster data rates and connectivity of low-latency, particularly
as 5G and beyond are introduced. For battery-powered devices and large-scale deployments, energy efficiency is
a big concern. Various environmental factors, i.e., weather and topography, have an additional effect on signal
propagation. Identifying these challenges and getting the noble solutions in hardware design, network protocols and
regulatory frameworks. Wireless communication [5] can better support upcoming developments in connectivity and
digital transformation to overcome these barriers.

To select the ideal option, multi-criteria decision making (MCDM) methods consider multiple criteria. In
the enormous field of operations research, it has various procedures for discovering the criteria weight. Several
well-known MCDM processes, such as, Analytic Hierarchy Process (AHP) [6], Technique for Order Preference
by Similarity to Ideal Solution (TOPSIS) [7], Criteria Importance Through Intercriteria Correlation (CRITIC) [7],
Complex Proportional Assessment (COPRAS) [8], Multi-Objective Optimization based on Ratio Analysis plus Full
Multiplicative form (MULTIMOORA) [9], VIekriterijumsko KOmpromisno Rangiranje (VIKOR) [10], Elimination

https://doi.org/10.56578/jemse040301
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