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Abstract. Reliable wireless communication is a critical enabler of digital transformation in the mining
industry, particularly in phosphate and mineral extraction environments, where safety, monitoring, and
automation depend on robust connectivity. However, underground and semi-enclosed mining environ-
ments introduce severe electromagnetic (EM) challenges, including signal attenuation, multipath fading,
and interference from dense equipment and layered geological structures. Traditional substrate engineering
methods—such as diffused buried layers (DBL), metallized grids, guard rings, and electromagnetic bandgap
(EBG) structures—offer partial isolation, but often fail to ensure stable performance in such harsh con-
ditions. This paper proposes the application of a game-theoretic electromagnetic isolation framework
to wireless communication systems in mining operations. By modeling isolation techniques as strategic
players in a non-cooperative game, the framework derives equilibrium solutions that balance isolation,
insertion loss, fabrication complexity, and deployment cost. Simulation studies in the 2 to 12 GHz band
demonstrate that the proposed method achieves 25–30 dB improvements in coupling reduction compared to
conventional approaches while maintaining practical scalability. These results highlight the potential of the
framework to enable safe, interference-resilient, and efficient wireless connectivity for real-time monitoring,
autonomous equipment control, and worker safety systems in phosphate and mineral mining environments.
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1. Introduction23

Electromagnetic (EM) coupling and interference remain critical barriers to achieving24

reliable high-frequency communication in industrial environments. As mining operations,25

particularly in the extraction of phosphate and minerals, adopt digital technologies, the26

demand for robust wireless systems has increased. Applications such as real-time safety27

monitoring, autonomous vehicle control, and IoT-based environmental sensing require un-28

interrupted connectivity in environments characterized by metallic machinery, stratified29

geological layers, and confined underground spaces. These conditions intensify EM cou-30

pling, degrade signal integrity, increase bit error rates, and introduce latency in mission-31

critical systems [1–4].32

Traditional substrate engineering techniques have long been explored to mitigate elec-33

tromagnetic interference. Methods such as Buried Diffused Layers (BDL), metallized34

grids, through fences, and guard rings provide partial isolation by controlling capacitive35

and inductive coupling paths [5–7]. More advanced solutions have emerged with Elec-36

tromagnetic Band Gap (EBG) structures and metamaterial inclusions, which suppress37

surface waves and improve isolation in dense multi-antenna systems [8, 9]. Although effec-38

tive in laboratory conditions, these techniques often encounter limitations in scalability,39

cost, and insertion loss, particularly in harsh industrial and mining environments where40

system miniaturization and ruggedness are required.41

Recent research has expanded to algorithmic and optimization-driven methods. Ap-42

proaches such as Particle Swarm Optimization (PSO), Genetic Algorithms (GA), and43

Differential Evolution (DE) have been applied to fine-tune substrate geometries, antenna44

layouts, and material parameters, thus balancing isolation performance with practical45

trade-offs [10–12]. In addition, machine learning techniques—including neural networks46

and support vector machines—are increasingly used to predict EM isolation metrics from47

design parameters, accelerating design space exploration, and reducing reliance on re-48

peated simulations [13–15]. However, these computational strategies have not yet been49

fully exploited in mining communication systems, where adaptive and interference-resilient50

solutions are urgently needed.51

Game theory provides a promising but underutilized approach in this field. Widely52

used in energy systems [16], transport networks [17, 18], and wireless power control [19],53

game-theoretic frameworks capture competitive and cooperative dynamics among subsys-54

tems. When applied to EM isolation, techniques such as BDL, metallized grids, guard55

rings, and EBG surfaces can be modeled as strategic players, each optimizing its perfor-56

mance under constraints of fabrication cost, insertion loss, and size. Equilibrium solu-57

tions—whether Nash or Stackelberg—yield stable trade-offs that conventional optimiza-58

tion often overlooks [20–22].59

This integration is particularly relevant for mining applications, where communication60

systems must balance isolation performance with cost-effective deployment in challenging61

underground conditions. By unifying physical and algorithmic methods under a game-62

theoretic optimization framework, this study addresses both the theoretical gap in EM63

modeling and the practical need for resilient wireless infrastructure in phosphate and64
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mineral mining environments.65

The paper is structured as follows: Section 2 discusses substrate isolation methods,66

meta-material-based techniques, and optimization approaches relevant to mining commu-67

nication. Section 3 presents the proposed game-theoretic framework, including definitions68

of players, utility functions, and equilibrium formulations. Section 4 details the simulation69

setup and results across the GHz ranges. Section 5 discusses the practical implications in70

mining environments. Finally, Section 6 concludes the paper and outlines directions for71

future research.72

2. Substrate Engineering and Electromagnetic Isolation Methods73

Electromagnetic isolation has traditionally relied on substrate engineering to suppress74

unwanted coupling in high-frequency circuits and antenna systems. In the context of min-75

eral and phosphate mining, where metallic machinery, underground tunnels, and stratified76

substrates exacerbate EM interference, these methods provide a critical foundation for re-77

liable wireless connectivity.78

2.1. Buried Diffused Layers and Substrate Doping79

Continuous BDL layers have long been employed to mitigate capacitive coupling be-80

tween substrate traces. By creating a buried conductive layer beneath the active substrate,81

capacitive leakage paths are reduced, improving signal integrity across GHz frequencies.82

Substrate doping techniques further enhance conductivity control, but trade-offs emerge in83

the form of increased fabrication complexity and potential degradation of high-frequency84

response [23–25].85

2.2. Guard Rings and Isolation Pockets86

Guard rings—conductive loops embedded around critical lines or antenna elements—re-87

main a popular choice for localized isolation. Recent studies show that optimized guard-88

ring geometries and embedded isolation pockets can achieve substantial improvements89

across wide frequency bands [26–28]. For ruggedized mining devices, guard rings offer a90

compact, low-overhead solution, though they provide limited performance against broad-91

band interference.92

2.3. Electromagnetic Band Gap and Metamaterial Inclusions93

EBG structures and metamaterials represent advanced substrate engineering tech-94

niques designed to block or absorb surface waves. By embedding periodic structures or95

resonant inclusions, these methods disrupt coupling paths and deliver isolation enhance-96

ments exceeding 20–30 dB in compact antenna arrays [29, 30]. Their tunability makes97

them attractive for mining applications where communication spans multiple frequency98

bands, though fabrication tolerances and environmental variability (e.g., temperature, hu-99

midity, dust) can reduce reliability.100
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2.4. Algorithmic and Computational Methods101

Beyond structural techniques, computational approaches have gained traction. Meta-102

heuristic algorithms such as Particle Swarm Optimization (PSO), Genetic Algorithms103

(GA), and Differential Evolution (DE) have been applied to optimize geometry and ma-104

terial parameters, striking a balance between isolation, insertion loss, and cost [31–33].105

Similarly, machine learning methods—including neural networks and support vector ma-106

chines (SVMs)—are increasingly used to predict isolation metrics from design parameters,107

thereby accelerating design exploration and reducing reliance on extensive prototyping108

[34, 35]. These methods are particularly relevant for mining, where harsh deployment109

conditions demand adaptive and predictive design strategies.110

2.5. Research Gap111

Although substrate engineering and algorithmic optimization have each produced no-112

table improvements, they remain fragmented approaches. Structural methods maximize113

isolation but often ignore fabrication cost, while algorithmic models improve design speed114

but lack physical trade-off modeling. To address these gaps, this paper introduces a115

game-theoretic optimization framework, where different isolation techniques are modeled116

as strategic players competing or cooperating under real-world constraints. This unified117

approach provides a stable equilibrium solution, ensuring scalability and resilience for118

wireless mining communication systems.119

3. Proposed Game-Theoretic Optimization Framework120

3.1. Framework Overview121

The proposed framework formulates electromagnetic isolation design as a non-cooperative122

game where each isolation technique—such as Buried Diffused Layers (BDL), metallized123

grids, guard rings, and EBG structures—is modeled as a strategic player. Each player124

seeks to optimize its contribution to isolation performance while minimizing associated125

costs (e.g., insertion loss, fabrication complexity, or deployment footprint).126

The outcome of this interaction is defined by a Nash Equilibrium (NE), where no127

player can unilaterally improve its utility without degrading system-level performance.128

This formulation provides a balanced design strategy suitable for harsh environments129

such as mineral and phosphate mines, where robustness, scalability, and cost-efficiency130

are essential.131

3.2. Game Formulation132

Let:133

• P = {1, 2, . . . , N} denote the set of isolation techniques (players).134

• Si denote the strategy space of player i, representing tunable design variables (e.g.,135

grid spacing, doping concentration, guard ring width).136
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• Ui(Si, S−i) denote the utility function of player i, which depends on its own strategy137

Si and the strategies of all other players S−i.138

Each player aims to maximize its utility:139

Ui(Si, S−i) = α · I(S)− β · L(Si)− γ · C(Si), (1)

where:140

• I(S) = achieved isolation (in dB, higher is better),141

• L(Si) = insertion loss penalty introduced by player i,142

• C(Si) = normalized fabrication complexity index,143

• α, β, γ = weighting coefficients representing system priorities.144

3.3. Nash Equilibrium Condition145

A strategy profile S∗ = (S∗
1 , S

∗
2 , . . . , S

∗
N ) is a Nash Equilibrium if:146

Ui(S
∗
i , S

∗
−i) ≥ Ui(Ŝi, S

∗
−i), ∀i ∈ P, ∀Ŝi ∈ Si. (2)

Existence and Uniqueness of Nash Equilibrium: The existence of a Nash Equi-147

librium in this framework is guaranteed under standard game-theoretic assumptions,148

namely that each strategy space Si is compact and convex, and that each utility func-149

tion Ui(Si, S−i) is continuous in all strategy profiles and quasi-concave in Si. Under150

these conditions, the game admits at least one pure-strategy equilibrium according to the151

Glicksberg–Debreu fixed-point theorem. Uniqueness can be ensured if each Ui is strictly152

concave in Si or if best responses are contraction mappings, which holds approximately for153

small coupling between isolation techniques. These assumptions are reasonable in electro-154

magnetic design problems, where the strategy spaces (geometric or material parameters)155

are bounded and the utilities are smooth and continuous.156

This condition ensures that no isolation technique (player) can improve its utility or157

the overall system outcome by deviating unilaterally from its equilibrium strategy.158

3.4. Algorithmic Implementation159

To compute the equilibrium, an iterative best-response algorithm is used. Each player160

updates its strategy sequentially based on the current strategies of others until conver-161

gence. The pseudocode is presented in Algorithm 1.162

Complexity Analysis: The computational complexity of the algorithm isO(N ·T ), where163

N is the number of players (isolation techniques) and T is the number of iterations until164

convergence. Since each update requires evaluating the utility function, the framework165

scales efficiently even for larger sets of isolation techniques.166
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Algorithm 1 Iterative Best-Response Algorithm
Require: Players P = {1, . . . , N}, initial strategies S(0), tolerance ε
Ensure: Equilibrium strategies S∗

1: Initialize t← 0
2: repeat
3: for each player i ∈ P do
4: Compute best response:

S
(t+1)
i = arg max

Si∈Si

Ui(Si, S
(t)
−i )

5: end for
6: if ‖S(t+1) − S(t)‖ < ε then
7: Convergence achieved; set S∗ ← S(t+1)

8: break
9: else

10: t← t+ 1
11: end if
12: until maximum iterations reached

3.5. Strategy Space and Design Variables167

The effectiveness of the proposed game-theoretic framework depends on the strategy168

space defined for each isolation technique. Every player (isolation method) is assigned a set169

of tunable design variables, with specific ranges reflecting realistic fabrication constraints.170

Table 1 summarizes the strategy variables considered for Buried Diffused Layers (BDL),171

Metallized Grids, Guard Rings, and Electromagnetic Band Gap (EBG) structures.172

Table 1: Example Strategy Spaces for Isolation Techniques

Player (Technique) Strategy Variables Range Notes
BDL Doping concentration 0.1–0.9 Higher doping improves isolation

but also increases insertion loss.
Metallized Grid Grid pitch (µm) 5–50 Smaller pitch enhances isolation but

raises fabrication complexity.
Guard Ring Ring width (µm) 1–20 Wider rings reduce edge coupling

but increase footprint.
EBG Structures Unit-cell period (mm) 1–5 Determines stopband frequencies

and overall bandwidth.

The ranges selected represent practical design trade-offs commonly encountered in high-173

frequency circuits. By modeling these choices as strategies within the proposed framework,174

the optimizer identifies equilibrium configurations that balance isolation performance, in-175

sertion loss, and fabrication cost.176
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3.6. Expected Outcomes177

At equilibrium, the system achieves:178

• Superior Isolation: Coupling reductions of 25–30 dB across GHz ranges.179

• Balanced Trade-offs: Controlled insertion loss and fabrication costs compared to180

brute-force hybrid methods.181

• Scalability: Applicability to sub-6 GHz, mmWave, and mining-relevant wireless182

bands.183

• Robustness: Stability under varying substrate and environmental conditions.184

4. Simulation Setup, System Architecture, and Results185

4.1. System Architecture in Mining Context186

To apply the proposed framework in mineral and phosphate mining environments,187

a reference system architecture was designed (Figure 1). Mining operations typically188

deploy wireless sensor nodes, mobile equipment, and communication relays in underground189

tunnels and surface plants. These nodes are exposed to severe electromagnetic interference190

from metallic machinery, stratified rock formations, and confined tunnel geometries.191

The architecture integrates substrate isolation techniques—Buried Diffused Layers192

(BDL), Metallized Grids, Guard Rings, and Electromagnetic Band Gap (EBG) structures—193

treated as strategic players in the game-theoretic optimizer. Through equilibrium analysis,194

the framework derives balanced strategies that minimize coupling while constraining inser-195

tion loss and fabrication cost. The output is a stable equilibrium solution, enabling robust196

and cost-effective wireless connectivity for applications such as worker safety monitoring,197

autonomous vehicle guidance, and environmental sensing in phosphate mines.198

4.2. Simulation Environment199

All simulations were performed in Ansys HFSS, with post-processing and optimization200

executed in MATLAB.201

• Frequency Range: 2–12 GHz (capturing sub-6 GHz and higher mining communi-202

cation bands).203

• Substrate Material: High-resistivity silicon, thickness 500 µm, relative permittiv-204

ity εr = 11.9.205

• Isolation Methods: BDL, Interrupted BDL, Metallized Grid, Guard Ring, Hybrid206

(BDL+Grid), Game-Theoretic framework.207

• Boundary Conditions: Perfectly Matched Layers (PML).208
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Figure 1: System architecture for game-theoretic optimization of electromagnetic isolation in mining environ-
ments.

• Metrics: Coupling parameter (S21), insertion loss (S11), shielding effectiveness209

(SE), fabrication complexity index (FCI), Pareto efficiency.210

Solver Settings and Reproducibility: All simulations were conducted using the Ansys211

HFSS finite element solver. A driven modal solution type was used with adaptive meshing.212

The maximum mesh refinement was set to achieve a convergence criterion of ∆S < 0.01 dB213

between successive passes. The initial mesh density was configured automatically based214

on the smallest feature size, typically yielding 100,000–150,000 tetrahedral elements. Ra-215

diation boundaries were modeled using Perfectly Matched Layers (PML), and symmetry216

planes were applied when applicable to reduce computational load. Frequency sweeps217

were performed using an interpolating sweep from 2 to 12 GHz with a step resolution of218

0.1 GHz. These settings ensure numerical stability, high accuracy, and reproducibility of219

all reported results.220

4.3. Benchmark Configurations221

Before presenting the simulation outcomes, it is essential to define the reference config-222

urations that serve as benchmarks for comparison. Each configuration represents a distinct223

isolation approach, ranging from conventional buried layers to the proposed equilibrium-224

based framework. Table 2 provides a structured overview of the six cases studied, which225

form the basis for the performance evaluations in the following subsections.226

4.4. Coupling Parameter Results (S21)227

The coupling parameter (S21) quantifies the electromagnetic interference between ad-228

jacent structures and is a critical metric for assessing isolation performance. Strong sup-229
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Table 2: Simulated Configurations

Case Configuration Description
C1 Uninterrupted BDL Baseline reference.
C2 Interrupted BDL Periodic substrate gaps.
C3 Metallized Grid Shielding mesh structure.
C4 Guard Ring Via-based isolation ring.
C5 Hybrid BDL+Grid Structural hybrid approach.
C6 Game-Theoretic Framework Proposed equilibrium solution.

pression of S21 across the operating frequency band is essential to ensure reliable wireless230

communication in mining environments. Table 3 and Figure 2 summarize the comparative231

results across all configurations.

Table 3: Coupling Parameter (S21) in dB

Freq (GHz) C1 C2 C3 C4 C5 C6
2 -30 -40 -38 -36 -50 -55
6 -25 -35 -34 -33 -45 -50
10 -20 -30 -28 -27 -40 -48
12 -18 -28 -26 -25 -38 -45

232

2 4 6 8 10 12
Frequency (GHz)

−55

−50

−45
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−35
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−25

−20

Co
u(

lin
g 
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m
 t
 r
 S

21
 (d

B)

C1: Unint rru(t d BDL
C2: Int rru(t d BDL
C3: M talliz d Grid
C4: Guard Ring
C5: H−brid BDL+Grid
C6: Game-Theoretic

Figure 2: Frequency response of coupling parameter S21 across all configurations.

Interpretation: Baseline BDL (C1) degrades severely above 8 GHz. Guard Ring (C4)233

improves isolation moderately, while the hybrid design (C5) enhances performance, but234

at a higher cost. The proposed framework (C6) sustains > −45 dB isolation at 12 GHz,235

suitable for mining links.236
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4.5. Insertion Loss Results (S11)237

Insertion loss (S11) measures the additional attenuation introduced by each isolation238

technique, reflecting its impact on overall signal integrity. While improved isolation is239

desirable, excessive insertion loss can undermine power efficiency—particularly critical in240

energy-constrained mining devices. Table 4 and Figure 3 present the simulated insertion241

loss for the six benchmark cases.

Table 4: Insertion Loss (S11) in dB

Freq (GHz) C1 C2 C3 C4 C5 C6
2 -2.0 -2.5 -2.8 -2.6 -3.2 -3.0
6 -3.5 -4.0 -4.2 -4.0 -4.8 -4.5
10 -5.0 -5.5 -5.8 -5.4 -6.5 -6.2
12 -6.0 -6.5 -6.8 -6.5 -7.2 -6.9

242

2 4 6 8 10 12
Frequency (GHz)

−7

−6

−5

−4

−3

−2

In
s 
rti
on

 L
os
s S

11
 (d

B)

C1: Unint rr−(t d BDL
C2: Int rr−(t d BDL
C3: M talliz d Grid
C4: G−ard Ring
C5: Hybrid BDL+Grid
C6: Game-Theoretic

Figure 3: Frequency response of insertion loss S11 across all configurations.

Interpretation: Insertion loss increases with frequency for all methods. The proposed243

method (C6) introduces only ≈ 0.5–1 dB overhead, acceptable given its ≈ 30 dB isolation244

gain.245

4.6. Shielding Effectiveness and Fabrication Complexity246

Beyond isolation and insertion loss, the practicality of each design must be evaluated in247

terms of manufacturability and cost. Shielding effectiveness (SE) reflects the structure’s248

ability to block unwanted radiation, while the fabrication complexity index (FCI) pro-249

vides a normalized estimate of design and manufacturing overhead. Table 5 and Figure 4250

illustrate this trade-off across the six configurations.251

Interpretation: Hybrid C5 achieves strong shielding but at high complexity. C6 balances252

both, yielding the best shielding (32 dB) with moderate complexity.253
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Table 5: Shielding Effectiveness (SE) and Fabrication Complexity Index (FCI)

Case SE (dB) FCI (0–1)
C1 15 0.2
C2 22 0.4
C3 20 0.5
C4 19 0.3
C5 28 0.7
C6 32 0.6

C1 C2 C3 C4 C5 C6
Configuration
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0.7

Fa
br
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ity
 In
de
x 
(0
–1
)

Figure 4: Comparison of shielding effectiveness (SE) and fabrication complexity index (FCI).

4.7. Pareto Front Analysis254

Since isolation, insertion loss, and complexity are interdependent objectives, it is in-255

sufficient to evaluate them in isolation. Pareto front analysis provides a multi-objective256

perspective, highlighting trade-offs and identifying configurations that cannot be improved257

in one metric without compromising another. Figures 5 and 6 depict the two- and three-258

dimensional Pareto fronts, respectively, demonstrating the efficiency of the proposed equi-259

librium framework.260

Interpretation: C1–C4 lie inside the Pareto front (sub-optimal). C5 performs well in261

isolation but poorly in complexity. C6 lies on the Pareto frontier, demonstrating multi-262

objective optimality.263

4.8. Practical Implications for Mining Applications264

The proposed equilibrium framework provides practical advantages for mining opera-265

tions:266

• Underground Phosphate Mines: Ensures stable communication near drilling267

and crushing machinery, even under severe EM interference.268
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Figure 5: 2D Pareto front: isolation vs. insertion loss.
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Figure 6: 3D Pareto front: isolation, insertion loss, and fabrication complexity.

• Underground Mineral Mines: Supports reliable MIMO links for safety sensors269

and IoT-based control systems in confined tunnels.270

• Surface Extraction Sites: Enables scalable deployment of wireless nodes for au-271

tonomous vehicles and UAV-based inspection systems.272

5. Discussion and Practical Implications273

5.1. Interpretation of Results274

The simulation results presented in Section IV demonstrate the superiority of the275

proposed game-theoretic framework (C6) across multiple performance dimensions. The276

coupling parameter analysis (S21) confirmed that baseline approaches such as BDL (C1)277
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and Guard Rings (C4) fail to maintain isolation above 8 GHz, while the equilibrium-278

driven design sustains values below −45 dB up to 12 GHz. This resilience is critical in279

underground mining environments, where metallic structures and stratified rock surfaces280

exacerbate high-frequency coupling.281

The insertion loss analysis (S11) showed that although the proposed framework in-282

troduces a small penalty (≈ 0.5–1 dB), this is negligible compared to the 25–30 dB im-283

provements in isolation. Moreover, the shielding effectiveness vs fabrication complexity284

comparison revealed that the equilibrium solution achieves the highest SE (32 dB) while285

avoiding the steep complexity of brute-force hybrid designs. The Pareto analysis further286

established that C6 lies directly on the multi-objective frontier, demonstrating that it is287

the most rational choice when balancing performance and cost.288

5.2. Strategic Advantages of the Game-Theoretic Approach289

Conventional optimization methods often focus on maximizing one metric while ne-290

glecting trade-offs. The game-theoretic model naturally integrates these competing ob-291

jectives by treating isolation techniques as strategic players. Key strategic advantages292

include:293

• Equilibrium Stability: Once equilibrium is reached, no player can unilaterally294

improve performance, leading to robust and balanced outcomes.295

• Scalability: New techniques, such as metamaterials and intelligent surfaces, can be296

incorporated as new players without disrupting the framework.297

• Flexibility: Utility weights (α, β, γ) allow mining system designers to prioritize298

isolation, cost, or energy efficiency depending on operational needs.299

• Efficiency: The iterative best-response algorithm converges rapidly, reducing com-300

putational burden compared to exhaustive design searches.301

5.3. Practical Implications for Mining Systems302

The results have direct implications for real-world mining operations:303

• Phosphate Mining Operations: Wireless nodes deployed near drilling and crush-304

ing equipment face extreme EM interference. The proposed framework ensures reli-305

able communication links for safe worker coordination and process monitoring.306

• Underground Mineral Mines: Confined tunnels amplify multipath interference.307

The equilibrium solution stabilizes MIMO links for safety sensors and IoT-based308

control systems.309

• Surface Extraction Sites: Open-pit mines increasingly use autonomous haul310

trucks and UAV inspection. The proposed framework provides scalable, interference-311

resilient designs that can be manufactured and deployed at scale.312
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5.4. Limitations of the Current Study313

While promising, the present study has limitations that must be acknowledged:314

(i) Frequency Range Constraint: Simulations were limited to 2–12 GHz. Validation315

at mmWave and terahertz frequencies is necessary for broader applicability.316

(ii) Simplified Fabrication Cost Modeling: The fabrication complexity index was317

normalized and does not yet reflect detailed industrial cost metrics, such as lithog-318

raphy tolerances or ruggedization.319

(iii) Lack of Experimental Prototyping: Current results are simulation-based. Fab-320

ricated prototypes and field trials in mining environments are required to validate321

robustness under real conditions.322

6. Conclusion323

This paper has introduced a game-theoretic optimization framework for electromag-324

netic isolation in high-frequency communication systems, applied to the context of mineral325

and phosphate mining environments. By modeling isolation techniques—including BDL,326

metallized grids, guard rings, and EBG structures—as strategic players, the framework327

achieves equilibrium solutions that balance isolation performance, insertion loss, and fab-328

rication complexity.329

Simulation results across 2–12 GHz demonstrated superior performance, with coupling330

reductions of up to 30 dB beyond conventional methods, while maintaining acceptable in-331

sertion loss. The equilibrium design also achieved Pareto efficiency, delivering the highest332

shielding effectiveness with moderate fabrication complexity. These findings underscore333

the ability of the framework to ensure robust, cost-effective and interference-resistant334

wireless connectivity, supporting safety, automation, and IoT applications in mining op-335

erations.336

Future research will extend the framework to include prototype fabrication and experi-337

mental validation in real mining sites, as well as integration with AI/ML prediction models338

to accelerate equilibrium computation. Dynamic and cooperative game formulations will339

also be explored to enhance adaptability under changing conditions, paving the way for340

deployment at higher frequency ranges (28–60 GHz and beyond) and in large-scale mining341

infrastructures.342

Acknowledgements343

The authors extend their appreciation to the Deanship of Scientific Research at North-344

ern Border University, Arar, KSA for funding this research work through the project345

number “NBU-FFMRA-2025-2443-01”.346



M. Ayari et al. / Eur. J. Pure Appl. Math, 18 (4) (2025), 7083 15 of 17

References347

[1] Chenming Zhou, Miguel Reyes, and Mathew Girman. Electromagnetic interference348

(emi) in underground coal mines: a literature review and practical considerations.349

Mining, Metallurgy & Exploration, 39(2):421–431, 2022.350

[2] Chenming Zhou and Nicholas Damiano. Electromagnetic environments and wireless351

channels for through-the-earth (tte) communications in an underground coal mine:352

modeling and measurements. Progress In Electromagnetics Research M, 103:91–101,353

2021.354

[3] Alok Ranjan, HB Sahu, and Prasant Misra. Modeling and measurements for wire-355

less communication networks in underground mine environments. Measurement,356

149:106980, 2020.357

[4] Hajime Ikeda, Oluwafemi Kolade, Muhammad Ahsan Mahboob, Frederick Thomas358

Cawood, and Youhei Kawamura. Communication of sensor data in underground359

mining environments: an evaluation of wireless signal quality over distance. Mining,360

1(2):211–223, 2021.361

[5] Yang Li, Junqi Xu, Junhong Su, Yangjun Liu, and Jian Wang. Research on the362

equivalent circuit model of electromagnetic shielding and the critical thickness of the363

metal grid. Journal of Electronic Materials, 53(4):1807–1815, 2024.364

[6] Na Li and Min Miao. Design of emi and suppression structure based on bar-via.365

Microelectronics Journal, 112:105049, 2021.366

[7] Tommaso Croci, Alessandro Fondacci, Robert White, Matteo Durando, S Galletto,367

Giacomo Borghi, G Paternoster, M Centis Vignali, M Boscardin, Roberta Arcidia-368

cono, et al. Measurements and tcad simulations of guard-ring structures of thin silicon369

sensors before and after irradiation. Nuclear Instruments and Methods in Physics Re-370

search Section A: Accelerators, Spectrometers, Detectors and Associated Equipment,371

1069:169801, 2024.372

[8] Aijaz Ahmed, Vineeta Kumari, and Gyanendra Sheoran. Reduction of mutual cou-373

pling in antenna array using metamaterial surface absorber. AEU-International Jour-374

nal of Electronics and Communications, 160:154519, 2023.375

[9] Praveen Kumar, Rashmi Sinha, Arvind Choubey, and Santosh Kumar Mahto. A novel376

metamaterial electromagnetic band gap (mm-ebg) isolator to reduce mutual coupling377

in low-profile mimo antenna. Journal of Electronic Materials, 51(2):626–634, 2022.378

[10] Yiyuan Chen, Jiaxuan Ma, Cailian Zhu, Menghuan Wang, Lujiang Jin, Peng Ding,379

Renchao Che, Tong-Yi Zhang, and Sheng Sun. Ai-aided bi-objective optimization380

of honeycomb metastructures for enhanced microwave absorption and mechanical381

resistance. Science China Technological Sciences, 68(8):1820201, 2025.382

[11] Pradnya A Gajbhiye, Satya P Singh, and Madan Kumar Sharma. A comprehensive383

review of ai and machine learning techniques in antenna design optimization and384

measurement. Discover Electronics, 2(1):46, 2025.385

[12] Xin Zhang, Haoyang Zhang, Ruizhe Yang, Lilin Li, and Donglin Su. Gpu-accelerated386

medo algorithm with differential grouping (dg-gmedo) for high-dimensional electro-387

magnetic optimization problems. Chinese Journal of Electronics, 34(4):1052–1063,388



M. Ayari et al. / Eur. J. Pure Appl. Math, 18 (4) (2025), 7083 16 of 17

2025.389

[13] Md Ashraful Haque, Redwan A Ananta, Jun-Jiat Tiang, Mouaaz Nahas, Md Afzalur390

Rahman, and Narinderjit Singh Sawaran Singh. Regression machine learning methods391

for isolation prediction and massive gain broadband mimo antenna design for 28 ghz392

applications. Results in Optics, page 100883, 2025.393

[14] Md Ashraful Haque, Md Kawsar Ahmed, Geamel Alyami, Kamal Hossain Nahin,394

Md Sharif Ahammed, Akil Ahmad Taki, Narinderjit Singh Sawaran Singh, Md Afza-395

lur Rahman, Liton Chandra Paul, and Hussein Shaman. Meta learner-based opti-396

mization for antenna efficiency prediction and high-performance thz mimo antenna397

applications. Results in Engineering, page 105882, 2025.398

[15] Md Ashraful Haque, Jamal Hossain Nirob, Kamal Hossain Nahin, Noorlindawaty Md399

Jizat, MA Zakariya, Redwan A Ananta, Wazie M Abdulkawi, Khaled Aljaloud, and400

Samir Salem Al-Bawri. Machine learning-based technique for gain prediction of mm-401

wave miniaturized 5g mimo slotted antenna array with high isolation characteristics.402

scientific reports, 15(1):276, 2025.403

[16] Aviad Navon, Gefen Ben Yosef, Ram Machlev, Shmuel Shapira, Nilanjan Roy Chowd-404

hury, Juri Belikov, Ariel Orda, and Yoash Levron. Applications of game theory to405

design and operation of modern power systems: A comprehensive review. Energies,406

13(15):3982, 2020.407

[17] Zahid Khan, Anis Koubaa, Bilel Benjdira, and Wadii Boulila. A game theory approach408

for smart traffic management. Computers and Electrical Engineering, 110:108825,409

2023.410

[18] Mohamed Ayari, Zeineb Klai, and Mohamed Ali Hammami. Mathematical trans-411

formations in game theory: Wavelet vs. fourier transforms. In Proceedings of the412

2024 7th International Conference on Computer Information Science and Artificial413

Intelligence, pages 539–546, 2024.414

[19] He Chen, Yuanye Ma, Zihuai Lin, Yonghui Li, and Branka Vucetic. Distributed power415

control in interference channels with qos constraints and rf energy harvesting: A game-416

theoretic approach. IEEE Transactions on Vehicular Technology, 65(12):10063–10069,417

2016.418

[20] Fengjie Xu, Guolai Yang, Liqun Wang, Zixuan Li, and Xiuye Wang. A robust game419

optimization for electromagnetic buffer under parameters uncertainty. Engineering420

with Computers, 39(3):1791–1806, 2023.421

[21] Fengjie Xu, Guolai Yang, Zixuan Li, Liqun Wang, and Quanzhao Sun. Elec-422

tromagnetic buffer optimization based on nash game. Acta Mechanica Sinica,423

37(8):1331–1344, 2021.424

[22] Xiaoxiao Ren, Jinshi Wang, Sifan Yang, Quanbin Zhao, Yifan Jia, Kejie Ou, Guang-425

tao Hu, and Junjie Yan. A novel multi-objective stackelberg game model for multi-426

energy dynamic pricing and flexible scheduling in distributed multi-energy system.427

Energy, 325:136206, 2025.428

[23] R Perumal, Lakshmanan Saravanan, and Jih-Hsin Liu. Substrate and doping effects429

on the growth aspects of zinc oxide thin films developed on a gan substrate by the430

sputtering technique. Processes, 13(4):1257, 2025.431



M. Ayari et al. / Eur. J. Pure Appl. Math, 18 (4) (2025), 7083 17 of 17

[24] Mohammad Mahdi Khatami, Majid Shalchian, and Mohammadreza Kolahdouz. Im-432

pacts of virtual substrate doping on high frequency characteristics of biaxially strained433

si pmosfet. Superlattices and Microstructures, 85:82–91, 2015.434

[25] Massinissa Nabet, Martin Rack, Nur Zatil Ismah Hashim, CH Kees de Groot, and435

Jean-Pierre Raskin. Behavior of gold-doped silicon substrate under small-and large-rf436

signal. Solid-State Electronics, 168:107718, 2020.437

[26] G. Lastovicka-Medin, G. Kramberger, J. Kroll, and M. Rebarz. Impact of the guard438

rings on self-induced signal and leakage current in trench-isolated low gain avalanche439

diodes. Sensors, 25(10):3006, 2025.440

[27] Z. Klai et al. Optimizing isolation performance in high-frequency systems: Evaluating441

the impact of interruption techniques on bdl layers for enhanced electromagnetic442

coupling control. Nanotechnology Perceptions, 20(7):1035––1058, 2024.443

[28] Z. Klai et al. Optimizing electromagnetic isolation in antenna systems: Ad-444

vanced simulation techniques for guard-ring structures. Nanotechnology Perceptions,445

20(7):1059––1072, 2024.446

[29] Zhi Song, Shucheng Zhao, Siqi Li, Jiayi Chen, and Yanbing Xue. High-isolation447

compact mimo antenna with distributed metamaterial loading. Progress in Electro-448

magnetics Research M, 128, 2024.449

[30] Adewale K Oladeinde, Ehsan Aryafar, and Branimir Pejcinovic. Mmwave tx-rx self-450

interference suppression through a high impedance surface stacked ebg. Electronics,451

13(15):3067, 2024.452

[31] Pravin Ghewari and Vinod Patil. Advancements in microstrip patch antenna design453

using nature-inspired metaheuristic optimization algorithms: A systematic review.454

Archives of Computational Methods in Engineering, pages 1–46, 2025.455

[32] Yang Li, Jinghao Wu, Yanlong Meng, Yi Li, Yansong Li, Guiming Pan, Juan Kang,456

Chunlian Zhan, Zidong Wang, Shitao Hu, et al. Ultra-broadband, high-efficiency457

metamaterial absorber based on particle swarm optimization algorithm. Optical Ma-458

terials, 150:115140, 2024.459

[33] Adam P Piotrowski, Jaroslaw J Napiorkowski, and Agnieszka E Piotrowska. Particle460

swarm optimization or differential evolution—a comparison. Engineering Applications461

of Artificial Intelligence, 121:106008, 2023.462

[34] Y. Li, G. Lei, S. Peng, X. Sun, and J. Zhu. Machine learning for design optimiza-463

tion of electromagnetic devices: Recent developments and future directions. Applied464

Sciences, 11(4):1627, 2021.465

[35] Simiao Ren, Ashwin Mahendra, Omar Khatib, Yang Deng, Willie J Padilla, and466

Jordan M Malof. Inverse deep learning methods and benchmarks for artificial elec-467

tromagnetic material design. Nanoscale, 14(10):3958–3969, 2022.468


