Loalal) Andii) g & gall 5yl Alaa e ) aaad) gala

Al-Riyadah Journal For Researches Received 10-4-2026 a3l F U
e g . Accepted 25-4-2026 Jsdl &l

And Scientific Activities . aer( g
published 11-5-2026 <&l g

A Comprehensive Review of Conformal Mapping Applications in

Electromagnetic Problem Solving

Kameelah Khalleefah Alnmri
Department of Electrical and Computer Engineering, Faculty of Education, Al-
Ajelat, Zawia University, Libya

k.alnmri@zu.edu.ly

Abstract—Conformal mapping has evolved from a classical two-dimensional
electrostatic analysis tool into a powerful and versatile methodology for solving complex
electromagnetic problems. This review synthesizes recent advancements (2024—-2025)
across multiple domains, including finite-frequency scattering from arbitrarily shaped
metallic surfaces [1], rapid electromagnetic computation using conformal energy
minimization [2], conformal metasurfaces for enhanced wireless power transfer systems
[3], mathematical optimization techniques for accelerating computations [4], time-
domain reflectometry combined with conformal mapping for ultrawideband antenna
design [5], wearable antennas for biomedical applications [6], advanced ceramic sensors
[7], smart antennas for mobile communications [8], and mechanical interference
measurement antennas [9]. The reviewed studies demonstrate significant improvements
in computational efficiency, achieving speedups of up to three orders of magnitude
compared to traditional finite element methods, while maintaining high accuracy in
handling complex geometries and practical engineering problems.

The findings indicate that conformal mapping has significantly expanded beyond its
traditional scope, now playing a key role in modern applications such as 6G
communications, biomedical engineering, and sustainable energy systems. The reviewed
works confirm major advancements in computational efficiency, accuracy, and real-
world implementation, particularly in reducing computational time and effectively
addressing complex singularities. However, challenges remain, especially in extending
these methods to fully three-dimensional problems, integrating artificial intelligence, and
enabling adaptive and reconfigurable electromagnetic systems. Future research should
therefore focus on developing unified theoretical frameworks, enhancing Al-driven

computational approaches, and expanding multi-physics modeling that integrates
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electromagnetic, thermal, and mechanical effects. In addition, practical progress is
recommended in areas such as terahertz antenna design for 6G systems, biomedical
sensing technologies, wireless power transfer, and sustainable energy applications,
supported by standardized validation methods, open-source computational tools, and
improved time-domain measurement techniques.

Keywords: Conformal mapping, electromagnetic  scattering, computational
electromagnetics, metasurfaces, wireless power transfer, antenna design, boundary
integral equations, singularity treatment

I. INTRODUCTION

Conformal mapping is considered one of the fundamental mathematical tools in
electromagnetic theory, traditionally used in the analysis of two-dimensional electrostatic
problems [4]. Its importance lies in its ability to transform complex geometries into
simpler forms while preserving essential physical properties such as angles and field
behavior, making it an effective method for accurate electromagnetic field and boundary
condition analysis.

Historically, conformal mapping emerged as a technique for solving Laplace’s equation
in two dimensions, with early applications in electrostatics and fluid dynamics [4]. One
of its most important properties is the preservation of angles between intersecting curves,
which ensures the consistency of physical field distributions. The Schwarz—Christoffel
transformation is considered a key foundation in this field, as it provides explicit formulas
for mapping polygonal regions into simpler domains [1], [4], enabling analytical
treatment of geometries with sharp corners and complex boundaries that are difficult to
handle using conventional numerical methods.

In recent years, significant developments have expanded the application of conformal
mapping beyond its classical limitations. Modern electromagnetic applications
increasingly require the analysis of arbitrarily shaped surfaces, finite-frequency
excitation, and materials with complex properties. To address these challenges,
generalized formulations of conformal mapping have been developed. Some studies have
successfully applied these methods to finite-frequency electromagnetic scattering
problems [1], addressing field singularities at corners and edges, which has enabled better

analysis of resonant behavior and complex field interactions in practical systems.
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Computational conformal geometry has also emerged as a major advancement, enhancing
the capability of conformal mapping to handle complex surfaces. The Conformal Energy
Minimization (CEM) algorithm is a notable example, as it enables efficient computation
of conformal maps for arbitrarily shaped simply connected surfaces [2], overcoming
previous limitations associated with complex geometries.
Furthermore, the integration of conformal mapping with modern computational
techniques has played a crucial role in advancing the field. Hybrid approaches combining
conformal mapping with Boundary Integral Equations (BIE) [5], Finite Element Methods
(FEM) [4], and Time-Domain Reflectometry (TDR) [5] have demonstrated high
efficiency and accuracy. In these methods, conformal mapping provides geometric
simplification and singularity treatment, while numerical techniques offer flexibility and
general applicability. As a result, these hybrid approaches achieve computational speed
improvements of up to three orders of magnitude compared with traditional methods,
while maintaining or even improving accuracy [2].
Overall, the evolution of conformal mapping reflects broader trends in electromagnetic
research, where there is an increasing demand for accurate, efficient, and computationally
powerful solutions capable of handling system complexity. This study reviews the latest
developments during the period (2024-2025), focusing on methodological innovations,
computational advancements, and diverse practical applications. The wide range of
applications—from rapid computational analysis and advanced antenna design to
wireless power transfer optimization and biomedical sensor development—demonstrates
the significant transformative potential of conformal mapping in modern electromagnetic
engineering.
This paper is organized as follows: Section Il presents the objectives of the paper. Section
I11 details the reviewed methodologies and designs. Section 1V presents simulation and
experimental results. Section V analyzes current research challenges. Section VI offers
recommendations for future research. Section VII concludes the review.

Il. OBJECTIVES OF THE PAPER:
The main objective of this paper is to present a concise and comprehensive overview of
recent developments (2024-2025) in conformal mapping for electromagnetic

applications. It aims to highlight key methodologies, evaluate their computational
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advantages, summarize their applications in areas such as antenna design and wireless
systems, and identify current challenges and future research directions.
I1l. METHODOLOGIES AND DESIGN
A. GENERALIZED CONFORMAL MAPPING FOR SCATTERING PROBLEMS

The methodology developed by Chui et al. [1] represents a significant advancement in
applying conformal mapping to finite-frequency electromagnetic problems. Their
approach involves:

1. Harmonic Conformal Mapping: Transforming complex surfaces to unit disks using
harmonic conformal maps

2. Orthonormal Basis Functions: Constructing basis functions from cylindrical vector
functions (Bessel functions)

3. Circuit Analog Representation: Formulating electromagnetic equations as equivalent
circuit problems with nearly diagonal impedance matrices

4. Resonance Analysis: Direct extraction of resonance characteristics through eigenvalue
analysis
This methodology enables efficient analysis of resonant behavior, eddy currents, and field
singularities at corners, providing physical insights that are difficult to obtain through
purely numerical methods.

B. COMPUTATIONAL CONFORMAL GEOMETRY via CEM

Wan et al. [2] developed the Conformal Energy Minimization algorithm for rapid
electromagnetic analysis:

1. Discrete Conformal Mapping: Efficient computation of conformal maps between
arbitrary surfaces and unit disks

2. Basis Function Generation: Construction of orthonormal vector basis functions using
conformal transformations

3. Fast Matrix Operations: Exploitation of near-diagonal impedance matrices for rapid
computation.

4. Parallel Implementation: Efficient computation through parallel processing of

independent matrix elements
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The CEM algorithm achieves three orders of magnitude speed improvement over
traditional FEM while maintaining comparable accuracy, making it suitable for real-time
applications.

C. CONFORMAL METASURFACES FOR WIRELESS POWER TRANSFER
Dellabate et al. [3] presented an analytical approach for designing arbitrarily conformal
magnetic metasurfaces:

1. Impedance Matrix Formulation: Systematic representation of system interactions through
impedance matrices

2. Current Coefficient Control: Arbitrary manipulation of current distributions through
complex coefficients

3. Boundary Condition Implementation: Self-consistent determination of boundary electric
fields

4. Application-Specific Design: Customization for shielding and focusing applications
through appropriate loading
This methodology enables precise control of metasurface response despite finite size,
near-field excitation, and arbitrary curvature.

D. MATHEMATICAL OPTIMIZATION OPERATORS

Calixto et al. [4] developed advanced optimization techniques for conformal mapping
computations:

1. Guided Evolution Operator: Polynomial extrapolation of elite individuals' genes to
predict optimal parameter values

2. Genetic Algorithm Enhancement: Integration with tournament selection, elitism, and
variable mutation operators

3. Rapid Convergence: 38% reduction in required generations compared to standard genetic
algorithms

4. Practical Implementation: Application to capacitance and permeance calculations for
complex geometries.

E. TDR-BASED ANTENNA DESIGN

Schantz [5] combined experimental and theoretical approaches for ultrawideband

antenna design:
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1. Time-Domain Diagnostics: TDR measurements for impedance characterization and
localization

2. Theoretical Analysis: Conformal mapping calculations for geometry-dependent
impedance properties

3. Design Integration: Combined approach for optimal antenna design

4. Practical Validation: Experimental verification of theoretical predictions.

F. BIOMEDICAL AND COMMUNICATIONS APPLICATIONS
Recent applications demonstrate the versatility of conformal mapping techniques:

1. Wearable Antenna Design [6]: Development of conformal wearable antennas for
biomedical monitoring with optimized impedance matching and reduced specific
absorption rate (SAR).

2. Ceramic Sensor Development [7]: Application of conformal mapping to improve
electrode design in ceramic sensors, enhancing sensitivity and accuracy.

3. Smart Antenna Design [8]: Implementation of conformal mapping in smart antennas for
mobile communications, enabling adaptive performance in urban environments

4. Mechanical Interference Measurement [9]: Use of conformal mapping in antenna design
for precise mechanical interference measurement in industrial applications.

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. SCATTERING AND RESONANCE
Chui et al. [1] demonstrated successful analysis of an equilateral triangular plate,
identifying three types of low-lying resonances with distinct characteristics. Their
approach revealed doubly degenerate regular resonances, grey resonances with reduced
electric susceptibility, and nondegenerate pure magnetic resonances. The methodology
showed excellent agreement with traditional numerical methods while providing superior
physical insight.

B. COMPUTATIONAL EFFICIENCY
Wan et al. [2] reported remarkable computational performance, achieving analysis times
of 15 ms per frequency compared to 60 s for conventional FEM—a 4000x speed
improvement. Their approach maintained accuracy within 3% of COMSOL results while

revealing previously elusive low-energy doubly degenerate resonance modes
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C. WIRELESS POWER TRANSFER ENHANCEMENT
Dellabate et al. [3] achieved 8 dB shielding effectiveness at distances up to twice the
driver coil diameter and demonstrated magnetic field focusing with 8% power transfer
efficiency in the focal spot. Their conformal metasurface design showed excellent
agreement between simulation and experimental measurements.
D. PRACTICAL APPLICATIONS AND VALIDATION
Recent applications have demonstrated practical success across diverse domains:
o Biomedical Antennas [6]: 35% improvement in impedance matching, 82% radiation
efficiency on human skin, and 40% SAR reduction
o Ceramic Sensors [7]: 2.5% sensitivity improvement, 0.05% measurement accuracy, and
60% simulation time reduction.
e Mobile Communications [8]: 25% power efficiency improvement, <10 ms adaptation
time, and 30% coverage enhancement
e Industrial Measurement [9]: 0.01 microstrain measurement accuracy, 1000 microstrain
dynamic range, and 40% reliability improvement.
V. CURRENT RESEARCH CHALLENGES
Despite significant progress, several challenges remain in the field of conformal mapping
applications in electromagnetics:
A. DIMENSIONAL LIMITATIONS
Most current methodologies [1], [2], [4]-[9] operate primarily in two dimensions, while
practical applications increasingly require three-dimensional analysis. The lack of a
comprehensive  mathematical framework for three-dimensional  conformal
transformations limits practical implementation.
B. NONLINEAR AND TRANSIENT PROBLEMS
Current research focuses predominantly on linear systems and steady-state conditions,
with limited attention to nonlinear phenomena and time-domain problems. The extension
of conformal mapping techniques to these domains represents a significant challenge.
C.INTEGRATION WITH ARTIFICAL INTELLIGENCE
The potential of machine learning techniques to accelerate conformal map generation and
optimize design parameters remains largely unexplored. Effective integration of Al with

conformal mapping methodologies could yield substantial benefits.
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D. DYNAMIC RECONFIGURABILITY
Limited research exists on developing conformal structures with dynamic
reconfigurability using tunable electronic components. This capability is increasingly
important for adaptive electromagnetic systems.

E. COMPUTATIONAL COMPLEXITY FOR HIGHLY COMPLEX SHAPES
Current algorithms struggle with surfaces featuring extremely fine details or multiple
sharp protrusions, where finding stable conformal mappings becomes challenging.

F. EXPERIMENTAL VALIDATION AT SCALE
Most results have been verified in controlled laboratory environments, with limited
testing in real-world scenarios. Broader experimental validation is needed to establish
practical reliability.
VI. CONCLUSION
The study, based on a comprehensive review of the literature, presents the following
findings:

1. This review highlights the significant evolution of conformal mapping
techniques in electromagnetic problem-solving, from classical two-dimensional
electrostatics to modern applications such as 6G communications, biomedical
engineering, and sustainable energy systems.

2. The reviewed works [1-9] demonstrate major advancements in computational
efficiency, accuracy, and practical implementation across diverse
electromagnetic domains.

3. Key achievements include substantial reductions in computational time (up to
several orders of magnitude), effective handling of complex singularities, and
successful application in various engineering fields.

4. Despite these advancements, important challenges remain, including extending
conformal mapping methods to fully three-dimensional problems, integrating
them with Artificial Intelligence, and enabling dynamic and reconfigurable
systems.

5. The recommendations presented in Section VI provide a strategic roadmap to
overcome these challenges and guide future developments in the field.
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6. As electromagnetic systems grow more complex and performance demands
increase, conformal mapping is expected to play an increasingly vital role in
analysis and design.

7. Its combination of mathematical rigor, computational efficiency, and physical
insight makes it a powerful tool for next-generation electromagnetic
technologies.

8. Future research should focus on developing unified theoretical frameworks,
enhancing computational capabilities through Al integration, and expanding
applications in emerging technological areas.

9. Achieving these goals will require coordinated efforts among academic
institutions, industry, and research communities to fully realize the potential of
conformal mapping in electromagnetic engineering.

VII.LRECOMMENDATION FOR FUTURE RESEARCH
This study recommends focusing on the development of a unified theoretical framework
for advanced conformal transformations and the establishment of a specialized research
center for intelligent electromagnetic design using these transformations. Priority should
be given to transitioning to three-dimensional transformations, integrating artificial
intelligence techniques to enhance analysis and design performance, and implementing
multiphysics modeling that combines electromagnetic, thermal, and mechanical effects.
These advancements are advised for practical applications such as designing terahertz
antennas for 6G technologies, developing digital health applications and nanoscale
sensors, and improving sustainable energy systems and wireless power transfer. On the
computational and experimental side, efforts should be directed toward developing
standardized calibration protocols, creating open-source software libraries to support
conformal transformations, and enhancing the integration of time-domain measurement
techniques (TDR/TDT) to provide precise and efficient diagnostic tools for high-

frequency systems.
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