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Abstract - The article presented here gives a detailed overview of Transformation Optics and Transformation
Electromagnetics, and highlights the crucial gaps identified through a fine literature review. It includes proper experimental
validation data that shows antenna gains of 15.7 to 16.1 dBi, beam steering capabilities up to £50° and cloaking
performance with Radar Cross Section (RCS) decreasing from -9.4 dB to -9.2 dB. The article also provides quantitative
standards, detailed case studies of successful implementations, a thorough analysis of limitations, as well as an economic
forecast projecting a 320.9B market by 2035. The article also proposes an organized research roadmap that addresses
manufacturing challenges, standardization requirements, and regulatory-related issues. This research work links theoretical
concepts with real-world applications that offer the required essential guidance to researchers, engineers, and industry

stakeholders in the Electromagnetics area.
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1. Introduction

In the development of Electromagnetic devices,
Transformation Optics (TO) and Transformation
Electromagnetics (TFEM) are becoming innovative
methods. These are allowing the unmatched manipulation of
EM fields through Coordinate transformations. From the
early 2000s, these areas moved from theoretical concepts to
practical technologies with verified experimental results and
opportunities in commercial [1, 2]. Advancements in
metamaterial manufacturing, the use of Artificial
Intelligence in the design optimization, and advanced
measurement methods have enabled the making of practical
devices from theoretical concepts [3]. In recent times, the
experiments show that a close match between predicted and
actual results, such as antenna gains of more than 16dBi,
beam steering of +50°, and cloaking devices that cut RCS
by over 90dB. However, research gaps in concepts such as
material losses, scalable manufacturing, and system
integration are profoundly challenging. This paper examines
present barriers and suggests effective strategies for
overcoming them through continuous Research and
Development. The economic stance looks promising, with a
market size projection of $20.9 B by 2035, motivated by
5G/6G applications [4], defense, health, and consumer
electronics. The growth achievements depend on sustained
international cooperation, establishing regulations and
standards, and investments. This paper gives valuable
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insights and practical guidance for researchers, engineers,
and industry stakeholders on new electromagnetic
innovations from theory to the laboratories and then to
commercial deployment.

2. Research Methodology

This comprehensive review uses a systematic analysis
to find recent developments on TO and TEFM. The
procedures carried out ensure the coverage of validation
experiments, result metrics, and implementation
considerations in practice.

2.1. Literature Search Strategy

Multiple databases were searched for comprehensive
results, such as 63 papers on TFEM (2020-2025), 50 papers
on validation and performance in SciSpace deep Search,
recent developments in ArXiv preprints, papers on
metamaterial design, IEEE Xplore for coordinate
transformation, electromagnetics synthesis, and antenna

engineering, and PubMed provided biomedical
electromagnetic studies.
2.2. Inclusion and Exclusion Criteria
2.2.1. Inclusion Criteria

Papers from 2020 to 2025, including recent
advancements, experimental validation, quantitative

metrics, practical fabrication challenges, and metamaterial
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implementations of  transformation optics or

electromagnetics concepts.

2.2.2. Exclusion Criteria

Theoretical studies without experimental validation,
papers without performance data, pre-2020 studies unless
seminal, and non-peer-reviewed conference abstracts.

2.3. Data Extraction Framework

The data, such as Performance (Simulated vs Measured,
Band Width, Gain, Efficiency), Fabrication (Techniques,
Materials used and Tolerances of Dimensions),
Measurement (Testing Protocols, Equipment, Validation),
Analysis (Performance against conventional designs),
Challenge and Limitations, Obstacles and Solution
Proposals, are extracted for every case study.

2.4. Analysis Methodology

Quantitative ~ Performance  metrics  Synthesis,
Qualitative thematic analysis of challenges and solutions,
Trends of fabrication techniques and improvisations, Gap
analysis of uncovered research concepts, are the procedures
adopted for analyzing the extracted data.

2.5. Quality Assessment

Every paper was assessed on experimental
endorsement, reproducibility, statistical significance, peer
review, and journal impact factor, which ensures
comprehensive coverage of the TFEM area, giving a good
foundation for the detailed analysis in this study.

3. Experimental Validation and Performance
Analysis

In this section, recent studies in TFEM, including
examples of practical applicability of theory concepts
through  performance metrics measurements and
quantitative ~ comparisons, are  presented  with
comprehensive experimental validation.

3.1. Simulated vs Measured Performance Data
3.1.1. Luneburg Lens Antenna

The compressed Luneburg Lens Antennas (Figure 1)
show solid matching between the Theoretical and Practical

results. Key performance metrics are provided in Table 1.
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Fig. 1 Operation of luneburg lens antenna

The Hemi Spherical Luneburg lens antenna achieved a
maximum gain of 15.7 dBi and provided excellent Beam
Steering across a +41° range. A compact design without

compromising on Performance was achieved with the
Focal-to-Diameter ratio of 0.03.

Table 1. Luneburg lens antenna performance comparison

Parameter | Simulated | Measured | Error
Gpeak 16.2dBi 16.1dBi 0.62%
SLL -16.5dB -16.3dB 1.23%
BSR 50 50 0.0%

fo 3.3-5.0GHz 3.3-5.0GHz | 0.0%
Ty 1.5dB 1.7dB 13.33%

Here, Gpeak — Peak Gain, SLL-Side Lobe Level, BSR -
Beam Steering Range, f, - Operating Frequency, Tg - Gain
Tolerance.

3.1.2. Metamaterial Cloaking Devices
Remarkable RCS reduction capability is demonstrated
in the experimental validation of Cloaking as [5]:

3D-Printed Conformal Cloak
Maximum RCS reduction of -9.4 dB with 26.6%
bandwidth [6]

Carpet Cloak
Cross-polarization reflection efficiency >94% for
broadband operation [7]

Silver Meta-atoms
Blocking response achieved -92 dB at 2.76 GHz

3.2. Quantitative Performance Improvements
3.2.1. Antenna Miniaturization [8]

FRACTAL SLOT CUTS

METAMEERIAL
INCLUSIONS
MINIATURIZATION '

SIZE REDUCTION

Standard
Patch Antenna

Fig. 2 Antenna miniaturization demonstration

Antenna miniaturization with metamaterials is
presented in Figure 2. TO or TEFM-based designs show
remarkable size reductions while continuing or improving
performance, as presented in Table 2.

Table 2. Antenna miniaturization performance comparison

based Design Type |Reduction| G2I1 [Bandwidth
Conventional Reference - 7.5dBi 12%
Transformation Lens 55% 12.8dBi 28%
Compressed Luneburg 67% 16.1dBi 42%
Metamaterial Patch 45% 8.2dBi 15%
A graphical performance comparison between

conventional and TEFM-based miniaturized antennas is
shown in Figure 3.
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Fig. 3 Performance between conventional and transformation-based
miniaturized antennas

3.2.2. Beam Steering Performance

Initial Beam Direction
T Steered Beam Direction

</ EM Radiation =t

Metamaterial
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| J Radiating patch /
AR <= = i

Fig. 4 Beam steering demonstrating actual and beam steering with
metamaterial

Through metamaterial implementations as
demonstrated in Figure 4, progressive beam steering is
achieved as presented below.

Table 3. Antenna system key performance metrics

Property Achievement
Feed Five feeds are sufficient for full
Requirements coverage.
o
Angular Range Iie n550 with compressed Luneburg
Side Lobe )
Control <-16 dB throughout operation

Scanning Loss <1.7 dB across full steering

Table 3 shows an antenna system with broad angular
coverage, minimal scanning loss, strong SLL suppression,
and efficient use of feed.

3.3. Fabrication Validation
3.3.1. 3D Printing Techniques

3D Printing with Thermal programming provides the
curved creation, Conformal meta-surfaces with high
accuracy [9].

Table 4. Performance benchmarks and fabrication capabilities

Property Achievement
Frequency X-band to Ka-band operation
Range
Material Composite PLA and Sn-Bi alloys
Tolerance =+ 0.1 mm dimensional accuracy
Resolution Submicron features achieved
Technical specifications used during fabrication,

including the f, — operating frequency range, material
compositions utilized, and high-dimensional accuracy and
resolution achieved, are shown in Table 4.

3.3.2. Advanced Lithography

3D complex structures were created with two-photon
lithography, which gave the following performance
achievements.

Table 5. Two-Photon lithography performance

Parameter Achievement
Material Wide range of polymers and
Compatibility metals

>10:1 achievable
<100 nm minimum features
Mid-infrared sensor arrays

Aspect Ratio
Feature Size
Applications

The key features of the photon lithography technique’s
versatility provide remarkable improvements in complex 3d
structures like advanced photonic and sensor applications,
as presented in Table 5.

3.4. Wireless Power Transfer Enhancement

The Efficiency and Gain parameters attained notable
enhancements when Metamaterials are employed. [10, 11]
Table 6 presents the boost in wireless power efficiency with
a two-layer metamaterial setup, resulting in an increase of
29.3%.

range
Table 6. Enhancement of wireless power transfer with multi layer metamaterial
Efficiency
Configuration Without With Enhancement
Metamaterial Metamaterial
One Layer 45% 65.6% 20.6%
Two Layers 48% 77.3% 29.3%
Three Layers 52% 74.6% 22.6%
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Metamaterial-based designs achieved higher S21
values consistently showing improved Signal Transmissions
at all distances, demonstrating superior coupling efficiency,
which is represented in Figure 5 graphically.

=¢-Conventional =ll=Metamaterial

21 (dB)

30 40 50

Distance (mm)

Fig. 5 S21 Improvement with metamaterial layers

S21 increased by approximately 15dB with negative
permeability metamaterials, showing a significant
enhancement in Power Transfer.

3.5. Performance Benchmarking
3.5.1. Comparative Analysis with Conventional Designs

Gain Cone —

tZ - L', a3 ‘T?’ 310 L Metamaterial
Lnn F SRR g gn =4 x Superstate
T2 8252 LiResenajor LTI R

Fig. 6 Demonstration of gain enhancement with metamaterial

TFEM devices outperformed consistently
conventional devices, as shown in Table 7

over

Table 7. Performance of TFEM devices over traditional devices

Feature Achievement
Angular Enhanced beam steering range (+41°
Coverage compared to conventional +20°)
Size Reduction | 45-67% volume reduction
BandW|_dth 2-3x bandwidth increase
Expansion
Gain 1.5to 8.6 dB improvement
Enhancement compared to baseline designs
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Broader angular coverage, significant size reduction,
high gain as demonstrated in Figure 6, and broader
bandwidth are notable in advanced EM applications.

3.6. Measurement Uncertainty and Error Analysis

Statistical evaluation of important antenna parameters,
radiation pattern accuracy, impedance matching, frequency
stability, and gain consistency are presented in Table 8. The
results show stable performance within the given bandwidth
with high precision and reliability across different
prototypes.

3.7. Validation Conclusions

The date from the experimental validation shows a
close match between theoretical and measured values using
TFEM applications. The key outcomes are

1. Error is < 5% between Simulated and Real
performance.

2. Improved performance over traditional designs.

3. Cloaking and beam steering improved significantly.

4. The advanced manufacturing methods produce the

above designs.

Though material losses, bandwidth, and fabrication
tolerances remain challenging and require continuous R&D.

4. Detailed Case Studies

In this section, three detailed case studies are presented,
which showcase applications of the TFEM concept, from
theory to practical implementation.

4.1. Case Study 1: Compressed Luneburg Antenna
4.1.1. Design Objectives and Requirements

To meet the requirements for wide-angle beam steering
systems and compact size for SG communications, the
compressed Luneburg Lens antenna was designed with the
following features [12].

Table 8. Luneburg metamaterial antenna performance target

Feature Target
Peak gain >15 dBi
Side lobe level <-15dB
Frequency 3.3-5.0 GHz

. >50% compared to a conventional

Volume reduction lens
Beam steering + 500
range

4.1.2. Theoretical Design Process

The design with the following relations compresses the
conventional Luneburg lens while maintaining focusing
properties using the TFEM technique.

o= 2= G

Here n(r) is the refractive index profile, r is the radial
distance, and R is the lens radius.

(D

The compression transformation was applied using:

r=a,0=064¢=¢ @
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Here, a = 0.67 represents the compression factor,
resulting in a 67% volume reduction.

4.1.3. Metamaterial Implementation

With the use of Ring-Shaped Periodic unit cells, the
Gradient Refractive Index was achieved while following the
Equivalent Medium Theory.

Table 9. Achievements of the metamaterial-based structure

Feature Achievement
Fabrication Standard PCB etching techniques
Unit Cell Concentric ring structures with
Design different sizes

10 layers facilitate a smooth gradient
approximation.

Rogers RT/Duroid 5880 substrate (e
= 2.2, tan = 0.0009)

Layer Count

Material

The 10-layer metamaterial structure on a Rogers
RT/Duroid 5880 substrate achievements are shown in Table
9.

4.1.4. Fabrication Process
A systematic fabrication process was adopted as follows.

Table 10. Metamaterial fabrication process
Fabrication Step Process Type
Full-wave simulation
performed with HFSS
Multilayer PCB
manufacturing
Precision stacking using
alignment fixtures
Verification of dimensions and
electrical testing

Design Optimization

Prototype
Manufacturing

Assembly

Quality Control

The fabrication process includes HFSS simulation and
multilayer PCB manufacturing, and produced metamaterial
devices that perform well compared to conventional
devices, offering 8.6dB of gain increase and a 67%
reduction in antenna size, as presented in Table 10.

4.1.5. Insights

The success of metamaterial structure relies on careful
gradient discretization and strict observance of the
tolerances of fabrication. Still, difficulties like interlayer
alignment and impedance matching may pose challenges.

To overcome these problems, custom alignment
fixtures were utilized to ensure precise layer positioning,
and tapered transitions were implemented to enhance
impedance continuity. The integration of reconfigurable
elements will facilitate dynamic beam steering and thereby
enhance adaptability and design functionality [13].

Every design target was achieved with g, SLL, and
volume reduction exceeding expectations, also bandwidth
and steering matched with specifications.

Table 11. Compressed luneburg lens performance validation

Parameter Goal | Obtained Status
Side Lobe Level (dB) | <-15 | -16.3 Exceeded
Peak Gain (dBi) >15.0 | 16.1 Exceeded
Bandwidth (GHz) 3.3- 3.3-5.0 Met

5.0
Beam Steering ( %) 50° 50° Met
Volume  Reduction | >50 67 Exceeded
(%)

4.2. Case Study 2: 3D — Printed Conformal Metasurface
Cloak
4.2.1. Design Objectives

The following are specifications targeted for the
development of a conformal cloaking device for curved
surfaces.

Table 12. Target for designing a conformal cloaking device

Feature Target
Conformal capability Iljlﬁljuce the Curvature radius to 20
Operating frequency | X-band (8-12 GHz)
Bandwidth >20%
Cloaking >-10 dB RCS reduction
effectiveness
Manufacturing Addltlv_e manufacturing

compatible

4.2.2. Transformation Design

Coordinate transformation is performed with the
following relation to achieve a curved EM wave around the
object.

— _r’
gr_lir_7

(€)

Here, 7 is the original coordinate, »’ is the transformed
coordinate, and « is the inner radius of the cloak. Differential
geometry is used to describe curved surfaces in the
implementation of a conformal surface [14].

4.2.3. 3D Printing Implementation

A 3D printing with thermal programming technique
with the following features is used for the fabrication of a
cloak.

Table 13. Features of 3D printing technology

Feature Details
Resolution | 0.1 mm layer height, 0.2 mm feature size
Material _Comp_03|te PLA containing Sn-Bi
inclusions
. Enhanced FDM system featuring dual-
Printer . .
material capability
Post- . .
. Thermal forming for conformal shaping
Processing

4.2.4. Fabrication Workflow

The fabrication process presented in Table 14 involves
the following stages, along with their respective process
types, covering everything from design to metallization.
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Table 14. Cloak fabrication processes
Fabrication
Step

Process Type

CAD modeling integrated with

Design Phase electromagnetic optimization

F'\’/lzt)earrl:':ion Composite filament preparation
3D Printing Layer-by-layer deposition
Thermal Shape conforming using the glass
Forming transition

Metallization | Conductive pattern deposition

4.2.5. Performance Validation

Experimental testing demonstrated successful cloaking
performance as shown in Table 15, which features the
achievements in Bandwidth, Conformability metrics,
angular coverage, and RCS reduction [15, 16].

Table 15. Performance of cloak

Feature Achievement
Bandwidth 26.6% at -3 dB level
RCS Reduction Maximum -9.4 dB achieved
Angular +30° incident angle range
Coverage
Bandwidth 26.6% at -3 dB level

. Successfully tested on 15-50 mm

Conformability radius surfaces.

The challenges, their impact, and solutions are
summarized in Figure 7.

Challenge

« Composite
Design

« Performance
Degradation

« Material
Anisotropy

« High
Resolution
Printing with
Post
Processing

« Frequency
Shift

« Fabrication
Precision

Solution

Challenge

 Thermal
Programming
Technique

« Structural
Integrity

« Conformal
Shaping

. Solution

* Multi-
Layer
Gradient

Design

Challenge

« Narrow
Operation

« Bandwidth
Limitation

Fig. 7 Cloak development: Challenges and solutions

4.3. Case Study 3: Metamaterial Enhanced Wireless Power
Transfer (WPT)
4.3.1. System Requirements

The following are the targets assigned to develop a
metamaterial for an efficient Wireless Power Transfer for
10T applications [17, 18].

Table 16. Target Specifications for the design of a metamaterial for a
wireless power transfer device

Feature

Target

Operating Frequency

13.56 MHz (ISM band)

Transfer Distance

10-50 mm

Efficiency Improvement

>20%

Power Level

1-10 W

+ 5 mm lateral offset

Misalignment tolerance

4.3.2. Metamaterial Design
The enhancement employed negative permeability
metamaterials to improve coupling:

Ur=1- “)
Here w, is the plasma frequency, wo is the resonant
frequency, and y is the damping factor.

4.3.3. Implementation
Multilayer metamaterial configuration development

Layer 1: Enhancement at the Transmitter side with negative
Ur

Layer2: Focusing Element for MID Field

Layer 3: Enhancement at the Receiver side

Spacing: Optimized Maximum field enhancement

4.3.4. Fabrication Details
The following features
fabricating metamaterial layers.

are implemented while

Table 17. Fabrication features and details of the metamaterial

Feature Details
Manufacturing | Standard photolithography
Substrate FR4 PCB material
Assembly Precision spacers for layer alignment
Pattern S_plit-ripg resonators with optimized

dimensions

4.3.5. Performance Results

A great enhancement was observed with the integration
of metamaterials for Power Transfer Efficiency across all
tested conditions [19, 20].

Max gain 20.6% at 10mm distance and showing
substantial improvements even with misalignment,
presented in Table 18.

Table 18. Results of wireless transfer enhancement with metamaterial

Configuration Baseline Efficiency | Enhanced Efficiency Improvement
10 mm distance 45.2% 65.8% 20.6%
25 mm distance 28.5% 48.1% 19.6%
50 mm distance 12.3% 25.7% 13.4%
With misalignment 35.1% 52.4% 17.3%
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Fig. 8 Efficiency comparison

The graph in Figure 8 compares baseline efficiency,
enhanced efficiency, and improvement across different
transfer conditions: 10mm distance, 25mm distance, 50mm
distance, and with misalignment. Arrays of plasmonic
resonators will create strongly coupled electromagnetic
modes. These modes channel energy between transmitter
and receiver with minimal radiative losses [21].

Figure 9 demonstrates a steady improvement of the S21
parameter with frequency, which indicates enhanced signal
transmission performance across the 13.56 to 13.72 MHz
range [22].

0
-5
-10
—15 /
-20
903 -25 /
C‘:‘l '30 v
»  -35
1356 136 1364 13.68 13.72
Frequency (MHz)

Fig. 9 Metamaterial enhanced WPT system frequency response

The S21 parameter is enhanced by 15 dB, presenting
considerable coupling enhancement.

4.3.6. System Integration
Table 19 presents enhanced WPT system achievements,

Table 19. WPT system achievements

Feature Achievement
Monitoring Real-time efficiency tracking
Control - .
Electronics Adaptive impedance matching
Applications | 10T sensor node charging
Safety Foreign object detection
Features
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4.4. Cross Case Analysis

The above cases demonstrated theoretical concepts
turned into practical solutions by a systematic approach.
Precision and efficiency are provided with the
implementation of modern manufacturing technologies and
advanced fabrication methods. The experimental validation
approves the reliability and performance. The practical
problems are sensibly considered to address real-world
challenges, while keeping the process viable and strong.

4.5. Future Development Pathways

The case studies reveal that future research needs to
focus on several areas. Priority must be given to innovation
on low-loss metamaterials [23]. Cost-effective mass
production methods are to be adopted to achieve scalability
in manufacturing so that large-scale deployment will be
possible.

Incorporation of TO or TFEM materials into existing
technologies  facilitates ~ compatibility —and  easier
implementation. Al-driven design strategies optimize
performance to improve accuracy and efficiency to attain
required results.

5. Comprehensive Limitations Analysis

In this section, current limitations in TFEM are
addressed through an honest assessment that addresses
theoretical ~constraints, technological barriers, and
challenges in practical implementation that should be
overcome.

5.1. Material Parameter Limitations
5.1.1. Extreme Parameter Requirements

TEFM also involves materials with extreme EM
properties, which are difficult to realize. Permeability
Tensors with a 100:1 ratio, as well as highly anisotropic,
may be required by many device designs. High losses are
observed in ENZ and MNZ materials [24]. DNG materials
have inherent instabilities and notable dispersion. Another
challenge is to create smooth gradient materials, as
impractical parameter variations may occur over
subwavelength scales.
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5.1.2. Loss Mechanisms

Material losses are fundamental challenges in the
implementation of metamaterials. The main loss types
include Ohmic, Dielectric, Coupling, and Radiation losses
[25, 26]. All these losses contribute to Lower Efficiency,
lower bandwidth, and Performance Degradation as shown
in Figure 10.

Typical
Loss Type Value Impact

wmm—
Y —

tand=0.01-0.1 J

——

l Rs =0.1-1Q/sq

Reduces device
efficiency, limits
bandwidth

Limits power transfer
efficiency

ey

Fig. 10 Losses and impacts in TFEM

Coupling Loss

i

Ohmic Loss

_
I

The loss contributions, as shown in Figure 11, reveal
the fact that severe penalties are observed in the DNG region
since both Electric and Magnetic noise are significant
contributors [27].

Coupling
Loss,
20.%

Dielectric
Loss,
35%

Radiation
Loss,
20%

r Loss,
25%

Fig. 11 Distribution of losses in metamaterials

5.1.3. Bandwidth Constraints
Narrow bandwidth is another major challenge in the
operation of most Metamaterial implementations [28].

Table 20. Metamaterial constraints

Metamaterial Constraint Description
Feature

Resonant Unit cell resonances limit the
Behavior operational bandwidth to 5-15%.

. . A strong dependence on
Dispersion

frequency effect parameters.

Causality Kramers-Kronig relations govern
Constraints Fundamental limits.
Size-Bandwidth | Narrower Bandwidths arise due
Trade-off to smaller unit cells.
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5.2. Fabrication and Manufacturing Challenges
5.2.1. Dimensional Tolerances

Fabrication tolerances [29] have a significant effect on
the performance of Metamaterials. Table 21 describes the
fabrication tolerances in feature size, alignment, layer
thickness, and material properties, causing frequency shifts
and hence raising performance losses to 25%, which alerts
a critical need for precision in the fabrication of
metamaterials [30, 31].

Table 21. Impact of fabrication tolerance on the performance

Parameter | Tolerance Frgquency Performance
Shift Loss

Feature Size | £10% +8% 15-25%
Layer 0 0 T
Thickness +5% +3% 5-15%
Alignment | +50% +2% 10-20%
Material | 5o, 4% 8-18%
Properties

The Efficiency falls sharply as dimensional tolerance
increases, dropping from around 95% at 0.1 mm to 70% at
+0.5 mm, as shown in the Figure 12.

100
95
90
85
80
75 \

70 \
65

60 T T 1
+0.1 mm +0.2 mm +0.5 mm

Efficiency (%)

Fig. 12 Efficiency degradation due to fabrication tolerances

5.2.2. Scalability Issues [32, 33]
Scalability challenges are listed as follows,

L Fabricating complex metamaterials
Cost Scaling: : : -
requires expensive techniques.
vield Issues: Multilayer designs are increasingly
prone to defects.
Quality Maintaining el_ectromagnetlc_
. properties during manufacturing
Control: e
remains difficult.
. The requirement for specialized
Material :
N substrates and conductors increases
Availability: costs

5.2.3. 3D Manufacturing Limitations [34]
The significant limitations observed in 3D printing are
as follows,



K NV Khasim & B Rajasekar / IJECE, 13(2), 307-327, 2026

Existing 3D printers have a

Resolution resolution of 100 um, which is
Limits: insufficient for high-frequency
uses.
The availability of
Material electromagnetic materials

Constraints: suitable for 3D printing is
limited.

A rough surface finish can

;lggaﬁﬁess negatively impact performance
g ) at higher frequencies.
Printing complex structures that
Multi-Material | incorporate multiple materials
Challenges: remains a significant challenge

[35, 36].

5.3. Performance Limitations
5.3.1. Cloaking Effectiveness [37, 38]

The practical limitations of the cloaking devices are
listed below,

Effective only for objects

Size Constraints: under 1-2 wavelengths.

Limited Angular
Coverage:

Most cloaks are practical
only within about +30°.

Impossible to Achieve
Perfect Cloaking:

Physical limits prevent
perfect invisibility.

Performance varies with

Polarization Sensitivity: polarization,

5.3.2. Beam Steering Limitations [39, 40]
TFEM-based beam steering systems face several
constraints listed below,

A degradation of 3-5 dB occurs at

Scan Loss: .
extreme steering angles.

Manifest when steering angles go

Grating Lobes: beyond 60°.

Bandwidth Performance drops outside the
Limitation: specified frequency range.

Feed Several feeds are required to cover
Complexity: the entire angular range.

5.4. Theoretical Limitations

5.4.1. Coordinate Transformation Constraints [41, 42]
The fundamental limitations offered by the

mathematical framework are as follows

. .| Transformation singularities require
Singular Points: | . .. . .
infinite material parameters.
Folded Some transformations result in non-
Geometries: physical material demands.
Boundary Difficulties arise in matching
Conditions: boundary conditions at interfaces.
Recibrocity: Many desired functionalities conflict
P Y- with reciprocity principles

5.4.2. Physical Realizability
All parameters designed theoretically cannot be
physically realized, such as

Realizability Constraint:
Im(e) >0,Im(np) >0forw >0 (5)

Ideal performance can be prevented by limiting the
achievable parameter by the fundamental constraint
mentioned in equation 5.

5.5. Integration and System-Level Challenges
5.5.1. Impedance Matching

Impedance matching is meticulous during the
integration of traditional systems. The difficulties are listed
below in the process of integration [43].

Interface Differences between metamaterials
Reflections: and conventional components
Broadband Difficulties in achieving wideband
Matching: impedance matching

Active May require active components,
Matching: increasing complexity

5.5.2. Environmental Sensitivity
Environmental factors affect Metamaterial devices, as
shown in Table 22 [44, 45].

Table 22. Metamaterial devices and environmental sensitivity

Factor Sensitivity Impact
Temperature  [0.1-0.5%/ °C Frequency drift,
parameter variation
Humidity 0.05- Dielectric constant
Mechanical 0.2%/%RH | changes, Dimensional
Stress 0.5-2%/MPa | changes, and cracking
/Aging 1-5%/year Long-term parameter drift

A comparison graph in Figure 13 shows that the
Temperature has more sensitivity at about 40%, then
Humidity and EM Interface around 30%.

45
40
35
30
25
20
15
10

5

0 ‘
Temperature

Sensitivity (%)

Humidity EM
Interference
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Fig. 13 Environmental factors and metamaterial device sensitivity
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5.6. Economic and Commercial Limitations
5.6.1. Cost Analysis [46-48]

Cost barriers are significant in the present TFEM
devices, as summarized below

Testing Specialized measurement tools are
Costs: essential.

. Specialized substrates are 10 to 100
Material . .
Costs: times more expensive than

traditional materials.

Extensive simulation and

Design Costs: | optimization increase development

expenses.
Fabrication Complex processes require costly
Costs: equipment.

5.6.2. Market Readiness

. . Incorporating active components to
Active Materials reduce loss problems
Hybrid Combining different material
Approaches systems for better performance

. Researching topological
Logcglr?g;gal metamaterials to achieve durable
results

Quantum Investigating quantum phenomena
Materials in metamaterial systems

5.8.1. Manufacturing Solutions

With the implementation of evolving fabrication
techniques, existing limitations can be overcome. A few
such methods are listed below.

Commercial adoption faces several limiting factors, as Advanced 3D High-resolution, multi-material
listed Printing additive manufacturing
Performance Gap: | . ' current devices” higher cost Roll-to-Roll Large-scale manufacturing for
Is not yet justified. Processing extensive-area devices
Reliability Limited data is available on long-
Concerns: term reliability. Al-Assisted Utilizing machine learning to

Standardization
Lack:

No established standards for
metamaterial devices [49].

The supply chain for specialized
materials remains
underdeveloped.

Supply Chain:

5.7. Regulatory and Standards Limitations
5.7.1. EMC Challenges

The following list presents EMC challenges faced by
Metamaterials [50].

Spurious
Emissions:

Nonlinear effects can generate
unwanted frequencies.

Highly vulnerable to external

Susceptibility: Electromagnetic Interference

(EMI).
Testing Standard EMC tests may not be
Challenges: adequate.

5.7.2. Safety Considerations

The potential safety problems that limit the

performance of Metamaterials are listed as follows.

Near-Field Intense near-fields might surpass

Exposure: SAR limits.

Thermal .

Effects: Losses can lead to notable heating.

Material Certain metamaterial parts could

Toxicity: present health hazards.

5.8. Future Outlook and Mitigation Strategies
Material Limitations and Potential Solutions are
presented as follows.
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Manufacturing

enhance processes

Self-Assembly Bottom-up fabrication techniques

5.9. Conclusion of Limitations

From the analysis of Limitations, although TFEM or
TO offering notable potential, many challenges still exist in
various areas, as listed below.

1 Material losses and bandwidth limitations restrict
" | performance.
5 Fabrication tolerances and scalability problems
" | prevent widespread commercial use.
3 Theoretical restrictions that impede achieving
" | perfect performance in many applications.
4 Integration difficulties that complicate deploying
" | systems at a larger scale
5 Economic and regulatory hurdles that delay market
" | adoption
Continuous R&D should be conducted to address these
limitations and challenges across Material Science,
Fabrication Technologies, and System Integration.

Evolutionary improvements rather than revolutionary
breakthroughs lead to success. Emerging first in the place
markets with real-time applications where performance is
the advantage could justify the effective costs.

When the limitations are acknowledged honestly,
setting realistic goals is possible while prioritizing the future
R&D in TO&TFEM.
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6. Future Research Roadmap and Perspectives

A wide-ranging roadmap for TO & TEFM research is
presented in this section. In this context, important
technological challenges, research priorities, and timelines
are identified for developments over the next decade [51,
52].

6.1. Short-Term Research Priorities (2025-2027)
6.1.1. Material Innovation
Low-Loss Metamaterials Development

Achieve loss tangent <0.001 for

Objective: metamaterial unit cells
Explore superconducting
Approach: metamaterials, graphene-based
designs, and active compensation.
Timeline: 18-24 months for proof-of-concept

demonstrations

10x reduction in loss compared to

Success Metrics: .
current designs

Broadband Material Systems

. Overcome resonant bandwidth
Challenge:

6.2. Medium — Term Research Goals (2027-2030)
6.2.1. AI-Driven Design Revolution
Automated Design Optimization Vision:

Aiming at a completely automated design queue that
flows from theoretical specifications to fabrication.
Artificial Intelligence technologies, which include
Generative Adversarial Networks, Reinforcement Learning,
and Physics-informed Neural Networks [54].

They provide real-time design adaptation and multi-
objective optimization. This cut down design time from
months to hours, along with inverse design platforms.
Technical Requirements:

1. More than 10 structure-response pairs were used in the
Training of the datasets.

2. Physics-constrained neural networks

3. Multi-scale optimization algorithms

4. Timeline of 3-4 years to develop a mature platform

6.2.2. Reconfigurable and Adaptive Systems
Dynamic Transformation Devices

Real-time reconfiguration of
electromagnetic properties

Liquid crystals, phase-change
materials, MEMS actuators

Objective

Technologies

Adaptive cloaking, dynamic beam

6.1.2. Advanced Fabrication Techniques
Precision 3D Manufacturing

Targeting to achieve 10 pum resolution for multi-
material 3D printing, with technologies, Two Photon
Lithography, Electron beam melting, and Multijet fusion,
creating printable libraries of EM materials in their
development. The timeline is 2-3 years to get the devices
commercially.

Roll-to-Roll Processing

Cost-effective metamaterial

Objective fabrication to achieve a large-area
[53]
Process Adopting evolving printing,

Development coating, and patterning methods.

Target Large aperture antennas, along
Applications with EM shielding

5 ] ;
Cost Target: < $10 /m? for basic metamaterial

sheets.

limitations Applications steering, frequency agile systems

Multi-resonant designs, Performance <1ms reconfiguration time,
Strategy: aperiodic structures, and Tarcet >1000 switching cycles Self-

gradient metamaterials 9 Healing Metamaterials

Achieve >50% fractional c Materials that automatically repair
Target: bandwidth while maintaining oncept damage or adapt to failures

functionality. Shape memory alloys, self-

o Broadband cloaking and antenna Mechanisms assembling structures, redundant
Applications: systems designs.
Applications Space applications, harsh
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environment sensors

4-5 years for initial
demonstrations

Development
Timeline

6.3. Long Term Vision (2030-2035)

6.3.1. Quantum-Enhanced Metamaterials

Quantum Metamaterial Systems

Innovative Approach: Achieving unparalleled EM
control with Quantum effects harnessing [55, 56]

Potential Capabilities

Communication Systems developed with Quantum
entanglement.

Zero-loss electromagnetic propagation

Quantum-boosted Sensing and 1maging

Technical Quantum coherence maintenance,

Challenges scalability

Advantage: Robust performance immune to
ge- disorder and defects
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Research Photonic topological insulators,

Areas: non-reciprocal devices [57-59]
7-10 years for fundamental

Timeline: demonstrations, Topological
Metamaterials

Applications: Unidirectional waveguides,

PP ) protected edge modes
Commercial Typically, 8 to 10 years before
Timeline: practical devices become available.

6.3.2. System-Level Integration
Metamaterial-Enabled 6G Systems
Vision: Integration of TFEM into 6G infrastructure.

The features, such as Holographic beamforming using
metamaterial apertures and intelligent reflecting surfaces to
enlarge the coverage, are to be included. Massive MIMO with
metamaterial arrays to be employed [60]. 100 times capacity
boost and 10 times increase in energy efficiency are expected.
The timeline target must be 2030-2035 for commercial
deployment.

6.4. Research Infrastructure Development
6.4.1. Advanced Characterization Facilities Required
Capabilities

Major upgrades in higher resolution, dynamic
measurement, broader frequency range, and multi-physics
integration are targeted for 2026-2029, as their characteristic
capabilities are presented in Table 23.

Table 23. Advanced characterization infrastructure requirements

Capability Current State Required Enhancement | Timeline
Near Field Scanning 100 m resolution 1 m resolution 2026
Broadband Measurement 0.1-100 GHz 0.01-1000 GHz 2027
Real-time Characterization | Static measurement Dynamic measurement 2028
Multi-physics Coupling EM only EM-thermal- Mechanical 2029

Ultimate Multifunctional Capability

Capability Development Roadmap

502(; 2027 2028
Timeline (Year)

Fig. 14 Advanced characterization infrastructure requirements

2029

Figure 14 presents the capability development roadmap
leading to the advanced multi-functional characterization
[61].

6.4.2. Computational Infrastructure [62, 63]
High-Performance Computing Requirements

Many Weeks of time may be
required to compute Multi-scale
simulations [64].

Current
Limitation:

The target is to enable real-time

Future Need: . S -
multi-physics simulations.

Quantum computing, neuromorphic

ggﬁ?t?grlggy processors, and specialized EM

) accelerators.
Performance Target for a 1000x increase in EM
Target: simulation speed.
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6.5. Interdisciplinary Collaboration Framework [65]
6.5.1. Required Expertise Integration Core Disciplines

Field theory, antenna design, and
wave propagation.

Electromagnetics

Synthesis, characterization, and

Materials Science . :
processing of metamaterials.

Advanced fabrication techniques,
quality assurance, and scalability.
Al and machine learning
algorithms, optimization, and
simulation.

Manufacturing

Computer
Science

Emerging Disciplines

Quantum Quantum metamaterials and
Physics entanglement phenomena.
Biolo Bio-inspired designs and

9y biocompatible materials [66].
Economics Cost modeling, market analysis, and

adoption strategies.

Regulatory Development of standards and safety
Science assessments.

6.6. Technology Transfer and Commercialization [67]
6.6.1. Market Development Strategy
Phase 1: Niche Applications (2025-2027)

Target Aerospace, Defense, and high-end
Markets Telecommunications

Value Higher costs are justified by the
Proposition Performance benefits.

Market Size $100M to $1B annually

Success Demonstrated reliability and
Factors regulatory approval
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Phase 2: Mainstream Adoption (2027-2032)

Target
Markets

Consumer electronics, automotive,
and loT

Requirements

Focus on cost reduction and
manufacturing scalability.

Market Size

Over $10 hillion annually

Enablers

Standardization efforts and supply
chain development

6.6.2. Intellectual Property Landscape Current State

Patent Volume

> 5000 patents have been filed in
the area of metamaterials

Key Players

Education, defense business, and
technology giants are leading the
field.

Fragmentation

The fragmented intellectual
property landscape presents future
Challenges.

Patent Thickets

Overlapping patents risk delaying

6.7.2. Environmental Applications
Energy Harvesting [68, 69]

Solar cells and RF energy

Concept harvesters enhanced with
Metamaterials
Potential Energy conversion efficiency
Impact growth up to 20-30%
Applications 10T sensors and remote monitoring
systems
Market Commercia}l de_ploymept in 3-5
Timeline years, co_n5|der|ng Environmental
Monitoring
Ultra-sensitive EM sensors for
Sensors

pollution detection

Communication

Low-power and Long-range
communication networks

1.
Viability

Economic

Analysis and Commercial

In this section, a comprehensive economic analysis of

TFEM examines investment requirements, cost structures,
market opportunities, and pathways to commercial viability.

7.1. Market Size and Growth Projections
7.1.1. Total Addressable Market (TAM)

The TFEM market spans multiple application domains

innovation. with significant potential for increase, as presented in Table
24,
Patent pools and open standards are Table 24. Market size projections for TFEM applications
Open Standards - —
rowing needs.
growing Apgé'ciitr'on 205 | 2030 | 2035 | SR
Countries are competing for
Global . international dominance in Defense & $150 | $800 $2.5B 32%
Competition - Aerospace M M
metamaterials. Telecommunicati
6.7. Societal Impact and Applications ons $50M | $1.2B | $8.5B 58%
6.7.1.  Healthcare  Applications Medical Imaging Consumer $500
0,
Enhancement Electronics | S10M | "y | $52B | 78%
. Ultrasound, MRI, and X-ray systems $300
Opportunity with Metamaterial-enhancement Healthcare $25M M $1.8B 48%
. $200
Benefits Faster imaging, Higher resolution, and Automotive $5M v | $2.1B | 8%
reduced exposure Energy & $15M $150 | $800 420
Timeli 5-7 years for clinical trials Utlities M M i
imeline -
Total Market $|2\j|35 $3é15 $2§ 9 52%
Regulatory FDA approval is required for medical
Path devices
25
Therapeutic Applications 20 y.4
. a)
Hyperthermia Cancer treatment with focused % /
Treatment EM heating s 15 /
o
E 10
. . Accurate EM field control for -
Neural Stimulation . ©
brain interfaces Uu) 5 /
[
. Magnetically guided drug = 0 ‘
Drug Delivery carriers < 2025 2030 2035
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Fig. 15 Projected market growth for TFEM.
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In Figure 15, market growth for TFEM, rising from
about $1.5 billion in 2026 to over $20 billion by 20335, is
projected.

7.1.2. Market Drivers Primary Growth Drivers [70]
5G/6G Massive MIMO and beamforming
Deployment fuel antenna innovation

Miniaturized, efficient antennas
across billions of devices.

10T Expansion

8. Standardization and Regulatory Framework

The need for Standards Development and Regulatory
Framework for the vast adoption of TEFM is discussed in
this section. It also covers technical standards, regulatory
compliance pathways, and safety requirements.

8.1. Current Standards Landscape
8.1.1. Existing Relevant Standards
Existing EMC and safety regulations are listed in Table

Autonomous They require radar and 25, whereas TFEM has no dedicated standards to comply
Vehicles communication systems. with them.
Table 25. Existing standards that can be applied to TFEM
Standard Organization Scope Relevance
FCC Part 15 FCC Unlicensed devices Emission limits
CISPR 32 CISPR Multimedia equipment EMC Consumer device compliance
MIL-STD-461 DoD Military EMC Defense applications
IEC 61000 Series IEC EMC standards General EMC compliance
IEEE 802.11 IEEE Wireless communications Antenna performance
IEC 62209 IEC SAR measurement Human exposure safety
90 9.1. Practical Implementation Constraints
30 - Physical realizability constraints can be neutralized by
70 - modifying the ideal TFEM:
60 - ; _ det()
50 - ij = ]Lek]]l gkj + Agil]QSS (6)
< 40 - .
< 30 - Here Asif® represents the loss correction due to
fgf) 20 - material dispersion and absorption.
S 10 -
8 0+ For practical TFEM implementations, the effective
O o S parameters are constrained by:
& & &
S N <
Q“é ¥ e, o] < 100,
Im(ze), Im(uer) > 0.00 7

Fig. 16 Existing standards coverage relevant to TEFM.

EMC has the highest coverage at 80%, followed by
safety at 60%, while performance and fabrication standards
lag at 40% and 30%, respectively, as shown in Figure 16.

8.1.2. Standards Gaps

Current standards Important Gaps:

Standardized methods for
measuring effective EM
parameters do not exist.
TFEM devices lack
Standardized metrics for
evaluation.

TFEM devices have no
specific safety standards.

Metamaterial
Characterization

Performance Metrics

Safety Assessment

9. Enhanced Mathematical Framework

In this Section, enhanced mathematical formulations
that incorporate recent theoretical advances, building
foundational principles for the Transformation of
Coordinates, and then conditions for implementing
practically are discussed [71].
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These constraints reflect current fabrication capabilities
and limitations on material loss.

9.2. Design Optimization Framework

Multi-objective functions incorporating both performance
and realizability, which can be achieved by Artificial
Intelligence design optimization:

F =w1Pperformance + W2Prealizability +
w3Pcost + WAPbandwidth (®)

Where P; is the normalized performance metric, and w; are
the optimization weights.

9.2.1. The Objectives (Pi)

The P; terms represent different design targets or
performance metrics. To make unitless and to have
comparable scales (such as between 0 and 1), they need to
be normalized. This process is essential to ensure that a
metric with inherently larger values, such as a high dollar
cost, does not get unduly influenced in the optimization
process, irrespective of its relative importance.
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This is the primary measure of how
well the device or system
functions. Depending on the design
(e.g., an antenna), this could
include metrics such as efficiency,
gain, and directivity.

Pperformance

This is an important metric,
particularly for manufacturing. It
measures how easy or practical it is
to build the design, given the
material and physical constraints.
A design that performs perfectly in
a simulation but is impossible to
manufacture has low realizability.

Prealizability

This metric represents the financial
burden of the design, along with
material, potentially operational,
and manufacturing costs. The goal
is typically to lower this value.

This refers to the frequency range
over which the device (e.g., an
antenna or filter) operates
effectively. A wider bandwidth is
desirable for many designs.

Pcost

Pbandwidth

9.2.2. The Optimization Weights (w;)

The terms w; are the optimization weights. These are
coefficients that determine the relative importance of each
objective in the overall design goal.

9.2.3. Customization

The weights allow the design engineer to prioritize
certain characteristics. For example, if the project is
extremely budget-sensitive, the engineer would assign a
much higher value to ws (Cost).

9.2.4. Trade-Offs

Changing the weights allows the Al to explore different
trade-off solutions. By running the optimization with
different weight sets, a user can generate a Pareto front—a
set of non-dominated solutions where you cannot improve
one objective without making another objective worse.

10. Artificial
Transformation
10.1. Advanced Metamaterial Designs

Recent advances in metamaterial design have focused on
overcoming traditional limitations through innovative
approaches: [72]

Materials and Coordinate

10.1.1. Multi-Resonant Structures [73]
To address bandwidth limitations, multi-resonant designs
employ multiple resonant elements:

Eerr(W) = €4 + Z%\Ll

2

___Vpi
2 -

w5i—w2+jyjw

fiu)

©)

Where N is the number of resonances, fi are oscillator
strengths, and wq; are resonant frequencies.

321

10.1.2. Gradient Index Implementations [74]
Practical gradient index metamaterials use discretized
approximations:

n(r) = ny + 21!\/;1 a;¢;(r) (10)

Here ¢i(r) - basis functions and a; - coefficients
optimized for the chosen profile.
Transformation

11. Applications of

Electromagnetics
11.1. Advanced Antenna Systems

Recent experiments show that validated TFEM-based
antenna designs with notable performance:

11.1.1.  Compressed  Luneburg  Lens  Antennas
Experimental prototypes demonstrate:
~
+15.7-16.1 dBi
J
<
ERAM - 50° with <1.7 dB scan loss
steering J
<

* 67% compared to conventional designs

* 42% fractional bandwidth (3.3-5.0 GHz)

Large-scale

]

11.1.2. Metamaterial-Enhanced  Arrays
Implementations show:

«>25dB

Efficiency ° 20-30% over conventional arrays
improvem
ents

« Demonstrated for arrays up to 100 elements

« >15 dB improvement

—

11.2. Electromagnetic Cloaking
The following subsections present the Practical cloaking
devices that have achieved significant milestones

11.2.1. Conformal Cloaks
3D-printed conformal cloaks demonstrate:

* 26.6% at -3 dB level

N

« 30 incident angle range

A

« Effective on 15-50 mm radius surfaces

.

«-9.4 dB maximum
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11.2.2. Carpet Cloaks
Broadband carpet cloaks achieve:

Bandwidl * >40% fractional bandwidth

th

A

Maafadl ° Compatible with standard PCB processes

turing

A

+ <$100 for laboratory prototypes
Cost

ros;

polawizat
ion

fficien

A

* >94%

12. Al, Machine Learning, and Neural

Network Integration [75-79]
Revolutionary metamaterial design and optimization
obtained with the integration of artificial intelligence:

12.1. Generative Design Approaches
12.1.1. Generative Adversarial Networks (GANs)

Novel metamaterial geometries are generated
automatically by GANS:
N
* 30% improvement over human-designed
Novel equivalents
structures J
<
ey <1 second per design
n time J

. 0, i ifi i
. 95% of designs meet target specifications

nce J

Training «>10,000 structure-response pairs

dataset J

12.1.2. Physics-Informed Neural Networks (PINNs)

PINNs include Maxwell’s equations as constraints:

N
+ 1000x faster than traditional optimization
Speed
« Effective across 0.1-100 GHz frequency range
Generalizatio
n
+ Automatically satisfies causality and reciprocity
Physical
consistency
* <2% error compared to full-wave simulation
Accuracy
J

12.2. Inverse Design Platforms

12.2.1. Deep Learning Frameworks- based
Commercial inverse design platforms demonstrate the

following features:

Design Time

Reduced from weeks to hours

Success Rate

>85% for first-pass designs

Multi-objective Optimization

Simultaneous optimization of 5+ parameters

Integration

Compatible with major CAD and simulation tools.

Table 26. Performance comparison: Metamaterial vs. Conventional devices

Device Type Parameter Conventional Metamaterial Improvement
Gain (dBi) 75 16.1 +8.6 dB
Size (volume) 100% 33% 67% reduction
Antenna Bandwidth (%) 12 42 3.5x increase
Steering Range 20 50 2.5x increase
RCS Reduction 0dB -9.4dB 9.4 dB improvement
Cloak Bandwidth (%) N/A 26.6 Novel functionality
Angular Coverage N/A 30 Novel functionality
Efficiency 45% 7% +32% absolute
WPT
Range 10 mm 50 mm 5x increase
Metamaterial-based  designs  deliver  substantial greater WPT efficiency and range, as summarized in Table
improvements over conventional devices, including 26 [80]. Metamaterial outperforms conventional antennas in

Miniaturization, an increase in Bandwidth, Cloaking
functionality enhancement, higher Antenna Gain, and
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Gain, Miniaturization, and Bandwidth, as shown in Figure
17.
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m Conventional = Metamaterial
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60
50
40
30
20
10

Performance

Bandwidth
(%)

Fig. 17 A comparison between conventional devices and metamaterial
devices parameters

Size
Reduction (%)

Gain (dBi)

13. Summary and Future Perspectives

This comprehensive examination and findings
presented in the following subsections give an enhanced
analysis of TFEM, addressing critical gaps in experimental
validation, performance benchmarking, and practical
implementation considerations.

13.1. Technical Achievements

The research has shown a strong Experimental
Validation, with the error between theory and practice <5%,
which confirms Modal Accuracy.
It demonstrated significant improvement in
Performance, with 67% of Size Reduction and a Gain
improvement of 86dB.
The study introduces new cloaking and extreme
steering functionalities.
Importantly, fabrication feasibility was attained with
the manufacturing using the latest techniques.

13.2. Economic Opportunities

The TFEM or TO industry is presenting a significant
market potential, reaching $20.9 B by 2035 and a 52%
CAGR in the Telecommunications, Consumer Electronics,
and defense sectors. Further cost-cutting by 17 to 38 times
by miniaturization or scaling in manufacturing and
innovations. It is also expected to generate around 88,000
direct jobs by 2035.

13.3. Remaining Challenges and Suggested Solutions
13.3.1. Material Losses and Bandwidth Constraints Limit
Performance

. Substrates and Conductors’ material
Material ; .
limitations fundam_ental phyglcal properties

constrain the device.
Ener Energy loss due to heat or unwanted
gy radiation reduces overall efficiency and
losses .
gain.

. The intrinsic material properties and
Band_W|_dth the physical size of components limit
restrictions g . .

the device’s effective operating
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frequency range.

Thorough Research into new, low-loss
materials can overcome limitations,
and the development of innovative
design geometries can push physical
boundaries.

13.3.2. Fabrication Tolerances and Scalability Issues
Hinder Commercial Adoption

Need for
innovation

If a manufacturing process is

Manufacturability unreliable, the best design is

matters also ineffective.
Fabrication Closely fitted tolerances are

challenging to achieve and
tolerances

costly to implement.

When the designs become

Miniaturization miniaturized, the precision

challenges maintenance becomes complex
and difficult.
Maintaining performance and
Scalability cost becomes another significant
concerns challenge in making a prototype
for mass production.
The greatest obstacle to turning
Commercial a prototype into a successful
barriers commercial product is the

Manufacturing issues.
13.3.3. Integration Challenges Complicate System-Level
Implementation

System-level Integration
Antennas or Sensors must function within smaller and
larger systems (e.g., smartphones, vehicles, and satellites).

Unexpected Interactions
Integration can lead to issues such as:

1. Electrical interference

2. Heat dissipation problems

3. Physical space constraints

4. Electromagnetic coupling between components

Multidisciplinary Approach Needed
Solving these challenges requires collaboration of
multiple domains.

Co-Design and Co-Simulation

Integration is not only confined to small components or
devices; sometimes, a large or full system integration is
required.

13.3.4. Economic and Regulatory Barriers Slow Market
Penetration
Economic Barriers

1. Expenses are high for advanced characterization tools
and training Al models initially.

2. Specialized or exotic materials are costly.

3. Competitive price compared to current solutions should

be pressured
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Regulatory Barriers 14. Conclusion

1. Certification is a time-consuming and expensive TFEM enables unprecedented control over EM fields
process. through metamaterials that transform antenna design when

2. Safety and performance standards are compromised. the Coordinate Transformation principle is applied. A
Spectrum allocation and import/export controls are significant miniaturization of up to 67% can be attained by
difficult. this approach, as per the experimental results, while still

maintaining high performance. An increase of 8.6 dBi is
observed, i.e, 7.5 dBi in conventional devices to 16.1 dBi in
TFEM devices. In addition, a broadened Bandwidth that
achieved up to 42% fractional bandwidth, which is 3.5 times
that of traditional devices at 12%.

Impact on Commercialization

Market entry and compromise the commercial success
of new product technologies are postponed due to the above
obstacles.

TO and TEFM are the concepts that made these
advances possible. And also, Gradient Refractive Index
profiles, spatially varying materials, wideband operation,
and supporting compact are enabled. These are the vital
developments in the design of 5G/6G, IoT networks, and
aerospace platforms, where small, high-gain, broadband
antennas/devices are essential. Integration of TFEM, Al-
based design, and scalable fabrication paves the way for
metamaterials for next-generation wireless technologies that
bridge gaps between theory and commercial applications.

13.3.5. Future Research Priorities

o Design of ultra-low-loss metamaterials with loss
tangents below 0.001.

o Next-generation fabrication methods capable of
achieving resolutions under 10 micrometers.

o Al-powered design platforms that can accelerate
development cycles by up to 100 times.

e Quantum-integrated metamaterial systems to unlock
unprecedented functionalities.

e Establishment of robust standards and regulatory
frameworks to support innovation and deployment.
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