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Abstract
Accurate characterization of shielding effectiveness (SE) is essential for evaluating
electromagnetic interference shielding materials in high-frequency applications such as 5G
communications, automotive, radar, and aerospace. Standardized methods like ASTM
D4935-18 and IEEE 299-2006 have frequency limitations, precise sample preparation, and
demand complex experimental setups that can hinder practical implementation. This study
presents an advanced characterization of an optimized Absorber Box methodology that
enhances SE measurement accuracy, extends the frequency range beyond 1.5 GHz, and
minimizes edge diffraction effects. The proposed approach provides a controlled testing
environment in a more compact setup compared to anechoic chambers, facilitating practical
implementation without compromising precision. The system’s reliability is validated through
numerical simulations using finite element method analysis. Experimental results confirm the
method’s ability to differentiate materials with different SE, demonstrating strong agreement
between simulated and measured data. This approach offers a flexible and robust alternative to
conventional SE measurement techniques, making it particularly advantageous for
high-frequency shielding material characterization.

Keywords: electromagnetic shielding, Absorber Box, finite element method,
shielding effectiveness, EMI characterization
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1. Introduction

The characterization of electromagnetic shielding materials
has become a fundamental aspect of electromagnetic com-
patibility (EMC) research due to the growing complexity of
electronic systems and the increasing prevalence of high-
frequency electromagnetic interference (EMI) [1, 2].

The rapid expansion of 5G technology, which operates
across both the sub-6 GHz and millimeter-wave frequency
bands, has significantly heightened concerns about EMI, as
wireless communication, automotive radar, aerospace elec-
tronics, and industrial applications demand robust shielding
solutions [3, 4]. Effective electromagnetic shielding is crit-
ical for ensuring system reliability, reducing signal degrad-
ation, and preventing interference between components in
densely packed electronic environments. Given these chal-
lenges, accurate measurement techniques are essential for
evaluating the shielding effectiveness (SE) of materials, par-
ticularly at high frequencies where standard methods face sig-
nificant limitations [5].

Standardized methods for measuring SE, such as ASTM
D4935-18 and IEEE 299-2006, provide well-established
frameworks for evaluating electromagnetic shielding
performance [6, 7]. However, these methods present limit-
ations that can hinder their applicability in specific measure-
ment scenarios. The assumptions and conditions under which
these standards were originally developed may not always
align with the characteristics of emerging shielding materials
or novel application contexts.

As shielding technologies continue to evolve, these con-
straints highlight the need for alternative methodologies that
offer greater flexibility and adaptability to modern measure-
ment requirements.

One of the main constraints of ASTM D4935-18 is
its restricted frequency range, which is inherently limited
by the coaxial transmission line geometry to frequencies
below approximately 1.5 GHz. This frequency limit renders
ASTM D4935-18 inadequate for assessing materials inten-
ded for millimeter-wave 5G systems, where adapted measure-
ment techniques are required to evaluate frequency-dependent
shielding materials [8]. Furthermore, this method needs pre-
cise circular sample geometries, typically of rigid or uni-
form composition, which are incompatible with flexible,
non-homogeneous, or nanostructured materials frequently
encountered in novel EMI shielding solutions.

On the other hand, IEEE 299-2006 offers broader frequency
coverage through free-space measurement techniques, but its
implementation introduces significant practical challenges.
The method requires large planar samples or shielding enclos-
ures and typically requires specialized anechoic chambers,
limiting its accessibility for researchers without such infra-
structure. Moreover, although sometimes applied to individual
material samples, this standard is primarily intended to evalu-
ate complete shielding enclosures, reducing its suitability for
early-stage material screening or miniaturized applications.

In both cases, traditional techniques often face limita-
tions when dealingwith specific sample geometries, especially

when these are difficult to implement with certain materi-
als, due to limited material availability or budget constraints,
which are common in developing advanced shielding materi-
als. All these factors underscore the need for compact, cost-
effective, and versatile alternatives, such as the improved
Absorber Box methodology proposed in this study, which
maintains measurement accuracy while adapting to research
aligned with current industrial realities.

Many modern materials, such as nanocomposites, flexible
shielding films, and metamaterials, do not conform to the strict
geometrical and dimensional requirements imposed by the
standards. These materials often exhibit non-uniform com-
positions, unconventional thicknesses, or structural charac-
teristics that hinder their compatibility with traditional test-
ing setups [9–11]. In response, alternative SE measurement
techniques have emerged, offering more flexible and adapt-
able approaches that accommodate a wider variety of mater-
ial configurations [12]. These alternatives enable the accurate
characterization of novel shielding solutions while address-
ing the geometric and environmental constraints that standard
methods may impose [13–16].

Among these emerging approaches, Absorber Box-based
methodologies have proven to be a promising alternative for
SE measurement [17]. By providing a controlled electromag-
netic environment, Absorber Box effectively reduces external
interferences, minimizes environmental variability, and offers
greater flexibility in sample preparation. These characterist-
ics make them particularly well-suited for evaluating shielding
materials across a broad frequency spectrum while maintain-
ing measurement reliability and reproducibility [16, 18, 19].
These systems are particularly advantageous when character-
izing materials in the gigahertz frequency range, where con-
ventional techniques struggle with precision due to their inher-
ent design limitations.

However, despite their advantages, traditional Absorber
Box methods present certain limitations. One of the most sig-
nificant challenges encountered in these setups is the edge dif-
fraction effect, a phenomenon that occurs when electromag-
netic waves interact with the boundaries of the sample of the
material under test (MUT), leading to diffraction, scattering,
and potential leakage of energy [20, 21]. The impact of this
effect depends on factors such as the wavelength of the incid-
ent wave, the size and shape of the sample, and the configur-
ation of the Absorber Box. At frequencies where wavelengths
become comparable to the sample dimensions, edge diffrac-
tion effects can introduce measurement inaccuracies, leading
to over or underestimation of its shielding performance.

This study presents a comprehensive study of an enhanced
Absorber Box methodology incorporating modifications
designed to improve measurement accuracy and optimize
key parameters, such as antenna distance and sample size, to
minimize diffraction effects. By refining the sample holder
configuration and ensuring a more uniform electromagnetic
field distribution within the measurement cavity, this approach
enhances the precision of SE evaluations over a broader
frequency spectrum. Additionally, it extends the measure-
ment capabilities beyond 1.5 GHz, addressing high-frequency
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requirements for emerging EMI shielding applications. The
system features a custom-fabricated, fully enclosed metallic
structure without structural slots or seams, eliminating leak-
age paths and improving field confinement. Internally, mul-
tilayer microwave absorbers are placed to suppress internal
reflections and stabilize wave propagation. The design also
allows modular and reproducible antenna placement, sup-
porting consistent measurement geometry without physical
modifications. These improvements directly address the main
limitations of standardized methods such as ASTM D4935-
18, which is restricted in frequency and geometry, and IEEE
299-2006, which requires large anechoic chambers and full
enclosure testing. To validate the proposed approach, ANSYS
HFSS, a widely used 3Dfinite elementmethod (FEM) analysis
tool, is employed to create a digital twin of the measurement
system, enabling predictive analysis and iterative optimiza-
tion. Numerical simulations provide a detailed assessment
of electromagnetic wave interactions with shielding materi-
als, facilitating the identification of potential sources of error
before experimental testing. By comparing simulated results
with experimental data, this study ensures measurement accur-
acy and reliability while refining key system parameters for
enhanced precision.

The manuscript is structured as follows: first, the experi-
mental methodology is described, detailing the modifications
introduced to enhance measurement accuracy and minimize
the edge diffraction effect. Next, the simulation framework
developed using FEM analysis is outlined, illustrating how
computational modeling is used to refine the measurement
setup and predict shielding behavior. Subsequently, experi-
mental results are presented and compared with simulation
predictions, demonstrating the effectiveness of the proposed
method in characterizing high-frequency shielding materials.
Finally, the conclusions summarize the key findings of the
study, emphasizing the broader implications of the enhanced
measurement approach in the field of electromagnetic shield-
ing, highlighting, the capability of the absorber-based system
to measure materials with different SE levels and differentiate
them with precision and reliability.

2. Measurement method

Ensuring accurate and reproducible evaluation of SE requires a
well-definedmeasurement setup that minimizes external inter-
ferences and maintains consistency across experiments. This
study employs a structured enclosure to achieve these object-
ives, providing a controlled environment for electromagnetic
characterization.

The measurement system is enclosed within a 50
× 50 × 50 cm metal enclosure. This design provides flexib-
ility in experimental configurations, allowing for precise con-
trol over the distance between antennas and accommodating
larger samples. The cubic geometry ensures a directional elec-
tromagnetic field distribution within the cavity, minimizing
measurement inconsistencies that may arise from asymmetric
boundary conditions. Furthermore, the enclosure’s dimensions
enhance the system’s versatility, enabling compatibility with a

Figure 1. Schematic of the Absorber Box measurement setup.

broader range of materials and facilitating more comprehens-
ive evaluations of SE. These design considerations contribute
to a controlled and reproducible measurement environment,
improving accuracy in electromagnetic characterization.

2.1. Evaluation of the new approach: Absorber Box method

This study proposes a substantial improvement over the pre-
vious design of the measurement box by modifying its dimen-
sions to 50 × 50 × 50 cm. In conventional designs, the
presence of slots in the structure of the box can generate
slot-antenna effects, leading to electromagnetic field leakage
and affecting measurement accuracy [22]. In the current ver-
sion, the enclosure was fabricated by a specialized metal-
working company using folded aluminum panels with welded
edges, resulting in a continuous metallic surface with no struc-
tural slots. A single SMA port was included for the receiv-
ing antenna cable, carefully sized to minimize leakage. This
optimization of the cavity dimensions promotes a more homo-
geneous distribution of the electromagnetic field inside, allow-
ing for directional signal propagation and reducing unwanted
reflections that could affect the measurement.

Themeasurement procedure is carried out using a 26.5GHz
Keysight P9375A vector network analyzer (VNA). For the
experimental setup shown in figure 1, port 1 of the VNA is
connected to the transmitting antenna, located outside the box.
The receiving antenna, positioned inside the cavity, is con-
nected to a coaxial cable with an SMA connector that passes
through the box via a drilled hole, establishing the connection
with port 2 of the VNA. This configuration enables accurate
characterization of the samples, ensuring reliable and repro-
ducible measurements.

Multilayer foam absorbent materials with a thickness of
25 mm and dimensions of 50 × 50 cm have been used to
minimize internal reflections and ensure that electromagnetic
waves are properly attenuatedwithin the box. These absorbers,
based on carbon-loaded polyurethane foam (TFAL-Series),
are laminated to produce a graded conductivity profile suitable
for broadband operation [23]. They have been cut and arranged
to match the geometry of the receiving antenna. Additionally,
by adjusting the number of absorber layers placed inside
the cavity, the effective distance between the antennas can
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be modified, allowing different configurations to be studied
without altering the physical structure of the box.

Subsequently, the SE (dB) of the sample is calculated
according to equation (1):

SE (dB) = S21sample −S21ref (1)

where S21ref is the transmission parameter of the air measured
between the two antennas without any sample, and S21sample is
the transmission parameter of the sample placed between the
antennas.

Thanks to this optimized design, the proposed system
enables accurate measurements while avoiding errors caused
by signal dispersion or external interference. One of its key
advantages is that it eliminates the need for an anechoic cham-
ber, allowing measurements to be performed in a compact
space without requiring large-scale setups. Additionally, this
system does not necessitate large material samples, as meas-
urements can be conducted with samples only a few centi-
meters in size. This is particularly beneficial for evaluating
expensive or difficult-to-manufacture materials, where min-
imizing sample size in testing stages is essential for cost effi-
ciency and practicality. The reduced space requirements and
the simplicity of the experimental configuration also contrib-
ute to a lower overall measurement cost, as the setup can
be deployed in standard laboratory environments without the
need for specialized infrastructure. Compared to traditional
methods, the enhanced Absorber Box offers a portable and
accessible alternative that enables rapid and repeatable eval-
uations, making it suitable for iterative testing, early-stage
material screening, or comparative studies across a wide fre-
quency range.

This approach represents a significant advancement in the
characterization of materials and electromagnetic devices,
providing a robust and reproducible method for evaluating
electromagnetic properties in a controlled measurement envir-
onment. Furthermore, this system allows easy and efficient
sample measurement, facilitating its use in various research
and development applications.

The final experimental system is shown in figure 2, where
the emitting horn antenna is situated above a MUT and con-
nected to the VNA equipment.

2.2. Characterization of the Absorber Box method

To ensure the reliability and reproducibility of the measure-
ments in the experimental system, preliminary tests of the S21
parameter in air were carried out by varying the separation
between the transmitting and receiving antenna. Distances of
5 cm, 10 cm, 15 cm and 22 cmwere tested, the results of which
are presented in figure 3.

The analysis of the data obtained reveals that there is a rela-
tionship between the transmission coefficient S21 and the dis-
tance between the antennas following a behavior that, under
far-field conditions, is described by the Friis transmission
equation [24]:

Pr = Pt

(
λ

4πd

)2

GtGr (2)

Figure 2. Configuration of the real experimental system: Absorber
Box.

Figure 3. Air S21 parameter between the antennas varying the
distance.

S21 = 10log10

(
Pr

Pt

)
= 10log10

[(
λ

4πd

)2

GtGr

]
(3)

where Pr represents the received power, Pt is the transmit-
ted power, λ is the wavelength, d is the separation between
antennas, and Gt and Gr are the gains of the transmitting
and receiving antennas, respectively. This equation highlights
the inverse square dependence of received power on distance,
which explains the observed attenuation trend in the experi-
mental data.

However, in our case, the antenna separations place the sys-
tem in a regime where the far-field condition, typically defined
as d ≫ 2D2/λ, is not satisfied, preventing the direct applica-
tion of the Friis equation, which assumes far-field propaga-
tion. Nevertheless, while near-field effects such as reflections
and diffraction could introduce additional complexities, these
are mitigated by the absorbers used inside the cavity and the
sample size, an aspect that is analyzed in detail later in this
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work. The use of absorbing materials within the cavity rep-
resents a controlled environment, minimizing reflected waves
and multipath propagation, which could otherwise affect the
near-field measurement accuracy.

Therefore, since the theoretical model cannot be directly
applied in this case, we adopt a balanced approach that com-
bines experimental reference measurements and numerical
simulations. Specifically, we use the S21 measurement of the
air between the two antennas as an experimental reference,
which serves as a baseline for comparison. Additionally, a
simulation model of the system will be developed in ANSYS
HFSS to validate the measurement setup and ensure consist-
ency between experimental results and theoretical expecta-
tions within the considered distance regime.

As shown in figure 3, the measured S21 parameter decreases
as the antenna separation increases, following the theor-
etical free-space path loss model. Notably, the attenuation
becomes more pronounced for distances greater than 10 cm,
particularly at frequencies above 6 GHz, where the signal
reduction is significant. This behavior is consistent with the
wavelength dependence, as higher frequencies correspond to
shorter wavelengths, leading to increased propagation losses.
Additionally, at larger distances, diffraction effects and mul-
tipath interference become more relevant, causing fluctu-
ations in the received signal and compromising measurement
stability.

Based on these results, a distance of 5 cm was established
as the optimum condition for the measurements in this study.
This configuration provides an adequate balance between effi-
ciency in signal transmission and reduction of external disturb-
ances, thus minimizing the introduction of systematic errors
in the characterization of the samples. In this way, a con-
trolled and reproducible experimental framework is guaran-
teed, which allows for obtaining reliable and representative
results in analyzing the S21 parameter.

Once the optimal measurement distance was established,
an analysis was conducted to evaluate the influence of sample
size on SE. For this purpose, copper foil (EMC shielding tape)
with a thickness of 0.04 mm was used, varying its dimensions
as shown in figure 4. This analysis aims to determine how dif-
ferent sample sizes affect the measured attenuation across the
frequency range, ensuring that the SE characterization remains
consistent and reliable.

The results obtained from the measurement of samples of
different copper foil sizes with the Absorber Box measure-
ment method are presented in figure 5. The results reveal a
clear dependence of the SE on the dimensions of the sample.
Specifically, larger samples show higher attenuation levels
across the entire frequency range, with values below −40 dB,
even the largest samples showing attenuations below−80 dB.
In contrast, as the sample size decreases, the SE performance
is quite affected, decreasing to values of−10 dB for the smal-
lest sample of 12× 12 cm. This trend is particularly evident at
lower frequencies, where the differences in SE become more
pronounced.

One of the main factors influencing electromagnetic shield-
ing measurements is the edge diffraction effect. In this phe-
nomenon, an incident wave interacts with the boundaries of a

Figure 4. Copper foil (EMC shielding tape) samples of various
dimensions.

Figure 5. SE of the copper foil, varying the sample size.

conductive sample, leading to energy leakage beyond the geo-
metric shadow region.When an electromagnetic wave encoun-
ters a discontinuity, such as the sharp edges of a conductive
sheet, part of the energy is scattered in different directions,
contributing to diffraction losses. The extent of diffraction
depends on the relationship between the sample size (L) and
the wavelength (λ):

1. If L≫ λ: the diffraction effect is less significant.
2. If L≪ λ: the diffraction effect is more significant.

In our specific case, the frequency range spans from
700 MHz to 18 GHz, corresponding to wavelengths ranging
from approximately 42.8 cm (at 700 MHz) to 1.67 cm (at
18 GHz). Since the sample dimensions in our setup are on the
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order of tens of centimeters, diffraction effects are more pro-
nounced at lower frequencies where L ≪ λ, leading to sig-
nificant energy leakage beyond the geometric shadow region.
As the frequency increases (L ≫ λ), the diffraction effect
becomes less significant, improving measurement accuracy.
This behavior underscores the need for an optimized measure-
ment configuration to mitigate diffraction-related errors, par-
ticularly in the lower-frequency range.

From an analytical perspective, the diffraction coefficient
DUTD quantifies the fraction of the electromagnetic wave that
bends around the edges of a conducting sheet. This coefficient
is derived from the uniform theory of diffraction (UTD), which
extends the geometrical theory of diffraction to provide a more
accurate description of wave propagation near discontinuities.

The diffraction coefficient is expressed as:

D=
e
jπ
4 sin π

n

n(2π k)1/2 sinβ

[(
cos

π

n
− cos

θ−α

n

)−1

∓
(
cos

π

n
− cos

θ+α+π

n

)−1
]

(4)

where k= 2π f
c is the wavenumber, n= π

α is the wedge para-
meter determined by the internal angle α, θ represents the
incident wave angle, and β is the diffraction angle [25–27].

In the specific case of the experimental setup considered,
where the incident wave is normal to the sample (θ = 0◦),
the diffraction wave propagates perpendicularly to the plane
(β = 90◦), and the distance between the antennas and the sheet
is small compared to the sample size (r1 ≈ r2 ≪ L), the dif-
fraction effect is primarily governed by the sample dimensions
rather than the distance between the antennas [28]. Under these
conditions, the diffraction coefficient simplifies to:

DUTD ≈ e
−jπ
4

√
2π kL

. (5)

This expression reveals two fundamental characteristics of
the diffraction process. First, as the size of the sheet increases,
the diffraction effect diminishes since a larger sheet obstructs
wave propagation more effectively, reducing the amount
of energy diffracted beyond the geometric shadow region.
Second, at lower frequencies, diffraction losses become more
pronounced as longer wavelengths interact more significantly
with obstacles and tend to bend around edges more easily.
Consequently, at higher frequencies, the diffraction effect is
less significant, which increases the shielding performance of
the sample. This relationship underscores the importance of
considering diffraction effects when evaluating SE, particu-
larly for finite-sized samples, as they can introduce measure-
ment uncertainties that may lead to overestimating transmis-
sion losses if not properly accounted for.

From an experimental standpoint, as illustrated in figure 5,
edge diffraction effects significantly influence the SE of the
samples. In smaller samples, the interaction between the
incident electromagnetic waves and the sample boundar-
ies enhances diffraction, increasing wave leakage and con-
sequently reducing the overall shielding performance. This

effect is particularly noticeable at lower frequencies, where
the wavelength is comparable to the characteristic dimensions
of the sample, leading to a greater contribution of diffracted
energy to the transmitted field. A key observation is that the SE
curves for the 50 × 50 cm and 30 × 30 cm samples converge
in the 7–8 GHz frequency range, indicating that diffraction
effects become negligible beyond a specific sample size and
shielding performance stabilizes. In this range, the wavelength
becomes small compared to the sample size, reducing the rel-
ative influence of edge diffraction. In this frequency band, the
shielding behavior stabilizes, and the attenuation is mainly
governed by the material’s intrinsic properties, rather than by
geometric constraints. This suggests that increasing the sample
size beyond this point does not significantly enhance SE, as
the measured attenuation is primarily governed by the intrinsic
properties of the material rather than by geometric constraints.
Furthermore, larger samples exhibit a smoother attenuation
trend across the frequency range, whereas smaller samples
present more pronounced variations. This indicates that edge
diffraction not only reduces SE but also introduces fluctu-
ations in the measured values. These variations may affect the
accuracy of the characterization, underscoring the importance
of selecting an appropriate sample size to obtain reliable and
reproducible results.

These findings highlight the necessity of optimizing sample
dimensions to achieve meaningful SE measurements. The
sample size should be large enough to minimize diffraction-
related losses while ensuring that the measured SE corres-
ponds to the material’s inherent behavior. To achieve repres-
entative results, it is advisable to use sample dimensions larger
than the dominant wavelengths within the analyzed frequency
range. This minimizes edge diffraction effects and ensures a
more accurate evaluation of the shielding performance.

Based on these results, it is concluded that, for this system,
the optimal sample size corresponds to the maximum cavity
dimensions, 50× 50 cm. However, due to practical limitations
related to the standard dimensions of commercially available
materials, 30× 30 cm samples will be used in this study. Given
that the SE traces for 30× 30 cm and 50× 50 cm converge at
7–8 GHz, these frequencies will be considered as the threshold
above which diffraction effects no longer influence the SE val-
ues. By focusing the analysis on frequencies above this limit,
a more precise characterization of the SE can be achieved,
ensuring that the measured values reflect the intrinsic proper-
ties of the material rather than being affected by edge-related
phenomena.

3. Simulation model definition

In this study, a FEM simulation model was developed to val-
idate the behavior of the real system. The primary objective of
the model is to serve as a ‘digital twin’ of the physical setup,
allowing for a detailed analysis of the system’s performance
under various conditions. By recreating the real-world config-
uration as accurately as possible, this model allows for detailed
simulations that predict the system’s behavior and assist in
optimizing its design.
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Figure 6. 3D model of the Absorber Box method with a sample
under test.

The FEM simulation is created using the software ANSYS
HFSS Electronics Desktop. The experimental measurement
setup has been replicated to assess the scattering parameter S21
of the developed system. To accurately simulate the full-scale
system, broadband antennas were carefully designed and val-
idated to replicate the performance of real antennas within the
frequency range of 0.7–18 GHz. These antennas are excited
using wave ports to ensure precise electromagnetic field excit-
ation. The mesh density was optimized in both the anten-
nas and the sample under test to achieve reliable and con-
vergent simulation results. Additionally, the electromagnetic
properties of the microwave-absorbing material used to line
the interior of the enclosure were obtained directly from the
manufacturer, ensuring accurate modeling of wave absorp-
tion characteristics. The enclosure walls were modeled using
perfect electric conductor boundary conditions, while imped-
ance boundaries were applied to the absorbers based on their
frequency-dependent electromagnetic properties. Radiation
boundaries were also included in selected regions to minimize
reflections and simulate open-field propagation. The proposed
system of the simulation model is shown in figure 6:

To validate the accuracy of the simulation model, a com-
parative approach was implemented using theoretical SE cal-
culations. Instead of relying solely on experimental data, ref-
erence values were generated using analytical models based
on well-established electromagnetic shielding theory [29, 30].
This approach assesses whether the simulation model can reli-
ably reproduce theoretical predictions.

The validation process involved defining hypothetical
materials with known values of permittivity (εr), permeabil-
ity (µr), and conductivity (σ).

The SE for these materials was initially computed using
analytical formulas, considering both reflection loss (SER) and

Figure 7. Simulation model of the Absorber Box method.

absorption loss (SEA) [31],

SER = 20log

∣∣∣∣Zm +Z0
4Zm

∣∣∣∣ (6)

Zm =

√
jωµ

σ+ jωε
(7)

SEA = 8.686αd (8)

α= Re
(√

jωµ(σ+ jωε)
)

(9)

where Z0 is the impedance of free space, typically 377 Ω, Zm
is the intrinsic impedance of the material, α is the attenuation
constant and d is the thickness of the shielding material.

The total SE can be expressed as:

SEtotal = SER +SEA. (10)

The developed simulation model for the SE analysis of the
Absorber Box method is shown in figure 7:

After obtaining theoretical SE values, the same mater-
ial parameters were implemented in the simulation environ-
ment, ensuring that boundary conditions and material proper-
ties were consistent with the analytical model. As established
in previous sections, the simulations were conducted using
30 × 30 cm samples, based on the conclusions drawn earlier
regarding optimal sample dimensions.

Figure 8 illustrates the general trend of SE values between
the two approaches: theoretical and simulated. The trends are
well-aligned, particularly at mid-frequencies and the minor
deviations observed at higher frequencies suggest potential
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Figure 8. Comparison of theoretical and simulated S21 parameters for materials with different conductivities.

Table 1. Comparison of the theoretical and simulated values of the hypothetical materials.

ID
Theoretical
value @1 GHz

Simulated
value @1 GHz

Theoretical
value @10 GHz

Simulated
value @10 GHz

01 –34.17 dB –22.34 dB –24.33 dB –22.11 dB
02 –44.32 dB –41.51 dB –40.92 dB –40.27 dB

numerical approximations or limitations in wave interac-
tions within the simulation environment. The discrepancies
between theoretical and simulated SE values become more
pronounced at lower frequencies, particularly below 7–8 GHz.
This effect can be attributed to the findings presented in
figure 5, which demonstrate that the SE of smaller samples
is significantly affected by diffraction effects in this frequency
range. Additionally, the simulation model has intrinsic limit-
ations that become more evident at lower frequencies, where
the cavity dimensions influence the accuracy of the computed
SE values.

The results of the simulations are compared with the theor-
etical calculations to evaluate their agreement in table 1.

The results confirm that the simulation model can replicate
the shielding behavior predicted by theoretical models, par-
ticularly at mid and high frequencies, where both approaches
exhibit great agreement. At lower frequencies, the simulated
SE values tend to underestimate the theoretical predictions.
Despite these differences, the overall correlation between the-
oretical and simulated values supports the reliability of the
simulation model. It is worth noting that the strong agreement
observed at higher frequencies, where the wavelength is com-
parable to or smaller than the structural features of the sys-
tem, validates the accuracy of the simulation geometry, mater-
ial modeling and boundary conditions. This consistency con-
firms that the digital twin developed using FEM can be used
not only to interpret experimental results, but also to optim-
ize the design of future measurement setups and to pre-assess
the performance of new materials under similar conditions.
Therefore, the simulation model serves as a robust predictive

tool, extending the applicability of the Absorber Box method-
ology to a wider range of configurations and frequency bands.

4. Results and discussion

This section presents the results of the transmission and SE
assessment, along with the analysis of the electric field distri-
bution in the tested materials. Initially, the measurement sys-
tem and numerical model are validated through a compar-
ative analysis of the S21 scattering parameter in free space.
Subsequently, the SE of various materials is quantified to
establish their attenuation characteristics.

Furthermore, the E-field distribution is analyzed to provide
deeper insight into the interaction between electromagnetic
waves and the shielding materials. This evaluation enables the
identification of localized variations in field intensity, offering
a more comprehensive understanding of attenuation efficiency
and shielding performance across different materials.

4.1. Transmission and SE results

The first step in validating the system involved analyzing the
accuracy of the reference measurement (S21air), which serves
as a baseline for comparison with the tested materials. This
measurement is crucial, as a considerable discrepancy between
the experimental and simulated values in the absence of a
sample could indicate errors in the system setup or equipment
calibration. The comparison of S21air presented in figure 9
exhibited a strong correlation between the simulation model

8
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Figure 9. Comparison of the S21 parameter of the air obtained by
FEM simulation and experimentally measured.

and the experimental data, with both following similar trends
and closely matching the measured traces across the analyzed
frequency range.

While a significant agreement is observed, some differ-
ences between the simulation and experimental results are
expected due to the inherent complexity of accurately replic-
ating all elements of the physical setup in a numerical model.
To further investigate these variations and enhance the under-
standing of the measurement system, a more detailed analysis
is conducted using an alternative material.

Figure 10 presents a comparative analysis of two graphs:
the first illustrates the measured S21 parameter for a dielectric
material (σ = 0, µ ≈ 1 and ε ≈ 19). In contrast, the second
depicts the SE, calculated as the difference between the mater-
ial’s S21 measurement and the air reference. It is observed that
the agreement between measured and simulated traces is less
pronounced in the S21 graph (figure 10(a)), primarily due to
approximations in the simulation model. These discrepancies
stem from the inherent tolerances in the characterization of the
absorber material, as well as the complexity associated with
accurately replicating the antenna model, particularly in terms
of radiation pattern and gain. However, when the air reference
is subtracted (figure 10(b)), the resulting SE traces exhibit a
significantly improved correspondence between measured and
simulated data. Given that SE is the key parameter for evaluat-
ing electromagnetic shielding performance, the strong agree-
ment in the SE graph provides validation for the accuracy and
reliability of the simulation model across the analyzed fre-
quency range.

In figure 10(a), the agreement between simulation and
experiment is strongest below 4 GHz, with the traces closely
matching, particularly at 2.7 GHz, where both take a value of
−10.23 dB. However, as frequency increases, the measured
transmission tends to be lower than the simulated data, with
the most significant discrepancies occurring above 12 GHz.
The largest error is found at the 18 GHz frequency, where
the difference between the measured and simulated traces is

Figure 10. Comparison of the measurements of a dielectric material
obtained by FEM simulation and experimentally measured. (a) S21
(dB); (b) SE (dB).

−10.8 dB, primarily attributed to variations in the dielec-
tric properties of the real sample, additional losses introduced
by the experimental setup, or simplifications in the antenna
radiation pattern and cable transitions not fully captured in
the model. On the other hand, in figure 10(b), the agreement
between the two traces is more pronounced at lower frequen-
cies, particularly below 4 GHz. In this case, the largest error is
found at the 11.1 GHz frequency, being 2.5 dB, likely associ-
ated with residual cavity effects or small imperfections in the
absorber performance at higher frequencies.

After confirming the agreement between simulated and
experimental results, measurements were conducted on a set of
selected materials with different attenuation levels (figure 11).

9
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Table 2. Sample description.

Sample ID Description Dimensions (mm)

Composite material Glass fiber reinforced composite with 3%wt of
carbon nanotubes

30 × 30 × 21

Dielectric material High-performance dielectric material 30 × 30 × 6.0
Shielding textile Conductive shielding fabric 30 × 30 × 0.1
Absorber sheet 01 Flexible electromagnetic absorber sheet 30 × 30 × 1.0
Absorber sheet 02 Flexible electromagnetic absorber sheet 30 × 30 × 2.0
Thermal-shielding material 01 Thermally and electromagnetic shielding material 30 × 30 × 1.0
Thermal-shielding material 02 Thermally and electromagnetic shielding material 30 × 30 × 3.0

Figure 11. Experimental SE results for the different samples,
measured using the Absorber Box method.

The materials were chosen to represent a wide range of SE,
from low to high attenuation, ensuring a comprehensive eval-
uation of the Absorber Box measurement system under vari-
ous shielding conditions. The analyzed samples included a
glass fiber-reinforced composite with 3%wt carbon nanotubes,
a high-performance dielectric material, a conductive shield-
ing fabric, a flexible electromagnetic absorber sheet in two
different thicknesses, and a thermally and electromagnetic-
ally shielding material, also tested in two thicknesses. Each
of these materials exhibits distinct electromagnetic proper-
ties and various levels of attenuation. All of the samples are
described in table 2.

The glass fiber-reinforced composite with 3%wt carbon
nanotubes is expected to provide moderate attenuation, as the
conductive fillers within the insulating matrix contribute to
partial electromagnetic wave absorption and reflection. The
high-performance dielectric material, being non-conductive,
is anticipated to exhibit minimal SE, primarily affecting wave
propagation rather than absorption or reflection. The flex-
ible electromagnetic absorber sheets, tested in two differ-
ent thicknesses, are specifically engineered for absorption,
with greater attenuation expected for the thicker variant.
Similarly, the thermal–electromagnetic shielding materials,
also evaluated in two thicknesses, combine thermal insulation

with electromagnetic shielding, with the thicker sample expec-
ted to provide enhanced attenuation. The conductive shield-
ing fabric is designed for lightweight EMI protection, offering
higher attenuation than the other materials due to its conduct-
ive nature. By analyzing these materials, this study aims to
evaluate the Absorber Box’s ability to differentiate between
varying shielding capabilities and validate its performance
across a diverse set of shielding materials.

Experimental results indicated that materials with higher
conductivity exhibited significantly greater SE values, with
attenuation levels exceeding−50 dB across the measured fre-
quency range. In contrast, materials with lower conductivity
provided a more moderate or negligible reduction in EMI. The
most notable trend is observed in the shielding textile, which
consistently maintains the highest attenuation, with SE values
below −50 dB across the entire frequency range, confirming
its efficiency as an EMI shielding material primarily due to
strong reflection mechanisms.

The glass fiber-reinforced composite with 3%wt carbon
nanotubes shows a gradual decrease in SE with increasing fre-
quency, ranging from approximately −10 dB at low frequen-
cies to nearly −30 dB at higher frequencies. This suggests
that while the presence of carbon nanotubes enhances shield-
ing performance, the material does not act as a perfect bar-
rier, likely due to its composite structure and partial conduct-
ivity. In contrast, the dielectric material demonstrates negli-
gible SE, remaining close to 0 dB in the low frequency range,
reinforcing its expected role in wave propagation rather than
attenuation.

A frequency-dependent behavior is evident in the flex-
ible electromagnetic absorber sheets, where Absorber Sheet
02 (thicker variant) outperforms Absorber Sheet 01, par-
ticularly above 8 GHz, where their SE values diverge
more significantly. This suggests that absorption mechan-
isms in these materials become more effective at higher fre-
quencies. A similar frequency-dependent trend is observed
in the thermal–electromagnetic shielding materials, where
Thermal-Shielding 02 exhibits slightly higher attenuation than
Thermal-Shielding 01, particularly in themid-frequency range
(6–12 GHz). However, both thermal shielding materials show
less attenuation compared to the absorber sheets, indicat-
ing a combined but less dominant shielding mechanism. An
interesting behavior is seen in the composite material and
thermal-shielding traces, which show a clear dip in attenuation
around 8–12 GHz, suggesting possible resonance effects or
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Table 3. SE values of the different samples.

Sample ID SE value @1 GHz SE value @10 GHz

Composite material −18.51 dB −14.19 dB
Dielectric material −0.31 dB −4.92 dB
Shielding textile −49.10 dB −50.23 dB
Absorber sheet 01 −6.74 dB −20.26 dB
Absorber sheet 02 −13.29 dB −33.67 dB
Thermal-shielding material 01 −0.71 dB −8.51 dB
Thermal-shielding material 02 −3.81 dB −17.39 dB

frequency-dependent interactions within their structures. In
contrast, the shielding textile remains nearly constant, suggest-
ing a broadband shielding response with minimal frequency-
dependent variations.

Table 3 summarizes the shielding effectiveness values of all
tested materials at 1 GHz and 10 GHz.

Overall, these results emphasize the strong reflective
shielding capabilities of conductive textiles, the frequency-
dependent nature of absorbers, and the limitations of dielec-
tric and composite materials in providing significant shield-
ing. The findings highlight the importance of selecting shield-
ing materials based on the specific frequency range and
required attenuation levels for EMI protection applications.
Furthermore, the absorber-basedmeasurement system demon-
strates high resolution in distinguishing SE variations across
different materials and frequency ranges. Its ability to pre-
cisely discern differences in attenuation mechanisms rein-
forces its reliability for comprehensive SE characterization in
diverse shielding applications.

4.2. Electric field distribution results

To further validate the accuracy of the measurement system,
simulations were performed to analyze the distribution of the
electric field within the Absorber Box method. These simula-
tions provide a detailed analysis of the wave propagation beha-
vior, allowing for a better understanding of how electromag-
netic waves interact with the system components, including
the antennas, the absorbing materials, and the samples.

Figure 12 pretends to evaluate the impact of the absorbing
material on minimizing the influence of unwanted effects in
the characterization of SE in the AIR reference measurement.
A comparison of the E-field distribution in AIR is presen-
ted, with and without the presence of the absorbing mater-
ial, at a frequency of 10 GHz. This frequency has been selec-
ted as a reference throughout the study to maintain consist-
ency with previous results. Figure 12(a) illustrates the ref-
erence measurement without the absorbing material. In this
setup, significant variability is observed due to reflections and
disturbances caused by the environment and the measurement
system configuration. These unwanted interferences affect the
accuracy of the measurement and can introduce inconsist-
encies in SE characterization, leading to unreliable results.
In contrast, figure 12(b) shows the reference measurement

Figure 12. Analysis of the E-field distribution in dB. (a) The
reference AIR measurement without the absorbing material; (b) the
reference AIR measurement with the absorbing material.
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Figure 13. Analysis of the E-field distribution. (a) The 12 × 12 cm
MUT; (b) the 30 × 30 cm MUT.

of air with the absorbing material placed inside the cavity.
The absorbing material creates a controlled electromagnetic
propagation channel, significantly reducing unwanted effects
associated with antenna interference. The presence of the
absorbing material minimizes signal distortions and effect-
ively mitigates environmental reflections, leading to a more
stable and accurate measurement of the SE baseline.

These results justify the use of the absorbing material in the
measurement system, as its inclusion enables a more precise
evaluation of the material’s effect on electromagnetic radiation
attenuation, thereby ensuring a controlled and repeatable test-
ing environment.

On the other hand, figure 13 investigates the influence of
sample size on SE characterization by comparing two samples

of the previously mentioned material 02, with dimensions
of 12 × 12 cm and 30 × 30 cm, respectively. This com-
parison allows for a clearer understanding of how the size
of the sample affects the transmission of electromagnetic.
Figure 13(a) depicts the field distribution for the 12 × 12 cm
sample. In this case, the electromagnetic field manages to leak
into the receiving antenna due to pronounced edge diffraction
effects. This phenomenon results in a decrease in the meas-
ured attenuation, leading to an underestimation of the mater-
ial’s SE. The relatively small sample size allows a considerable
portion of the incident field to bypass the material, reducing
its apparent shielding performance. By contrast, figure 13(b)
presents the field distribution for the 30× 30 cm sample. With
the increased sample size, the unwanted transmission through
the edges is significantly reduced, ensuring a more accurate
evaluation of the material. The larger sample better confines
the electromagnetic field, minimizing diffraction effects and
yielding a more representative measurement of the SE.

These findings align with the results presented in figure 5,
which demonstrate the impact of sample size on SE meas-
urements. As the sample size increases, edge diffraction
decreases, leading to a more accurate representation of the
material’s intrinsic electromagnetic behavior. This analysis
confirms the necessity of using appropriately sized samples
to ensure reliable SE measurements and to minimize errors
caused by geometric effects unrelated to the material’s inher-
ent shielding properties.

5. Conclusions

This study validated the accuracy and effectiveness of an
enhanced Absorber Box method for measuring SE in elec-
tromagnetic applications. Through a combined approach of
experimental, theoretical and simulation analysis, the pro-
posed system demonstrated reliable measurements across a
broad frequency range, addressing several limitations of exist-
ing standardized methods. The experimental and simulated
results exhibited strong overall agreement, supporting the reli-
ability of the proposed model. However, minor discrepancies
were identified in specific spectral regions that can be attrib-
uted to the interaction between sample geometry and the elec-
tromagnetic field distribution within the Absorber Box, as well
as localized interference and resonance effects.

A key finding of this study was the significant influence of
sample size on SE measurements. It was observed that smal-
ler samples exhibited stronger edge diffraction effects, which
could lead to an underestimation of the material’s true atten-
uation capabilities. Conversely, appropriately sized samples
minimized these diffraction effects, resulting in more precise
and representative measurements.

Additionally, the inclusion of absorbing material within
the measurement box significantly enhanced system accuracy
by reducing unwanted interferences and minimizing internal
reflections. This optimized design enabled the effective char-
acterization of a wide range of shielding materials. The exper-
imental results confirmed the system’s capability to differen-
tiate materials with varying attenuation levels, demonstrating
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its precision and reliability in distinguishing SE across differ-
ent materials and frequency ranges. The ability to accurately
measure materials with different shielding performances rein-
forces the robustness of this method as a practical alternative
to conventional SE measurement techniques.

In conclusion, the proposed method represents an efficient
and flexible alternative for the characterization of electromag-
netic shielding materials. Its combination of accuracy, ease
of implementation, and compatibility with diverse materials
makes it a valuable tool for applications in telecommunica-
tions, automotive, aerospace, and other sectors where EMI is
a critical concern. Future research may focus on optimizing
the box geometry and analyzing materials with more com-
plex properties to further enhance the system’s precision and
applicability.
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