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ARTICLE INFO ABSTRACT

A dual-band GHz metamaterial absorber (MPA) biosensor is presented as a proof-of-concept platform for
dielectric-sensitive electromagnetic sensing integrated with Al-assisted broadband spectral analysis. The pro-
posed three-layer copper-FR-4-copper structure exhibits near-unity absorption at 6.0 GHz and 9.1 GHz and
demonstrates engineered negative-index behavior, which enhances electromagnetic field confinement and
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sensitivity to dielectric perturbations. The biosensor was fabricated using standard PCB technology and exper-
imentally validated through free-space microwave measurements, showing excellent agreement with simulations
and absorption exceeding 92.5% and 99.8% at the two resonant frequencies. For dielectric-sensitive analysis, the

sensor response was evaluated under simulation-based loading conditions using low-loss COC/COP coverslip
layers and literature-reported electromagnetic properties representative of healthy-like and malignant-like breast
environments. Distinct broadband spectral perturbations were observed across the 5-10 GHz frequency range,
demonstrating sensitivity to dielectric-property variations. Sensor performance was assessed using quality factor,
sensitivity, and figure-of-merit metrics. An Al-assisted spectral interpretation framework was developed using
distance- and correlation-based analysis of the broadband electromagnetic response. The results demonstrate
that the proposed platform combines dual-band high-Q absorption, engineered triple-negative electromagnetic
characteristics, and Al-assisted spectral analysis within a unified microwave biosensing framework. No biological
samples were evaluated in this study; therefore, the reported results should be interpreted as simulation-based
dielectric-loading analyses rather than validated cancer-detection outcomes.

1. Introduction

Cancer remains a major cause of mortality worldwide, with
approximately 20 million new cases and 9.7 million deaths reported in
2022 (Cao et al., 2021; Bray et al., 2024; Bizuayehu et al., 2024). Breast
cancer is the most frequently diagnosed malignancy, accounting for
about 2.3 million new cases and 670,000 deaths (Liao, 2025). Since
early diagnosis substantially improves survival outcomes (Zhang et al.,
2025; Pashayan and Pharoah, 2020), there is a continuing need for
sensitive, rapid, and minimally invasive techniques for cancer analysis
and tissue characterization (Wilson and Sule, 2020; Obeagu and
Obeagu, 2024).

Conventional diagnostic methods, including mammography, mag-
netic resonance imaging, positron emission tomography, histopatholo-
gy, and molecular biomarker analysis (He et al., 2020; Abdul Halim
et al., 2021; Ngan et al., 2020; Hassan et al., 2022; Rotili et al., 2020;
Gao et al., 2020; Wekking et al., 2023; Shawky et al., 2020; Kumar et al.,
2025; Arun et al., 2024; Dubsky et al., 2024), play essential clinical roles
but are often costly, time-consuming, invasive, or reliant on centralized
facilities. Likewise, liquid biopsy and MCF-7 cell analysis have attracted
considerable interest for cancer diagnostics and biosensor development
(Ignatiadis et al., 2021; Zhong et al., 2025; Allen, 2024; Ma et al., 2024;
Chen et al., 2022; Téth et al., 2024; Malhao et al., 2022; Malcolm et al.,
2025), although they frequently require complex instrumentation and
sample preparation.

To address these limitations, biosensor technologies have received
increasing attention (Cerdas et al., 2025; Zafar et al, 2025;
Mohammadpour-Haratbar et al., 2023; Bhatti and Kaur, 2025; Sharma
et al., 2023; Aldhaeebi and Almoneef, 2023; Pourasl et al., 2023; Wu
et al., 2023; Shamim et al., 2024; Mellak et al., 2025; Aliouar et al.,
2025; Hamza et al., 2024). In particular, microwave- and
metamaterial-based biosensors provide label-free, dielectric-sensitive
sensing via engineered electromagnetic interactions (Marvi and Jafari,
2023; Khan et al., 2022; Zhang et al., 2023; Cao et al., 2025; Rahman
et al., 2022; Wang et al., 2023; Ghodrati and Uniyal, 2025). Strong
electromagnetic-field confinement in metamaterial resonators enhances
sensitivity to dielectric perturbations, producing measurable changes in
resonant characteristics. Previous studies have demonstrated breast
cancer-related dielectric analysis using split-ring resonators, comple-
mentary resonators, artificial magnetic conductors, and double-negative
metamaterials (Mellak et al., 2025; Khatami et al., 2026; Deng et al.,
2023; Jabire et al., 2025; Dadouche et al., 2023; Kamani et al., 2024;
Hamza et al,, 2025). Meanwhile, artificial intelligence has been
increasingly applied to spectral interpretation and biomedical sensing
applications (Dubey and Sikarwar, 2025; Saeidnia et al., 2025; Alum,
2025; Hammad et al., 2025; Ng et al., 2023; Uwimana et al., 2025;
Smith et al., 2002). Motivated by these developments, this work in-
vestigates a conceptual Al-assisted broadband spectral interpretation
framework based on GHz metamaterial absorber responses.

A dual-band GHz metamaterial perfect absorber biosensor is pro-
posed for dielectric-sensitive breast tissue characterization. The three-

layer copper-FR-4—copper structure exhibits near-unity absorption at
6.0 and 9.1 GHz and engineered triple-negative electromagnetic prop-
erties that enhance field confinement and sensitivity. Fabricated using
standard printed circuit board technology, the biosensor is experimen-
tally validated through free-space vector network analyzer measure-
ments, showing strong agreement with simulations and absorption
exceeding 92.5% and 99.8% at the two resonant frequencies. Using
literature-reported dielectric properties of healthy-like and malignant-
like breast environments, distinct spectral perturbations are observed
over the 5-10 GHz range. A conceptual Al-assisted framework is
employed to analyze these broadband responses, thereby demonstrating
the proposed platform's potential for future microwave biosensing
applications.

Although the electromagnetic performance of the fabricated
absorber is experimentally validated, the biological sensing analysis is
limited to dielectric-property-based numerical modeling using
literature-reported parameters. Therefore, the study should be regarded
as a proof-of-concept dielectric-sensitive biosensing framework,
providing a basis for future validation using cultured cells and tissue-
mimicking phantoms.

2. Modeling framework for the unit cell and electromagnetic
assessment

This section presents the design and electromagnetic characteristics
of the proposed dual-band metamaterial absorber biosensor operating
over the 5-10 GHz range. The biosensor is designed to provide strong
absorption, high spectral selectivity, and enhanced sensitivity to
dielectric perturbations for microwave biosensing applications. Fig. 1
illustrates the evolution of the unit-cell geometry through three con-
figurations used to optimize resonance behavior and impedance
matching.

2.1. Biosensor design strategy for dual-band metamaterial architecture

The proposed biosensor comprises a three-layer copper-FR-4—copper
structure designed for dual-band resonant absorption. Fig. 1(a) shows
the initial partially symmetric split-resonator geometry with the unit cell
dimensions of 10.5 x 10.5 mm?, while Fig. 1(b) presents a more sym-
metric design with optimized notches to improve current distribution
and electromagnetic coupling. The final configuration in Fig. 1(c) ach-
ieves strong dual-band absorption through enhanced impedance
matching and electromagnetic field confinement. The final configura-
tion employs a patterned metallic resonator layer separated from a
continuous metallic ground plane by an FR-4 dielectric substrate. This
structure supports coupled electric and magnetic resonances, enabling
near unity absorption at the target frequencies. The optimized geometric
and material parameters used in the design are summarized in Table 1.
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2.2. Excitation scheme and optimization of the layered configuration

Fig. 1(d) shows the excitation setup and multilayer structure of the
proposed metamaterial absorber biosensor. The device operates in the
GHz range with dual absorption peaks at approximately 6 and 9 GHz and
can be experimentally validated using standard free-space vector
network analyzer measurements.

The structure consists of a patterned metallic resonator on an FR-4
substrate backed by a continuous ground plane, which suppresses
transmission, so absorption is governed by reflection reduction. The
resonator is designed to simultaneously excite electric and magnetic
resonances, enabling impedance matching with free space and near-
unity absorption.

The incident wave is defined by its electric field E, magnetic field H,
and propagation vector k, with incidence angle 6 and polarization angle
¢. At resonance, strong field confinement occurs within the resonator
and substrate, enhancing sensitivity to dielectric perturbations.

Under simulation-based healthy-like and malignant-like dielectric
loading conditions, noticeable shifts in resonance and absorption are
observed. The proposed biosensor is further coupled with a conceptual
Al-assisted framework for broadband spectral interpretation of GHz
responses.

Overall, the compact dual-band design, strong field confinement,
and compatibility with standard microwave measurements establish a
practical proof-of-concept platform for dielectric-sensitive biosensing.

3. Influence of geometric and constituent parameters on
absorption characteristics

This section investigates the influence of resonator geometry and
constituent electromagnetic parameters on the absorption performance
of the proposed dual-band metamaterial biosensor.

3.1. Comparative analysis of alternative design configurations

Fig. 2(a) and (b) compare the absorption responses of the initial
reference geometry (Design Variant 1) and the final optimized biosensor
configuration (Design Variant 3). Design Variant 1 exhibits a single
absorption resonance at approximately 9.1 GHz with absorption
exceeding 99%. In contrast, Design Variant 3 introduces an additional
resonance near 6.0 GHz while preserving the high absorption at
9.1 GHz, resulting in a dual-band response with absorption exceeding
92% and 99% at the two resonant frequencies.

Absorption is calculated from the scattering parameters using:

A=1—[Sul? - [Sul? ¢Y)

Because the metallic ground plane suppresses transmission, the ab-
sorption simplifies to:

A=1-|sy[? (2)
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Table 1
Consolidated representation of the finalized geometric and material parameters
utilized in the optimized metamaterial biosensor model.

Parameter Value (mm) Parameter Value (mm)
A 4.035 J 5.67

B 4.035 K 3.27

C 2.035 L 6.636

D 1.68 M 10.5

E 3.68 FR-4 thick (T;) 1.52

F 2.035 Copper (Cu) thick 35 pm

G 1.558 Dielectric loading thickness (T3) 200 pm

H 3 Coverslip thick (T) 100 pm

1 9.61

Compared with conventional single-band metamaterial absorbers
(Mellak et al., 2025; Khatami et al., 2026; Kamani et al., 2024), the
proposed dual-band architecture provides increased spectral diversity
for dielectric-sensitive electromagnetic analysis.

Similar multi-resonant sensing approaches have been reported in
microwave and terahertz metamaterial biosensors (Zhang et al., 2023;
Cao et al.,, 2025; Hamza et al., 2025), where multiple resonances
improve sensitivity to dielectric perturbations. The dual-band response
therefore provides additional spectral features for monitoring
dielectric-loading-induced resonance variations.

3.2. Electromagnetic characterization and parameter retrieval

Fig. 2(c and d) shows the reflection and transmission responses of the
optimized biosensor, where strong reflection suppression at both reso-
nant frequencies results in near-unity absorption and confirms effective
impedance matching. Fig. 2(e and f) presents the retrieved electro-
magnetic parameters, exhibiting alternating positive and negative re-
gions of effective permittivity, permeability, and refractive index,
indicating engineered negative electromagnetic behavior consistent
with reported metamaterial absorbers (Shamim et al., 2024; Khan et al.,
2022; Zhang et al., 2023; Cao et al., 2025). Simultaneous negative
permittivity and permeability enhance field confinement and interac-
tion with the dielectric environment. The retrieved impedance shows
the real part approaching unity and the imaginary part tending to zero at
resonance, confirming efficient absorption and minimal reflection.

3.3. Optical response and impedance retrieval

The effective refractive index and impedance were retrieved from
simulated scattering parameters under normal incidence. Fig. 2(g)
shows the complex refractive index, where alternating positive and
negative values confirm resonant metamaterial behavior, while the
imaginary part indicates strong attenuation and energy dissipation.
Fig. 2(h) compares the reflection coefficient and absorption response,
where reflection minima align with absorption maxima, confirming
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Fig. 1. Conceptual illustration of the proposed metamaterial absorber depicted across three developmental phases: (a) the preliminary structural layout (Design
Variant 1), (b) the refined intermediate configuration (Design Variant 2), (c) the fully optimized biosensing geometry (Design Variant 3), (d) schematic illustration of

the GHz excitation and multilayer metamaterial absorber biosensor configuration.
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Fig. 2. Simulated electromagnetic performance of the proposed dual-band
metamaterial biosensor: (a-b) absorption response evolution from initial
(single-band) to optimized (dual-band) design; (c-d) S-parameter (S;;, S21)
characteristics; (e—f) retrieved effective permittivity (¢) and permeability (p);
(g) refractive index (n); (h) reflection and absorption spectra; (i) effective
impedance; and (j) overall reflection—-absorption behavior across 5-10 GHz.

impedance matching as the mechanism for high absorption. Fig. 2(i and
j) presents the effective impedance, where the real part approaches unity
and the imaginary part approaches zero near resonance, indicating
excellent free-space matching. Overall, the results confirm strong reso-
nant absorption, negative-index behavior, and enhanced field confine-
ment suitable for dielectric sensing applications.

4. Spatial field profiles and surface current dynamics
This section examines the electric-field, magnetic-field, and surface-

current distributions of the proposed dual-band metamaterial absorber
at the two resonant frequencies of 6 GHz and 9.1 GHz.
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4.1. Electric field distribution

Fig. 3(a—d) shows the electric-field distributions at the two resonant
frequencies. At 6 GHz, strong field localization around the spiral reso-
nator and coupling regions confirms excitation of the fundamental mode
and effective electromagnetic confinement, with the imaginary
component indicating reactive energy storage. Field concentration at
split gaps, edges, and coupling regions highlights the dominant inter-
action sites for dielectric sensing, consistent with reported metamaterial
biosensors (Shamim et al., 2024; Zhang et al., 2023; Ghodrati and
Uniyal, 2025). This subwavelength energy confinement enhances
interaction with the loaded material, improving sensitivity to dielectric
changes and enabling spectral discrimination between healthy-like and
malignant-like environments. At 9.1 GHz, the field distribution becomes
more localized and complex, indicating higher-order mode excitation
with stronger coupling, sharper gradients, and enhanced dielectric
sensitivity.

4.2. Magnetic field distribution

Fig. 3(e-h) shows the magnetic-field distributions at the two reso-
nances. At 6 GHz, the field is concentrated along resonator edges,
indicating magnetic dipole formation and energy trapping via surface
currents. At 9.1 GHz, the magnetic field becomes stronger and more
distributed, corresponding to higher-order resonances with enhanced
confinement and improved dielectric sensitivity under loading.

4.3. Surface current distributions

Fig. 3(i-1) shows the surface-current distributions at 6 and 9.1 GHz.
At 6 GHz, currents are mainly concentrated along outer conductive
paths, indicating the fundamental mode, while at 9.1 GHz they become
more localized and complex, confirming higher-order resonance.
Overall, the field and current distributions indicate strong confinement
and efficient dual-band resonance, supporting high absorption and
dielectric-sensitive sensing capability.

5. Experimental validation

The proposed biosensor was fabricated using standard PCB tech-
nology on a 1.52 mm FR-4 substrate with 35 pym copper layers forming
the resonator and ground plane. Two prototypes were produced: a 4 x 3
unit-cell sample for fabrication verification and a 21 x 25 array for free-
space measurements.

Fig. 4(a—c) shows the fabricated structures and the measurement
setup inside an anechoic chamber using a vector network analyzer with
a bi-static horn antenna configuration over the 5-10 GHz range. The
reflection coefficient S;; was measured under normal incidence and
used to compute absorption.

Fig. 4(d and e) compares simulated and measured results, showing
two resonances near 6 and 9.1 GHz with strong agreement. The fabri-
cated device achieves absorption above 92.5% and 99.8% at the two
peaks, confirming near-unity dual-band performance. Minor deviations
are attributed to fabrication tolerances, material uncertainty, and
alignment errors, but overall agreement validates the design and sup-
ports subsequent dielectric-loading analysis.

6. Simulation-based dielectric-sensitive electromagnetic
analysis

Following the experimental validation of the fabricated meta-
material absorber, a simulation-based dielectric-loading analysis was
conducted to evaluate the sensitivity of the proposed biosensor to var-
iations in electromagnetic properties representative of healthy-like and
malignant-like breast environments. The objective of this investigation
was to assess the dielectric discrimination capability of the sensor under
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Fig. 3. Electric-field, magnetic-field, and surface-current distributions of the
proposed dual-band metamaterial absorber at resonant frequencies: (a-d)
electric field |E| at 6.0 and 9.1 GHz; (e-h) magnetic field |H| at 6.0 and
9.1 GHz; and (i-1) surface-current density at 6.0 and 9.1 GHz (real and imagi-
nary components).
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controlled electromagnetic conditions rather than to establish clinically
validated cancer detection performance. Consequently, no biological
samples, cultured cells, tissue phantoms, or ex vivo tissues were utilized
in this study.

Fig. 5(a) illustrates the conceptual biosensing configuration
employed in the simulations. The structure consists of the experimen-
tally validated metamaterial absorber, a low-loss cyclic olefin copol-
ymer/cyclic olefin polymer (COC/COP) protective layer, and a
homogenized dielectric analyte region. The COC/COP layer was selected
due to its low dielectric loss, low moisture absorption, and minimal
influence on the resonant characteristics of the sensor. The dielectric
analyte region was assigned literature-reported electromagnetic prop-
erties representative of healthy-like and malignant-like breast dielectric
environments (Hussein et al., 2019; Lazebnik et al., 2007; AlSawaftah
et al., 2022).

The corresponding absorption responses are presented in Fig. 5(b
and c). Distinct spectral variations are observed throughout the
5-10 GHz frequency range, with the malignant-like dielectric environ-
ment producing stronger perturbations in both resonance characteristics
and broadband spectral behavior. These results demonstrate the sensi-
tivity of the proposed dual-band absorber to dielectric-property varia-
tions and confirm its suitability as a dielectric-sensitive electromagnetic
sensing platform.

To further investigate broadband spectral discrimination, the com-
plete absorption response was analyzed using an Al-assisted spectral
interpretation framework. Rather than relying solely on resonance-
frequency shifts, the full spectral response was treated as a multidi-
mensional feature vector. As shown in Fig. 6(b-e), the broadband
spectra were transformed into computational feature representations
that highlight frequency regions exhibiting the greatest dielectric
sensitivity and spectral separability. The strongest discriminative fea-
tures were concentrated around the dual-resonance regions, indicating
that both localized resonant effects and broadband spectral variations
contribute to dielectric discrimination.

Fig. 6(f and g) presents conceptual examples of centroid-based
spectral categorization using Euclidean-distance and mean-squared-
error metrics. Although the analysis was performed using homoge-
nized dielectric-loading models rather than biological measurements,
the results demonstrate that the proposed biosensor generates repro-
ducible broadband spectral signatures that can be exploited for Al-
assisted electromagnetic classification.

7. Quantitative broadband spectral evaluation

To quantitatively evaluate the dielectric-sensitive response of the
proposed biosensor, broadband spectral metrics were derived from the
simulated 5-10 GHz absorption responses under healthy-like and
malignant-like dielectric loading conditions. Rather than relying solely
on resonance shifts, the analysis considers the full broadband spectral
response to assess dielectric-sensitive spectral separability.

Let Ag(f) and Ac(f) denote the broadband absorption spectra asso-
ciated with healthy-like and malignant-like loading conditions, respec-
tively. Treating the spectra as feature vectors enables broadband
comparison across the operational frequency range.

7.1. Quality factor

The resonance quality factor evaluates resonance sharpness and
spectral selectivity:

Q=fo/Af 3)

where fj is the resonance frequency and Af is the full width at half-
maximum bandwidth. Higher Q-factors indicate sharper resonances
and improved sensitivity to dielectric perturbations.
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Fig. 4. Fabrication, experimental setup, and electromagnetic validation of the proposed dual-band metamaterial biosensor: (a—b) fabricated unit-cell arrays (4x3 and
21x25 configurations); (c) free-space VNA measurement setup for S;; characterization; (d) simulated and measured reflection coefficients (S11); and (e) corre-
sponding simulated and measured absorption spectra confirming dual-band high absorption performance at 6.0 and 9.1 GHz.

7.2. Euclidean sensitivity

Broadband spectral separation between healthy-like and malignant-
like responses was quantified using Euclidean sensitivity:

Swve=1/ 0, (Aclh) — Au(f)’ @

Larger values indicate stronger broadband spectral differentiation.
7.3. Area-under-curve sensitivity

The cumulative spectral difference was evaluated using the area-
under-curve metric:

Savc = /

This metric captures broadband energy variations between the two
loading conditions.

)

Aclf) —AH(f)‘df

7.4. Figure of merit

To relate dielectric-sensitive spectral discrimination to resonance
sharpness, the figure of merit was defined as:

FOM:SEﬂ

Af
Together, these quantitative metrics provide a broadband spectral
foundation for the conceptual Al-assisted spectral interpretation
framework presented in the following section.

(6)

8. Conceptual Al-assisted broadband spectral interpretation
framework

The proposed Al-assisted framework is a proof-of-concept compu-
tational approach for broadband spectral interpretation based on
simulation-derived electromagnetic responses under controlled
dielectric-loading conditions. It is not a clinically validated diagnostic
system and does not include experimental biological datasets,



M.N. Hamza et al.

Biosensors and Bioelectronics 311 (2026) 118963

g
3T
td " 1
7 3T5

,* l2I
L

T,

2

Absorption
)
5

Absorption
>
s

0.0- 0.0 |
Normal — Cancer‘
-0.2 T T T T -0.2 T T T T
5 6 7 8 9 5 6 7 8 9 10
(b) Frequency (GHz) (©) Frequency (GHz)

Fig. 5. Simulation-based dielectric-loading analysis: (a) conceptual biosensing architecture incorporating the metamaterial absorber, COC/COP protective layer, and
homogenized dielectric analyte region; absorption responses under (b) healthy-like and (c) malignant-like dielectric-loading conditions.

multimodal clinical inputs, or physiological noise effects. The full
5-10 GHz absorption response is represented as a spectral feature vec-
tor, which is further transformed into structured two-dimensional
feature maps via matrix embedding for computational visualization
and similarity analysis. These representations correspond to mathe-
matical spectral embeddings rather than physical tissue images.

Let the sampled broadband response be represented as:

Alf)=a1, 2,03, ...,an] 7

The spectral vector was reorganized into a two-dimensional matrix
representation according to:

F(i.J) = a1k ®)

where F(i,j) denotes the resulting spectral feature map. The broadband
electromagnetic responses associated with healthy-like and malignant-
like loading conditions were subsequently normalized and analyzed
using Euclidean-distance, mean-squared-error, and correlation-based
similarity metrics.

To quantify spectral perturbations, feature vectors derived from the
simulated S;; and Sy; responses were compared using pointwise
absolute-difference analysis:

D=V — Vgl ©

where Vy and V( represent the normalized healthy-like and malignant-
like spectral feature vectors, respectively. The resulting broadband
spectral differences were used for conceptual centroid-based categori-
zation using threshold-based similarity analysis.

Fig. 7(a) illustrates spectral separability between healthy-like and
malignant-like dielectric-loading conditions using an Al-assisted
framework. Unlike conventional resonance-tracking methods, the
approach utilizes the full 5-10 GHz broadband electromagnetic

response for enhanced dielectric-sensitive interpretation. The analysis is
based solely on simulation-derived datasets under controlled conditions
and does not incorporate biological heterogeneity, tissue morphology,
or physiological electromagnetic noise effects.

9. Conceptual spectral decision framework

This section presents a conceptual Al-assisted spectral comparison
methodology for broadband interpretation of simulation-derived GHz
electromagnetic responses under healthy-like and malignant-like
dielectric-loading conditions. Multiple similarity metrics were
employed to compare unknown spectral responses against reference
spectra, improving robustness beyond single-metric resonance analysis.

Let Ay(f) denote the absorption spectrum of an unknown sample,
while Ag(f) and Ac(f) represent the healthy-like and malignant-like
reference spectra, respectively.

9.1. Mean-squared error and euclidean-distance analysis

The mean-squared error (MSE) was used to quantify spectral
mismatch between unknown and reference responses:
1N
MSE:NZH (Au(f) — Ar(f))? 10)
where Ag(f) denotes the corresponding reference spectrum.

Broadband geometric spectral separation was further evaluated
using Euclidean distance:

D= \/Zil(Au(fi) - Ax(f))? an

Lower MSE and Euclidean-distance values indicate stronger spectral
similarity between the unknown and reference responses.
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9.2. Correlation-based spectral similarity

To evaluate spectral-shape similarity independent of amplitude
variations, Pearson correlation analysis was employed:

_ Z(AUAE(ARA) | -
5 (a0-a) ' (40-2)

Higher correlation values indicate stronger similarity between
broadband spectral patterns.

9.3. Conceptual Al-assisted classification

The Al-assisted classification framework employs MSE, Euclidean
distance, and correlation metrics to assess spectral similarity between
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unknown and reference dielectric-loading conditions. As illustrated in
Fig. 7(b and c), representative outcomes demonstrate separability be-
tween healthy-like and malignant-like responses. The analysis is based
solely on simulation-derived electromagnetic data and is therefore
considered a proof-of-concept approach. Future work will utilize
experimental datasets from phantoms, cultured cells, and ex vivo tissues
to evaluate robustness under realistic biosensing conditions.

10. Benchmarking against representative GHz metamaterial
perfect absorbers

To assess the significance of the proposed platform, benchmarking
was performed against representative GHz-range metamaterial perfect
absorbers (MPAs) reported in the recent literature (Mellak et al., 2025;
Khatami et al., 2026; Deng et al., 2023; Jabire et al., 2025; Dadouche
et al.,, 2023; Kamani et al., 2024; Hamza et al., 2025; Mohammed
et al., 2023; Landy et al., 2008; Kazemi et al., 2025; Yu et al., 2018;
Rahman et al., 2024; Wu et al., 2025; NOTO et al., 2025; Rabbani et al.,
2024; Li et al., 2025; Ahmed et al., 2025; Han et al., 2025; Rodini et al.,
2025; Edries et al., 2023; Liu et al., 2016; Ullah et al., 2024a; Ullah et al.,
2024b; Ullah et al., 2024c). The comparison considers electromagnetic
performance, structural characteristics, sensing functionality, and
spectral-analysis capabilities.

As summarized in Table 2, the proposed biosensor combines exper-
imentally validated dual-band operation with absorption exceeding
92.5% and 99.8% at 6.0 GHz and 9.1 GHz, respectively. The compact
copper-FR-4—copper architecture (10.5 mm x 10.5 mm) exhibits engi-
neered triple-negative electromagnetic behavior near resonance, char-
acterized by simultaneous negative effective permittivity, permeability,
and refractive index. These characteristics contribute to enhanced
electromagnetic field confinement and increased sensitivity to dielectric
perturbations. In addition, the device demonstrates a maximum quality
factor of 22.61 while maintaining excellent agreement between simu-
lated and measured responses obtained from fabricated PCB prototypes.

Beyond conventional absorber performance, the proposed platform
incorporates dielectric-sensitive broadband spectral analysis. Unlike
traditional resonance-tracking approaches that primarily utilize isolated
resonant-frequency shifts, the present framework exploits the complete
5-10 GHz spectral response under simulation-based dielectric-loading
conditions representative of healthy-like and malignant-like breast en-
vironments. As summarized in Table 3, broadband spectral evaluation
enables the extraction of multiple frequency-domain features associated
with dielectric-property variations.

A distinguishing aspect of the proposed approach is the integration of
Al-assisted spectral interpretation using distance-based and correlation-
based similarity metrics. Rather than functioning solely as a passive
electromagnetic absorber, the biosensor combines experimentally vali-
dated GHz metamaterial sensing with computational broadband spectral
analysis, enabling dielectric-sensitive electromagnetic discrimination
within a unified proof-of-concept framework.

Overall, the benchmarking results demonstrate that the proposed
platform integrates dual-band high-Q absorption, engineered triple-
negative electromagnetic characteristics, broadband dielectric-
sensitive spectral analysis, and Al-assisted interpretation within a
compact experimentally validated microwave biosensing architecture.
These attributes support its potential for future intelligent electromag-
netic sensing and microwave imaging applications.

11. Future perspective

Future work will focus on experimental validation using tissue-
mimicking phantoms, cultured cell systems, and ex vivo biological
samples to evaluate sensing performance under realistic dielectric con-
ditions. Additional research will investigate tunable metamaterial de-
signs, microfluidic integration, and portable microwave sensing
platforms. The Al-assisted spectral analysis framework will also be

Table 2
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Technical and electromagnetic comparison between the proposed biosensor and
representative recent GHz metamaterial perfect absorbers (MPAs).

Metric Proposed biosensor (this Representative recent GHz
work) MPAs
Operating Dual-band operation within Reported designs span
frequencies 5-10 GHz with resonances at single-, dual-, and multi-
6.0 GHz and 9.1 GHz band microwave absorbers
operating approximately
from 3 to 40 GHz
depending on application
requirements (Mohammed
et al., 2023).
Absorption >92.5% at 6 GHz and >99.8%  Many recent GHz MPAs
magnitude at 9.1 GHz report near-unity
absorption (>90%) at one
or multiple resonant
frequencies (Landy et al.,
2008).
Effective Engineered simultaneous Most reported MPAs
electromagnetic negative permittivity exploit resonant electric
parameters (eeff < 0), permeability and magnetic responses for

Geometry and
material stack

Resonance quality
(Q-factor)

Validation
approach

(pefr < 0), and refractive index
(nefr < 0) near resonance
regions

Three-layer copper-FR-
4-copper configuration;
substrate thickness 1.52 mm;
unit-cell size

10.5 mm x 10.5 mm

Maximum Q-factor of 22.61
with sharp dual-band
resonances

Experimental electromagnetic
validation using fabricated
PCB prototypes and free-space
VNA measurements;
biosensing analysis performed
using simulation-based
dielectric loading.

impedance matching;
explicit triple-negative
parameter regions have
been comparatively less
frequently explored in
experimentally validated
GHz absorber studies (
Kazemi et al., 2025).
Typical MPAs employ
patterned metallic
resonators over dielectric
substrates backed by
continuous metallic ground
planes. FR-4 is commonly
used in microwave-
frequency implementations
(Yu et al., 2018).
Reported Q-factors vary
significantly depending on
bandwidth objectives and
resonator geometry; many
designs prioritize either
broadband absorption or
narrowband high-Q
operation (Rahman et al.,
2024).

Many reported works
provide either simulation-
only validation or
electromagnetic
experimental
characterization, while
relatively fewer studies
investigate dielectric-
sensitive biological-loading
scenarios within
experimentally validated
GHz absorber platforms (
Mellak et al., 2025;
Khatami et al., 2026; Deng
et al., 2023; Jabire et al.,
2025; Dadouche et al.,
2023; Kamani et al., 2024;
Hamza et al., 2025).

extended using experimentally acquired
machine-learning approaches. Collectively, these developments may
facilitate the translation of dielectric-sensitive metamaterial biosensors
toward practical microwave diagnostic applications.

12. Limitations and future work

datasets and advanced

Although the proposed dual-band metamaterial absorber was
experimentally fabricated and validated through free-space microwave
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Table 3

Functional and practical benchmarking of the proposed biosensor relative to

representative recent GHz metamaterial perfect absorbers (MPASs).

Novelty/Practical
Metric

Proposed biosensor (this
work)

Representative recent
GHz MPAs/literature
trends

Triple-negative
electromagnetic
response for
dielectric-sensitive
biosensing

Biosensor footprint
and integration
potential

Dual-band resonant
sensing strategy

High absorption and
high-Q resonance
behavior

Al-assisted spectral
interpretation
framework

Simultaneous negative
permittivity (g < 0),
permeability (peg < 0), and
refractive index (neg < 0)
were engineered near
resonance regions to
enhance field confinement
and strengthen sensitivity to
dielectric perturbations
under simulation-based
biological loading
conditions.

Compact

10.5 mm x 10.5 mm unit-cell
geometry implemented using
a standard copper-FR-
4—copper stack compatible
with array-based sensing and
potential portable
microwave biosensing
platforms.

Two distinct resonances at
6.0 GHz and 9.1 GHz provide
multiple frequency-domain
sensing channels and enable
broadband spectral
comparison under dielectric
loading conditions.

Experimentally validated
absorption exceeding 92.5%
and 99.8% together with a
maximum Q-factor of
approximately 22.6 enables
sharp resonance behavior
and strong spectral contrast.

A conceptual Al-assisted
spectral interpretation
methodology based on
spectral centroids, Euclidean
distance, mean-squared
error, and correlation
analysis was used to evaluate
simulation-derived dielectric
loading responses
corresponding to literature-
reported healthy and
malignant breast tissue
models.

Most reported GHz MPAs
primarily exploit
resonant electric and
magnetic responses for
impedance matching and
absorption
enhancement. Explicit
use of engineered triple-
negative parameter
regions for dielectric-
sensitive biosensing has
been comparatively less
frequently explored in
experimentally validated
GHz absorber studies
aimed at biosensing
applications (Landy

et al., 2008; Li et al.,
2025; Ahmed et al.,
2025; Han et al., 2025;
Rodini et al., 2025)
Reported unit-cell
dimensions vary
significantly depending
on frequency range and
application objective.
Many GHz absorbers are
optimized for stealth,
EMI shielding, or energy-
harvesting applications
rather than biosensing-
oriented integration (
Edries et al., 2023).
While dual-band and
multi-band MPAs are
widely reported,
relatively few studies
investigate broadband
dielectric-sensitive
spectral perturbation
analysis for biologically
inspired sensing
scenarios (Liu et al.,
2016).

Many reported absorbers
prioritize either
broadband absorption or
narrowband high-Q
operation. Simultaneous
achievement of strong
absorption and relatively
sharp resonances is less
common in compact GHz
absorber
implementations (
Rahman et al., 2024).
Existing GHz MPA
literature rarely
integrates absorber
responses with physics-
guided spectral
interpretation
methodologies aimed at
biosensing-oriented
electromagnetic
discrimination (
Mohammed et al., 2023;
Ullah et al., 2024a).
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Novelty/Practical
Metric

Proposed biosensor (this
work)

Representative recent
GHz MPAs/literature
trends

Compatibility with
microwave imaging
methodologies

The proposed biosensing
framework is structured to
support future integration
with microwave imaging and
broadband electromagnetic
sensing architectures.

Most reported MPAs
focus primarily on
electromagnetic
absorber performance
metrics and are not
explicitly structured for

integration with
broadband microwave
imaging and dielectric-
sensitive biosensing
workflows (Ullah et al.,
2024b, 2024c).

measurements, the biosensing investigation was limited to simulation-
based dielectric-loading models derived from literature-reported elec-
tromagnetic properties representative of healthy-like and malignant-like
breast environments. Consequently, the present work should be inter-
preted as a proof-of-concept dielectric-sensitive electromagnetic bio-
sensing study rather than a clinically validated cancer-detection system.

The dielectric-loading framework employs a homogenized electro-
magnetic approximation and does not account for biological complex-
ities such as tissue heterogeneity, extracellular matrix interactions,
hydration effects, cell attachment, or surrounding physiological media,
all of which may influence the electromagnetic response under practical
conditions.

Future work will focus on validation using tissue-mimicking phan-
toms, cultured breast-cancer and healthy control cell lines, and ex vivo
tissue samples. Additional studies will investigate microfluidic integra-
tion, experimentally acquired biological datasets, and advanced Al-
assisted spectral analysis to improve robustness and support future
biologically validated dielectric-sensitive microwave biosensing
applications.

13. Conclusions

This study presents an experimentally validated dual-band GHz
metamaterial perfect absorber biosensor operating in the 5-10 GHz
range with resonances at 6.0 GHz and 9.1 GHz. The fabricated cop-
per-FR-4—copper structure (10.5 mm x 10.5 mm) demonstrates near-
unity absorption (>92.5% and >99.8%), with excellent agreement be-
tween measured and simulated responses, confirming the robustness of
the design methodology. The dual-band behavior arises from engineered
resonant coupling that yields effective negative-index characteristics
(simultaneously negative €, yi, and n), leading to enhanced electromag-
netic field confinement and increased sensitivity to dielectric
perturbations.

Simulation-based dielectric-loading analysis, using literature-
reported healthy-like and malignant-like breast electromagnetic
models, reveals pronounced broadband spectral variations across the
5-10 GHz range, confirming dielectric-sensitive discrimination through
frequency-dependent absorption modulation. Performance metrics,
including a maximum Q-factor of 22.61, Euclidean sensitivity of
0.415181 GHz/eefr, and a figure of merit of 1.0311/ee, further
demonstrate strong spectral selectivity and sensing capability.

A conceptual Al-assisted framework was introduced using distance-
and correlation-based metrics for broadband spectral interpretation and
preliminary classification of dielectric-loading states.

However, biological validation was not performed, and all results are
based on homogenized dielectric models rather than experimental bio-
logical samples. Therefore, the work should be interpreted as a proof-of-
concept electromagnetic biosensing study. Future work will focus on
validation using tissue-mimicking phantoms, cultured MCF-7 cell
models, and ex vivo tissues, together with advanced Al-driven spectral
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learning and microfluidic
applications.

integration for practical biosensing
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