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A Dual-Band Metamaterial Absorber Using Square
Loops With Transmission Capability

Vinicius A. Barros, Tadeu N. Ferreira, and Mauricio W. B. Silva

Abstract—This paper presents the design, fabrication,
and characterization of a dual-band metamaterial ab-
sorber that utilizes square-loop frequency-selective sur-
faces on FR-4 substrates. In contrast to traditional ab-
sorbers that rely on a solid ground plane, the innova-
tive design features patterned loops in both the ground
and front layers, allowing for targeted absorption while
still permitting some transmission. Simulations conducted
in CST Microwave Studio predicted absorption peaks
of 76.9% at 347 GHz and 77.6% at 5.63 GHz, with
adequate absorption levels of 70.9% at 3.5 GHz and
59.1% at 5.8 GHz. Measurements were performed using
a Keysight N5232A vector network analyzer, along with
horn antennas, inside an anechoic chamber. This setup
confirmed absorption peaks at frequencies close to the
desired frequencies, each with magnitudes exceeding 56 %o,
which are sufficient to be used as a chipless identification
tag and detect by a reader. The proposed approach high-
lights the viability of square-loop metasurfaces to achieve
compact, tunable, and efficient absorbers with transmission
capabilities that are suitable for microwave applications.

Index Terms—Metasurface, absorber, square loop res-
onator, dual-band absorber.

1. INTRODUCTION

ETAMATERIAL absorbers are structures

that interact with electromagnetic waves, en-
abling controlled manipulation of wave properties,
such as absorption, reflection, and transmission.
These absorbers are composed of unit cells, whose
dimensions and materials must be carefully selected
to achieve the desired goal. As a result, metama-
terial absorbers have found extensive applications
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in various technological domains, including stealth
technology, wireless communication systems, sensor
technology, thermal emitters, and photovoltaic sys-
tems [1], [2]. A distinct advantage offered by these
structures lies in their significant design flexibility,
enabling efficient and highly customizable solutions
tailored to specialized electromagnetic applications
[3].

Frequency-selective surfaces (FSSs) represent
critical advancements in electromagnetic device de-
sign, providing precise spectral filtering capabil-
ities. While acting as spatially selective filters,
these structures modulate the transmission or ab-
sorption of electromagnetic waves at predetermined
frequencies. Integrating FSS concepts into metama-
terial frameworks markedly improves polarization
selectivity, angular stability, and spectral resolu-
tion, thereby broadening the functional scope and
efficiency of metamaterial-based systems [4], [5].
Recently, dual-band metasurfaces have emerged as
an area of substantial research interest due to their
inherent ability to resonate simultaneously at two
discrete frequency bands, significantly enhancing
the operational versatility of multifrequency systems
(6], [7].

Dual-band metasurfaces specifically address the
critical requirements of advanced electromagnetic
applications that demand simultaneous performance
at multiple distinct frequencies. Recent studies have
introduced diverse methodologies to achieve ef-
fective dual-band absorption, including the use of
graphene-integrated metasurfaces and metallic or
dielectric patch arrays, demonstrating robust per-
formance in the terahertz and mid-infrared spectral
regimes [8], [9]. Liu et al. proposed a dual-band
terahertz absorber based on graphene metasurfaces,
achieving near perfect absorption combined with
polarization insensitivity [10]. Similarly, Issah et al.
demonstrated efficient dual band absorption using
metal-insulator metasurface architectures [7].

Extensive research on electromagnetic wave ab-
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sorbers highlights the extraordinary adaptability and
performance capabilities of metamaterials through-
out the electromagnetic spectrum. Watts et al. re-
viewed various configurations capable of achieving
near-unity absorption, underscoring their applica-
tions in sensors, thermal emission, stealth tech-
nology, and wireless communications [11]. More-
over, successful miniaturization efforts have been re-
ported, enabling practical implementations in lower
frequency bands, such as VHF (very high fre-
quency), with ultrathin structural profiles conducive
to integration within advanced devices [9].

Recent advances in dual-band and multiband
metamaterial absorbers have focused on innovative
designs and streamlined fabrication processes [12],
[13], [14]. The application of advanced circuit mod-
eling has significantly improved design optimiza-
tion, enabling the development of high-performance
dual-band absorbers. Sellier et al. provided a res-
onant circuit model elucidating the resonant ab-
sorption mechanisms in planar metamaterials, em-
phasizing impedance matching and resonant circuit
analogies to refine absorber efficiency [15]. Conse-
quently, dual-band metamaterial absorbers represent
a transformative advancement in electromagnetic
device engineering, offering compact, efficient, and
highly versatile solutions.

In conventional metamaterial absorbers, a contin-
uous metallic ground plane is commonly employed
to suppress transmission by reflecting the incident
electromagnetic energy, thereby maximizing absorp-
tion. While it is effective in this regard, such an
approach inherently inhibits transmission through
the structure, limiting its functional versatility. In
contrast, the use of patterned ground planes based
on square-loop resonators enables controlled manip-
ulation of reflection and transmission. This strategy
enables specific frequency bands to be strongly
absorbed, while others are partially transmitted,
thereby significantly expanding the operational ca-
pabilities of the absorber. In this context, this pa-
per proposes a dual-band metamaterial absorber
employing square loop FSS to achieve controlled
transmission windows, targeting RF-based presence
detection and chipless sensing applications, similar
to those reported in [16], [17], [18].

II. DESIGN AND METHODOLOGY

The metamaterial absorber design utilized was
a square loop configuration, which was chosen

because of its feasibility in setting geometric pa-
rameters to achieve the desired frequency response,
their ability to remain unaffected by polarization,
and their strong stability across various angles [19].
The primary considered geometric parameters in-
cluded periodicity P, track width w, and spacing be-
tween adjacent loops g. The structure was optimized
to operate at target frequencies of 3.5 GHz and
5.8 GHz. The frequencies were selected due to their
significance for sub-6 GHz 5G systems, Internet-of-
Things (IoT) implementation, and ISM (Industrial,
Scientific and Medical) band wireless sensing and
identification applications [20], [21], [22].

The proposed configuration employs square-loop
resonators integrated into the ground plane, enabling
frequency-selective absorption while allowing par-
tial transmission at specific bands. The resonant
behavior of the square loops induces strong sur-
face currents at the target frequencies, resulting in
enhanced absorption performance of the metamate-
rial absorber. Owing to their geometric simplicity,
square-loop resonators provide a high degree of tun-
ability, as the resonant frequencies and bandwidth
can be adjusted by modifying the loop dimensions,
periodicity, or by incorporating additional resonant
elements. This design flexibility enables precise
tailoring of the absorber response, making the pro-
posed structure suitable for applications such as
electromagnetic shielding. Similar geometric tuning
and impedance-matching strategies have been re-
ported to achieve near-perfect dual-band absorption
in frequency-selective surfaces [23].

The structure consists of multiple layers, which
is a widely used configuration [24], with patterned
copper loops located in the middle and on the back
face, corresponding to the ground plane. As illus-
trated in Fig. 1(a), the middle section incorporates
three copper square loops: /; with a side length of
7.31 mm and track width w; of 1.25 mm, [, with
a side length of 11.5 mm and track width w; of
0.5 mm, and /3 with a side length of 25.7 mm
and track width w3 of 1 mm. The ground plane
contains two square loops configured with side
length [g; of 9.5 mm and track width w,; of
0.3 mm, and side length /,> of 13.95 mm and track
width wgy of 0.3 mm, as shown in Fig. 1(b). The
proposed structure uses a low-cost FR-4 substrate
with a thickness of 2.4 mm, dielectric constant of
4.4 and loss tangent of 0.02, as illustrated in Fig.
I(c). The geometrical dimensions k; and h, were
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Fig. 1. Front element: (a) View of the Front FSS Element Array,
(b) View of the Ground Plane FSS Element Array and (c) Top view
of the FSS, where the substrate is rendered opaque to emphasize the
loops.

initially defined based on commercially available
substrate sizes and manufacturing constraints. In the
early stage of the design process, a free-standing
model was simulated to estimate the resonance
behavior and identify suitable initial dimensions
for the metallic patterns. Subsequently, the dimen-
sions were adjusted and optimized considering both
the substrate characteristics and the desired ab-
sorption response. Different absorption bands can
be achieved by modifying the dimensions and the
number of resonant metallic loops since the reso-
nance frequencies are directly related to the effective
electrical length of the structures. The addition of
new loops and the adjustment of their dimensions
are effective approaches for introducing or boosting
absorption bands. The complete structure features a
layered configuration composed of an FR-4 super-
strate, an FR-4 substrate containing the patterned
metallic layer and a ground plane at the bottom.
FR-4, which is a commonly used dielectric material
in electronic circuits, plays a significant role in
enhancing coupling effects and achieving efficient
absorption. The front face of the assembly includes
a plate of FR-4 superstrate with a thickness h; of
0.8 mm, as illustrated in 1(c), which is crucial for
the absorber’s performance. This FR-4 superstrate

126

acts as a key component of the proposed structure,
since its dielectric properties, combined with the
interaction with the metallic elements, modify the
overall impedance of the system. This modification
facilitates electromagnetic coupling and tunes the
resonance frequencies, ultimately improving both
coupling efficiency and absorption. The spacing
between adjacent loops, i.e. gap, was defined as
0.3 mm on the front face and 12.05 mm on the back
face. The periodicity P of the unit cell arrangement
was set to 26 mm, ensuring a repetitive and con-
sistent structure. The plates are positioned so that
the middle face serves as the patterned resonating
surface, while the back face functions as a reflective
ground plane only at the desired frequency. Using
a square loop in the ground plate allows efficient
absorption, adjusting the properties of the square
loop elements, which allows transmission between
the structure and the ground plate, unlike a full
copper ground plate. The chosen thickness of the
plates and arrangement of the loops contribute to the
overall effectiveness of the metamaterial absorber
across the targeted frequency range.

All metallic layers were modeled with a thickness
of t,, = 0.035 mm, ensuring proper electromagnetic
transmission through the metasurface. This config-
uration is a foundation for the development of the
absorber presented in this work. The final unit cell
geometry and the corresponding design stages are
illustrated in Fig. 1(c).

III. NUMERICAL MODELING AND ANALYSIS OF THE
MEeTtasurRFACE UniT CELL

Numerical simulations were conducted to model
the electromagnetic behavior of the proposed meta-
surface unit cell, following the design and methodol-
ogy outlined in the previous section. The following
section provides a comprehensive description of
the simulation setup, boundary conditions, material
parameters, and the process for extracting the rele-
vant scattering parameters to characterize absorber
performance.

A. Frequency-domain unit cell analysis

The performance of the proposed metamaterial
absorber was evaluated using CST Microwave Stu-
dio. The CST’s “Metamaterial - Unit Cell” tem-
plate, available under the periodic structures and
frequency-selective surfaces (FSS) category, was
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employed. All numerical simulations were per-
formed assuming an infinite periodic array, im-
plemented through periodic boundary conditions
and Floquet-modes with plane-wave excitation. The
unit-cell boundary condition enforces periodic repli-
cation of the modeled structure in the transverse
directions, effectively extending it to infinity. As
illustrated in Fig. 2, the simulation domain used for
the analysis includes the unit-cell geometry, peri-
odic boundary conditions applied in the transverse
directions, and excitation ports defined along the
propagation axis.

The frequency range for the analysis was defined
from 0.1 GHz to 10 GHz. A broadband frequency
sweep was adopted to identify spurious resonances,
higher-order modes, and unintended transmission
bands beyond the targeted frequencies. A frequency-
domain solver was utilized with two ports, each one
is configured to support two modes, allowing for
the assessment of both co-polarization and cross-
polarization effects. The immediate goal of the
simulation was to extract the S-parameters S1; and
S21 in the Co-polarization and Cross-polarization,
which characterize its reflection and transmission
properties, respectively. Co-polarization refers to
the field component that is measured in the same
polarization as the incident wave, while Cross-
polarization denotes the field component that is
measured in a polarization that is orthogonal to that
of the incident wave. The absorption was calculated
according to the following. Absorption A is calcu-
lated from reflectivity R and transmittance 7 as [25]:

A(w) =1-R(w) - T(w). (1)

For a two-port periodic unit cell, these quantities are
obtained from the S-parameters:

Transmitted
wave

~

- Reflected
wave

- Incident
wave

Fig. 2. Boundary conditions for modeling the unit cell in CST.

R =181, (@) +1S11,, (@),
T = Sa1,. (W) + |S21,, (W) [*.

2)
3)

In (2) [25], Si1,,(w) denotes the co-polarized re-
flection and S11,, (w) represents the cross-polarized
reflection. In (3) [25], S21,. (w) denotes the co-
polarized transmission and S>1,, (w) represents the
cross-polarized transmission. Here, w denotes the
angular frequency of the excitation; all quantities
are evaluated at w for measured and simulated
responses.

Simulation is a critical step in validating de-
sign decisions and predicting the response of the
absorber under various operating conditions. By
analyzing the S-parameters, the structure can be op-
timized before fabrication, thereby reducing devel-
opment costs while ensuring efficient performance.
Furthermore, the ability to test multiple configu-
rations through simulation enables rapid iteration
and refinement, ultimately leading to a more ef-
fective metamaterial absorber within the intended
frequency range.

The simulation setup consists of a single unit cell
positioned along the positive z-axis, aligned with
waveguide ports. This port serves as the excitation
source, enabling the unit cell to be irradiated by
electromagnetic waves during the simulation pro-
cess. In the model, the zpn;, boundary of the unit
cell is oriented toward the ground plane, which
is defined as zero and treated as open in the z
direction. Periodic boundary conditions are applied
in the x- and y-directions, while open boundary
conditions are imposed along the z-axis. To eval-
uate the performance and electromagnetic response
of the proposed design, the scattering parameters
were analyzed, with particular attention given to
the reflection coefficient S;; and the transmission
coefficient S»;.

To define the bandwidth, the initial and final
frequencies were determined based on the -10 dB
criterion applied to the reflection coefficient. In the
reflection coeflicient S1; response, three prominent
resonance peaks were identified: the first one at
2.77 GHz, with a bandwidth of 532.5 MHz; the
second one at 3.493 GHz, with a bandwidth of
92.9 MHz; and the third one at 5.81 GHz, with a
bandwidth of 347.7 MHz, as illustrated in Fig. 3.
Similarly, for the transmission coefficient response
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Fig. 3. The simulated co-polarization reflection curves of the
proposed absorber.

S21, the passbands were defined considering trans-
mission levels between 0 dB and -3 dB, whereas
the stopbands were characterized by transmission
levels below -10 dB. And three prominent resonance
peaks were also observed: the first one at 1.04 GHz,
with a bandwidth of 785.49 MHz; the second one
at 4.25 GHz, with a bandwidth of 277.5 MHz; and
the third one at 9.35 GHz, with a bandwidth of
1.3853 GHz, as shown in Fig. 4.

Transmission Coefficient (dB)
O
o

2 4 6 8 10
Frequency (GHz)

Fig. 4. The simulated co-polarization transmission curves of the
proposed absorber.

Tab. I summarizes the results obtained for the res-
onance frequencies and their corresponding band-
widths, represented by the valleys of the reflection
and transmission curves shown in Fig. 3 and Fig. 4.

Based on the simulated data, the absorption was
calculated and shown in Fig. 5. The simulation
results revealed two distinct absorption bands at
approximately 3.5 GHz and 5.8 GHz, with respec-

TABLE I
RESONANCE FREQUENCIES AND BANDWIDTHS.

Parameter Frequency (GHz) | Bandwidth (MHz)
2.77 532.5
Reflection Sy 3.49 92.9
5.81 347.7
1.04 785.49
Transmission Sy 4.25 277.5
9.35 1385.3

tive bandwidths of 92.9 MHz and 347.7 MHz. The
recorded absorption levels were 70.91% at 3.5 GHz
and 59.15% at 5.8 GHz.

Due to the alteration of the ground plane, a
decrease in the absorber’s effectiveness is expected.
However, simulations show that the absorption still
exceeds 50%, which indicates that the structure
can still operate as a chipless tag since, chipless
tags are decoded through their spectral response
rather than requiring perfect absorption [26]. De-
spite the decrease in absorption, the possibility of
allowing partial transmission in specific frequency
bands opens new avenues for practical applications.
Therefore, by maintaining an appropriate level of
absorption, the structure retains its usability, while
also gaining additional functionality through con-
trolled transmission.

80
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Fig. 5. Predicted absorption behaviour of the simulated structures.

TABLE 11
RESONANCE FREQUENCIES AND CORRESPONDING ABSORPTIONS.

Frequency (GHz) | Absorption (%)
347 76.86
5.63 77.59
3.5 70.91
5.8 59.15
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Further analysis of the simulated data identified
two prominent absorption peaks: the first peak at
3.47 GHz, corresponding to an absorption rate of
76.86% and the second peak at 5.63 GHz, with an
absorption rate of 77.59%. Overall, at the frequen-
cies of interest, the absorption levels achieved were
70.91% at 3.5 GHz and 59.15% at 5.8 GHz. Tab. 11
summarizes the results for both the absorption peaks
and the absorption levels at the specified frequen-
cies.

B. Effect of the dielectric loss tangent and metal
thickness validation

A parametric analysis was performed to examine
the influence of dielectric and conductor losses
on the simulated absorption response. The analysis
considers variations in the dielectric loss tangent of
the structure and evaluates the simulated absorption
of the metasurface. In addition, the contributions
to power dissipation from both the metallic and
dielectric layers were analyzed, enabling the charac-
terization of loss-related effects within the structure.

4
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Fig. 6. Simulated contributions of the metallic and dielectric layers
to power absorption at a fixed excitation level.

In this article, to verify the influence of materials
on absorption, the power loss per material on the
absorptivity response was analyzed. The simulation
results are shown in Fig. 6, considering an input
signal with 0.5 Watts of power. As can be observed,
almost all the energy is absorbed within the lossy
substrate, and the loss tangent of FR-4 plays an
important role in absorption. As expected, most of
the incident wave is absorbed within the substrate.
This behavior is shown in Fig. 7, which highlights

the influence of the simulated loss constant on
absorptivity. Analysis of the curve shows that less
than 25% of the energy is absorbed when the di-
electric is lossless [Im(g;) = 0], and all the absorbed
energy is consumed in the metal. As the loss tangent
increases to approximately 0.025, the absorptivity
also increases, reaching values above 77% at both
frequencies. Furthermore, for values of Im(e) above
the optimum value, absorption decays and remains
at a constant value of about 44%. It is concluded,
therefore, that values far from Im(e) = 0.025 (tan
0 < 0.025 or tan ¢ > 0.025) imply a reduction in
absorption at both frequencies.

80 A ' I I —— @3.47 GHz
. —-—- @5.63 GHz
\-
— 60t
X
2
=
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2
S 5 J
< 40
20 r 1 y 1 . 1 r 1 .
0.0 0.2 0.4 0.6 0.8 1.0
Im (&)
Fig. 7. Simulated absorption at the two selected resonance fre-

quencies as a function of the dielectric loss tangent, illustrating
how substrate losses affect the absorption behavior of the proposed
metasurface.

IV. FaBricatioN PROCESS

Two fabrication techniques were employed for
the development of the front loops and the ground
plane. The front loops were produced using an
LPKF ProtoMat S103 PCB milling system, while
the ground plane was fabricated through a pho-
tolithographic process involving photosensitive ink
and ultraviolet (UV) exposure. The selection of
the fabrication method significantly influences the
resolution and accuracy of the conductive tracks.
The LPKF milling system enables the production
of fine conductive traces with minimal spacing,
which makes it suitable for designs that require high
resolution and geometric complexity. Following the
milling step, the fabricated substrate was coated
with a protective enamel layer and subsequently
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Fig. 8. Fabricated substrates boards arranged side by side.

subjected to a chemical etching process using fer-
ric chloride. This additional etching stage removes
residual exposed copper, further refining circuit def-
inition and minimizing the number of drilling op-
erations. In contrast, the photolithographic method
involves the application of a photosensitive ink layer
onto the copper-clad substrate. The circuit layout,
prepared in a mirrored format, is transferred through
controlled UV exposure. The irradiated regions
polymerize and remain intact, while the unexposed
areas are removed during a chemical development
stage. Subsequently, ferric chloride etching dissolves
the unprotected copper regions, resulting in the
final circuit pattern. Although this method is cost-
effective and widely adopted, its resolution is in-
herently constrained by factors such as UV light
dispersion and the quality of the photomask during
exposure.

The LPKF method was chosen for the middle
layer due to its loop array needing features with
higher resolution and closely spaced traces. In the
photolithographic technique, such narrow spacings
can result in defects during the development pro-
cess, which can cause inadequate ink adhesion or
incomplete removal of ink in the thinnest features.

At the end of the fabrication process, the sub-
strates are cut to the required dimensions to com-
plete the production. As shown in Fig. 8, the three
fabricated substrates are displayed side by side,
clearly illustrating the final result of the prototyping
process. The structure measures 182 mm on each
side and consists of 49 loops arranged in seven
columns and seven rows. The fabricated boards
exhibit good quality and consistent sizing. Fig. 9
illustrates the alignment of the boards in a config-
uration similar to the expected arrangement of the
final prototype.

In Fig. 9, the FR-4 substrate is located in the
front, the loop layer is located in the center of
the structure, the ground plane is positioned at the

Fig. 9. Alignment of the fabricated boards in the expected configu-
ration of the final prototype.

bottom, clearly displaying its corresponding loop
pattern. Fig. 9 effectively illustrates the anticipated
alignment of the layer and the structural arrange-
ment of the proposed design.

V. MEASUREMENT SETUP

For a complete understanding of the structure
and making precise comparisons with simulation
results, it is crucial to establish a measurement setup
that aligns with the proposed structure. For the
proposed structure, measurements were performed
in an anechoic chamber to reduce environmental
reflections and electromagnetic interference, con-
tributing to more reliable experimental results. All
measurements were performed using a Keysight
N5232A Vector Network Analyzer (VNA).

Two different measurement setups were devel-
oped using Dual-Ridged Horn antennas (COM-

£
S
= J”}H?; Tam A »

\

Fig. 10. Free-space transmission measurement calibration setup using
horn antennas.
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POWER AH-18 model). In this setup, the antennas
were positioned facing each other, with a separation
distance of 4 m, while the prototype structure was
placed at the center of the propagation path between
them, as shown in Fig. 10. This configuration was
designed to measure the transmission coefficient of
the structure and is a widely used measurement
method [27], [28]. To guarantee a precise alignment,
the antennas were positioned using a laser level, as
illustrated in Fig. 11. The same alignment procedure
was then applied to the prototype to ensure exact
positioning along the measurement axis.

'T"d o 5’"/"1“3": v'." "

Fig. 11. Antenna alignment procedure using a laser level.

The setup for the final transmission measure-
ment is illustrated in Fig. 12, where the prototype
structure is visible. To obtain reliable results, the
structure was surrounded by a square protective
material, approximately 60 cm wide and 45 mm
thick, designed to minimize direct transmission be-
tween the horn antennas. This arrangement effec-
tively suppresses unwanted coupling, ensuring that
the measured signal corresponds primarily to the
transmission through the proposed absorber.

The second configuration was designed to mea-
sure the reflection coefficient using an NRL arch
with a radius of 1.2 m, thereby allowing angular
positioning of the antennas during measurements.
For this setup, the antennas were positioned along
a curved support, allowing for changes in the angle
of incidence, as shown in Fig. 13. Measurements
were made at 0°, 15° and 30° incidence angles.
To avoid direct coupling between the transmitting
and receiving antennas, which could compromise
the reflected signal, a shielding material was placed
between them, as shown in Fig. 14, to ensure that
the signal reflected by the absorber was primarily
captured. In Fig. 14 the antennas were positioned
with an incidence angle of 15° relative to the normal
direction of the structure surface.

Fig. 12. The c with a protective material being measured in an
anechoic chamber.

Fig. 13.
mounted on the NRL arch.

Reflection measurement configuration with antennas
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Fig. 14. Reflection measurement configuration with shielding mate-
rial placed between the antennas.

VI. EXPERIMENTAL RESULTS AND DISCUSSION

To evaluate the functional effectiveness of the
suggested design, measurements were performed as
described in Section V. In the analyzer, a frequency
sweep from 2 GHz to 10 GHz was configured in the
analyzer, covering all expected operational bands of
the metasurface. In order to evaluate the absorption
metrics consistently with the simulations, the S-
parameters of the fabricated prototype were mea-
sured. Furthermore, to analyze performance varia-
tion under different incidence conditions, a paramet-
ric variation was carried out for incidence angles of
0°, 15° and 30°.

er=4
—— =42
—- g=4.4
N | R €=4.6
-35 i —— Measured

Reflection Coefficient (dB)

-30

2 3 4 5 6 7 8 9 10
Frequency (GHz)

Fig. 15. Simulated and measured reflection coefficients Sj;.

The simulated results presented in Fig. 15 were
generated using the modeling approach outlined in
Section III, which assumes an infinitely periodic
array and neglects both horn antennas and finite-
size effects. In comparison, the measured results
were obtained from a finite 7 X 7 prototype that
was characterized using horn antennas. The overall
dimensions of the fabricated array were selected
based on the horn antenna configuration used in
the measurements, so that the illuminated region
remained largely contained within the sample area.
This comparison is justified because the unit-cell
simulations capture the intrinsic response of an
infinite periodic structure, while the horn antennas
provide quasi-plane wave illumination over the sam-
ple.

Fig. 15 presents the comparison between the
simulated and measured reflection coefficients. A
clear similarity can be observed between the curves,
with only a slight shift in the target bands. Since the
dielectric constant of commercial FR-4 substrates
may vary with the manufacturing process, addi-
tional simulations were performed using dielectric
constant (&;,) values of 4.0, 4.2, 4.4 and 4.6, with
4.4 corresponding to the nominal value used in
CST Microwave Studio. The results indicate that
variations in the substrate permittivity primarily
shift the resonance frequencies, helping to explain
the differences observed between the simulated and
measured responses.

This deviation can be compensated through some
minor adjustments in the loop dimensions, ensuring
better agreement between simulation and measure-
ment. The results obtained show primary reflection
minima close to the target frequency at 3.69 GHz
(with a minimum of —17.3 dB) and 5.96 GHz (min-
imum of —13.2 dB). Additional minima identified
during measurement are detailed in Tab. IIl. The
corresponding reflection bands with S;; < —10 dB
are 2.72-3.26 GHz, 3.55-3.81 GHz, 4.65-4.89 GHz
and 5.85-6.30 GHz, as summarized in Tab. IV.

The appearance of unexpected bands in the mea-
surements could be attributed to deviations in align-
ment within the assembled structure due to unavoid-
able fabrication tolerances. During the layer stacking
process, slight variations in spacing, alignment, and
feature dimensions, either within the overall assem-
bly or among the individual loops, can accumulate.
This accumulation can lead to unanticipated shifts
in the measured response.
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Fig. 16. Measured reflection coefficients S1; under different incidence

angles.

TABLE III
MEASURED FREQUENCIES WITH MINIMUM REFLECTION.

Frequency (GHz) Magnitude (dB)

3.04 -20.3
3.69 -17.3
4.76 -14.5
5.96 -13.2
6.19 -13.2

Fig. 16 illustrates the effect of the incidence angle
on the reflection response. As the angle increases,
the high-frequency resonance is improved, while a
slight reduction is observed at lower frequencies.
Despite some fluctuations, the general trend of the
curve remains consistent with the theory. At 30°,
a noticeable phenomenon can be seen: the primary
frequency bands of interest at 3.5 GHz and 5.8 GHz
are kept as clearly defined, while still allowing
additional unexpected bands to emerge. This re-
sult indicates a stable performance under angular
variation, and it suggests opportunities for further
optimization of the structure.

Fig. 17 shows the comparison between the sim-
ulated and measured transmission coefficients. A
larger discrepancy can be observed between the
two results, particularly below 8 GHz, where there

TABLE IV
MEASURED REFLECTION BanDs (1.E., S1; < =10 pB).

Frequency Range (GHz) Bandwidth (MHz)

2.72 - 3.26 540
3.55-3.81 260
4.65 — 4.89 240
5.85 - 6.30 450
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Fig. 17. Simulated and measured transmission coefficients S2;.

TABLE V
MEASURED TRANSMISSION BaNDs (1.E., Sp; < —10 pB).

Frequency Range (GHz)
8.20-9.46
9.80-10.24

Bandwidth (MHz)
1260
440

are no pronounced minima in the measured data
below 8 GHz. However, the overall trend remains
consistent, indicating that the structure could be
reconfigured to operate effectively in this range.
For higher frequencies, i.e., greater than 8 GHz, a
broad transmission band is observed from 8.20 to
9.46 GHz, as summarized in Tab. V, in agreement
with the simulation, with the minima described in
Tab. VL
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Fig. 18. Measured transmission coefficients S2; under different

incidence angles.

When the angle of incidence is varied, as illus-
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TABLE VI
MEASURED TRANSMISSION FREQUENCY MINIMA.

Frequency (GHz) Magnitude (dB)

8.48 -15.8
9.22 -13.6
10.02 -14.3
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Fig. 19. Simulated and measured absorptions.

trated in Fig. 18 an improvement in the transmission
of low frequencies becomes evident. For incidence
angles of 15° and 30°, a significant minimum is
observed around 2.5 GHz, along with noticeable
shifts in the higher-frequency bands above 8 GHz,
as summarized in Tab. VL.

TABLE VII
MEASURED ABSORPTION BANDS (I1.E., ABSORPTION > 50%)

Frequency Range (GHz)
3.52-3.73
4.58-4.73
5.95-6.18
7.11-7.31

10.06-10.26

The absorption calculated from the measured S-
parameters is shown in Fig. 19, together with the
simulated response for comparison. For the absorp-
tion response, a similar frequency shift was also ob-
served. Below 5 GHz, the measured data show better
agreement with the simulated curve for ¢, = 4.0.
However, above 5 GHz, the same frequency dis-
placement observed in the other analyzed responses
remains present. This frequency shift has been ob-
served for the 3.5 GHz absorption band, along with

an unexpected peak near 4.65 GHz, as listed in
Tab. VIII. The absorption peak observed may be as-
sociated with an additional resonant mode generated
by the electromagnetic coupling between adjacent
metallic loops. Due to the interaction between the
resonant elements, secondary resonances can arise,
resulting in the appearance of unexpected absorp-
tion peaks. The higher band is also shifted toward
approximately 6.0 GHz, while additional significant
peaks appear around 7.21 GHz and 10.17 GHz. As
summarized in Tab. VII, the measured absorption
bands of 3.52 GHz to 3.73 GHz and 5.95-6.18 GHz
are close to the simulated predictions, while addi-
tional bands are also observed, as listed in Tab. VII.

80

o
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Absorption(%)
iy
o

20:;

Frequency(GHz)

Fig. 20. Measured absorptions under different incidence angles.

As illustrated in Fig. 20, the angular variation
further enhanced the absorption performance for 30°
incidence, where one peak exceeded 80% absorption
and two additional peaks remained above 60%.
This result highlights the angular robustness of the
structure.

TABLE VIII
COMPARISON OF ABSORPTION PEAKS FOR SIMULATED AND MEASURED
DATA.

Band Simulated (GHz, %) Measured (GHz, %)

1 3.47, 76.9% 3.62, 62.8%
2 5.63, 77.6% 4.65, 57.4%
3 - 6.05, 60.1%
4 - 7.21, 59.1%
5 — 10.17, 56.5%

VII. CoNCLUSION

This paper presents the design, performance eval-
uation and fabrication of a metasurface absorber
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with transmission capability that utilizes square
loops instead of a solid ground plane. The proposed
structure consists of two different loop designs: one
loop acts as the ground plane, while the other is
placed on the front of the substrate, accompanied
by an additional dielectric layer on the front. The
absorber operates under normal incidence at two
frequencies, 3.5 GHz and 5.8 GHz, exhibiting sim-
ulated absorption peaks of 76.9% at 3.5 GHz and
77.6% at 5.63 GHz. Measured results, however,
revealed additional absorption peaks and frequency
shifts relative to the simulated predictions. Absorp-
tion peaks of 62.8%, 57.4%, 60.1%, 59.1% and
56.5% were recorded at frequencies of 3.62 GHz,
4.65 GHz, 6.05 GHz, 7.21 GHz and 10.17 GHz,
respectively. These results align closely with the
simulated response, and further enhancements are
needed based on the measured data to improve per-
formance. Such adjustments would help to minimize
the frequency shifts observed in the experimental
data and to elevate the absorption peaks to values
closer to 80%. The proposed structure can be em-
ployed as a chipless tag by detecting its character-
istic electromagnetic signature. In addition to the
absorption response, the transmission characteristics
also offer possibilities for coding and identification.
Specifically, different resonant configurations can
generate distinct spectral signatures. These features
together create potential applications in conveyor
belt monitoring systems and identification platforms
that could rely on transmission-response detection.
The results demonstrate that employing loops in the
ground plane is a viable approach, which can be
further optimized, representing a step forward in the
development of this technique.
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