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Abstract: Absorption of electromagnetic waves in a broadband frequency range with polar-
ization insensitivity and wide incidence angles is greatly needed in modern technological
applications. Many methods using metamaterials have been suggested to address this re-
quirement; they can be complex multilayer structures or use external electronic components.
In this paper, we present a plasmonic metasurface structure that was simply fabricated
using the standard printed circuit board technique but provided a high absorption above
90%, also covering a broadband frequency range from 12.30 to 14.80 GHz. This plasmonic
metasurface consisted of structural unit cells composed of multiple split rings connected by
a copper bar. Analysis, simulation, and measurement results showed that the metasurface
also showed polarization-insensitive properties and maintained an absorption above 90%
at incident angles up to 45 degrees. The suggested plasmonic metasurface is a fundamental
design that can also be used to design the absorber in different frequency ranges and is
able to adapt well to being fabricated at various scales.

Keywords: metamaterial absorber; plasmonic metasurface; broadband

1. Introduction
Materials with unique electromagnetic (EM) properties that can be engineered are be-

ing extensively researched and applied in various fields of science and technology today [1].
Metamaterials are among these, produced by arranging meta-atoms according to specific
principles. We can develop a material structure with extraordinary EM characteristics that
cannot be found in natural materials [2]. Metamaterials with properties such as negative
permittivity (ε) or permeability (µ) have been studied in recent years and introduced in
numerous potential applications, including invisibility cloaking, super lenses, energy har-
vesting, wireless power transmission, and especially perfect EM wave absorption [3–6].
The metamaterial perfect absorber (MPA) is one of the remarkable applications of meta-
materials, made by designing material structures in such a way that, when interacting
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with EM waves, all or most of the incident waves are trapped and dissipated within the
structure [7,8].

Thanks to its unique properties, the MPA can be applied in various fields. For in-
stance, in sensing applications, MPAs can detect changes in the refractive index of the
surrounding environment [9]. In radar applications, they can absorb EM waves in the
Ku-band wavelength range, rendering objects invisible to military radar systems [10]. In
energy harvesting, they enhance the absorption and conversion of incident EM waves into
usable electrical energy [11]. Additionally, MPAs find applications in many other areas.
Research on different MPA structures is highly diverse, depending on specific applications.
The most fundamental and earliest studies focused on MPAs capable of fully absorbing
EM waves at a single designed frequency [12]. Subsequently, those capable of absorbing
waves at multiple frequency peaks were introduced as an extension of the single-peak
absorption type [13]. As the demand for practical applications grows, research on MPAs
has increasingly focused on designing absorbers with a wide absorption bandwidth across
a frequency range [14]. To realize broadband absorption, several MPA design approaches
have been proposed. Ullah et al. suggested external resistors to absorb energy, which
reduced the Q-factor of the metamaterial unit cell and broadened the absorption band-
width [15]. Zhang et al. proposed a multilayered metamaterial structure to extend the
absorption bandwidth, based on the principle of superposition [16]. Liang et al. utilized a
special material, a resistive film, to obtain the absorption over a frequency range from 4 to
24 GHz [17]. Several other studies by Feng et al. and You et al. utilized materials such as
Ti2C3Tx MXene or doped silicon to develop broadband MPA structures operating in the
THz frequency range [18,19].

One of the methods used to design the broadband MPAs is to use the spoof surface
plasmon polariton (SSPP) effect in the GHz and THz frequency range. Materials with
plasmonic effects have also been studied and found to have numerous applications in
the optical wavelength region [20]. The SSPP effect in metamaterial structures was first
proposed by Pendry et al. in 2004 [21]. Metamaterial structures that responded to EM waves
in the GHz and THz frequency range exhibited behavior similar to SSPPs in the optical
range [22,23]. The properties of SSPP, such as local field enhancement, strong dispersion,
and propagation characteristics in the deep subwavelength regime for application in
waveguiding, plasmonic circuits, conformal circuits, and diffractive neural networks, have
been extensively studied in recent years [24–28]. These properties were highly effective in
designing broadband metamaterial absorbers. Many broadband metamaterial absorber
structures have been proposed, based on the SSPP effects in metamaterials [29,30]. For
example, periodic arrangements of metallic strips with overlapping lengths were designed
to achieve the superposition of neighboring resonance peaks [31]. This resulted in a wide
absorption band for the metamaterial structure. However, these designs typically utilized
longitudinal arrays to obtain the superposition along the propagation direction of incident
EM waves. While this approach was highly effective in developing metamaterial structures
with wide absorption bands, it required the structures to be in a 3D form [32]. This made
them bulky and challenging to fabricate.

In this study, we propose a plasmonic metasurface design, based on the SSPP principle,
which operates entirely on a flat metamaterial surface. This structure is capable of absorbing
EM waves over a wide frequency range, from 12.30 to 14.80 GHz. The unit cell of the
plasmonic metasurface consists of multiple split rings that have a circular shape, providing
excellent responses to various polarizations and incident angles of incoming EM waves.
Notably, our plasmonic metasurface was fabricated using standard PCB technology without
specialized materials or external electrical components. The proposed structure was planar
and fabricated from circular copper strips on an FR4 dielectric substrate, making it easy
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to manufacture with high stability. With an absorption exceeding 90% across a wide
wavelength range in the Ku-band, this plasmonic metasurface has potential applications in
radar stealth, satellite communication, and spectral imaging.

2. Design and Analysis
The proposed plasmonic metasurface in this paper was composed of ten concentric

split rings with varying diameters (Ring-1 to Ring-10), as illustrated in Figure 1a. The entire
structure was fabricated as a three-layer configuration, where the top layer consisted of a
structure comprising ten concentric split rings to generate the SSPP effect. However, this
particular concentric ring structure was specially divided into four separate segments, and
the rings were interconnected by four metallic bars. Thanks to these connections, a portion
of the rings could simultaneously contribute to the generation of multiple resonance fre-
quencies when linked with other split rings of different diameters. The multiple resonance
frequencies, generated by these pairs of split rings, induced superposition, forming a broad
resonance band for the structure. Similar to the conventional MPA structures, this design
adopted a sandwich configuration, with a dielectric layer of FR-4 in the middle, having a
thickness of 3.2 mm, a dielectric constant of ε = 4.3, and a loss tangent of tan δ = 0.025. The
bottom layer was a continuous copper sheet that prevented EM waves from transmitting
through the structure [33].
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Figure 1. (a) Schematic illustration of the plasmonic metasurface and its unit cell, and (b) high
absorption at various incident angles.

Figure 1b presents the simulated absorption spectrum of the proposed plasmonic
metasurface at some incident angles of EM waves for the TE mode, ranging from 0 to
45◦. The simulations were conducted using CST Studio Suite 2023 software with periodic
boundary conditions applied along the Ox and Oy directions to model the 2D metamaterial
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structure [34]. In the CST Studio Suite 2023 software, this boundary condition can be
selected by using the “unit cell” mode for the Ox and Oy dimensions, while “Et = 0” was
chosen for the Oz axis (Zmin) at the bottom of the unit cell. The opposite side (Zmax) was
configured in the “open” mode, serving as the wave source for the incoming wave. The
results indicated that the plasmonic metasurface exhibited an absorption exceeding 90%
within a broadband absorption range from 12.30 to 14.80 GHz.

The plasmonic metasurface, as illustrated in Figure 1, can be described in terms of
an equivalent circuit model based on the transmission line theory [35]. The plasmonic
metasurface is represented by a combination of circuit elements connected together, as
shown in the circuit diagram in Figure 2. The impedance of free space is represented by Zs.
Subsequently, the circular structure is modeled by the RLC circuits. The dielectric substrate
is represented by impedance Zd. Finally, the continuous copper layer on the backside of the
dielectric layer is considered a short-circuit component in the circuit model [36].
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Figure 2. Equivalent circuit model for the plasmonic metasurface.

From the equivalent circuit, the input impedance of plasmonic metasurface can be
calculated by using the following formula:

ZIN =
ZPMZd

ZPM + Zd
. (1)

ZPM is the impedance of the circular structure of the plasmonic metasurface and is
calculated from the parallel RLC circuit components, as shown below.

1
ZPM

=
1

Z1
+

1
Z2

+ . . .
1

Zn
(2)

where
Zi = Ri + jωLi +

1
jωCi

(3)

with Ri, Li, and Ci as the resistance, inductance, and capacitance of the ith branch, respec-
tively. In addition, n is the total number of branches in the parallel circuit.

Consequently, the reflection coefficient of the plasmonic metasurface under the inci-
dence of an EM wave can be determined with the following expression:

Γ =
ZIN − Zs

ZIN + Zs
. (4)



Photonics 2025, 12, 334 5 of 14

According to the transmission line theory, to obtain the minimum reflection coefficient,
the input impedance should match that of the free space, as mathematically expressed in
Equation (4). The input impedance of the plasmonic metasurface is composed of those of
the dielectric layer and the split circular structure. These split rings were positioned very
close to one another, resulting in coupling effects between them. This caused the plasmonic
metasurface to function similarly to a multilayer frequency-selective surface [30]. The final
outcome was the existence of a broad frequency band where the plasmonic metasurface
exhibited a low reflection coefficient and high absorption.

To further clarify the absorption characteristics of the plasmonic metasurface, we ex-
amined the response of the split-ring components within the structure. Figure 3a illustrates
the absorption characteristics of the structure formed by pairs of adjacent split rings in the
following order: Rings 1–2, 3–4, 5–6, 7–8, and 9–10, as depicted in Figure 1a. These paired
split rings present the absorption spectra with two resonance peaks in a range of 12.30 to
14.80 GHz. At both end frequencies, a high absorption of over 95% is shown. The results
indicate that, for the rings with smaller radii, the absorption peaks shift slightly toward
higher frequencies, which can be explained by the fact that the total length of the split ring
is shorter when the ring radius is smaller. It is noteworthy that the split-ring pairs can be
formed not only by adjacent rings but also by any arbitrary pairing of rings. Consequently,
a large number of coupled ring pairs can be generated. These coupled rings are capable of
strongly absorbing EM waves across different frequency ranges. As a result, the plasmonic
metasurface exhibits an overlap of multiple absorption peaks from various coupled ring
pairs, leading to a broadband absorption spectrum.
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Figure 3b presents the surface current distribution on a coupled ring at the resonance
frequency. It can be observed that strong currents flow on its surface, and notably, the
current directions on the two branches of the adjacent rings are opposite. This phenomenon
can be explained by the presence of a connected bar linking the two sections. To ensure a
continuous current flow within the structure, the current directions on the two branches
should be opposite. These results highlight the critical role of the connecting bars in this
structure. Without them, the split-ring branches in the two rings would act independently,
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not allowing the existence of multiple interconnected resonance peaks. This interconnection
is essential in forming a broadband absorption.

Two parameters, the strip width of ring (W) and the spacing between adjacent rings (S),
are critical factors in the design of the plasmonic metasurface structure. These parameters
influenced the coupling between neighboring rings as well as the overall length of split
rings, thereby determining both the resonance frequency and the absorption efficiency of
the structure. Therefore, we conducted an investigation on various values of W and S to
identify the optimal dimensions. Figure 4a illustrates the simulated absorption performance
of the plasmonic metasurface by varying the W value from 0.05 mm to 0.3 mm while
keeping all the other parameters constant. The results indicate that, at W = 0.1 mm, the
plasmonic metasurface shows an absorption exceeding 90% with the broadest frequency
bandwidth. Similarly, Figure 4b presents the corresponding results by varying the S value
from 0.05 to 0.3 mm while keeping the other parameters fixed. The results reveal that
the optimal absorption performance, exceeding 90% over a wide frequency range from
12.30 GHz to 14.80 GHz, is obtained when W = 0.1 and S = 0.1 mm. Therefore, we selected
W = 0.1 and S = 0.1 mm as the optimal dimensions for further studies. When observing the
results in Figure 4a,b, it can be seen that, as the values of S and W increase, the broadband
absorption region of the plasmonic metasurface becomes narrower. This phenomenon can
be explained by the fact that the broadband absorption region of the plasmonic metasurface
is formed, based on the overlap of the resonance regions of the split rings. When the
spacing between the split rings increases, this overlap is reduced, thereby narrowing the
broadband absorption frequency range as well as the absorption itself.
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Figure 4. Comparison of the absorption of plasmonic metasurfaces with structural parameters
L = 18.7, Rout = 7, and FR-4 thickness tsub = 3.2 mm. (a) S = 0.1 and W = 0.05–0.3 mm. (b) W = 0.1 and
S = 0.05–0.3 mm.

To better understand the underlying mechanisms responsible for the broadband ab-
sorption of the plasmonic metasurface, it is critical to examine the distributions of the E-field
and surface current within the structure. Figure 5a–c provide a detailed visualization of the
E-field distributions across the plasmonic metasurface at three representative frequencies:
12.5, 13.5, and 14.5 GHz. The components of this field represent the absolute value of the
E-field on plane z = 0. The directions of the field are not considered here. Instead, we focus
on observing the direction of the surface current flow within the structure later. It should
be noted that, at all three frequencies, the metasurface showed an absorption exceeding
90%, as in Figure 4, highlighting its efficiency in capturing EM energy. However, the
spatial distribution of the E-field reveals significant variation depending on the frequency,
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indicating that different regions of the metasurface contribute dominantly to the absorption
at different frequencies.
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At a frequency of 12.5 GHz, which corresponds to a wavelength of approximately
24 mm, the strongest E-field concentration is observed at the outermost cut circular seg-
ments of the plasmonic metasurface structure. These regions, located at the periphery of
design, act as hotspots for field enhancement and play a critical role in the absorption pro-
cess at lower frequencies. As the frequency increases to 13.5 GHz (wavelength ~ 22.2 mm)
and further to 14.5 GHz (wavelength ~ 20.6 mm), the regions of maximum E-field intensity
progressively shift inward, focusing on the smaller-diameter split rings closer to the center
of the structure. This inward movement of the E-field intensity with an increasing frequency
suggests a frequency-selective interaction between the EM wave and structural elements of
the plasmonic metasurface, highlighting the role of geometric scaling in determining the
resonant behavior of different regions. The results of the field distribution, which depend
on the positions of the split rings within the unit cell, can be explained by the fact that each
split ring with a different length resonates at a different frequency of the incident EM wave.
The relationship between the length of the split ring and its resonance frequency can be
expressed by the following formula [37]:

fij =
c
√

i2 + j2

2L√εeff
(5)

where i and j are integers (0, 1, 2. . .), i2 + j2 ̸= 0, and εeff is the effective dielectric constant.
Based on Equation (5), the operating frequency of the structure is inversely propor-

tional to the length of the split ring. Therefore, the split rings located on the inner side
respond to higher frequencies of the EM waves, and vice versa.
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In addition to the E-field distributions, Figure 5e,f present the surface current distribu-
tions within the plasmonic metasurface at the same frequencies. These current distributions
provide further insights into the physical mechanism that governs the broadband absorp-
tion. The regions exhibiting strong E-field intensities in Figure 5a–c are found to correspond
to the areas with significant surface currents. Notably, the current distribution reveals that
adjacent split rings form continuous current paths, resulting in a unique current flow pat-
tern. Specifically, the currents in neighboring loops flow in opposite directions, developing
localized magnetic dipoles that contribute to the absorption properties of the plasmonic
metasurface. These opposite current directions are a direct consequence of the structural
design with connecting bars.

A key feature of the metasurface design is the presence of connecting bars at the ends
of split rings. These connecting bars play a crucial role in enabling current flow between
adjacent rings. This connectivity facilitates the coupling and overlapping of resonances
between different structural elements, thereby enhancing the capability of the metasurface
to absorb EM waves across a wide frequency range. The coupling effect, combined with the
structural geometry of the split rings, leads to the formation of multiple absorption peaks
that overlap, resulting in the observed broadband absorption.

3. Experimental Verification for the Proposed Plasmonic Metasurface
The proposed plasmonic metasurface, which was analyzed above, was fabricated

as shown in Figure 6. The metasurface consisted of a 10 × 10 array of unit cells, as
described here and in Figure 1, with the following parameters: D = 187 mm, L = 18.7 mm,
Rout = 7 mm, W = 0.1 mm, and S = 0.1 mm. The plasmonic metasurface was fabricated
by using the standard PCB technology on an FR-4 substrate with a thickness of 3.2 mm.
The copper layers on both the top and bottom surfaces of the structure had a thickness of
0.035 mm and conductivity of 5.96 × 107 S/m. FR-4 is a highly durable material resistant
to environmental factors such as mechanical, temperature, and chemical factors, while
the copper layer, manufactured by using the standard PCB technology, exhibits excellent
adhesion to the FR-4 substrate. This method is widely employed in the fabrication of
electronic circuits and antennas owing to its high durability [38]. The structure comprised
only three layers, and with the dimensions of the unit cell as specified above, it was
relatively straightforward to fabricate. This simplicity is one of the advantages of the
proposed plasmonic metasurface by utilizing the SSPP effect, compared to multilayered
or 3D structures commonly employed in MPA designs. The overall size of the fabricated
plasmonic metasurface was 187 × 187 mm. The detailed geometrical parameters of the
proposed plasmonic metasurface are presented in Table 1.

The plasmonic metasurface was characterized by using a Rohde & Schwarz ZNB20
Vector Network Analyzer (VNA) and a pair of wideband antennas operating in a frequency
range of 12 to 18 GHz, as shown in Figure 7. The two antennas were connected to the
two ports of the VNA, enabling the transmission of EM waves toward the structure and
the reception of reflected waves. After the calibration process of the VNA, the reflection
coefficient (S11) of the plasmonic metasurface was determined through the transmission
coefficient (S21) from the transmitting antenna to the receiving one. Since the back side
of the structure consisted of a continuous copper layer, EM waves could not transmit
through the structure, and the absorption of the plasmonic metasurface was calculated
by employing formula A = 1 − |S11|2. To measure the incident angle dependence of the
plasmonic metasurface, the two antennas were rotated and moved along an arc-shaped
support, ensuring that the incident angle θi equals the reflection angle θr.
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Figure 7. Experiment setup for measuring the absorption of the proposed plasmonic metasurface.

Figure 8a presents the measured absorption performance of the plasmonic metasurface
for the TE-polarized waves at incidence angles ranging from 0 to 45◦. The results demon-
strate that the plasmonic metasurface realized an absorption over 90% of the incident wave
within a frequency range of 12.40 to 14.75 GHz. At larger incidence angles, the absorption
bandwidth becomes broader (e.g., 12.10 to 14.90 GHz at 45◦) compared to smaller incidence
angles. This could be attributed to the parallel component of the EM waves interacting
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with the plasmonic metasurface in a manner similar to 3D structures, where metal bars
aligned with the direction of the incident EM wave contributed to the absorption. When
compared to the absorption spectrum obtained from simulations, the measured values
exhibit some discrepancies. However, the broadband absorption characteristic and high
absorption exceeding 90% of the plasmonic metasurface are still preserved. The observed
differences might stem from the fabrication process of the plasmonic metasurface, since
small fabrication errors can influence the interactions between the split rings in the unit cell
structure. Nevertheless, these interactions might compensate for each other, ensuring that
the quality of the absorption spectrum of the plasmonic metasurface is not significantly af-
fected. Moreover, the discrepancies might also derive from the measurement process, since
we used a VNA to measure the reflection coefficient (S11) of the plasmonic metasurface,
from which the absorption performance was calculated. The antennas might have been
placed at slightly misaligned positions, and certain unavoidable unwanted interactions
could also contribute to these differences.
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Figure 8b illustrates the absorption performance of the plasmonic metasurface for TM-
polarized waves. Due to the design of the circular unit cell of the structure, the symmetry
is relatively high, resulting in an absorption spectrum for the TM waves, which is quite
similar to that of the TE mode. The metasurface provided an absorption over 90% in
a frequency range of 12.40 to 14.90 GHz for the TM-polarized waves. Naturally, slight
differences between the TE and TM modes remained, attributed to the inherent properties
of the metasurface and the measurement inaccuracies discussed above.

For both TE and TM modes, the absorption spectrum is not completely flat at a level of
90% across the frequency range. Instead, it reaches 99% at certain frequencies for all incident
angles. This behavior can be explained by the unequal interaction of the split-ring pairs
forming the metasurface. Nevertheless, the lowest absorption level remains above 90%,
making the metasurface suitable for applications requiring a high absorption efficiency.

4. Discussion
Metamaterials with ring and split-ring structures have been extensively studied for

broadband absorption applications, yielding significant results [39–44]. However, the
achievement of broadband absorption in previous studies often required the use of external
electrical components, multilayer structures, or specialized materials. For instance, in
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Ref. [39], Li et al. obtained an absorption exceeding 90% at incident angles from 0 to 30◦

within a frequency range of 7.93 to 17.18 GHz using a double octagonal ring structure.
However, this design necessitated the integration of four resistors into each unit cell,
where the resistors functioned as energy absorption points, contributing to the broadband
absorption performance of the structure. Similarly, in Ref. [40], the proposed absorber
prototype demonstrated an absorption exceeding 80% across a frequency range of 5.46
to 14.75 GHz, with an incident angle tolerance up to 30◦. To achieve this result, the
metamaterial absorber was fabricated as a multilayer structure, incorporating two layers of
double split-serration rings (DSSRs) sandwiched between three layers of modified epoxy
with varying thicknesses. Additionally, several other structures have been proposed for
broadband absorption. However, these designs typically required the use of four resistors
per unit cell [41,42] or even eight ones per unit cell [43]. In cases where resistors are
not employed, the proposed structures tended to rely on multilayer configurations and
specialized materials, such as indium tin oxide combined with air gaps [44].

In other studies [45,46] that did not employ external electrical components or special-
ized materials, achieving broadband absorption still remained challenging. Instead, these
studies often resulted in multi-peak absorption [45]. Occasionally, broadband absorption
was achieved; however, the absorption bandwidth was typically less than 1 GHz [46].
In contrast, our proposed plasmonic design features a simple configuration based on a
metal—dielectric–metal structure. The top copper layer was fabricated by using the stan-
dard PCB technology, which was highly straightforward and ensured high reproducibility.
No resistors or external components are required in this plasmonic metasurface. Conse-
quently, our proposed design achieved a broadband absorption within a range of 12.30 to
14.80 GHz. When compared to the previous results that used lumped elements/multilayer,
our reported relative absorption bandwidth of 18.45% is indeed narrow. However, when
compared to the publications without the use of lumped elements/multilayer, the 18.45%
bandwidth is significantly larger, since the previous publications have reported values
of 1.18%, 2.46%, and 6.46%, respectively (see Table 2). This approach offers significant
advantages in terms of compactness, ease of fabrication, and cost-effectiveness. A detailed
comparison of the performance of this work with previous studies is presented in Table 2.

Table 2. Comparison of the absorption performance with other works.

Ref. Bandwidth
(GHz)

Relative
Absorption
Bandwidth

Absorption
Lumped

Elements/
Multilayer

Polarization
(Both TE and

TM?)

Incident
Angle

[39] 7.93–17.18 73.67% >90% Yes/No Both 0–20◦

[40] 5.46–14.75 91.93% >90% No/Yes Both 0–30◦

[41] 6.80–11.80 53.76% >70% Yes/No Both 0–30◦

[43] 6.70–20.58 101.75% >90% Yes/Yes Both 0–30◦

[44] 6.21–19.31 102.66% >90% No/Yes Both 0◦

[45] Peaks at 14.50,
16.50 n/a >90% No/No Both 0, 45◦, 90◦

[46]
11.21–11.49 2.46%

>90% No/No Both 0–45◦13.92–14.85 6.46%
17.66–17.87 1.18%

This paper 12.30–14.80 18.45% >90% No/No Both 0–45◦
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5. Conclusions
This study proposes a plasmonic metasurface structure capable of absorbing over

90% of EM waves in a broad frequency range from 12.30 to 14.80 GHz. Simulation and
experimental studies demonstrated that the plasmonic metasurface maintained a high
absorption and wide bandwidth for both TE and TM waves, for incident angles up to 45◦.
Notably, the broadband absorption was obtained without the use of external elements
such as resistors or specialized materials. The structure was 2D and was easily fabricated
using the standard PCB technology. Due to its simple and compact design, the plasmonic
metasurface also exhibited high durability and was more practical for implementation
compared to previously proposed structures that relied on complex fabrication techniques.
Given its advantages, the plasmonic metasurface has potential for various applications,
including radar stealth technology, satellite communications, surveillance radars, and many
other promising fields.
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