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Abstract: Metasurface (MS) absorbers with polarization-insensitivity and wide-angle reception
features have attracted much attention due to their unique absorption property. A polarization-
insensitive broadband MS absorber structure, having wide-angle reception based on square split-ring
resonators (SSRRs) and loaded with lumped resistors, is proposed in this paper. The proposed MS
unit cell consists of a fixed-thickness FR4 dielectric substrate and a variable air-thickness substrate.
The simulation results show that the proposed MS absorber is stable across a wide angular range for
both normal and oblique incidences. Furthermore, the simulated results show that some parameters,
such as unit-cell geometry and lumped resistors, can be varied to improve the performance of the
MS absorber. The experimental results indicate that the proposed MS absorber can be achieved an
absorption higher than 90% across the frequency range from 1.89 GHz to 6.85 GHz with a relative
bandwidth of 113%, which is in agreement with simulation results. Thus, the proposed MS absorber
can be more suitable in RF energy harvesting or wireless power transfer applications.

Keywords: metasurface absorber; broadband; split-ring resonator; polarization-independent; wide angle

1. Introduction

Electromagnetic (EM) absorbers are used to convert energy in EM waves into other
forms of energy and in a variety of applications, such as EM interfaces, EM compatibil-
ity [1,2], and anechoic chambers [3]. For EM absorber applications, one can use absorbing
structures such as a Jaumann absorber [4], a wedge-tapered absorber [5], or plasma [6].
However, their use is difficult and costly. Metamaterial absorbers (MMA) are proposed
to overcome these challenges. Metamaterials can be defined as an artificial structure that
offers startling features such as negative permeability and/or permittivity, which results in
a negative or positive refractive index and backward propagation [7]. The metamaterial per-
fect absorber (MPA) was first demonstrated by Landy, et al. in 2008 [8], which has received
more attention because of its ability to absorb EM waves with a near-unity absorption
efficiency. The MMA can be formed by an ensemble of periodic subwavelength resonat-
ing unit cells with impedance matching that of the free space. Such properties of MPA
prompted researchers to use it in a variety of applications, including undesired frequency
absorption [9], energy harvesting [10–12], sensing, and optics [13,14]. The MPA prefers
to be polarization-independent, broadband, and has wide-angle reception in addition to
achieving a near-unity absorption.
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However, MMA has a limited bandwidth due to its resonating characteristic. The
MMA can be designed through a variety of approaches to enhance its bandwidth using
multilayer structure [15,16] and resistor film [17,18]. However, because of the difficulty
of impedance matching to free space for each resonance frequency, the MMAs based
on multilayer structures would suffer from a lack of absorption level as bandwidth in-
creased. In addition, the MMAs with lumped elements loaded on the top metallic resonator
with the ground plane have been demonstrated to achieve broadband absorption [19–24].
For example, a broadband MMA with a resistor element was designed in [19], where a
wider bandwidth of about 1.5 GHz with 90% absorption was obtained within a frequency
range from 3.8 GHz to 5.3 GHz. In addition, the MMA with resistor elements was pre-
sented to demonstrate a wider bandwidth within a frequency range from 2.85 GHz up
to 5.31 GHz [20]. In [21], a broadband absorber was designed using a dual-layer MS and
welded with the resistor elements to show a wider bandwidth from 3.8 GHz to 14.8 GHz. A
broadband MMA comprised of multilayer resonators separated by two dielectric layers is
designed in [22]. The resistive elements are welded on the top metallic resonator to achieve
a wider bandwidth between 4 GHz and 16 GHz. This method requires more resistor loads
and is complex for a large fabrication array. In [23], a broadband MMA with four resistor
elements was designed to have a wider bandwidth across frequency band from 8 GHz
up to 18 GHz. The four metallic holes were used to improve the absorption performance,
making fabrication more complicated. In order to efficiently absorb EM power at normal
incidence, a broadband MMA was designed to show a wider bandwidth across a frequency
range from 4.4 GHz to 18 GHz [24]. The proposed MMA comprises multi resonator slabs
loaded with lumped resistors, making fabrication more complex and expensive. In another
approach, to produce broadband with a higher absorption level, a MMA with an air layer
sandwiched between the dielectric substrate and a metal ground was used [24,25]. In [25],
an MMA consisting of a 16-sided equilateral shape hosted on the FR4 substrate was pro-
posed. A wider bandwidth of more than 2 GHz was observed within a frequency range
from 1.35 GHz to 3.5 GHz. In addition, Q. Wang, et al., have realized a broadband MMA
using a meander wire structure that operates within 1.91 GHz to 4.24 GHz [26]. Therefore,
researchers have been developed single, multiband, broadband, and flexible metamaterial
absorbers [26–32]. In [30], an absorber with fractional bandwidth of about 91.67% was
designed. Similarly, the absorbers with expensive flexible substrate materials such as
polyethylene terephthalate (PET), polydimethylsiloxane (PDMS), and polyimide (PI) were
proposed to increase the fractional bandwidth [31–33]. However, the design of a flexible
absorber requires additional fabrication processes and costs. Furthermore, broadband
remains highly desirable for practical applications, especially at the lower frequency range.

This work presents a broadband MS absorber based on the square split-ring resonator
(SSRR) loaded with lumped resistors. The proposed MS resonator is hosted on an FR4
dielectric substrate and is followed by a full-copper ground plane. An air layer with
variable thickness is sandwiched between the FR4 substrate and the ground plane. The
proposed structure-based approach is low cost with essay fabrication. Simulation results
show that the MS absorber has more than 90% absorption efficiency across the frequency
range from 1.88 GHz to 6.4 GHz. Furthermore, higher absorption can be achieved at a
normal and oblique incidence up to 60

◦
for both TE and TM polarizations. The electric

and surface current distributions are investigated to explain the absorption mechanism.
The polarization-insensitivity and wide-incident absorption properties of TE and TM
polarization waves are numerically validated. Furthermore, the simulation results show
that the critical parameters influence absorption peaks, strength, and bandwidth. Finally,
the proposed MS absorber’s performance was then verified experimentally.

2. Metasurface Absorber Design

Figure 1 depicts the proposed MS unit-cell absorber. As shown in Figure 1b, the
proposed unit cell comprises three dielectric layers: top (FR4), middle (air), and bottom
(FR4). Figure 1a depicts the SSRR hosted on the top FR-4 substrate (εr = 4.3 and δ = 0.025).
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A full copper plate (thickness = 35 µm and conductivity = 5.8× 10−7 s/m) covers the top
side of the bottom FR4 substrate to block the transient. The top and bottom FR4 substrates
have a uniform thickness (1.6 mm), but the middle air layer thickness (t) is variable.
Four chip resistors are welded on the splits of the resonator to achieve a broadband MS
absorber. The geometrical parameters shown in Figure 1c, determined for the simulation,
are: P = 40 mm, L1 = 25.8 mm, L2 = 31.53 mm, W1 = 1.4 mm, W2 = 1 mm, S = 7.1 mm,
g = 8 mm, and t = 14 mm. The four lumped resistors have the same resistance value of
R = 560 Ω. Numerical simulations were performed in the CST Microwave Studio using the
frequency domain solver to demonstrate the performance of the proposed MS absorber
and gain insight into its optimized microwave absorption mechanism. The proposed MS
absorber comprises a periodically arranged unit cell so that the performance of the central
unit cell is investigated instead of calculating the overall performance of the whole MS
absorber footprint. For the simulation, the periodic boundaries are applied with an electric
field (E-field) along the x-axis and a magnetic field (H-field) along the y-axis to model an
infinite array, as seen in Figure 2. Floquet ports are applied along the z-axis to model a
linearly polarized incident wave.
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Figure 2. Boundary setup in CST.

The effective input impedance of the MS absorber in terms of frequency can be
calculated as in Equation (1) [34]

Zin(ω) =

√√√√ (1 + S11(ω))2 − S2
21(ω)

(1− S11(ω))2 − S2
21(ω)

, where ω = 2π f (1)

Hence, to achieve a perfect absorption, the effective input impedance should match
with the free space Zin(ω) = Zo, which can be achieved by adjusting the MS structure’s
permittivity and permeability. Thus, the absorption response A(ω) can be calculated using
Equation (2), as given below [8]

A(ω) = 1− R(ω)− T(ω) (2)

where, R(ω) =|S11|2 and T(ω) =|S21|2 represent reflection and transmission coefficients,
respectively. The perfect absorption requires minimal reflection and transmission. Be-
cause the bottom layer of the MS structure is made of copper, the transmitted wave is
negligibly small.

3. Results and Discussion

Figure 3 shows the simulated absorption spectra for the proposed MS absorber under
various conditions. Figure 3a shows the simulated absorption and reflection coefficients
of the proposed MS absorber under normal incidence, where EM waves fall onto the
structure with a parallel E-field and a perpendicular H-field. As shown in Figure 3a, the
proposed MS absorber offers absorption of around 90% across the frequency range from
1.88 GHz to 6.4 GHz, and lower reflection is obtained as well. Therefore, the absorption
magnitude is calculated from the reflection coefficient only since the transmission coefficient
is almost zero. Furthermore, the absorption for two different substrate conditions is shown
in Figure 3b. The results show that the absorption spectra of the dielectric substrate
(FR-4) under loss and loss-free conditions are nearly identical. In addition, the simulated
absorption for the MS structure with and without loading resistors is shown in Figure 3c.
When the MS absorber is not loaded with resistors, the absorptions are around 21.0%,
81.7%, and 96.0% at 1.8 GHz, 6.63 GHz, and 7.0 GHz, respectively. Results show that
lumped resistors and the MS structure’s resonance response are the primary factors of the
MS absorber’s broadband absorption.
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Figure 3. Simulated absorption coefficients: (a) simulated absorption and reflection under normal
incidence, (b) absorption under two different loss conditions, and (c) the absorption of the MS
absorber with and without resistor loads.

The MS absorber’s performance is studied using E-field and surface current distri-
butions at 2.09 GHz, 4.34 GHz, and 6.2 GHz to reveal the physical mechanism of the MS
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structure. These frequencies are chosen because the highest absorption levels of about
98.2%, 99.9%, and 99.8% are achieved at these frequencies of 2.09 GHz, 4.34 GHz, and
6.2 GHz, respectively. Figure 4 depicts the proposed MS absorber’s E-field distribution.
At 2.09 GHz, the E-field is distributed throughout the resonator’s upper and lower sides
and is more concentrated along the splits, as shown in Figure 4a. Furthermore, the power
density at the frequency of 2.09 GHz is dissipated at the top and bottom resistor elements.
At 4.34 GHz, the E-field distribution on the resonator’s right and left sides are observed;
these concentrate more on the split’s left and right edges, as shown in Figure 4b. The
resonator’s induced power is wasted on the left and right resistors. At 6.2 GHz, the E-field
is distributed along the external and internal resonators and is more concentrated at the
external resonator’s edges, as shown in Figure 4c. In addition, the maximum induced
power density on the surface is dissipated on four resistor loads at 6.2 GHz, resulting in the
highest absorption level.

Electronics 2022, 11, x FOR PEER REVIEW 6 of 15 
 

 

98.2%, 99.9%, and 99.8% are achieved at these frequencies of 2.09 GHz, 4.34 GHz, and 6.2 

GHz, respectively. Figure 4 depicts the proposed MS absorber’s E-field distribution. At 

2.09 GHz, the E-field is distributed throughout the resonator’s upper and lower sides and 

is more concentrated along the splits, as shown in Figure 4a. Furthermore, the power den-

sity at the frequency of 2.09 GHz is dissipated at the top and bottom resistor elements. At 

4.34 GHz, the E-field distribution on the resonator’s right and left sides are observed; these 

concentrate more on the split’s left and right edges, as shown in Figure 4b. The resonator’s 

induced power is wasted on the left and right resistors. At 6.2 GHz, the E-field is distrib-

uted along the external and internal resonators and is more concentrated at the external 

resonator’s edges, as shown in Figure 4c. In addition, the maximum induced power den-

sity on the surface is dissipated on four resistor loads at 6.2 GHz, resulting in the highest 

absorption level. 

 

(a) 

 

(b) 

 

(c)  

Figure 4. E-field distributions: (a) 2.09 GHz, (b) 4.34 GHz, and (c) 6.2 GHz. 

The proposed MS absorber’s surface current distribution was anti-parallel, resulting 

in a significant magnetic resonance and a higher absorption, as shown in Figure 5. Figure 

5a shows the dominant surface current distribution at the inner traces at 2.09 GHz. Figure 

5b shows a highly distributed surface current at 4.34 GHz with parallel circulation cur-

rents at the outer trace. In addition, the surface current distribution along the proposed 

structure is responsible for the 6.2 GHz resonance, as shown in Figure 5c. 

Figure 4. E-field distributions: (a) 2.09 GHz, (b) 4.34 GHz, and (c) 6.2 GHz.

The proposed MS absorber’s surface current distribution was anti-parallel, resulting in
a significant magnetic resonance and a higher absorption, as shown in Figure 5. Figure 5a
shows the dominant surface current distribution at the inner traces at 2.09 GHz. Figure 5b
shows a highly distributed surface current at 4.34 GHz with parallel circulation currents at
the outer trace. In addition, the surface current distribution along the proposed structure is
responsible for the 6.2 GHz resonance, as shown in Figure 5c.
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3.1. Absorption Mechanisms and Different Design Parameters

To investigate the relationship between design parameters and absorption responses,
five major geometric parameters are numerically computed and analyzed: air layer thick-
ness (t), external resonator’s width (W1), inner resonator’s width (W2), split’s size (g),
and lumped resistance (R). Figure 6a–e depicts the absorption spectra for five different
parameters (t, W1, W2, g, and R), where only one parameter is changed simultaneously,
keeping the others constant.
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Figure 6. Simulated absorption spectra of the MS absorber: (a) air layer thickness, (b) outer resonator’s
width, (c) inner resonator’s width, (d) split’s size, and (e) load resistor.

Figure 6a presents the absorption spectra with variation in the air-layer thickness (t)
from 5 mm to 16 mm. As shown in Figure 6a, when t changes from 5 mm to 16 mm, the
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absorption peaks shift to lower frequency, and the absorption coefficient increases to more
than 90%. When t = 14 mm, the absorbance reaches around 90% across the frequency range
from 1.88 to 6.4 GHz. By adding the air layer, the total thickness increases, the dielectric’s
effective permittivity decreases, and the quality factor Q decreases. Thus, the bandwidth
increases with a decrease in the quality factor, as described in Equation (3) [31]

BW =
fo

Q
=

R
2πL

(3)

where fo = frequency, Q = the quality factor, R = resistance and L = inductance. As shown
in Figure 6b, the simulated absorption is presented when the external resonator’s width
(W1) varies from 1.4 mm to 2.9 mm with steps of 0.5 mm. The absorbance drops to less
than 90% around 5.1 GHz when W1 changes from 1.4 mm to 2.4 mm. When W1 = 2.9 mm,
a wider bandwidth of about 4.5 GHz is achieved across a frequency range from 1.88 to
6.4 GHz, as shown in Figure 6b. Figure 6c shows the simulated absorption curves when
the inner cross-resonator’s width (W2) is varied from 0.5 mm to 2 mm in steps of 0.5 mm.
As W2 increases, the resonance peaks shift to the right, and the absorption falls below
90%. When the W2 = 1 mm, the maximum absorption value is achieved. With the
change of split’s size (g) from 2 mm to 8 mm in steps of 2 mm, the absorption curves
are shown in Figure 6d. Obviously, with an absorption level higher than 90%, the wider
bandwidth of the absorption is achieved as g increases. The maximum absorption value is
observed when g = 8 mm. Finally, Figure 6e depicts the absorption level as the resistance
is varied from 450 Ω to 650 Ω. There are additional ohmic losses when resistor loads are
added to a proposed MS structure. The bandwidth is proportional to the resistor load as
described in Equation (3). It is clear that the widest continuous bandwidth with more than
90% absorption is observed when R = 560 Ω. When other resistances are selected, the
absorption peaks drop below 90% for frequencies ranging from 2.47 GHz to 3.6 GHz and
5.1 GHz to 6.2 GHz. Thus, a good match between the impedance of the MS structure and
free space (377 Ω) can be achieved when the resistor is selected to be R = 560 Ω; this results
in a perfect broadband absorption. The above results show that the unit-geometric cell’s
parameters significantly impact the absorbing capacity and that the lumped resistor plays
an important role in improving the performance of the MS.

3.2. Absorption Mechanism at Different Polarization and Incident Angles

In practice, the direction of the EM wave is unknown. So that the design of the MS
absorber capable of collecting ambient EM energy with characteristics of polarization
insensitivity and a wide incident angle from 0

◦
up to 60

◦
is desirable. Numerical simulation

was conducted to investigate the MS absorber’s polarization and oblique incident angle
properties. Figure 7a,b show the simulated absorption of the MS absorber when the
polarization angle (φ) changes from 0

◦
up to 180

◦
in the step of 30

◦
for TE- and TM-

polarization. The MS structure’s symmetrical design results in similar absorption responses
for the TE- and TM-polarizations. As shown in Figure 7, the proposed MS absorber provides
stable performance, confirming that it could deal with the vertical, horizontal, and circular
polarization signals.
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Figure 7. Simulated absorption ratio for various polarization angles: (a) TE-polarized and (b) TM-
polarized.

Figure 8a,b shows the simulated absorption responses for TE-polarized and TM-
polarized incident angles, respectively. For TE-polarized incident angles, an absorption
ratio of about 80% is achieved with various incident angles up to 45

◦
at a wider frequency

range, as shown in Figure 8a. At angle of 60
◦
, the absorption ratio drops below 80% for

the frequency band from 2.19 GHz to 3.9 GHz. For TM-polarized incident angles, the
absorption ratio remains steady up to 30

◦
, as shown in Figure 8b. When the incident angle

increases above of 30
◦
, the absorption ratio of about 80% is achieved. At the frequency

band from 4.43 GHz up to 4.7 GHz, the absorption ratio drops to 65%. Based on the above
explanation, the absorption responses decreased with increasing incidence angles and
decreasing incident magnetic flux between the top and bottom layers.
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Figure 8. Simulated absorption ratio for various incident angles: (a) TE-polarized and (b) TM-
polarized.

4. Measurement Verification

Measurement verification of the MS absorber was achieved by prototyping a structure
of 7 × 7 unit cells with an overall dimension of 280 mm× 280 mm. Figure 9 shows the MS
prototyped structure using PCB technology and measurement setup. The MS resonator is
printed on the top of the FR4 layer, where each resonator is connected with four resistor
loads to achieve broadband, as shown in Figure 9a. The full copper plate is covered
the top view of the bottom FR4 to serve as a ground plane. The top and bottom FR4
substrates are physically connected and supported using four dielectric plastic screws.
Full-wave simulation using CST MWS demonstrates that the plastic screws do not affect
on the reflection coefficient. The measurement was conducted using two horn antennas
(type HF906) as transmitter and receiver, which are then connected to the E5071C vector
network analyzer (VNA) ports, as shown in Figure 9b. Tapered wedge absorbers surround
the test MS absorber sample to remove the unwanted reflection from the surrounding
area/environment. The horn antenna was placed 1 m away from the MS absorber to achieve
the maximum radiation power [29]. The measured absorptivity of the proposed absorber
was calculated from the reflection coefficient. To begin, reference measurements are taken
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on a metal surface of the size of the proposed absorber to normalize the measurement
results. Then, the fabricated sample is positioned, and the reflection coefficient is measured.
The difference between reflected powers from the metal and the fabricated sample is the
actual reflection coefficient of the proposed MS absorber. The simulated and measured
absorptivity of the fabricated MS absorber sample is shown in Figure 10. It is clear that
the measured absorptivity agrees reasonably well with the simulation result except for the
small discrepancy caused by the tolerance of the fabrication, especially the height of the air
layer and measurement setup. The measured absorptivity above 90% is achieved at the
frequency range from 1.89 GHz to 6.85 GHz, and the relative bandwidth is about 113.5%.
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Figure 9. (a) Fabricated prototyped of MS absorber and (b) measurement setup.

The proposed MS absorber is compared with previously published MMAs in terms
of the total thickness, fractional bandwidth, maximum polarization, incident angles, and
resistor loads. The proposed MS absorber, as shown in Table 1, has a fractional bandwidth
of 113% and provides a higher absorbance for various polarization and incident angles.
Furthermore, the proposed MS absorber has fewer resistor loads and a simple structure
with easy fabrication.
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Figure 10. Measured and simulated absorption coefficient.

Table 1. Comparison with other wideband MS absorbers having air layer and loaded with lumped
resistors.

Refs. FL
(GHz)

Total
Thickness

Fractional
BW (%)

Max
Polarized

Angle

Max
Incident

Angle

Resistor
No

[25] 1.35 (0.097 λL) 88 45 60 8

[26] 1.84 (0.071 λL) 105.6 75 50 4

[30] 3.9 (0.098 λL) 91.6 90 60 4

[35] 0.86 (0.062 λL) 16.4 30 30 4

[36] 0.8 (0.071 λL) 108.5 30 30 8

This work 1.88 (0.097 λL) 113 180 60 4

5. Conclusions

A broadband MS absorber in the lower frequency range has been demonstrated
experimentally for RF energy harvesting and wireless power transfer applications. It was
designed based on the square resonator with four splits loaded with lumped resistors
to absorb a wide frequency range efficiently. The proposed MS absorber is polarization-
insensitivity and shows a broadband absorption for an oblique incidence angle up to 60

◦
for

both TE and TM polarizations. Further simulations reveal that the MS structure and lumped
resistors have the optimized geometric parameters for achieving the highest absorption
coefficient and the widest bandwidth. To better understand the absorption mechanism,
E-field and surface current distributions have been presented. Finally, the proposed MS
absorber was fabricated and tested to verify the simulated results. Experimental results
show that the proposed MS absorber achieves an absorption spectrum of more than 90% in
the frequency band from 1.89 GHz up to 6.85 GHz, with the widest fractional bandwidth of
up to 113%. Such a broadband MS absorber may be used in different applications such as
5G new radio (5G NR)/EM harvesting, stealth technology, etc.
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