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Abstract 
 

This work demonstrates a metamaterial absorber with ultra-broadband flexible, utilizing a multi-layered indium tin oxide (ITO) 
configuration, accompanied by comprehensive simulations and fabrication processes. By employing a configuration 
incorporating periodic ITO-patterned layers printed on two polyethylene terephthalate (PET) dielectric substrates, the design 
achieves broadband absorption through enhanced Ohmic losses. Simulation analyses show that the designed structure 
maintains an absorption level of over 90% across a wide microwave spectrum ranging from 17.2 to 106.5 GHz. The fully 
symmetric architecture ensures polarization insensitivity, while maintaining excellent performance at incident angles up to 
60°. The absorption mechanism is systematically investigated through impedance matching theory, complemented by 
analyses of surface current distributions and electric field patterns. An equivalent circuit model further elucidates the 
influence of structural parameters on absorption characteristics. Experimental validation via the arch reflectivity 
measurement method confirms strong agreement with simulation predictions. With outstanding advantages including ultra-
broadband absorption, polarization independence, and mechanical flexibility, this absorber demonstrates significant 
potential for diverse applications such as electromagnetic imaging, sensing technologies, and stealth systems. 
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1. Introduction 

Landy et al. first demonstrated the metamaterial perfect 

absorber (MPA) in 2008.[1] This classical design, featuring a 

sandwich structure composed of periodically arranged 

metallic patterned layers, dielectric spacers, and a flat metallic 

ground plane, has garnered significant attention due to its 

immense application potential in fields such as sensors,[2-6] 

energy harvesting,[7-9] modulators,[10] and spectral detection.[11] 

With subsequent improvements to the sandwich architecture, 

remarkable progress has been achieved in the design and 

investigation of metamaterial absorbers across diverse spectral 

regimes, spanning from microwave to visible light,[12-15] 

enabling absorption characteristics ranging from single-band 

to multi-band operation.[16-18] However, the inherently narrow 

absorption bandwidth of conventional metamaterial absorbers 

limits their applicability in broadband scenarios. Consequently, 

achieving broadband absorption holds critical importance for 

expanding their application scope. 

Various strategies have been proposed to broaden the 

absorption bandwidth, such as integrating multiple 

resonators,[19,20] nested annular microstructures,[21] or 

incorporating lumped elements[22,23] within a single layer. 

However, these approaches suffer from two inherent 

limitations: bulky dimensions and relatively complex 

fabrication processes. In recent years, metamaterial absorbers 

based on indium tin oxide (ITO) resistive films have emerged 

as promising alternatives. Owing to their advantages including 

low cost, flexibility, commercial availability, optical 

transparency, and tunable electrical conductivity, ITO has 

been widely adopted as an exceptional material. Metamaterial 

absorbers utilizing ITO-patterned layers exhibit superior 

characteristics such as ultrathin profiles, enhanced optical 

performance, reduced weight, improved resolution, high 

transparency, and broader bandwidths. For instance, Jing Xu  
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Fig. 1: Absorber hierarchical topology and performance specifications. 

 

et al. developed a transparent microwave absorber 

metamaterial based on an ITO structure and low-loss glass 

substrate, achieving an absorption rate of over 90% in the 8-

20 GHz frequency range and maintaining good performance 

over a wide incidence angle range of up to 60°.[24] Huihui Jing 

et al. demonstrated an ultra-wideband absorber utilising 

nested and stacked ITO resistive films, achieving over 90% 

absorption efficiency across the 19.68-94.7 GHz frequency 

range.[25] Yang Wang et al. proposed a reconfigurable 

transparent metamaterial absorber with a dual-layer ITO 

complementary resonant structure and a water-based substrate, 

operating in the 6.1-35.2 GHz frequency band with a relative 

bandwidth of up to 141%.[26] Senfeng Lai et al. designed a 

transparent ultra-wideband absorber for 5G communications, 

covering the 4-26 GHz operating frequency band.[27] Chang 

Yang et al. investigated a visible light and near-infrared 

transparent broadband microwave absorber based on silver 

nanowire (AgNW) films, achieving over 90% absorption 

efficiency in the 4.1-18.2 GHz frequency band and being 

insensitive to polarization.[28] Ahmet Teber proposed an ultra-

thin, polarization-insensitive metamaterial absorber that 

exhibits excellent performance at a 15-degree oblique 

incidence angle, with an absorption rate exceeding 90% in the 

24.30-28.12 GHz frequency band under normal incidence 

conditions.[29] 

This work demonstrates a flexible metamaterial absorber 

with ultra-broadband flexible, utilizing a multi-layered indium 

tin oxide (ITO) configuration. Through optimized structural 

design, the absorber achieves over 90% electromagnetic wave 

absorption across an ultra-broad bandwidth of 17.2-106.5 GHz, 

corresponding to a relative absorption bandwidth of 144.4%. 

The designed architecture achieves polarization insensitivity 

while preserving broadband absorption stability across 

incidence angles up to 60°. A comprehensive analysis is 

conducted to investigate the influence of key parameters, 

including ITO thickness and surface resistance, on the 

performance of the patterned ITO films. By adjusting the 

number of ITO-patterned layers and integrating multiple ITO 

configurations, relevant parameters are optimized to 

significantly enhance absorption resonance effects. Compared 

to previous studies, the proposed architecture demonstrates 

notable advantages in ultra-broadband operation, wide-angle 

stability, and polarization-independent performance. 

Table 1: Parameters of PET and PDMS. 
 Dielectric constant Loss tangent 

PET 3.2 0.003 

PDMS 2.35 0.06 

Fig. 1 illustrates the layered topological configuration of 

the proposed absorber. The core structure comprises three 

functional layers: both the top and middle layers consist of 

periodic ITO resistive patterns fabricated on flexible 

polyethylene terephthalate (PET) substrates via precision 

etching. The middle layer is separated from the top layer by an 

air gap to establish electromagnetic coupling effects. The 

bottom layer integrates a PET film with a continuous ITO 

backplane, isolated from the middle layer by a 

polydimethylsiloxane (PDMS) spacer film. The material 

parameters of PET and PDMS are summarized in Table 1. 

Fig. 2(a) illustrates the distinctive three-dimensional 

interlayer configuration of the absorber, with its structural 

parameters summarized in Table 2. The ITO patterns on the 

top and middle layers exhibit periodic planar distributions. 

The sheet resistances of the ITO films RTop、RMiddle and 

RBottom are uniformly 50 Ω/sq. 

 

2. Experimental 

2.1 Simulation experiments 

Conduct simulation experiments using CST Studio Suite 2023  
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Fig. 2: (a) Unit cell breakdown, (b) Side-view profile, (c) Top-layer geometry with (d) top-view perspective, (e) Intermediate-layer 

geometry with (f) top-view configuration. 

 

Table 2: Minimum unit structure size specification for metamaterials (Unit: mm) (λL denotes the maximum operating wavelength). 

P l1 l2 l3 l4 s1 s2 s3 s4 dPET dPDMS dAir 
Total 

thickness 

12 2 1 1.5 1 0.5 0.25 0.5 0.35 0.175 0.4 0.6 
1.525 

(0.0873λL) 

three-dimensional full-wave electromagnetic field simulation 

software. The simulation uses periodic boundaries (*x-y* pla

ne) to represent structural periodicity, open boundary conditio

ns (*z*-axis) to represent free space wave interactions, and T

E-polarized excitation with the electric field vector parallel to

 the *y*-axis. 

The absorption efficiency A(ω) was calculated using Eq. 

(1): 

𝐴(𝜔) = 1 − 𝑅(𝜔) − 𝑇(𝜔) = 1 − |𝑆11(𝜔)|2 − |𝑆21(𝜔)|2 (1) 

In this equation, 𝑅(𝜔)  and 𝑇(𝜔)  are used to represent 

reflectance and transmittance, respectively. The S-parameters 

S₁₁ and S₂₁ are derived directly from the simulation. 

Fig. 3 displays the simulated S-parameters and absorption 

spectrum. Due to the grounded ITO backplane acting as a 

reflective shield, the transmission parameter 𝑆21  remains 

negligible, simplifying Equation (1) to 𝐴(𝜔) = 1 − 𝑅(𝜔) . 

The absorber achieves over 90% absorption across an ultra-

broad bandwidth of 17.2-106.5 GHz, corresponding to an 

absolute bandwidth of 89.3 GHz and a relative bandwidth of 

144.4%. Notably, near-unity absorption (approaching 1) is 

observed at three distinct frequencies: 22.6 GHz, 62.5 GHz, 

and 91.1 GHz. 

Fig. 4(a) illustrates the performance testing of the 

metamaterial absorber using the bow-tie reflectivity 

measurement method. The system consists of a bow-tie fixture, 

an antenna, the metamaterial test sample, a vector network 

analyzer, and the host equipment. The vector network analyzer 

is connected to the test sample via low-loss cables, and 

different frequency band antennas are used to accommodate 

the reflection testing of samples at various frequency bands. 

Fig. 4(b) and Fig. 4(c) show the top and middle layers of the 

ITO (indium tin oxide) array of the sample Fig. 4(d) and Fig. 

4(e) demonstrate the transparency and flexibility of the sample.  

 
Fig. 3: S-parameters and absorption rate. 
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Fig. 4: (a) Bow-tie reflectivity measurement, (b) Top-layer ITO structure of the absorber, (c) Middle-layer ITO structure of the 

absorber, (d) Fabricated sample, (e) Flexibility of the sample, (f) Comparison of test and simulation results, (g) Oblique incidence 

test results. 

 

Table 3: RLC Circuit parameters in the equivalent circuit. 

Circuit 

parameters 

Group 

1 2 3 4 5 6 

R(Ohm) 909 0.1 517 417 571 870 

L(nH) 41.4 21.58 3.23 5.8 7.4 4.8 

C(fF) 0.098 0.102016 0.83 10.48 0.825 2.45 

Fig. 4(f)presents the comparison between the actual test results 

and the computer-simulated results under normal incidence 

conditions. Due to deviations in sample fabrication and the 

resistance of the resistive film from the ideal state, the actual 

results are slightly lower than the simulated results. Fig. 4(g) 

displays the measurement results at various incident angles, 

which still exhibit good performance and are in accordance 

with the simulated results. 

 

3. Results and discussion 

Absorption performance is determined by the S11, which 

depends mainly on the impedance matching between the 

absorber surface and free space. Theoretical analyses show 

that the electromagnetic energy dissipation is maximum when 

the two are optimally matched. To quantitatively evaluate 

impedance matching characteristics, the S-parameter 

inversion method can be employed to precisely derive the 

relative impedance of the material, as shown in Eq. (2):[30] 

𝑍 = ±√
(1 + 𝑆11(𝜔))

2
− 𝑆21

2 (𝜔)

(1 − 𝑆11(𝜔))
2

− 𝑆21
2 (𝜔)

(2) 

The derived results of relative impedance Z(ω), effective 

permittivity ε(ω), and effective permeability μ(ω) are shown 

in Fig. 5. 

The simulated results indicate that the real component of 

the absorber's relative impedance oscillates near unity, while 

its imaginary component maintains values approaching zero 

throughout the operational bandwidth. This demonstrates 

effective impedance alignment with free space, ensuring 

incident electromagnetic energy is efficiently channeled into 

the absorber's structure with minimal reflection. When the 

relative impedance's real part nears unity and its imaginary 
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Fig. 5: Electromagnetic parameter analyses: (a) Absorbance versus relative impedance (Re[Z], Im[Z]) (b) Effective structural 

parameters (Re[ε/μ], Im[ε/μ]). 

 

part approaches zero, surface reflection is markedly reduced, 

resulting in improved overall absorber performance. The 

convergence of the relative impedance to its ideal matching 

condition aligns the real and imaginary components of both 

effective permittivity and permeability in magnitude, enabling 

the theoretical absorption, as show in Eq: (3), to progressively 

approach the ideal 100% absorption limit. 

𝐴(𝜔) = 1 − 𝑅(𝜔) = 1 − |
𝑍𝑖𝑛 − 𝑍0

𝑍𝑖𝑛 − 𝑍0
|

2

(3) 

To better visualize the intrinsic absorption mechanisms, 

numerical simulations were conducted to comprehensively 

obtain electric field and surface current distributions at distinct 

absorption peaks. Fig. 6 depicts the electric field distributions 

of the top-layer and intermediate ITO patterns at three 

characteristic frequencies: 22.6, 62.5, and 91.1 GHz. 

As shown in Figs. 6(a)-(b), at the 22.6 GHz resonant 

frequency, electric field energy concentration occurs 

predominantly at the tip regions of all cross-shaped units in the 

top-layer ITO etched structures, while the intermediate-layer 

ITO pattern exhibits localized field enhancement along the 

edge tips of its larger-scale cross structures. When the 

frequency increases to 62.5 GHz (Figs. 6(c)-(d)), the electric 

field intensity in large cross units of the top layer relatively 

attenuates, whereas significant enhancement emerges in small 

cross units. Concurrently, the intermediate layer demonstrates 

intensified overall field strength. At 91.1 GHz (Figs. 6(e)-(f)), 

the top-layer large cross structures exhibit substantial electric 

field intensification with conversely weakened small cross 

unit fields, while both large and small cross structures in the 

intermediate layer show diminished field strengths. This 

gradient electric field distribution characteristic across multi-

scale structures reveals frequency-dependent coupling 

mechanisms of hierarchical resonant elements, ultimately 

achieving broadband absorption enhancement through  

 
Fig. 6: Electric field distribution of the two ITO resistive film layers at three peak frequencies. 
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Fig. 7: Surface current distribution of the three ITO resistive film layers at three peak frequencies. 

 

synergistic multi-modal resonances. 

Fig. 7 simultaneously presents surface current responses of 

ITO conductive layers at three characteristic frequencies. 

Under 22.6 GHz resonance (Figs. 7(a)-(c)), surface currents 

predominantly concentrate on the top layer. Notably, the 

current flow directions in top and bottom layers exhibit 

antiparallel configurations, forming closed loops that 

effectively excite magnetic dipole resonances, thereby 

generating substantial electromagnetic energy dissipation.[31] 

At 62.5 GHz (Figs. 7(d)-(f)), enhanced surface currents 

emerge in both the intermediate-layer ITO structures and top-

layer small cross units, collectively serving as the primary 

dielectric loss mechanism in this frequency range. For the 91.1 

GHz high-frequency regime (Figs. 7(g)-(i)), strong current 

distributions in both top and intermediate layers induce 

considerable power loss, significantly contributing to 

absorption at 91.1 GHz. This confirms that broadband 

absorption can be achieved by strategically engineering spatial 

coupling configurations of ITO resistive patterns. 

The regulatory effects of structural parameters including 

dielectric layer thickness and ITO surface resistance on 

absorption performance were systematically investigated. Fig. 

8 illustrates the evolution of absorption characteristics under 

gradient variations of dielectric layer thickness. When dPDMS 

is optimized from 0.8 mm to 0.4 mm, the effective bandwidth 

significantly widens. Thinning the dielectric layer promotes 

enhanced magnetic coupling effects between top and bottom 

structures, inducing a blue shift in resonant frequencies that 

directly strengthens the first absorption peak intensity. The 

second absorption peak primarily depends on the intermediate 

layer, showing minimal sensitivity to dPDMS variations. The 

third absorption peak reveals synergistic effects in bilayer 

structures, where reduced interlayer distance intensifies 

bottom-layer coupling accompanied by frequency blue shifts, 

as demonstrated in Fig. 8(a). 

Extending this parametric framework, the regulatory 

mechanism of dAir on absorption performance was further 

elucidated. Given air's inherent impedance matching 

capability, the frequency response of the first absorption peak 

remains stable despite reduced dAir induced top-bottom layer 

proximity. The second absorption peak exhibits moderate 

frequency shifts, while the third peak achieves bandwidth 

extension through blue-shifted resonance frequencies, as 

shown in Fig. 8(b). Optimizing both dPDMS and dAir enables the 

attainment of high absorption performance. 

During structural parameter optimization, ITO surface 

resistance (Fig. 9) plays a critical role in absorption 

characteristics. Appropriate ITO surface resistance 

simultaneously enhances energy dissipation and maintains 

impedance matching conditions, thereby significantly 

improving overall absorption efficiency. The regulatory 

mechanisms of absorber structural parameters on performance 

can also be elucidated through equivalent circuit modeling. As 

shown in Fig. 10(a), the equivalent circuit analysis indicates 

Table 4: Performance comparison of broadband absorbers. 

 

Absorber Thickness(mm)/λL 
More than 90% absorption 

band width(GHz) 

Fractional 

Band-width 

Pattern 

layer 

Polarization 

insensitivity 
Flexible 

Reference[24] 5/0.13λL 8-20 85.7% 1 Yes Yes 

Reference[25] 1.525/0.1λL 19.68-94.7 131% 2 Yes Yes 

Reference[26] 6.5/0.8883λL 4.1-18.2 127.1% 2 Yes Yes 

Reference[27] 2/0.0981λL 14.72-65.41 126.5% 2 Yes Yes 

Reference[28] 0.8/0.0867λL 32.5-42.5 26% 2 Yes No 

Reference[29] 1.670.1336λL 24-28.5 15.59% 1 Yes No 

This work 1.525/0.0874λL 17.2-106.5 144% 2 Yes Yes 
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Fig. 8: Absorption properties under (a) PDMS and (b) Air with thickness gradient distribution. 

 

that the energy dissipation mechanism is primarily controlled 

by RLC resonant elements. Since a single RLC series resonant 

structure is only suitable for single-frequency and narrowband 

absorption, the ADS simulation adopted a multi-channel RLC 

series resonant structure equivalent.[32] The first and second 

RLC series resonant structures approximately represent the 

equivalent losses of the two ITO patterns in the intermediate 

layer; the third to sixth RLC series resonant structures 

approximately represent the equivalent losses of the two ITO 

patterns in the top layer. A lossless transmission line (Z₀ = 377  

Ω) is used to simulate free-space impedance matching 

conditions, which is critical for minimizing wave reflection. 

Within the equivalent circuit model framework, the bottom 

ITO ground plane is considered a short circuit (Z→0). 

The mathematical expression for the energy dissipative 

RLC resonator is expressed as follows: 

𝑍𝑅𝐿𝐶𝑖 = 𝑅𝑖 + 𝑗 (𝜔𝐿 −
1

𝜔𝐶
) , 𝑖 = 1,2, ⋯ ,6 (4) 

Different dielectric materials can be characterized by their 

respective characteristic impedances: 

𝑍𝑃𝐸𝑇 =
𝑍0

√𝜀𝑃𝐸𝑇

, 𝑍𝐴𝑖𝑟 =
𝑍0

√𝜀𝐴𝑖𝑟

, 𝑍𝑃𝐷𝑀𝑆 =
𝑍0

√𝜀𝑃𝐷𝑀𝑆

(5) 

In this equation, the relative permittivity of PET, air, and 

PDMS is denoted by 𝜀𝑃𝐸𝑇, 𝜀𝐴𝑖𝑟 and 𝜀𝑃𝐷𝑀𝑆, respectively. 

The input impedance for each section can be derived as: 

𝑍𝑎 =
𝑗𝑍0

√𝜀𝑃𝐸𝑇 tan(𝛽𝑃𝐸𝑇𝑑𝑃𝐸𝑇)
(6) 

𝑍𝑏 = 𝑍𝐴𝑖𝑟

𝑍𝑎𝑐𝑜𝑠(𝛽𝑃𝐷𝑀𝑆𝑑𝑃𝐷𝑀𝑆) + 𝑗𝑍𝐴𝑖𝑟𝑠𝑖𝑛(𝛽𝑃𝐷𝑀𝑆𝑑𝑃𝐷𝑀𝑆)

𝑗𝑍𝑎𝑠𝑖𝑛(𝛽𝑃𝐷𝑀𝑆𝑑𝑃𝐷𝑀𝑆) + 𝑍𝐴𝑖𝑟𝑐𝑜𝑠(𝛽𝑃𝐷𝑀𝑆𝑑𝑃𝐷𝑀𝑆)
(7) 

𝑍𝑐 = 𝑍𝑃𝐸𝑇

𝑍𝑏𝑐𝑜𝑠(𝛽𝑃𝐸𝑇𝑑𝑃𝐸𝑇) + 𝑗𝑍𝑃𝐸𝑇𝑠𝑖𝑛(𝛽𝑃𝐸𝑇𝑑𝑃𝐸𝑇)

𝑗𝑍𝑏𝑠𝑖𝑛(𝛽𝑃𝐸𝑇𝑑𝑃𝐸𝑇) + 𝑍𝑃𝐸𝑇𝑐𝑜𝑠(𝛽𝑃𝐸𝑇𝑑𝑃𝐸𝑇)
(8) 

1

𝑍𝑑
=

1

𝑍𝑅𝐿𝐶1
+

1

𝑍𝑅𝐿𝐶2
+

1

𝑍𝑐

(9) 

𝑍𝑒 = 𝑍𝑃𝐷𝑀𝑆

𝑍𝑑𝑐𝑜𝑠(𝛽𝐴𝑖𝑟𝑑𝐴𝑖𝑟) + 𝑗𝑍𝑃𝐸𝑇𝑠𝑖𝑛(𝛽𝐴𝑖𝑟𝑑𝐴𝑖𝑟)

𝑗𝑍𝑑𝑠𝑖𝑛(𝛽𝐴𝑖𝑟𝑑𝐴𝑖𝑟) + 𝑍𝑃𝐸𝑇𝑐𝑜𝑠(𝛽𝐴𝑖𝑟𝑑𝐴𝑖𝑟)
(10) 

𝑍𝑓 = 𝑍𝑃𝐸𝑇

𝑍𝑒𝑐𝑜𝑠(𝛽𝑃𝐸𝑇𝑑𝑃𝐸𝑇) + 𝑗𝑍𝑃𝐸𝑇𝑠𝑖𝑛(𝛽𝑃𝐸𝑇𝑑𝑃𝐸𝑇)

𝑗𝑍𝑒𝑠𝑖𝑛(𝛽𝑃𝐸𝑇𝑑𝑃𝐸𝑇) + 𝑍𝑃𝐸𝑇𝑐𝑜𝑠(𝛽𝑃𝐸𝑇𝑑𝑃𝐸𝑇)
(11) 

1

𝑍𝑖𝑛
=

1

𝑍𝑅𝐿𝐶3
+

1

𝑍𝑅𝐿𝐶4
+

1

𝑍𝑅𝐿𝐶5
+

1

𝑍𝑅𝐿𝐶6
+

1

𝑍𝑓

(12) 

where  𝛽𝑃𝐸𝑇 , 𝛽𝐴𝑖𝑟  and 𝛽𝑃𝐷𝑀𝑆  represent the electromagnetic 

wave propagation constants in PET, Air, and PDMS, 

respectively. 

The influence of incident direction and polarization states 

on electromagnetic wave absorption characteristics was 

systematically investigated. Fig. 11(a) demonstrates angular 

dependence under transverse electric (TE) polarization: 

Benefiting from the symmetrical structural design and multi-

layer resonant coupling mechanisms, the broadband 

absorption profile maintains high stability even when the 

incidence angle increases to 60°.[33] Notably, beyond critical 

incidence angles, the low-frequency absorption efficiency 

exhibits significant attenuation. For transverse magnetic (TM) 

polarization scenarios (Fig. 11(b)), the absorber architecture 

similarly demonstrates exceptional wide-angle absorption 

capabilities, sustaining broadband performance up to 60° 

incidence. At extreme angles, high-frequency absorption 

displays compensatory enhancement, thereby balancing low-

frequency performance degradation. Fig. 11(c) further reveals 

polarization-insensitive characteristics: As wave polarization 

rotates continuously from TE-aligned 0° to TM-aligned 90°,  
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Fig. 9: Absorption performance under (a) 𝑅𝑇𝑜𝑝, (b) 𝑅𝑀𝑖𝑑𝑑𝑙𝑒  and (c) 𝑅𝐵𝑜𝑡𝑡𝑜𝑚 with gradient distribution. 

 

the absorption spectrum remains stable due to the structure's 

geometric symmetry. At the same time, since the metamaterial 

absorber is dominated by the ohmic loss of the ITO layer, by 

optimizing the structural parameters as described above, the 

ohmic loss exhibits weak dependence on the incident angle. 

Therefore, within a certain range of incident angles, the 

absorption characteristics of the ITO layer remain relatively 

stable. Even when the incident angle changes, the ITO layer 

can still effectively dissipate electromagnetic energy, thereby 

achieving angle-insensitive absorption characteristics. These 

experimental results collectively confirm the successful co-

optimization of ultra-broadband absorption and full-

polarization compatibility in the proposed absorber 

configuration. 

As shown in Fig. 12, the gradient expansion of absorption 

bandwidth is achieved through stacked multilayer ITO 

structures. By deconstructing and analyzing the independent 

absorption characteristics of individual components, the 

operational mechanism of the composite structure is revealed: 

Configuring gradient resonant unit arrays in the intermediate 

dielectric layer (Structure I→II, Figs. 12(a)-(b)) effectively 

excites coupled resonances across multiple frequency bands; 

Embedding heterogeneous ITO resonator stacks in multilayer 

dielectric substrates (Structure II→III, Figs. 12(b)-(c)) enables 

absorption band fusion through geometric dispersion control; 

Constructing multi-scale resonant units at the top layer 

(Structure III→IV, Figs. 12(c)-(d)) enhances interlayer 

electromagnetic coupling effects while introducing new 

resonance modes, ultimately forming a continuous broadband 

absorption response. 

 

Fig. 10: (a) Equivalent circuit model (b) Comparison of ADS and CST simulations 
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Fig. 11: Absorption performance of different (a) TE-polarized incidence angles, (b) TM-polarized incidence angles, (c) polarization 

angles. 

As compared with existing results in Table 4. The meta mater

ial absorber developed in this study demonstrates outstanding

performance in terms of absorption bandwidth and relative  

bandwidth. Its absorption frequency range spans 17.2-106.5  

GHz, with a relative bandwidth of 144%, both of which  

significantly exceed the results of other comparative studies.  

In terms of thickness, the absorber developed in this study  

has a thickness of 1.525 mm, with a wavelength-normalize  

thickness of 0.0874λL. Although not the thinnest, it is very  

close to New2 (0.8 mm/0.0867λL). A smaller wavelength- 

normalized thickness indicates that the absorber is thinner rel

ative to its operating wavelength, meaning the designed absor

ber is morelightweight and flexible, suitable for applications 

with weightand space constraints. The dual-layer structure de

sign is maintained, which balances absorption performance  

with structural compactness to some extent. The absorber  

developed in this study also exhibits polarization insensitivity

and flexibility, consistent with most comparative results, but  

achieves a more optimal balance in absorption performance, 

making it more competitive in practical applications. 

 
Fig. 12: Broadening of absorption bandwidth by combining nesting and stacking. Structure (a) I, (b) II, (c) III, (d) IV. 
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4. Conclusion 

The absorber is capable of covering multiple microwave 

frequency bands within the range of 17.2 to 106.5 GHz and 

achieving an absorption efficiency of over 90%. Under the TE 

and TM polarizations, it can maintain excellent performance 

at incident angles up to 60, thereby realizing polarization 

insensitivity. The absorption mechanisms were analyzed 

through impedance-matching theory, electromagnetic field 

characterization (encompassing surface currents and electric 

fields), and an equivalent circuit model, providing a 

theoretical framework for broadband performance 

optimization. Experimentally, bow-tie reflectometry 

measurements closely align with simulated data, validating the 

design. This work offers a general approach for developing 

broadband flexible metamaterial absorbers, while expanding 

their applicability to electromagnetic shielding, smart 

materials, and related technological domains. 
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