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The current spatial electromagnetic environment is complex and dynamic, with electromagnetic interference and pollution growing increasingly severe. Utilizing electromagnetic wave manipulation technology to absorb and convert waste electromagnetic energy into useful energy is of great research significance. This study presents a miniaturized, single-layer ultrathin metasurface absorber (MA) featuring frequency tunability and polarization insensitivity. The proposed MA is constructed from four groups of rotationally symmetric herringbone-shaped structures, mounted on a Rogers 438 substrate with a metallic ground plane. This design ensures efficient absorption of electromagnetic waves across all polarization angles, while the absorption frequency can be adjusted by modifying the dimensions of the herringbone structures. The device demonstrates an absorption coverage angle of ±60° for incident waves at various oblique angles. Unlike conventional absorbers that incorporate discrete resistors within each independent unit, the proposed MA integrates these components into a unified system. By employing resistors to interconnect adjacent unit cells, the design forms a cohesive absorber structure, significantly reducing the total number of resistors required. Full-wave simulations demonstrate nearly perfect absorption of electromagnetic waves across diverse polarization angles. The MA is highly compact, with a unit-cell dimension of only 0.16λ × 0.16λ and an ultra-thin profile of only 0.023λ. The newly developed MA holds promising potential for applications in integrated devices, energy harvesting systems, and radar cross-section assessments.
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1 INTRODUCTION
Electromagnetic absorbers are widely utilized in various applications, including stealth technology, reducing radar cross-section, energy harvesting and darkroom design, with the primary goal of minimizing the reflection and maximizing the absorption of incident electromagnetic waves [1–4].
However, traditional absorbers are often constrained by limitations in size, thickness, polarization insensitivity, and absorption efficiency [5]. Recent advancements in metamaterials have spurred the development of planar electromagnetic metasurfaces capable of achieving near-perfect absorption. A considerable number of studies have focused on overcoming the limitations associated with conventional absorbers by innovating electromagnetic metasurface designs [6–11]. Among these, circuit analog absorbers are excellent candidates for reducing the thickness of structures by introducing reactive elements. The integration of resistors enables the metasurface form a high-impedance surface that matches the impedance of free space, thereby achieving the absorption of incident waves. By leveraging the characteristics of resonant circuits to match the properties of the conductor backing substrate, the thickness is reduced, and the current is effectively dissipated through the resistors, resulting in enhanced absorption properties.
To improve key attributes such as size, thickness, polarization angle, and incident angle, researchers have delved into the design of multilayer absorbers, incorporated air layers between multilayer substrates, and integrated lumped resistors within the metasurfaces structures [12–14]. A notable advancement is the proposal of a double-layer absorber characterized by a compact thickness and a square loop structure, where resistors are embedded within the square loop and distributed across the two substrate layers. This design achieves a substrate thickness of 0.087λ, but requires a unit size of 0.46λ. Each unit requires the integration of 16 resistors, and the inclusion of an air layer in the multilayer configuration results in an overall thickness of 0.6λ [12]. In [13], the dimensions were further minimized to a size of 0.4λ and a thickness of 0.24λ; however, the requirement for 16 resistors per unit persisted, and the design exhibited limited incident angle insensitivity, effective only up to 30°. Subsequent research introduced a rotationally symmetric bent metal strip structure, an air layer was inserted between the lossy layer and the metal ground plane, achieving a thickness of 0.089λ and reducing the unit size to 0.2λ, with 8 resistors integrated per unit [14]. In an attempt to eliminate the air layer and reduce the number of resistors, researchers have investigated single-layer absorber designs [15–19]. One notable design is a double-ring structure integrating 8 resistors, which successfully eliminates the air layer while reducing the single-layer thickness to 5 mm [15]. Another study proposed a single-layer absorber with a thickness of 0.077λ, which reduced the number of integrated resistors per unit to 4 [16]. Although certain single-layer configurations can achieve a thickness of 3 mm, they still necessitate the integration of more than 8 lumped resistors [17, 18]. Reference [19] proposed an asymmetric single-layer absorber that only integrates three resistors, reducing the unit size to 0.22λ and the thickness to 0.07λ; however, the inherent asymmetry of this design leads to variations in polarization angle insensitivity, and its performance with respect to incident angle insensitivity remains unaddressed. Current single-layer absorber technologies have successfully eliminated the air layer and reduced thickness, but often at the cost of increased unit size and a higher number of integrated lumped resistors. Larger MAs are both expensive to make and limit the application scenarios. Additionally, integrating more lumped resistors increases design complexity and complicates the resistor assembly process. Therefore, there is a pressing need to develop single-layer absorbers that achieve both compact unit sizes and reduced resistor counts while maintaining optimal performance.
In this paper, to reduce the thickness and minimize the number of concentrated resistors, we designed a novel MA based on a herringbone-shaped rotationally symmetric structure, which consists of a metasurface structure, a dielectric substrate and a bottom metallic ground plane. The metasurface unit-cell structure is designed with four rotationally symmetric herringbone-shaped slots, ensuring polarization-insensitive performance. Unlike conventional designs that integrate resistors within individual unit cells, the resistor elements in this design are strategically placed between adjacent metasurface units. This configuration significantly reduces the number of resistors required and minimizes the overall device size. The designed single-layer MA achieves a compact design with a thickness of 0.023λ and a unit cell period of 0.16λ, while maintaining polarization insensitivity and a wide incident angle absorption range of up to 60°. Finally, samples were made and the absorption performance of the MA was verified by testing.
2 DESIGN OF ABSORBER
The schematic diagram of the proposed MA is illustrated in Figure 1a. It consists of a dielectric substrate loaded with resistors and periodic metal electric resonators and a metal floor on the back. Figure 1b displays a structural diagram of a four-unit arrangement, detailing the distribution of resistance. The top view of the unit cell is presented in Figure 1c. The incorporation of a herringbone rotational symmetry structure facilitates polarization insensitivity. Each unit cell can be conceptualized as an equivalent RLC resonant circuit, which effectively absorbs incident electromagnetic waves and transforms them into electrical energy, subsequently dissipated by the lumped resistor. The proposed metasurface uses Rogers 438 with a dielectric constant of 4.38 and a loss tangent of 0.005 as the dielectric substrate. The simulation calculation is carried out in full-wave simulation software. By setting periodic boundary conditions and Floquet port excitation, the relevant absorption characteristic results are obtained.
[image: Figure 1]FIGURE 1 | Proposed MA: (a) Overall structure. (b) Three dimensional geometry of the four unit-cell. (c) Top view of a unit-cell.
2.1 Absorption principle
From the matching impedance theory, we can get Formula 1:
[image: image]
When the equivalent impedance of the metasurface [image: image] is equal to the impedance of free space [image: image], the reflection coefficient [image: image] is equal to 0, and the electromagnetic wave can enter the metasurface from the free space without reflection, subsequently being absorbed and dissipated within the structure.
The absorption efficiency [image: image] of the MA can be determined by the reflectivity [image: image] and transmittance [image: image]:
[image: image]
Formula 2 can be expressed using S parameters as Formula 3:
[image: image]
Since the back of the MA is set by a metal plate, the transmission coefficient [image: image] is 0. At this time, the absorption efficiency is mainly determined by the reflection coefficient, as shown in Formula 4:
[image: image]
2.2 Unit-cell design
The dielectric constant of the substrate has a significant effect on the size of the device, mainly due to the influence of wavelength. The relationship between the wavelength and the relative dielectric constant is expressed by the Formula 5:
[image: image]
Among them, [image: image] is the wavelength in the dielectric substrate, [image: image] is the wavelength in free space, and [image: image] is the relative dielectric constant of the dielectric substrate. When electromagnetic waves propagate in a dielectric substrate, the wavelength is inversely proportional to the relative dielectric constant of the substrate, which means that the larger the dielectric constant, the shorter the wavelength. Therefore, using a high dielectric constant substrate can reduce the size of the device to a certain extent. The MA in this paper uses Rogers 438 with a dielectric constant of 4.38 and a loss tangent of 0.005 as the substrate, which reduces the loss of the dielectric layer and allows the energy to be absorbed by the surface layer, expanding the application field of this MA.
The unit-cell structure is shown in Figure 1b, comprises four herringbone-shaped rotationally symmetric elements. The unit size is 10.85 mm (0.16λ) × 10.58 mm (0.16λ), and the thickness is only 1.5 mm (0.023λ). To minimize the number of resistor elements, each unit cell shares a resistor with its adjacent units, ensuring that all units are interconnected through resistors. This design integrates the absorber into a unified system rather than operating as isolated units, thereby not only reducing the total number of resistors but also contributing to a more compact overall structure. The detailed parameter values of the unit cell are provided in Table 1.
TABLE 1 | The parameters of the designed MA.
[image: Table 1]The unit-cell structure was simulated and analyzed based on the periodic boundary conditions in the full-wave simulation software. Initially, the S-parameters of the design were calculated, as shown in Figure 2a, where the incident angle is 0° and the polarization is TE mode. By adjusting the length of the microstrip line, the absorber can be tuned to operate in different frequency bands. This tunability arises because the grooves on both sides of the microstrip line function as equivalent capacitors, and the capacitance value directly influences the resonant frequency. This frequency-adjustable feature enables researchers to efficiently design absorbers tailored to specific target frequency bands. The ring groove structure with appropriate angles and the appropriate resistance value can deepen the resonance depth of the absorber. As illustrated in Figures 2b, c, the absorber exhibits minimal reflection when the ring groove angle is set to 10° and the resistance value is 400 Ω. Figure 2d presents the absorption efficiency of the absorber, demonstrating that the designed structure achieves an absorption efficiency exceeding 90% within the frequency range of 4.63–5.07 GHz, with a dielectric thickness of 1.5 mm. Furthermore, perfect absorption (100%) is achieved at 4.85 GHz.
[image: Figure 2]FIGURE 2 | The impact of different parameters on design (a) microstrip line length. (b) Circular angle. (c) Resistance (d) S11 and absorption corresponding to different polarizations.
Figure 3 illustrates the equivalent circuit of the designed MA. The input port represents the incident wave in free space, the characteristic impedance of free space is 377Ω, R denotes the lumped resistance between adjacent unit-cells, L represents the inductance induced by the MA unit, C1 corresponds to the capacitance generated by the herringbone-shaped gap within the MA unit, C2 signifies the capacitance generated between adjacent units, C3 indicates the capacitance formed between the MA and the metallic ground plane, and Sub represents the dielectric substrate. Among them, C1 = 0.15pF, C2 = 0.212pF, C3 = 0.218pF, and L = 15.8 nH. The equivalent circuit was simulated using circuit simulation software, and the results were compared with those obtained from full-wave simulations. As depicted in Figure 4a, the reflection coefficients of the MA unit derived from the full-wave simulation exhibit excellent agreement with those of the equivalent circuit model. This consistency validates the accuracy of the equivalent circuit model in explaining the absorption mechanism of the MA. Furthermore, Figure 4b demonstrates that the real part of the impedance of the designed absorber within the absorption band is 377Ω, and the imaginary part approaches 0. This indicates that the absorber achieves optimal impedance matching with free space, thereby enabling perfect absorption. To validate the correctness of the resistor configuration, we compared the absorption capabilities of the designed metasurface for incident waves with and without the inclusion of resistors, as illustrated in Figure 5. It can be observed that, under both TE and TM modes, the absorption efficiency approaches 1 when resistors are incorporated, whereas the absorption efficiency remains below 0.2 in the absence of resistors. Therefore, the resistor configuration in this design significantly enhances the absorption efficiency.
[image: Figure 3]FIGURE 3 | Equivalent circuit model.
[image: Figure 4]FIGURE 4 | (a) Comparison of reflection coefficient of full-wave simulation and equivalent circuit. (b) Equivalent impedance of metasurface.
[image: Figure 5]FIGURE 5 | Effect of resistance on absorption efficiency.
3 ANALYSIS OF ABSORBER
3.1 Current distribution
To gain deeper insights into the operational mechanism and current distribution of the designed absorber, simulations were performed to analyze the surface current distribution on the metasurface absorption layer under both transverse electric (TE) and transverse magnetic (TM) polarization states at a frequency of 4.85 GHz. The results, depicted in Figures 6a, b, reveal significant resonance phenomena in both TE and TM polarization modes, indicating that the designed absorber exhibits polarization insensitivity. Under varying polarization states, current flows along both the X- and Y-axes. Resistors are strategically positioned along these axes, interconnecting all units to facilitate the flow of current through the resistors across the entire metasurface. In this configuration, the absorbed energy is effectively collected and dissipated within the surface layer. This design offers the advantage of facilitating targeted energy collection rather than uncontrolled energy loss, thereby enhancing the overall efficiency of the absorber. This design offers the advantage of facilitating targeted energy collection rather than uncontrolled energy loss, thereby enhancing the overall efficiency of the absorber.
[image: Figure 6]FIGURE 6 | Surface current distribution (a) TM. (b) TE.
3.2 Polarization angle and incident angle analysis
During the long-distance propagation of electromagnetic waves, both the polarization state and the angle of incidence may vary unpredictably. Consequently, to ensure efficient absorption of incident waves, it is essential to achieve polarization insensitivity and wide-angle stability. As demonstrated in Figure 7, the absorber exhibits nearly 100% absorption efficiency for incident waves at any polarization angle. Wide incident angle stability can improve the spatial absorption coverage of the absorber. Figure 8 illustrates the absorption efficiency under oblique incidence for different polarization states. For TE-polarized waves, the absorber maintains an absorption efficiency exceeding 90% across the entire frequency band for incident angles ranging from 0° to 45°. Even when the angle increases to 60°, the absorption efficiency remains above 80%. For TM-polarized waves, although the frequency of the absorption peak shifts slightly, the absorption efficiency still surpasses 95%. This combination of wide-angle stability and high absorption efficiency is unparalleled in other single-layer absorbers.
[image: Figure 7]FIGURE 7 | Absorption efficiency at different polarization angles (theta = 0°).
[image: Figure 8]FIGURE 8 | Absorption efficiency at different incidence angles for different polarization modes. (a) TE. (b) TM.
3.3 RCS analysis
To evaluate the absorption capability of the designed absorber, a measurement setup was established using two horn antennas positioned on opposite sides of the absorber, as illustrated in Figure 9. The absorption capability was assessed by analyzing the S21 parameters of the horn antennas, with a metal plate of identical dimensions used as a reference for comparison. The findings are presented in Figure 10, the existence of the absorber absorbs most of the incident energy and effectively reduces reflection. Figure 11 displays the dual-station RCS results for angles ranging from −90° to 90°. The results indicate that the RCS of the absorber remains consistently lower than that of the metal plate across all measured angles, thereby confirming that the incident waves are absorbed rather than scattered in other directions.
[image: Figure 9]FIGURE 9 | Metasurface absorber wave absorption scene simulation diagram.
[image: Figure 10]FIGURE 10 | S21 comparison between absorber and PEC.
[image: Figure 11]FIGURE 11 | Bi-static RCS of the absorber for (a) vertical and (b) horizontal polarized incident waves at 4.85 GHz.
4 EXPERIMENTS AND DISCUSSION
A 10 × 10 absorber array was fabricated using a dielectric substrate with a relative permittivity of 4.38, a loss tangent of 0.005, and a thickness of 1.5 mm. The resistors, with a package size of 0603, were integrated into the structure as shown in Figure 12c. The overall dimensions of the fabricated device 105 × 105 mm, and resistors were loaded between each pair of adjacent unit cells. The absorption performance of the absorber was measured using the free-space method. Two standard horn antennas were employed to measure the reflection coefficient, with one antenna functioning as the transmitter and the other as the receiver. Both antennas were positioned 1 m away from the absorber and tilted approximately 5° relative to the normal axis of the absorber, as depicted in Figure 12a. In Figure 12b, to mitigate environmental reflections, a conical absorbing material was positioned around the absorber. As shown in Figure 13, the designed absorber achieves near-ideal absorption efficiency within the frequency range of 4–5.5 GHz, with the measured results exhibiting excellent agreement with the simulation results. Minor discrepancies observed in the measurements can be attributed to tolerances in resistor soldering and the precise positioning of the horn antennas. Minor discrepancies observed in the measurements can be attributed to tolerances in resistor soldering and the precise positioning of the horn antennas.
[image: Figure 12]FIGURE 12 | Photographs of the prototype and measurement system. (a) Measurement setup; (b) Perspective of the overall MA; (c) Enlarged of the MA.
[image: Figure 13]FIGURE 13 | Simulated and measured absorptivity plot.
Table 2 presents a comparative analysis of the proposed absorber in relation to existing literature. It can be seen from the table that compared with other studies, our proposed absorber has reduced thickness, fewer resistors under a single-layer design, and a larger oblique angle of incidence.
TABLE 2 | Comparison between the proposed absorber and previously reported absorber.
[image: Table 2]5 CONCLUSION
In this study, we successfully designed and realized a single-layer, ultra-thin, low-resistor-count, wide-angle, and polarization-insensitive metasurface absorber based on a rotationally symmetric herringbone architecture and a strategic resistor arrangement. The rectangular gaps within the herringbone structure enable tunability of the absorption frequency band, providing researchers with the flexibility to tailor the design according to specific requirements. The interconnected resistor layout makes the metasurface absorber a whole, significantly reducing resistor usage while expanding its potential applications, particularly in the field of energy harvesting. The proposed metasurface absorber exhibits polarization insensitivity across angles of 0°–90° and maintains an absorption efficiency exceeding 80% at oblique incidence angles of up to 60°. The design was experimentally validated through the fabrication and testing of a prototype. Future research will focus on advancing the development of broadband and multi-band metasurface absorbers, aiming to realize broadband or multi-band functionality within a single-layer, low-resistor-count framework.
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