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Broadband and high efficiency are the two core indexes of absorption research, which usually requires a balance between them. Therefore, how to take into account both and achieve broadband and efficient absorption is a hot topic in current research. In this paper, by the compound design of multiple mechanisms, a kind of wideband hybrid metamaterial absorber (HMA) is proposed. The overall structure consists of a layer of patterned resistive film and a layer of magnetic absorbing material (MAM) separated by the air. The resistive layer is designed as square ring type to regulate the local magnetic field, which results in significant magnetic field enhancement within the MAM layer, and this mechanism provides a prerequisite for wideband and high-efficiency absorption in the low frequency band. Furthermore, due to the electrical losses of the resistive film, another absorption band is additionally excited in the high frequency band. Thanks to the multiple mechanisms, the absorption efficiency above 90% in the 3.2–22.0 GHz frequency band can be realized, and the thickness of the overall structure is 7.0 mm that is 0.07 of the wavelengths at the lowest frequency point. To demonstrate this method, a prototype is designed, fabricated and measured. Both the simulation and experiment results verify the effectiveness of the proposed method. This work provides a new method to design wideband and high-efficiency electromagnetic absorption structures and may find potential applications in multi-functional planar or conformal structures.
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INTRODUCTION
Originated from the technology of radar stealth for the military targets, the research of radar absorbing technology has been one of the hottest topics in recent years. As an important and efficient electromagnetic (EM) wave absorbing method, radar absorbing materials (RAMs) have been widely used not only in the military fields, for example, electromagnetic interference shield (EMI), the radar reflection cross section (RCS) reduction [1–3], but also in the civil fields such as solar energy harvesting, biological sensing, thermophotovoltaics, photodetection and so on [4–8]. The traditional RAMs, especially for magnetic absorbing materials (MAMs), which are generally comprised of magnetic metals or ferrite nanocrystalline particles dispersed in a polymer matrix and are based on the strong absorption of the EM, cannot meet the higher and higher requirement of working frequency band and incident angle nowadays.
Metamaterial, as a method to design artificial material, provides a train of thoughts and design concepts to realize some peculiar physical phenomena and effects that are impossible or very hard to be achieved in natural materials including negative refractive index [9], EM wave cloaking [10], inverse Doppler effect [11], and so on. As a new methodology of artificial medium, metamaterials have been widely used in many fields, such as super-lenses, invisibility cloaks, and perfect absorbers [12–14]. For the field of RAMs, on account of the efficient absorption and flexible design, metamaterial absorber (MA) has always been a hot spot at home and abroad, which has been widely used in many pivotal fields such as radar stealth techniques, image sensing, energy harvesting, thermal emission control [15–17] and so on. Recently, Landy et al. designed a new-style MA which can achieve a simulated absorptivity of 99% at specific frequency by using split ring resonators (SRRs) on the top of a dielectric substrate backed with copper strips [14]. Since then, MAs with the configuration of metal-insulator-metal, which based on electric or magnetic resonance and have unique advantages of flexibly adjustable absorption frequency by merely changing geometrical parameters of the unit cell, have obtained considerable development. However, the bandwidth of this kind of MAs is too narrow for its application. After that, MAs with broad operating bandwidth and high absorbing efficiency simultaneously have always been persistently pursued in this topic. A lot of methods have been come up with and a lot of researches have been conducted. For example, in refer [18], an ultrathin tunable MA combining magnetic nanomaterials and metamaterial resonant structures for use in the lower microwave band (P band) was proposed, and by utilizing electrically controlled varactors and replacing the dielectric slabs with magnetic nanomaterials, the proposed absorber can achieve band tunability at low frequencies as well as thickness reduction. Moreover, in refer [19], a 3D structure MA with the folded resistive patches was proposed, which can achieve efficient 90% absorptivity in the frequency band of 3.6–11.4 GHz. Furthermore, via compound design of metamaterials and conventional MAM, the operating bandwidth of hybrid absorbers can be further expanded, such as in refer [20], a two-layer metamaterial absorber consisting of a nonplanar metamaterial and a layer of MAM was proposed, which can realize 90% absorptivity over the whole 4.5–18 GHz range. However, these proposals with the broadband and efficient absorptivity just concentrate on extending the absorption bandwidth to high frequency bands, while solutions addressing low-frequency absorption always tend to rely only on an increase in total thickness.
In this paper, via compound design of multiple mechanisms, a kind of wideband hybrid metamaterial absorber (HMA) is proposed. The overall structure consists of a layer of patterned resistive film and a layer of MAM separated by the air. The resistive layer is designed as square ring type to regulate the local magnetic field, which results in significant magnetic field enhancement within the MAM layer, and this mechanism provides a prerequisite for wideband and high-efficiency absorption in the low frequency band. Furthermore, due to the electrical losses of the resistive film, another absorption band is additionally introduced in the high frequency band. Thanks to the multiple mechanisms, the absorption efficiency above 90% in the 3.2–22.0 GHz frequency band can be realized, and the thickness of the overall structure is 7.0 mm that is 0.07 of the wavelengths at the lowest frequency point. To demonstrate this method, a prototype is designed, fabricated and measured. Both the simulation and experiment results verify the effectiveness of the proposed method. This work provides a new method to design wideband and high-efficiency electromagnetic absorption structures and may find potential applications in multi-functional planar or conformal structures.
MODEL ANALYSIS
The schematics and working principles of the proposed wideband HMA are shown in Figure 1. Clearly, the overall structure consists of a layer of patterned resistive film and a layer of MAM separated by the air and the metal plate. The upper resistive layer is designed as square ring type to regulate the local magnetic field. This mechanism results in significant magnetic field enhancement within the MAM layer, which provides a prerequisite for wideband and high-efficiency absorption in the low frequency band. Furthermore, due to the electrical losses of the resistive film, another absorption band is additionally introduced in the high frequency band. Therefore, derived from the high magnetic loss of the MAM and electrical loss of the resistive layers, wideband and high-efficiency absorption can be achieved. In addition, the symmetrical lattice enables the overall structure to have satisfactory stability for polarization.
[image: Figure 1]FIGURE 1 | The schematics and working principles of the proposed HMA.
UNIT STRUCTURE DESIGN AND ANALYZE
In our previous work [21], the mechanism called magnetic squeezing effect has been explored, which means that, in the positive resonance region of EM metamaterials, a strong magnetic squeezing effect will occur and more concentrated magnetic field lines will be confined in the EM metamaterials. And this mechanism has been proved to have a wide range of application scenarios in the MAs, particularly in the design of composites of EM metamaterials and MAMs. Actually, according to Faraday’s law of electromagnetic induction, the effect can be excited by any structures that can be capable of generating surface currents, but only varies in intensity. We take the short metallic wire as an example. Just as shown in Figure 2, the schematic diagrams of a meta-atom containing one short metal wire and two short metal wires are given in Figures 2A,B, respectively. The Figures 2Ai,Bi are the top views, while the Figures 2Aiii,Biii are the side views. Figures 2Aii,Bii show the surface current distributions at 13.0 GHz under the x-polarized waves illumination. Similarly, Figures 2Aiv,Biv show the magnetic field distributions at 13.0 GHz under the x-polarized waves illumination. Clearly, whether a meta-atom contains one short metal wire or two short metal wires, surface currents will be induced in the structure surface under the EM waves irradiating, and according to Faraday’s law of electromagnetic induction, the local magnetic field near the metal wires will be modulated, as we expected before. Furthermore, when a meta-atom contains two short metal wires, the surface currents on the two short metal wires flow in the same direction. Comparing the magnetic field distribution in Figures 2Aiv,Biv, we can see that the local magnetic field under the metal wires in Figure 2Biv is slightly stronger than the local magnetic field in Figure 2Aiv, that is to say, the local magnetic field can be modulated more strongly when the number of short metal wires in one meta-atom is increased.
[image: Figure 2]FIGURE 2 | The schematic diagrams of a meta-atom containing (A) one short metal wire and (B) two short metal wires: (i) top view; (ii) the surface current distributions; (iii) side view; (iv) magnetic field distributions.
The above is a qualitative analysis of the magnetic squeezing effect excited by the short metal wires. In order to analyze this effect from a quantitative point of view, we replaced a portion of the air beneath the metal wire with a layer of MAM (the thickness is 1.0 mm), as shown in Figure 3. Figures 3A,B show a comparison of the front view of the two states, respectively. Figure 3C shows the reflectivity comparisons. The blue curve represents the reflectivity of the situation of only the short metal wire, as can be seen from the small graph inlaid inside Figure 3C, due to the overall structure being lossless and the resonance of the short metal line occurs around 13.0 GHz, there is a slight variation around 13.0 GHz. The black curve shows the reflectivity of the 1.0 mm thickness MAM layer, which shows a certain degree of attenuation throughout the frequency band due to its magnetic loss. Correspondingly, the red curve shows the reflectivity of the composite of the short metal wire and the MAM layer, which shows a further attenuation in the wide frequency band up to 14.6 GHz. Especially near the 13.1 GHz, the reflectivity is further attenuated by more than 10 dB. Furthermore, as can be seen from Figure 3C, when the frequencies above 14.6 GHz, compared to the MAM, the reflectivity attenuation of the composite structure decreases instead. After analysis, the reason is that when the frequency exceeds 14.6 GHz, it will be in the negative region of the resonance of the short metal lines. As analyzed in the previous work [20], in the negative region of the resonance, the induced magnetic field will be in the opposite direction to the incident magnetic field, resulting in weakening of the magnetic field strength at the location of the MAM. In order to analyze and verify this theory more intuitively, we monitored the magnetic field distribution at 13.0 GHz (in the positive resonance region) and 16.0 GHz (in the negative resonance region) by utilizing CST simulation software, as shown in Figures 3D,E, respectively. It is clear from Figure 3D that at 13.0 GHz, a strong magnetic squeezing effect occurs and more concentrated magnetic field lines are confined below the short metal wire. Such an effect results in a significant increase of the magnetic field strength at the location where the MAM locating, which is the fundamental condition for the composite structure to have significant reflectivity attenuation near 13.0 GHz. On the contrary, as shown in Figure 3E, at 16.0 GHz, the magnetic field strength at the location of MAM layer becomes weakened, which is why the reflectivity attenuation becomes weaker in the frequency band after 14.6 GHz.
[image: Figure 3]FIGURE 3 | The schematic diagrams of a comparison of the front view of the two states: (A) original structure; and (B) a portion of the air beneath the metal wire is replaced by a layer of MAM (the thickness is 1.0 mm). (C) the comparisons of the reflectivity of the 1.0 mm MAM layer, only the short metal wire and the composite of the two. The magnetic field distribution at (D) 13.0 GHz and (E) 16.0 GHz.
Based on the analysis above, a kind of wideband HMA is designed, just as shown in Figure 4A. In order to further expand the absorption bandwidth and achieve polarization-insensitive performance, the overall structure is designed to be symmetrical and the resistive films are used to design as patterned shapes instead of metallic copper. After optimization, the final geometrical parameters are: the periodicity of the meta-atom p = 10.0 mm, l = 8.0 mm, w = 1.0 mm, d1 = 2.0 mm and d2 = 5.0 mm, and the sheet resistance is chosen as: R = 100 Ω/sq. By using CST Microwave Studio 2018, we simulated the reflectivity spectra of the HMA and 2.0 mm thick MAM under normal incidence. The comparison of them is shown in Figure 4B. In the simulation, the boundary conditions along the x- and y-directions are set as the unit cell boundaries, while the z-direction is set as open add space. It is well known that the reflected energy R(ω) and transmitted energy T(ω) can be obtained from the reflection coefficients S11(ω) and transmission coefficients S21(ω), that is, R(ω) = |S11(ω)|2 and T(ω) = |S21(ω)|2, and the absorbed energy A(ω) can be calculated by A(ω) = 1−T(ω)−R(ω) = 1−|S11(ω)|2−|S21(ω)|2. Furthermore, due to the existence of the metal ground, the transmission coefficients S21(ω) = 0 in the frequency range. So, the absorbed energy can be simplified to A(ω) = 1−|S11(ω)|2. That means, the reflectivity spectra can be used to represent the absorption performance. The black curve of the Figure 4B shows the reflectivity of the 2.0 mm thick MAM layer, it is clear that there is only a very narrow absorption band around 5.0 GHz. In contrast, the red curve in the Figure 4B represents the reflectivity of our proposed HMA. The comparison indicates that, in the low-frequency band, by modulating the local magnetic field utilizing the symmetrical square ring type resistive film, not only is the absorption bandwidth effectively extended, but also the absorption efficiency is greatly improved. In addition, in the high-frequency band, a wide absorption bandwidth is additionally introduced due to the electrical losses of the resistive film. As a result, under normal incidence, the −10 dB frequency band is extended to 3.2–22 GHz.
[image: Figure 4]FIGURE 4 | (A) Schematic illustration of the unit of proposed HMA. (B) The comparison of the reflectivity of the proposed HMA (the red curve) and 2.0 mm thick MAM (the black curve) under normal incidence. The comparison of the reflectivity with the variation of (C) the sheet resistance value R and (D) the length l. The simulated reflectivity spectra of the proposed HMA at different angles under (E) TE polarized waves and (F) TM polarized waves.
In addition, in the Figure 4C, we give a comparison of the reflectivity of the HMA with the variation of the sheet resistance value R of the resistive film while other geometrical parameters remain constant. It is obvious that with the gradual increase of the sheet resistance value, in the high frequency band, not only the absorption efficiency of the hybrid metamaterial absorber is gradually enhanced, but the absorption bandwidth is also gradually widened. However, as for the low frequency band, the absorption condition is almost unchanged. This is consistent with our design concept that by replacing metallic copper with resistive film to design the patterned shapes, an additional absorption band in the high frequency band can be introduced. Also, in Figure 4D, a comparison of the reflectivity of the HMA with the variation of the edge length l when other geometrical parameters remain constant. Clearly, as the edge length l decreasing, in the low frequency band, due to the weaker modulation of the local magnetic field, the absorption efficiency of the hybrid metamaterial absorber becomes weaker, and for the high frequency band, since the electrical loss of the resistive film becomes weaker, the absorption efficiency is correspondingly weaker. Furthermore, the reflectivity spectra of the proposed HMA varied with different incident angles for TE and TM polarized waves are shown in Figures 4E,F, respectively. Clearly, we can see that, the absorptivity has a high stability in both TE and TM modes for normal incidence. However, as the angle of incidence increases, for TE mode, the electric field component remains unchanged and the transverse magnetic field component is decreasing, so the absorption bandwidth in the low frequency band will decrease, and the high absorption band will move to higher frequency band. For TM mode, as the angle of incidence increases, the transverse magnetic field component remains unchanged and the electric field component is decreasing, so the low absorption band will remain unchanged, and the absorption bandwidth in the high frequency band will decrease.
In order to further verify our design strategy, by utilizing CST Microwave Studio 2018, we monitored the magnetic field distribution and surface current distribution of several typical frequency points, as shown in Figure 5. The Figures 5A,C represent the magnetic field distribution and surface current distribution of 4.4 GHz. Consistent with the previous analysis in Figures 2, 3, at 4.4 GHz, the surface currents flow in the same direction on both sides of the square ring, and an obvious magnetic squeezing effect occurs. More concentrated magnetic field lines are confined below the square ring type resistive film, resulting in a significant increase of the magnetic field strength at the location where the MAM locating and a significant reflectivity attenuation near the frequency point. The magnetic field distribution of 7.5 GHz is depicted in Figure 5B. Different from the Figure 5A, the magnetic field strength at the location of MAM layer becomes weakened, which is corresponding to a decrease of the absorption efficiency. The Figure 5D also shows the surface current distribution of 12.7 GHz. Clearly, there is a significant increase in surface current intensity on the square ring, and derived from the high electrical losses of the resistive film, in high frequency band, efficient absorption can be realized. Moreover, we also monitored the energy dissipation distribution at 4.4 GHz and 12.7 GHz, which were shown in Figures 5E,F, respectively. Obviously, at 4.4G Hz, the energy of the incident wave is mainly dissipated in the underlying MAM. And, at 12.7 GHz, most energy of the incident wave is mainly dissipated in the resistive film. This is consistent with the previous results for the magnetic field distribution and surface current distribution.
[image: Figure 5]FIGURE 5 | The magnetic field distribution of (A) 4.4 GHz and (B) 7.5 GHz. The surface current distribution of (C) 4.4 GHz and (D) 12.7 GHz. The energy dissipation distribution of (E) 4.4 GHz and (F) 12.7 GHz.
EXPERIMENTAL VERIFICATION
In order to verify our design concept, a prototype of the proposed HMA with the area of 400 × 400 mm2 is fabricated and measured, which is shown in Figure 6A. The components from top to bottom are: square ring type resistive film, PMI foam, MAM with 2.0 mm thickness and metal ground. As is shown in the Figure 6A, the experiment was conducted, in the microwave anechoic chamber, the experiment was conducted. Since the structure is symmetric and polarization-insensitive, for convenience, we only measured the reflectivity curve under one polarization. Under normal incidence, the comparison between the simulated and measured reflectivity curves is given in Figure 6B. Clearly, considering the tolerance in the fabrication and experiment, the trend of both was the same, therefore, we can agree that our proposed HMA can achieve wideband and efficient absorption in 3.2–22.0 GHz.
[image: Figure 6]FIGURE 6 | (A) The fabricated prototype of proposed HMA and the measured environment. (B) The comparison between the simulated and measured reflectivity curves.
CONCLUSION
In conclusion, via compound design of multiple mechanisms, a kind of wideband HMA is designed, fabricated and measured. The overall structure consists of a layer of patterned resistive film and a layer of MAM separated by the air. The resistive layer is designed as square ring type to regulate the local magnetic field, which results in significant magnetic field enhancement within the MAM layer, and this mechanism provides a prerequisite for wideband and high-efficiency absorption. Furthermore, due to the electrical losses of the resistive film, another absorption band is additionally introduced in the high frequency band. Thanks to the multiple mechanisms, the absorption efficiency above 90% in the 3.2–22.0 GHz frequency band can be realized, with a bandwidth around 1:7 and the thickness of the overall structure is 7.0 mm that is 0.07 of the wavelengths at the lowest frequency point. To demonstrate this method, a prototype is designed and fabricated, both the simulation and experiment results verify the effectiveness of the proposed method. This work provides a new method to design wideband and high-efficiency electromagnetic absorption structures and may find potential applications in multi-functional planar or conformal structures.
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