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Abstract:



We design an ultra-thin multi-band polarization-insensitive metamaterial absorber (MMA) using a single circular sector resonator (CSR) structure in the microwave region. Simulated results show that the proposed MMA has three distinctive absorption peaks at 3.35 GHz, 8.65 GHz, and 12.44 GHz, with absorbance of 98.8%, 99.7%, and 98.3%, respectively, which agree well with an experiment. Simulated surface current distributions of the unit-cell structure reveal that the triple-band absorption mainly originates from multiple-harmonic magnetic resonance. The proposed triple-band MMA can remain at a high absorption level for all polarization of both transverse-electric (TE) and transverse-magnetic (TM) modes under normal incidence. Moreover, by further optimizing the geometric parameters of the CSRs, four-band and five-band MMAs can also be obtained. Thus, our design will have potential application in detection, sensing, and stealth technology.
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1. Introduction


Electromagnetic (EM) metamaterials (MMs), as artificial periodic sub-wavelength structured composite materials, have attracted great attention since they can achieve exotic EM or light properties unavailable in nature [1]. Several potential applications, including cloak [2], perfect lens [3], miniaturization devices [4], and so forth have been proposed and demonstrated over a wide EM spectrum range from radio to visible frequency regimes. One of the important applications is to design perfect metamaterial absorbers (MMAs), which can achieve near unity absorption by adjusting the geometric parameters of the MM’s unit-cell structure [5,6]. MMAs are considered to be a branch of MMs, since this has been demonstrated experimentally in the seminal work of Landy et al. that recently provoked extensive interest due to its potential application in thermal emission, solar cells, imaging and sensing [5,6,7,8,9,10,11]. Since then, various MMA structures, such as split-ring and its derivative structure [12,13,14,15], cut-wire [16,17], ring-shape [18,19,20], and cross-shape [21,22,23] have been proposed intensively for the production of near perfect absorption with dual-/triple-/multi-/broad-band in a wide EM-spectrum range. However, there is still a lack of sufficient progress towards the effective design of multi-band and broadband MMAs using a simple polarization-insensitive structure with ultra-thin thickness.



Some efforts have been made towards the development of multi-band and broadband MMAs by coplanar or stacked multiple-layer structures composed of several different geometrical parameters of the metallic resonant structures [24,25,26,27,28,29,30,31,32,33]. However, these approaches suffer some shortcomings or disadvantages, such as complex resonant structures, larger lattice size and relatively larger thickness, which greatly hamper their practical application. The design strategy of these multi-band and broadband MMAs is mainly based on the combined effect of the fundamental EM resonance of the resonator structures with different parameters. In fact, high-order response of MMs is useful in the design of multi-band MMAs. For example, some multi-band MMAs based on multiple-order magnetic resonance using a single metallic resonant structure have been proposed and investigated [34,35,36,37,38]. However, current designs of MMAs are mainly concentrated in the dual-band and triple-band, most of which are sensitive to the polarization angle of the normal incident EM waves. Thus, it is very important to design a new type of multi-band MMA (where the number of the absorption peaks is more than four) with a simple resonant structure and novel mechanism [39,40].



In this work, we firstly present a triple-band polarization-insensitive MMA formed by only a single circular sector resonant (CSR) structure and a ground-plane separated by a dielectric layer based on the multiple-order responses. Simulation results show that the proposed MMA is only 0.8 mm thick and has three absorption peaks over 98% at 3.35 GHz, 8.65 GHz, and 12.44 GHz, respectively, which agrees well with the experiment. The origin of triple-band absorption is clarified by the distributions of the surface current. The triple-band MMA is polarization-insensitive due to the fourfold rotational symmetry of the proposed CSR structure. Then, four-band and five-band MMAs are proposed and demonstrated numerically based on multiple-order responses, by selecting the appropriate geometric parameters of the unit-cell structure.




2. Unit-Cell Structure Design, Simulation and Experiment


Figure 1 presents the design schematic of the proposed triple-band MMA, which consists of two functional metallic layers separated by a middle spacing layer. As shown in Figure 1b, the front view of the proposed MMA is a single metallic CSR structure as the basic unit cell, which can response the electric field of the incident EM waves. Similar to the previous design [38], the single CSR structure contains a circular patch at the centre and four circular sectors around the circular patch. The middle spacer is the dielectric substrate, and the selections of its thickness and permittivity is crucial since it affects the absorption properties of the MMA. The back metallic layer is a continuous copper film, and its thickness is larger than that of the penetration depth of incident EM waves, thus avoiding transmission. In the design of a triple-band MMA, the FR-4(loss) with permittivity of εr = 4.3 × (1 + i0.025) and thickness of 0.8 mm was selected as the middle dielectric substrate, and the continuous copper film with frequency-independent conductivity of σ = 5.8 × 107 S/m and thickness of 35 μm were selected as metallic layers. It was expected that the designed MMA is polarization-insensitive for both transverse-electric (TE) and transverse-magnetic (TM) modes due to the fourfold rotational symmetry of its unit-cell structure. The optimized geometric parameters were as follows: px = py = 20 mm, ts = 0.8 mm, r = 2.4 mm, l = 9 mm, and α = 70°.


Figure 1. The designed multi-band metamaterial absorber (MMA): (a) 2D-array structure; (b,c) front view and perspective view of the unit cell structure, respectively.
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To verify the absorption properties of our design, numerical simulations were performed by using the frequency solver based on the finite integration technology (FIT) in CST Microwave Studio (CST China, LTD., Shanghai, China). In the simulation process, the unit-cell boundary condition was employed along the x-axis and y-axis direction; the unit-cell structure was illuminated by a normally incident plane wave with the electric field parallel to the x-axis and magnetic field parallel to the y-axis; and the wave vector was along the +z axis direction. For experiments, we fabricated the MMA sample with conventional printed circuit board (PCB) technology. The geometrical parameters and EM parameters of the unit-cell structure of the fabricated MMA were the same as in the simulation. In the MMA sample fabrication, we also used the copper and FR-4(loss) substrate as the metallic structure and dielectric layer, which were also the same as in the simulation. Finally, as shown in Figure 2a, a fabricated MMA sample with an area of 200 mm × 200 mm could be obtained. Two standard horn antennas connected to the network analyzer (Agilent N5244A PNA-X, Agilent Technologies, Santa Clara, CA, USA) were employed to measure the absorbance of the designed MMA in the EM anechoic chamber. In reflection measurement, the source and receiver horn antennas were each inclined at an angle of about 5° with respect to normal on the MMA sample. Before measurement of the sample, the aluminium plate of the same size replaced the sample for reference measurement [12,15]. To eliminate the near-field effect, the distance between the horn antennas and MMA sample was far larger than operational wavelength, which was 2.5 m in the EM anechoic chamber. The absorbance could be calculated through the formula A (ω) = 1 − R(ω) − T(ω) = 1 − |S11(ω)|2 − |S21(ω)|2, where the S11(ω) and S21(ω) were scattering parameters, and R(ω) and T(ω) were reflectance and transmittance as a function of frequency, respectively. In this study, only the reflection was considered, thus the absorbance was calculated only by using A (ω) = 1 − |S11(ω)|2, since the MMA was packed by a continuous film and there was no transmission.


Figure 2. (a) Photograph of the fabricated MMA sample; (b) the simulated and measured absorbance of the triple-band MMA for normal incidence.
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3. Results and Discussions


3.1. Triple-Band Metamaterial Absorber (MMA)


The simulated and measured absorbance of the proposed MMA in the frequency range of 2–14 GHz is shown Figure 2b. Three resonant absorption peaks were clearly evident: at f1 = 3.35 GHz, f2 = 8.65 GHz and f3 = 12.44 GHz, the simulated absorbance is about 98.8%, 99.7% and 98.3%, respectively, which was in agreement with the experiment. However, there existed slight deviations around the off-resonant frequency range due to the tolerances in fabrication and imperfection in measurements. The simulated Q-factor values of the three absorption peaks were about 19.7, 19.6, and 24.4, respectively. Furthermore, the off-resonance absorbance of the triple-band MMA for both experiment and simulation was small (<30%), which is useful in detecting and sensing applications. The total thickness of the proposed triple-band MMA was only 0.8 mm, which is about λ/119 at 3.35 GHz, λ/43 at 8.65 GHz and λ/30 at 12.44 GHz, respectively, where λ is the corresponding operational wavelength. Thus, our designed triple-band MMA had an ultra-thin property with respect to the operational wavelength.



We studied, both numerically and experimentally, the polarization angle dependence of the proposed MMA for both TE and TM modes under normal incidence, as shown in Figure 3. From Figure 3a,b, as the polarization angle increased from 0° to 90° in steps of 15° at normal incidence, the simulated absorbance for both the TE and TM modes was unchanged, which was also in good agreement with the experiment (see Figure 3c,d). It was, therefore, further demonstrated that the designed triple-band MMA can keep polarization stability under normal incidence in practical applications.


Figure 3. (a,b) Simulated and (c,d) experimental absorbance at different polarization angles with different modes: (a,c) transverse-electric (TE) mode, (b,d) transverse-magnetic (TM) mode.
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To reveal the physical origin of the proposed triple-band MMA, we studied the surface current distributions of the front and back metallic layer of the unit-cell structure at those resonant absorption frequencies, as shown in Figure 4. It can be seen that the surface current distributions on the front and back metallic layer were in an anti-parallel direction for all three distinct absorption peaks. These anti-parallel currents could form a different circulating current loop, and this was in perpendicular plane to the magnetic field direction of the incident EM waves. Thus, the anti-parallel currents of the front and back metallic layers are illustrations that the absorptions at above the three peaks were induced by magnetic resonance. At the lower frequency (f1 = 6.68 GHz), as shown in Figure 4(a1,a2), flow directions of surface currents at the front and back metallic layer were opposite, and the antiparallel surface currents could form a current loop between the front and back metallic layers along the magnetic field of the incident EM waves. Thus, the absorption of the lower frequency was induced by the fundamental magnetic response. At the second resonant frequency (f2 = 8.65 GHz), as shown in Figure 4(b1,b2), the surface currents were composed of two sub-antiparallel currents in the left and right areas of the unit-cell structure, which formed two current loops between the front and back metallic layers. Thus, the second frequency absorption originated from the second-order magnetic resonance mode. At the third resonant frequency (f3 = 12.44 GHz) from Figure 4(c1,c2), the surface currents composed of three sub-antiparallel currents were at the upper, middle and lower areas of the unit-cell structure, respectively, which formed three current loops between the front and back metallic layers. Obviously, the third absorption was induced by the third-order magnetic resonance mode [17,34,35,36,37]. In effect, the surface current distributions of the unit-cell structure at absorption peak frequencies revealed multipolar responses corresponding to the nature of localized surface plasmon (LSP) behaviors and the excitations of the spoof surface plasmon polaritons (SPPs) [40,41,42]. The spoof SPPs and LSPs were excited by the electric field of the normal incident EM waves, and the incident EM energy was in confinement and concomitant enhancement at metal-dielectric interfaces of the MMAs [40]. Thus, the LSP behaviors and effect of the spoof SPPs could also contribute to the triple-band absorption properties of our proposed structure. Obviously, a novel and simple design of triple-band MMA was easily realized based on the combination of the fundamental and high-order magnetic resonance modes of the unit-cell structure. These results suggest a new approach to designing multi-band MMA by exploring fundamental and high-order magnetic resonance modes in a single patterned resonator structure.


Figure 4. The surface current distributions of the (a1–c1) front and (a2–c2) back layer of the unit-cell structure at different resonant frequencies: (a1,a2) f1 = 3.35 GHz; (b1,b2) f2 = 8.65 GHz; and (c1,c2) f3 = 12.44 GHz. The solid arrow indicates the flow directions of surface currents at two metallic layers.
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To further illustrate the resonance absorption properties of our proposed triple-band MMA, the distributions of the power-flow streams in the unit cell structure were also studied numerically, since this could provide interesting information about where and how the absorption occurs. From Figure 5(a1–c1), for the three resonant frequencies, the input power-flow streams were originally parallel in the space far from the unit-cell structure in the wave ports. When the power-flow streams moved close to the surface of the unit-cell structure, most of the power-flow streams across the CSR structure curled. However, when the power streams from outside the CSR structure area flowed into the dielectric substrate, this detail was very different at different resonant frequencies. At the lower resonant frequency (f1 = 3.35 GHz), as shown in Figure 5(a1), the power streams from the outside area into the dielectric substrate mainly focused on the upper and lower edges of the CSR structure. At the second resonant frequency (f2 = 8.65 GHz), most of the curled power streams were concentered on the left and right edges areas of the structure (see Figure 4(b1)). At the third resonant frequency (f3 = 12.44 GHz), the curled power streams were mainly concentered on the upper, middle and lower edges areas of the structure (see Figure 4(c1)). In all cases, the power density in the corresponding edge areas was at least one order larger than in other positions of the CSR unit-cell structure.


Figure 5. The distributions of (a1–c1) power-flow streams and (a2–c2) power-loss density of the unit-cell structure at different resonant frequencies: (a1,a2) f1 = 3.35 GHz; (b1,b2) f2 = 8.65 GHz; and (c1,c2) f3 = 12.44 GHz.
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To better understand the intrinsic absorption properties of the triple-band MMA, the distributions of power-loss density in the middle plane between the two metallic layers of the unit-cell structure at resonant frequencies are given in Figure 5(a2–c2). It can be observed that the power loss was focused on a different area of the middle plane at different resonant frequencies. As shown in Figure 5(a2), at 3.35 GHz, the high power losses were mainly focused on the upper and lower areas of the CSR structure, which was caused by the fundamental magnetic resonance. At the second resonant frequency of 8.65 GHz, as shown in Figure 5(b2), the high power losses were mainly concentered on the left and right areas of the CSR structure originating from the second-order magnetic resonance. At the third resonant frequency of 12.44 GHz, as shown in Figure 5(c2), the high power losses were mainly concentered on the upper and lower areas of the CSR structure due to the third-order resonance mode.



The distribution properties of power-flow streams and power-loss density are consistent with the surface current distributions of the unit-cell structure. These results further indicate that triple-band perfect absorption is mainly due to the combination of the fundamental and higher-order magnetic resonance responses. In the next section, we extend the analysis of MMAs by making full use of the high-order responses of the CSR structure to achieve multi-band (considering only four-band and five-band MMA, as examples) perfect absorption.




3.2. Four-Band and Five-Band MMAs


The number of perfect absorption peaks of the proposed the MMA structure can be extended based on the combination of one or more high-order responses by selecting appropriate geometric parameters of the unit-cell structure, as shown in Figure 6a,b. In the new designs, the period (px = py = 20 mm), the permittivity of the dielectric substrate, and the conductivity of metallic layers are the same as in Figure 1. For the four-band MMA, the optimized geometric parameters are as follows: ts = 1 mm, r = 3 mm, l = 9.3 mm, and α = 70°. For the five-band MMA, the optimized geometric parameters are given as: ts = 1.3 mm, r = 3.5 mm, l = 9.6 mm, and α = 75°. The simulated absorbance for the four-band and five-band MMAs are depicted in Figure 6c,d.


Figure 6. The (a) front view and (b) perspective view of the unit-cell structure of the designed MMA; with the simulated absorbance for the (c) four- and (d) five-band MMAs.
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First, we consider the four-band MMA, and the corresponding absorbance is shown in Figure 6c. It can be observed that there were four absorption peaks at discrete resonant frequencies of f1 = 3.56 GHz, f2 = 8.56 GHz, f3 = 12.42 GHz and f4 = 15.04 GHz; with absorbance of 98.7%, 99.1%, 99.9% and 98.1%, respectively. The corresponding Q values of the four absorption peaks were about 19.8, 19.9, 21.4 and 50.1, respectively. Figure 6d shows the simulated absorbance of the proposed five-band MMA. It can be observed clearly that five absorption peaks were obtained at f1 = 3.42 GHz, f2 = 7.88 GHz, f3 = 11.48 GHz, f4 = 13.9 GHz, and f5 = 15.22 GHz; with absorbance of 91.7%, 98.3%, 96.4%, 92.8 and 94.4%, respectively. The corresponding Q values of the five-band MMA were about 16.3, 18.8, 18.5, 33.1 and 253.7, respectively. Furthermore, the absorbance of the four-band and five-band MMAs in the off-resonance frequency were also very small (<20%). Obviously, the proposed four-band and five-band MMAs were also polarization-insensitive due to the fourfold rotational symmetry. In addition, we can conjecture that the near perfect absorption peaks were mainly attributed to the overlapping of the four- and five-order magnetic resonance responses for the four-band and five-band MMA structures (see Figure 7 and Figure 8).


Figure 7. The surface current distributions of the (a1–d1) front and (a2–d2) back metallic layers of the unit-cell structure at different resonant frequencies: (a1,a2) f1 = 3.56 GHz; (b1,b2) f2 = 8.56 GHz; (c1,c2) f3 = 12.42 GHz; and (d1,d2) f4 = 15.04 GHz. The solid arrow indicates the flow directions of surface currents at the two metallic layers.
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Figure 8. The surface current distributions of the (a1–e1) front and (a2–e2) back metallic layer of the unit-cell structure at different resonant frequencies: (a1,a2) f1 = 3.42 GHz; (b1,b2) f2 = 7.88 GHz; (c1,c2) f3 = 11.48 GHz; (d1,d2) f4 = 13.9 GHz; and (e1,e2) f5 = 15.22 GHz. The solid arrow indicates the flow directions of surface currents at the two metallic layers.
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To better understand the physical origin of the observed four-band and five-band absorption properties, the surface current distributions of the front and back metallic layer of the unit-cell structure corresponding to the absorption peaks are given in Figure 7 and Figure 8. As shown in Figure 7(a1–c1,a2–c2), it is obvious that the surface current distributions of the front and back metallic layers of the unit-cell structure were nearly the same as those in Figure 4. Thus, at f1 = 3.56 GHz, f2 = 8.56 GHz and f3 = 12.42 GHz, near perfect absorption was caused by the fundamental, second-order and third-order magnetic responses of the proposed MMA structure. Furthermore, at the fourth resonant frequency (f4 = 15.04 GHz), as shown in Figure 7(d1,d2), four sub-antiparallel currents of the unit-cell structure could form four current loops between the front and back metallic layers that gave rise to the excitation of four magnetic resonances in the dielectric layer of the MMAs. Thus, the fourth absorption was induced by the fourth-order magnetic resonance mode. Therefore, quad-band perfect MMA could be obtained based on the combination of the fundamental, second-order, third-order, and fourth-order resonance of the proposed CSR structure.



Obviously, it is possible that the five absorption peaks were induced by the combination of the fundamental, second-order, third-order, fourth-order, and fifth-order magnetic resonance responses of the designed four-band MMA structure.



As shown in Figure 8(a1–d1,a2–d2), the distribution properties of the surface current of the front and back metallic layers of the unit-cell structure are similar to those in Figure 7. Thus, at resonant frequencies of f1 = 3.42 GHz, f2 = 7.88 GHz, f3 = 11.48 GHz, and f4 = 13.9 GHz, the high-level absorption properties mainly originated from the fundamental, second-order, third-order and fourth-order magnetic response of the proposed MMA structure. In addition, as shown in Figure 8(e1,e2) for the fifth resonant frequency (f5 = 15.22 GHz), five sub-antiparallel currents at the unit-cell structure form five current loops between the front and back metallic layers, resulting in the fifth-order magnetic resonance mode. Thus, five absorption peaks can be achieved easily based on the combination of the fundamental and higher-order magnetic resonance responses of the proposed MMA structure. Therefore, we also suggest that the LSP behaviors and effect of the spoof SPPs contribute to the four-and five-band absorption properties of our proposed MMA structure.



These results suggest that the combination of fundamental and higher-order magnetic resonances in a simple resonant structure can lead to the superposition of their absorption spectrum, confirming the idea of creating multi-band MMAs. The presented four-band and five-band MMAs are also easy to fabricate using conventional PCB technology. Furthermore, we can conjecture that the numbers of absorption peaks (i.e., six-order and seven-order resonances) of the proposed MMA structure can be further extended by selecting the appropriate geometric parameters of the unit-cell structure. Thus, it is expected that a multi-band (more than five) MMA can also be achieved based on the combination of one or more high-order resonances. However, it should be noted that the absorbance of the MMA will be smaller (<90%) to some degree when the number of absorption peaks is more than five (not shown).





4. Conclusions


In conclusion, the absorption properties of multi-band MMAs using a single circular sector resonator structure based on the combination of fundamental and higher-order magnetic resonance were studied. Firstly, a detailed example of a triple-band perfect MMA that was ultra-thin and polarization-insensitive was demonstrated by simulation and experiment. Simulations confirmed that the absorbance of the MMA was more than 99% on average at three different resonant frequencies, which agreed well with the experiment. The total thickness of the proposed triple-band MMA was only 0.8 mm, which was smaller than λ/30 at 12.44 GHz, where λ is the corresponding operational wavelength. The absorption of proposed triple-band MMA was unchanged for all polarization angles of both TE and TM waves. The simulated surface current distributions indicated that triple-band perfect absorption mainly originated from the fundamental, second-order, and third-order magnetic resonances.



Furthermore, we could achieve four-band and five-band near perfect absorption at the desired frequency ranges by selecting the appropriate geometric parameters of the proposed MMA unit-cell structure, thus extending our idea to four-band and five-band MMAs. Moreover, we can conjecture that the proposed CSR structure can be used to further extend the number of absorption peaks (i.e., six-order and seven-order resonances) by combining one or more high-order resonances. In addition, the multi-band MMA that is polarization-insensitive and ultra-thin can be realized easily in terahertz, infrared and even visible frequency regions due to its geometry scalability. It is also expected that our work might contribute a simple and effective method for creating novel and high-performance multiband MMAs. Thus, our simple design of a multi-band MMA may find some potential applications in spatial filters, wavelength selective radiation, sensing, detecting, and stealth technology.
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