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Frequency-selective rasorbers (FSRs), which have absorptive and transmissive properties at different frequencies, are crucial in a wide range of applications in communication and radar engineering. However, the FSRs currently available usually exhibit a single high-performance transmission band, which cannot meet the rising demands for modern multiband communication/radar systems. In this article, we propose a dual-band frequency-selective rasorber that utilizes a cascaded metasurface and is designed with an equivalent circuit model and parameter optimization. In addition, a prototype dual-band frequency-selective rasorber is fabricated and characterized. Microwave measurements present two highly transparent peaks located near 11.5 and 17.5 GHz with an insertion loss of around 0.5 dB. Also, there are two absorption bands with absorptivities higher than 80% at 3.9–10.2 GHz and 13–15 GHz. Such low insertion loss for both transparent bands is achieved by optimizing the position of resistors through mode analysis. Our approach facilitates the manufacture of high-performance multi-band frequency-selective rasorbers for use in multi-band communication systems.
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1 INTRODUCTION
Frequency-selective rasorbers (FSRs) exhibit extraordinary electromagnetic (EM) responses since they are transparent in certain frequency bands while absorptive in others. Such devices have attracted much attention over the last few decades due to both scientific curiosity and potential practical applications (Munk, 2000). For instance, FSRs can be employed as antenna radomes to enhance electromagnetic compatibility for different antenna systems and reduce the antenna radar cross-section (RCS) outside the transmission band. The basic design principle for such frequency-selective rasorbers is to substitute the ground plane of a broadband absorber with a frequency-selective surface to enable the transmission window while maintaining out-of-band absorption properties (Munk, 2009). A critical issue frequently encountered during the design process is ensuring optimal broadband absorptive performance while maintaining high transmission in the communication band.
In the early years, researchers directly integrated the low-pass characteristics of strip-type frequency-selective surfaces with broadband absorbers to fabricate low-pass-type frequency-selective rasorbers (Costa and Monorchio, 2012; Chen et al., 2015; Yu et at., 2017). Because low-frequency waves tend to have superior penetration capability under similar conditions, such low-pass-type frequency-selective rasorbers exhibit low insertion loss within the transmission band associated with a wide absorption band. However, this strategy cannot be directly extended to higher communication bands due to the inherent problem that these broadband absorbers are not naturally transparent at communication frequencies. Recently, the rapid development of metasurface research has paved the way to realize such novel EM devices. Metasurfaces are ultrathin metamaterials that consist of planar microstructures with tailored EM properties. They have a strong ability to control EM waves and exhibit many unique properties that can be applied to functional devices (Yu et al., 2011; Mishra et al., 2017; Xiao et al., 2017; He et al., 2018; Sun et al., 2019). Some examples include anomalous reflection/refraction (Xu et al., 2016; Cao et al., 2019; Akram et al., 2020; Cai et al., 2020; Cai et al., 2021; Ran et al., 2022), vortex beam generators (Zhang et al., 2017; Ma et al., 2020; Li et al., 2022; Wu et al., 2022), surface wave couplers (Sun, et al., 2012; Xiao et al., 2015), and holograms and cloaking (Cai et al., 2015; Xu et al., 2021; Zhen et al., 2021). More recently, researchers have combined completely different EM responses, such as high transmittance and ideal absorption, into single ultrathin cascaded metasurfaces (Pfeoffer and Grbic, 2013; Arbabi et al., 2017). These advances have provided frequency-selective rasorbers with flexibly designed transmission bands, where the core strategy is to use EM resonance to tunnel EM waves through a highly absorptive background (Zhou et al., 2005; Guo et al., 2018; Yang et al., 2019). However, available frequency-selective rasorbers usually only exhibit single high-performance transparent bands (Wang et al., 2018; Guo et al., 2019; Guo et al., 2020; Parameswaran et al., 2021; Yang et al., 2022) or multiple transparent bands with relatively high insertion loss, typically >1 dB (Guo et al., 2019; Guo et al., 2019; Xiu et al., 2020; Sharma et al., 2022). Therefore, high-performance multi-band frequency-selective rasorbers are still required to meet the increasing demand for multiband communication systems (Bilgic and Yegin, 2014; Yang et al., 2017; Su et al., 2019).
In this article, we present a cascaded metasurface with broadband absorption and dual high transmission bands that can be applied to both transverse electric (TE) and transverse magnetic (TM) polarizations. Such a cascaded metasurface is designed through equivalent circuit analysis and structural optimization. Full-wave simulations and experiments reveal two highly transparent peaks in the vicinity of 11.5 and 17.5 GHz with an insertion loss of around 0.5 dB. Also, there are two absorption bands with an absorptivity of more than 80% located at 3.9–10.2 GHz and 13–15 GHz. Such a low insertion loss for both transparent bands is made possible by optimizing the position of resistors through mode analysis. In addition, our present metasurface can be flexibly designed to the desired frequency. Our proof of concept presents new opportunities for the application of high-performance multi-band frequency-selective rasorbers.
2 DESIGN CONCEPT
As the schematic diagram in Figure 1A shows, our proposed device is a cascaded system consisting of a resistive layer, dielectric spacer, and bandpass layer. In addition, Figure 1B illustrates the absorption and transmission spectra for an ideal dual-band frequency-selective rasorber. The lower and upper absorption bands are separately denoted by [image: image] and [image: image], while [image: image] and [image: image] represent the lower and upper transmission bands, respectively. The key issue in designing a high-performance dual-band frequency-selective rasorber is to implement the transmission and absorption characteristics at the targeted frequencies of the communication band. To solve this problem, we propose introducing structural resonators for both the bandpass layer and the resistive layer to tunnel EM waves through the whole device. For the absorption band, the bandpass layer is designed to block incident EM waves, which in turn are used as the ground plane for the absorber. Thus, the impedance of the resistive layer can be adjusted to absorb all EM waves. After designing each layer of the proposed device based on the equivalent circuit model and structural optimizations, a microwave prototype is fabricated. Subsequently, we experimentally and numerically demonstrate the effectiveness of the high-performance dual-band frequency-selective rasorbers for both TE and TM incident polarizations.
[image: Figure 1]FIGURE 1 | Schematic diagram of the cascaded metasurface (A) The cascaded metasurface is composed of a resistive layer, dielectric spacer, and bandpass layer. (B) Absorptivity and transmission characteristics of an ideal dual-band frequency-selective rasorber.
3 EQUIVALENT CIRCUIT ANALYSIS
Our proposed cascaded metasurface can be analyzed using a two-port equivalent circuit model, as shown in Figure 2. Here, h is the thickness of the dielectric spacer, while [image: image], [image: image] denote the impedance of the resistive layer and the bandpass layer, respectively. In addition, [image: image] and [image: image] signify the characteristic impedance of the free space and the dielectric spacer.
[image: Figure 2]FIGURE 2 | Equivalent circuit model of the cascaded metasurface.
According to the equivalent circuit model (ECM) in Figure 2, the transfer matrix (ABCD matrix) can be calculated as:
[image: image]
where, [image: image], [image: image] represent the propagation constant of the dielectric spacer. To simplify the derivations, the air is adopted as the dielectric spacer. Thus, the impedance and the propagation constant of the dielectric spacer can be written as [image: image], [image: image]. By further applying the transformation relationship between the ABCD matrix and the S matrix (Pozar, 1998), the transmittance and reflectance of our cascaded metasurface can be expressed as:
[image: image]
[image: image]
Moreover, absorption can be calculated by [image: image]. Ideally, transmittance equals 1 and reflectance equals 0 at the transmission band, while transmittance and reflectance both equal 0 at the absorption band.
Hence, we can respectively obtain the impedance conditions for ideal transparency and absorption as:
1) At the transmission band, [image: image]. Based on Eq. 3, the values of [image: image] and [image: image] are infinite, so the circuit is regarded as an open circuit and the EM waves penetrate both layers completely.
2) At the absorption band, [image: image]. The circuit exhibits both zero transmittance [image: image] and zero reflectance [image: image]. To fulfill such conditions, the impedance of the bandpass layer ([image: image]) and the resistive layer ([image: image]) equal 0 and [image: image], respectively. In addition, the propagating constant for the dielectric spacer is calculated as [image: image], where [image: image] is an integer. Such conditions indicate that the bandpass layer is regarded as a short circuit and the EM wave is absorbed completely by the lumped resistors of the resistive layer.
Under the previous two conditions, the design of the EM response for the cascaded metasurface can be incorporated into the design of the equivalent circuit model for the bandpass layer and resistive layer, respectively. For the bandpass layer, it is desirable to exhibit dual-band transmission properties, which are easily achieved by utilizing two cascaded parallel LC circuits with different resonance frequencies [image: image], where [image: image], as shown in Figure 2. Then, the equivalent impedance of this layer can be calculated by:
[image: image]
Eq. 4 clearly illustrates that the impedance of the bandpass layer ([image: image]) tends to infinity at the resonance frequencies [image: image]. This indicates that the equivalent circuit of this layer is an open circuit, so the EM waves penetrate the bandpass layer without reflection at these two resonance frequencies.
In contrast, the resistive layer exhibits two transmission bands at the same frequencies. Here, we employ the RLC series circuit to achieve broadband absorption, but this circuit cannot satisfy the impedance condition ([image: image]) for the transparent frequencies. Therefore, the resistive layer is not transparent at the bandpass frequencies. To solve this issue, we also introduce two parallel LC circuits with the same transparent frequencies [image: image] into the resistive layer. Thus, the impedance of the resistive layer can be expressed by:
[image: image]
where, [image: image] and [image: image] respectively denote the inductance and capacitance of the ith LC resonator. The inductance and capacitance of the bandpass layer and the resistive layer do not need to be identical to each other but [image: image] must be satisfied to obtain the same transmission frequencies for the two layers.
Based on the previous equivalent circuit model, we can further define the out-of-band absorptive properties. Note that the impedance of the parallel [image: image] and [image: image] circuits become off-resonant and tends to 0 at frequencies far from the transmission band. It is worth noting that [image: image] is large than [image: image] in our model. Therefore, the resonance bandwidth [image: image] is larger than that of [image: image]. The impedance of parallel [image: image] circuits can be designed as a smaller value when the impedance of parallel [image: image] circuits tend to 0. As a result, by further adjusting the value [image: image], the imaginary part of the impedance of the series LC circuit and the imaginary part of the impedance of the parallel LC circuit can cancel each other out, and the impedance of the resistive layer [image: image] becomes a pure real value at absorptive frequencies [image: image]. At the same time, we obtain [image: image] satisfying the perfect absorption for the bandpass layer (see Supplementary Material Section S1). Therefore, we can achieve almost perfect dual-band absorptive performance by carefully choosing the resistance value (as [image: image] can approximately achieve strong absorption) and thickness of the dielectric spacer to satisfy the optimal absorption conditions [image: image] and [image: image]. With all of these impedance conditions for each layer, a dual-band frequency-selective rasorber is acquired based on the above-mentioned equivalent circuit model. Here, note that our model works under normal incidence. As the angle of incidence increases, the impedance of TE/TM mode ([image: image] and [image: image]) will gradually deviate from the matching condition. Hence, the transmission and absorption performance of the model will usually decrease a lot with a large incident angle (see Supplementary Material Section S2).
4 CASCADED METASURFACE DESIGN AND ANALYSIS
The microstructures of the proposed cascaded metasurface are designed based on previous analysis and using the equivalent circuit model. Figure 3 illustrates the unit-cell geometry of the proposed cascaded metasurface, which consists of a resistor-loaded resistive layer, foam spacer, and dual-bandpass layer as the backplane. This type of unit-cell is periodic along the x- and y-axes, exhibiting a C4 rotational symmetry with an isotropic response. Here, both the resistive layer and the bandpass layer are printed on a 0.508-mm-thick dielectric substrate (F4B-M2) with a permittivity [image: image] and loss tangent [image: image]. These two layers are separated by a 5-mm-thick foam spacer.
[image: Figure 3]FIGURE 3 | Unit-cell geometry of the proposed cascaded metasurface (A) Perspective view of the whole device. (B) Top view of the resistive layer. (C) Top view of the bandpass layer.
To facilitate the design process, we employ the finite-difference time-domain (FDTD) method to compute the scattering properties of the resistive layer and the bandpass layer separately. Then, we adjust the geometry parameters to satisfy the design criteria, i.e., [image: image] at the transmission band and [image: image], [image: image] at the absorption band. During the design and structural optimization, it is crucial to achieving two transmission poles for the resistive layer. Moreover, their frequencies should coincide with the transmission peaks of the dual-bandpass layer.
A. Bandpass layer
As displayed in the inset of Figure 4, the proposed lossless bandpass layer is a metal plate with two circular-shaped apertures, which realizes the series-connected parallel LC circuits ([image: image] and [image: image]). The optimized geometric dimensions are as follows: [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image], where the parameters are obtained by structure sweeping with the design methodology in Supplementary Material Section S3. Figure 4 illustrates the simulated transmission and reflection spectra (solid curves) for the bandpass layer illuminated with normal incidence under TE polarization. As expected, there are two transmission bands in the vicinity of [image: image] and [image: image], with an insertion loss of only 0.07 and 0.05 dB, respectively. In addition, almost total reflection ([image: image]) occurs around [image: image] and [image: image]. These full-wave results are in good agreement with our equivalent circuit analysis on model systems plotted as dashed curves in Figure 4A. The values of the components are [image: image], [image: image], [image: image], [image: image].
[image: Figure 4]FIGURE 4 | Simulation results of the bandpass layer (A) S-parameters of the bandpass layer calculated by full-wave simulation (solid curves) and equivalent circuit model (dashed curves). (B) Surface current distribution on the bandpass layer at the transmission/reflection peaks.
To further illustrate the working principle of the proposed structures, we analyze the mode distributions (surface current) at the frequency of optimal transmission and reflection peaks (7 GHz, 11.5 GHz, 14 GHz, and 17.5 GHz), as shown in Figure 4B. At resonance frequencies of 11.5 and 17.5 GHz, a strong current is excited along with the slot, so the incident waves pass through the slots with low insertion loss. As a result, the impedance of the bandpass layer tends to infinity at transparent frequencies of 11.5 and 17.5 GHz. However, at other frequencies, a very low surface current is induced, indicating that the tangential electric field is extremely weak on the surface of the bandpass layer. The bandpass layer becomes a ground plane and reflects almost all incident waves, indicating that the impedance of the bandpass layer approaches zero at absorptive frequencies of 7 and 14 GHz. Simulation results confirm that the proposed bandpass layer successfully realizes the design of a circuit model with two transmission bands.
B. Resistive layer
Figure 3C presents the geometry of the resistive layer. Here, a complex cross-anchor metallic structure loaded with lumped resistors as well as a metallic loop in the center is employed as the unit element. In addition, the geometry parameters are as follows: [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image], where the parameters are also obtained by structure sweeping, see Supplementary Material Section S3. The circuit parameters are as follows: [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image].
Figure 5A shows the simulated transmission and reflection of the resistive layer under normal incidence waves with TE polarization. There are two transmission bands with an insertion loss of around 0.5 dB at the same frequencies as the transmission bands of the resistive layer ([image: image], [image: image]), and broadband absorption located at around [image: image] and [image: image]. Although the full-wave results correlate well with the equivalent circuit analysis, the impedance [image: image] realized by the resistor-loaded cross-anchor structure is slightly different from the equivalent circuit model. This discrepancy may arise from the mutual coupling between the cross-anchors after the lumped resistors are integrated into the element.
[image: Figure 5]FIGURE 5 | Simulation results of the resistive layer (A) S-parameters of the resistive layer calculated by full-wave simulation (solid curves) and equivalent circuit model (dashed curves). (B) Surface current distribution on the resistive layer.
To offer physical insight into the operating principles of the resistive layer, we apply a mode analysis of the surface current distributions on the resistive surface under normal incidence, as demonstrated in Figure 5B. At transmission frequencies of 11.5 and 17.5 GHz, two current paths on the metallic loop are induced. The mode nodes of these current paths are almost fixed and exist in the positions where the lumped resistors are placed. It can be seen that the surface currents are concentrated on the metallic loop resonators. Therefore, no current passes through the lumped resistors and most of the incident waves tunnel through the resistive surface with low insertion loss. As a result, the impedance of the resistive layer tends to infinity at the frequencies with the transmission bands ([image: image], [image: image]), where the corresponding transmission bands are generated. In contrast, around [image: image] and [image: image], the surface currents pass through the resistors in the vertical direction, and the EM waves are thereby mostly absorbed by the ohmic loss. Consequently, absorption bands are successfully achieved based on the circuit model analysis.
5 EXPERIMENTAL CHARACTERIZATIONS
To further demonstrate the validity of the proposed design, a prototype of the cascaded metasurface is fabricated shown in Figure 6A. The overall size of the assembled prototype is [image: image]. Besides, the resistive layer and the bandpass layer are printed on an F4B-M2 substrate ([image: image]), where chip resistors ([image: image]) with the 1,005 package are welded onto the metallic strips of the resistive layer. Due to mutual coupling between the two layers, we fine-tune the structure to obtain the following optimized geometric dimensions: [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image] (with more detailed parameters in Supplementary Material Section S4). Moreover, the resistive layer and the bandpass layer are separated by polymethacrylimide (PMI) foam spacer ([image: image]) and fixed by adhesive tape.
[image: Figure 6]FIGURE 6 | Fabricated prototype and the measurement system (A) Photograph of the prototype. (B) Prototype in the measurement setup with the normal incident waves.
Figure 6B illustrates the microwave experimental setup. The prototype is measured in a microwave anechoic chamber using a free-space measurement method. The prototype is placed in the middle of the platform and two standard horn antennas (HD-2040HA15N, HD-4080HA15N, HD-80180HA20N) consisting of a transmitting antenna (TX) and a receiving antenna (RX) are aimed at the prototype. To eliminate the finite size effect caused by prototype edges, we place microwave-absorbing materials around the fabricated sample. Figure 7 shows the experimental and simulated results of EM waves under normal incidence (The equivalent circuit analysis sees Supplementary Material Section S5). As Figure 7A indicates, the measured insertion loss is 0.56 dB at 11.5 GHz and 0.52 dB at 17.5 GHz. Besides, Figure 7B shows that the absorption band with an absorptivity of higher than 80% covers the bands at 3.9–10.2 GHz and 13–15 GHz. The experimental results generally agree with the simulated results, but slight differences mainly originate from fabrication tolerance.
[image: Figure 7]FIGURE 7 | Experimental spectra (open symbols) and numerical spectra (solid curves) of the fabricated prototype with (A) transmission/reflection (blue/red), and (B) absorptivity (green).
To further verify the angular robustness and polarization insensitivity of the proposed cascaded metasurface, we simulate the transmissive/absorptive performance under different polarizations and incident angles. Although the high-frequency passband gradually narrows as the incident angle increases, Figures 8A,B reveal that the transmission peaks of the two different polarizations are generally stable at about 11.5 and 17.5 GHz. This is because the transmission peak of the cascaded metasurface is mainly determined by the parallel resonance of the LC, which is stable regardless of the oblique incident angle. Figures 8C,D verifies that our cascaded metasurface has wideband absorption performance. In the range of 4.6–10.2 GHz and 13–15 GHz, the absorption rate of the cascaded metasurface at different polarizations of oblique incidence angles up to 30° is higher than 80% (The results for incident angles larger than 30° are shown in Supplementary Material Section S2).
[image: Figure 8]FIGURE 8 | Oblique-angle dependence of cascaded metasurface. Transmission coefficients and absorptivity under (A,C) TE polarization, (B,D) TM polarization.
In Table 1, we compare the performance of our design with that of several similar designs reported in previous literature, regarding transmission frequency, insertion loss, absorption bandwidth (with [image: image]), polarization sensitivity, transmission band, and thickness. Compared to the others, our design shows polarization-insensitive performance and relatively low insertion loss at the transmission band. Besides, our proposed rasorber provides the dual lower insertion loss passbands in the X and Ku bands, and it has wider absorption bands compared to existing dual-band frequency-selective rasorbers (Guo et al., 2019; Xiu et al., 2020).
TABLE 1 | Performance comparison.
[image: Table 1]6 CONCLUSION
In this article , we propose a cascaded metasurface with two transmission bands and two wide absorption bands. The two transmission bands with low insertion loss are realized by connecting a series RLC circuit cascaded with a parallel LC circuit in the resistive layer and properly designing the lossless bandpass. In addition, our present metasurface can be flexibly designed to the desired frequency (other designs see Supplementary Material Section S6). However, we need to note that limitation exists in such a multi-band structure. Once the size of the unit cell has been determined, the total bandwidth is fixed, although the bandwidth ratio per band and the center frequency could be further fine-tuned by adjusting the structure (Guo et al., 2018; Yang et al., 2019). The prototype is fabricated using printed circuit board technology to verify the design method. The experimental measurements exhibit consistency with simulated results. Moreover, the proposed cascaded metasurface has a stable performance concerning polarization and incident angles of EM waves. The cascaded metasurface possesses great potential for communication and radar applications such as antenna radomes, thereby improving the communication security and low observability of platforms.
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