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Abstract

A miniaturized frequency selective rasorber (FSR) with high selectivity passband and wideband absorption properties is presented. Its performance as an absorber over a wide absorption band from 8.08 to 18.08 GHz through the structure of metal incurved square loop structure loaded resistors. The frequency selective surface (FSS) using Jerusalem cross array and metallic patch realizes the transmission frequency band from 2.7 to 3.52 GHz. And the insertion loss (IL) is 0.37 dB at 3.08 GHz. The symmetry and miniaturized elements design enable the proposed FSR to achieve satisfactory incident angle stability. Its small unit size effectively avoids the generation of grating lobes in the absorption band and the interference to Radar Cross Section (RCS) reduction.
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1 Introduction
In recent years, with the rapid development of metamaterials and metasurfaces, many technologies have been reported to improve the electromagnetic performance of radomes [1–8]. Frequency selective surface (FSS) is a two-dimensional planar periodic structure composed of a specific arrangement of resonance units. It can effectively control the reflection and transmission characteristics of electromagnetic waves, and is often used as a spatial filter [9,10]. The traditional radome uses band-pass FSS to ensure the transmission of the antenna within the operating band and reflect out-of-band energy, but it cannot absorb electromagnetic wave energy. In order to solve this imperfection, frequency selective rasorber (FSR) with transmission/absorption characteristics has been proposed and attracted widespread attention [11]. Unlike traditional FSS radomes, FSR will transmit incident electromagnetic singles within the passband and absorb out-of-band signals, which can effectively reduce Radar Cross Section (RCS) [12,13]. Therefore, FSR is very useful for stealth radome system and mutual interference reduction system [14].
In recent years, in order to better explore the wave absorption and transmission characteristics of FSR, researchers have carried out extensive research on FSR and taken different ways to design the FSR. For example, in [15], a FSR with metal square ring array and interdigitated Jerusalem cross elements was proposed. The FSR structure realizes the electromagnetic characteristics of low-frequency transmission and high-frequency absorption. Later, to enhance the flexibility and application scope of FSR, some more complicated structures were designed. Such as FSRs with two-sided absorption bands reported in [16–19], FSRs with high-frequency passband reported in [20–23], and employing the 3D FSS concept proposed in [24–27]. However, 3D FSR structures are usually more complex and require a higher cost to fabricate. So it is difficult to conform with the configuration of the antenna system.
Different types of FSRs should meet individual requirements under different application scenarios. Currently, the main development region of FSR is still lower insertion loss (IL) and wider absorption bandwidth. To widen the absorption bandwidth, it is often proposed by using lumped resistor loaded FSS [28–30]. In [28], square loops loaded with lumped resistors were used to expand the absorbing bandwidth, and meandering square slots with a smaller period were used to realize the transmission characteristics. In order to achieve better transmitting characteristics in the low frequency band, the method of loading lumped capacitors on the Jerusalem cross was proposed in [29]. However, this method is easy to produce grating lobes in the high frequency part. In [30], a square structure loaded with eight resistors was proposed to realize the absorbing characteristics mainly in the C-band. In [31], the metallic FSS was used as the ground plane of a thin wideband absorber based on resistive high-impedance surfaces within the total reflection band. Its −10 dB absorption bandwidth ranges are 10–18 GHz. In [32], a multilayer design is used to obtain smaller cell size, thus avoiding the problems of gate lobe and parasitic passband. Unfortunately, none of the above 2D structures can achieve ultra-wideband absorption in X, Ku band while achieving low IL in low-frequency transmission bands. Several miniaturized 3D FSR structures with broad absorption bandwidth were proposed in [33,34]. However, due to its 3D structure, which is normally difficult to fabricate and don't precise assembly. And their IL was higher than 0.5 dB.
Compared with previous research works, in this paper, we proposed a miniaturized FSR design which has ultrawide absorption band along with low IL bandpass. Finally, we realize the lower IL of 0.37 dB at 3.08 GHz and −10 dB absorption ranges from 8.04 to 18.08 GHz. Namely, its fractional bandwidth (FBW) is 77%. It is worth mentioning that the unit size of the designed FSR is finally miniaturized to only 7 mm. As a result, its small unit size avoids the generation of grating lobes in the absorbing band and thus avoids its interference with RCS reduction. On the other hand, it has good angular stability under oblique incident.
2 Design and analysis of the FSR

Figure 1a illustrates the three-dimensional configuration of the designed 2D-FSR. It consists of a lossy FSS layer and a lossless FSS layer which is separated by a 3.5-mm-thick air spacer. For the lossy layer, the metal incurved square loop that loads four lumped resistors with a 115 Ω resistance to form a wideband absorption FSS. Its unit size is only 4.9 mm × 4.9 mm. For the lossless layer, it is synthesized by Jerusalem cross array on the upper surface of the lossless FSS layer substrate and capacitive metal patch on the lower surface of the substrate. Both of them construct high selective band-pass FSS in low frequency band. Both the lossy layer and the lossless layer are printed on the Rogers R04350B substrate. Its thickness, loss tangent, and relative permittivity are 0.508 mm, 0.0037, and 3.48, respectively. The structure parameters of the unit cell are given in Table 1.
It should be noted that the unit size of the proposed FSR is very small. The smaller size can suppress the high-frequency grating lobes and avoid interference to the absorption bandwidth. However, with the reduction of cell size, the transmission window will move to the high frequency region. Since the designed transmission band is in S-band, the traditional FSS period size is generally larger, while the absorption band is in X and Ku bands, so the period of lossless layer is larger than that of lossy layer. It is well known that larger period size often leads to grating lobes in the high frequency part of the absorption band, and the stability of grating lobes decreases with the increase of incident angle. However, in the high frequency part, the lumped capacitance is easy to be broken down, and there will be more interference. In order to solve the above problems, we use the method of adding a capacitive metal patch in the bottom layer to replace lumped capacitance.
Equivalent impedance theory is an important physical method to study the absorbing characteristics. It can be calculated by S parameter:[image: equation]where Z is the equivalent impedance of FSR, S
11 is the reflection coefficient, and S
21 is the transmission coefficient. When FSR works in the absorption band, it is used as an absorber. When the incident wave is completely absorbed, the reflection coefficient and transmission coefficient are both 0. At this time, Z = 1, which means perfect wave absorption.
As shown in Figure 2, we have studied the normalized impedance Z of the absorbing part of the proposed FSR. It can be clearly observed from the figure that in the 8.04–18.08 GHz band, the real part of the equivalent impedance Z fluctuates slightly near 1, and the imaginary part fluctuates slightly near 0. This means that the real and imaginary parts of the equivalent impedance of the FSR have good impedance matching with the free space. Hence the FSR has good absorbing characteristics in this frequency band.
Furthermore, we have studied the surface current distribution with R and without R in three resonant frequencies (3, 9.5 and 16.5 GHz) and analyzed the working principle of the FSR. As shown in Figure 3, the color map shows that at 3 GHz, with or without resistance R, a strong current distribution appears in the lossless layer, while the current is very weak in the lossy layer. This indicates that the lossless layer forms a parallel resonance at 3 GHz and generates an infinite impedance. But there is no response to incident electromagnetic waves in the lossy layer. Therefore, the designed FSR has better transmission performance and lower IL. However, since the electromagnetic wave has to pass through the two-layer dielectric substrate, the IL is inevitable and can only be reduced, but cannot be completely eliminated.
When the incident electromagnetic waves are at 9.5 and 16.5 GHz, their surface current distribution is exactly opposite to that at 3 GHz. When there is no lumped resistance, the lossy layer current distribution is stronger on the long side perpendicular to the electric field direction, which shows that 9.5 and 16.5 GHz are two series resonance points on the FSR. In order to achieve a better absorbing effect, we place the lumped resistor at the position with strong current distribution. After the lumped resistance is loaded, the current on the sides of the square ring is effectively absorbed by bending.
	[image: thumbnail]	Fig. 1 Topology and dimensions of proposed FSR. (a) Three-dimensional structure diagram of proposed FSR. (b) Lossy layer. (c) Upper surface structure of lossless layer: Jerusalem cross. (d) Lower surface structure of lossless layer: Capacitive metal patch.



Table 1 
Parameters of the proposed FSR.

	[image: thumbnail]	Fig. 2 Normalized impedance of the proposed FSR.



	[image: thumbnail]	Fig. 3 The surface current distribution of the lossy layer and lossless layer with R and without R at f
1 = 3 GHz, f
2 = 9.5 GHz, f
3 = 16.5 GHz, respectively. (a) Current distribution of lossy layer without R. (b) Current distribution of lossless  layer without R. (c) Current distribution of lossy layer with R. (d) Current distribution of lossless layer with R.



3 Performance of the FSR
In order to analyze the performance of the designed FSR, we used numerical simulation software to simulate the designed FSR. When electromagnetic waves are perpendicularly incident, the simulated reflection/transmission coefficient and absorptivity of the designed FSR are shown in Figure 4. The absorption parameter A (f) can be calculated from the S parameter as [35,36] A (f) = 1 − T
(f) − R (f) = 1 − |S
21|2 − |S
11|2. In order to achieve better absorption performance, a smaller reflection/transmission coefficient is required. Therefore, by optimizing the parameters, we can see from Figure 4, that the passband range of the −3 dB bandwidth of the structure is 2.7–3.52 GHz. At 3.08 GHz, the IL is only 0.37 dB, and the transmission bandwidth is about 800 MHz. Achieved an −10 dB absorption band of 8.04–18.08 GHz with a relative absorber bandwidth of 77.23%. And between 8.04 and 18.08 GHz, the absorptivity is higher than 90%.
In general, the key parameter that affects the absorption performance of FSR is the resistance R of the lumped resistor. In order to make the designed FSR obtain the best absorption performance under the condition of small IL, we optimized the value of different resistance R. Figure 5 illustrates the simulation results of the design FSR with different resistance values. It can be observed that the influence of resistance on the reflection coefficient is greater than the influence on the transmission coefficient. When the resistance value is 90 Ω and 140 Ω, the absorption effect is significantly worse than that of 115 Ω. It also shows that the impedance matching is better at 115 Ω.

Figure 6 illustrates the simulated reflection/transmission coefficients of the designed FSR for different incident angles under dual polarization conditions. It can be seen that as the incident angle increases, from 0° to 45°, the absorption characteristics of the designed FSR have little change, and still maintains high absorption performance under different oblique incident angles.

Figure 7 shows the simulated reflection/transmission coefficients for different incident angles under TE polarization and TM polarization. With the increase of the incident angle, the transmission performance of the low frequency band changes little. For the absorption band of 8.04–18.08 GHz, within 45°, the absorption performance under TE polarization hardly changes. When the oblique incident angle is 45°, the absorption band shifts upward as a whole. However, under TM polarization, the absorption band bandwidth begins to narrow at 30°, and at 45° oblique incidence, a grating lobe appears in S21. The reason for this situation is that under TM polarization, when the incident angle is large, the impedance mismatch causes the decrease of the absorption performance. However, under the simultaneous action of the two polarizations, a high absorptivity can still be maintained. Hence, it can be observed that the designed FSR has good incident angle stability.
	[image: thumbnail]	Fig. 4 S-parameter results and absorptivity of the designed FSR.



	[image: thumbnail]	Fig. 5 S-parameter results of the designed FSR with different R.



	[image: thumbnail]	Fig. 6 S-parameter of the designed FSR for different incident angles under dual polarization conditions.



	[image: thumbnail]	Fig. 7 S-parameter of the designed FSR for different incident angles under (a) TE polarization, (b) TM polarization.



4 Experimental verification
In order to verify the performance of the designed FSR, a prototype of the presented FSR was fabricated and measured. As shown in Figure 8a, the prototype contains 80 × 60 units with a size of 560 mm × 420 mm × 4.516 mm. There are four lumped resistors are welded on each lossy unit cell, these resistors have a 115 Ω resistance and a 0603 package. Similarly, in the middle of the two layers of the substrate is separated by the polymethacrylimide (PMI) foam with εr
 = 1.1 to ensure a distance of 3.5 mm.
The fabricated FSR prototype was embedded in the center of the fixture on the surface of the absorption material. As shown in Figure 8b, the fixture is between the transmitting antennas and the receiving antenna connected to the vector network analyzer (Agilent E8362B). It is used to simulate the incidence of electromagnetic waves to test the S-parameter of the prototype. The test frequency range is from 1 to 20 GHz. And measurement and simulation comparison of S-parameters and absorptivity of FSR prototype under normal incidence is shown in Figure 9. It can be clearly observed that the measured results and simulated results have a good agreement. The IL of the transmission band is 0.37 dB at 3.08 GHz, and the measured −10 dB absorption bandwidth range is from 8.0 to 18.1 GHz. And between 8.0 and 18.1 GHz, the absorptivity is higher than 90%. The difference between the simulation and the measurement may be due to inaccuracies in the spacing between the two layers, the instability in the relative permittivity of the substrate and other manufacturing errors.
Finally, in order to better illustrate the advantages of the proposed FSR in this article, we compared the designed FSR with other published in Table 2. It is observed from the table that the FSR we designed has a lower IL in the low frequency range and a high absorption bandwidth in the high frequency range, which is difficult for works in other literatures. Moreover, the periodicity of the designed FSR in this paper is smaller, and it has fewer lumped resistors.
	[image: thumbnail]	Fig. 8 (a) Prototype of the manufactured FSR. (b) Photograph of the measuring setup.



	[image: thumbnail]	Fig. 9 Measurement and simulation comparison of S-parameters and absorptivity of FSR prototype under normal incidence.



Table 2 
Performance comparisons between the designed FSR and some FSRs in references.

5 Conclusion
In this paper, a miniaturized FSR with high selectivity passband and wideband absorption properties is designed. A Jerusalem cross aperture array and capacitive metal patch are used to generate of the high selective passband and reduce the unit size. Its miniaturization of FSS avoids grating lobes impact on high-frequency absorption performance. To implement the ultrawide absorption, a metal incurved square loop structure loaded with lumped resistances was chosen as the absorbing unit. This proposed FSR has a lower IL of 0.37 dB at 3.08 GHz and a wide absorption band ranges from 8.04 to 18.08 GHz (77%). The period unit size of proposed FSR is only 7 mm × 7 mm × 3.5 mm, that is, 0.072 λp
 × 0.072 λp
 × 0.036 λp
 (λp
 is free space wavelength at the center frequency of transmission band). And the FSR achieves stable absorbing performance under oblique incident, which is desirable for practical applications of the stealth radome. Finally, a prototype of the proposed FSR was manufactured and measured, and the measurement results are in agreement with the simulation results.
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	References
	Transmission band (GHz)/IL (dB)
	−10 dB absorption band (GHz)/FBW
	Thickness (λp


1

	Periodicity (mm)
	Form





	[28]
	6/−0.8
	10.6–18/52%
	0.074
	11 × 11
	2D



	[29]
	1.6/NA2

	5.3–14.8/94%
	0.024
	10 × 10
	2D



	[30]
	0.92/−0.5
	3–9/100%
	0.03
	20 × 20
	2D



	[31]
	4.6/−0.3
	10–18/57%
	0.08
	11 × 11
	2D



	[32]
	2.45/−1.2
	7.68–21.7/95.2%
	0.107
	5 × 5
	2D



	[33]
	4.15/−2.4
	4.8–9.3/64%
	0.065
	NA
	3D



	[34]
	3.4/−1.2
	11.1–18/47.4%
	0.054
	8 × 8
	3D



	This work
	3.08/−0.37
	8.04–18.08/77%
	0.036
	7 × 7
	2D





      

      


1
λp
 is free space wavelength at the center frequency of transmission band.





2NA means the data in the paper are not given.
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