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selectivity, some deformation is adopted with no more 

tautology. The simulation results of oblique incidences are 

shown in Fig. 9. 

The type of varactor diode we chose is a MA46H120 with low 

parasitic capacitance and high Q, and the varactor has a linear 

tuning range from 0.14 pF to 1.1 pF. As shown in Fig. 10, the 

notch frequency decreases with increasing capacitance C under 

y-polarization. For x-polarization, the absorber retains 

wideband absorption characteristics and will not be affected by 

the capacitance C of the varactor. Therefore, when applied to 

antennas, the antenna polarization should be consistent with the 

polarization of the notch, which can effectively ensure antenna 

gain and achieve good stealth performance for both 

polarizations. 

Ⅳ. IMPEDANCE CONDITION FOR NOTCHED ABSORBERS 

In this part, all numerical calculations are based on the 

geometrically controlled notched absorber. The electrically 

controlled design can be solved similarly. To simplify the 

calculation of the numerical solution, only the impedance 

values of FSSs are set as dependent variables. 

First, we plug in the thickness values of the wideband 

absorber and calculate the values of ZR that meet the absorption 

conditions. The equation |𝑆11| = 0  is solved numerically at 

each frequency point with the help of MATLAB, enabling us 

to obtain RR and XR curves satisfying the perfect absorption 

condition (PAC). For a practical design, we usually choose 
|𝑆11| < −10 dB (with a linear value of 0.316) as a criterion to 

evaluate the absorption performance, which was referred to as 

a general absorption condition (GAC) [15]. We successively 

get the value ranges of RR and XR satisfying GAC when XR and 

RR are constrained to PAC respectively. When both the real part 

and the imaginary part of ZR come within the areas defined by 

GAC, less than −10 dB reflection can be realized. As shown in 

Fig. 11, the impedance values of the freestanding lossy FSS in 

our design lie in the absorption areas at the operating band. 

Then comes the generation of the notch-band. From this point 

forward, we take into account ZF, CT, and t2. As before, the 

thickness t2 is set to a constant. 

It should be noted that the coupling capacitance CT is 

considerable when calculating the notch frequency fN, which 

can be confirmed by observing the distribution of the electric 

field. The value of CT directly depends on the dimensions of 

the lossless FSS, and because the dimensions of lossless FSS 

determine the notch frequency fN, we can deduce that CT has a 

function relationship with fN. Using simulation software Ansys 

Electronics Desktop, we can get impedance curves of the 

freestanding lossless FSS and the lossless FSS backed with a 

grounded substrate, namely ZF and ZN (see Fig. 2), respectively. 

With the help of the optimization tool of ADS, we determined 

the values of CT for different length values of r2, then the 

relationship between CT and fN is obtained by curve fitting. 
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Plugging in the designed ZR of the upper lossy FSS, the 

reflection condition is calculated in an ideal world with |𝑆11| =
1 and in a practical situation with less than 0.5 dB insertion loss, 

 

Fig. 9. Reflection coefficient of an electrically-controlled notched absorber 

under different incident angles when the capacitance value C of the varactor 

diode is 0.4 pF. (a) TE polarization. (b) TM polarization. 

 

Fig. 10.  Reflection coefficient of the electrically controlled notched absorber 

with different capacitance values C (pF). 

 

Fig. 11. Perfect absorption condition (PAC) curves and general absorption 

condition (GAC) value range of lossy FSS for wideband absorber compared 

with impedance values of the freestanding lossy FSS in our design (t1 = 0.25 

mm and tS = 4.9 mm). 
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i.e., |𝑆11| ≥ −0.5 dB (linear value of 0.94). The result is shown 

in Fig. 12. Through comparison with the designed impedance 

values of the freestanding lossless FSS, the notch frequency 

can be recognized and corresponds to the simulation results of 

Ansys Electronics Desktop. Moreover, the light blue (|𝑆11| ≥
0.94) can be seen to widen, which means the selectivity of 

notch-band worsens as fN increases, and this trend is consistent 

with full-wave simulation result (see Fig. 6). The slight 

discrepancies should be attributed to the coupling effect 

between lossy FSS and lossless FSS, which is relatively weak 

and is not taken into consideration in the general ECM. 

Ⅴ. EQUIVALENT CIRCUIT EXTRACTION AND ANALYSIS 

By observing the distribution of electric field and magnetic 

field, the distribution of equivalent capacitance and inductance 

can be roughly inferred (see Fig. 14). For the geometrically 

controlled notched absorber, we see that the magnetic field 

concentrates on the metal cross in the center. The coupling 

between units is primarily electric coupling, which exists 

between the ends of adjacent dipoles, and the coupling is 

stronger at lower frequencies. As frequency increases, the 

coupling between units weakens, and the electric coupling is 

gradually distributed between the intersecting dipole ends 

within a unit. In general, we can deduce that the equivalent 

capacitance generated by the interaction between units is larger 

than that from within a unit, i.e., C11 representing the equivalent 

capacitance between units is much larger than C12 representing 

the terminal capacitance within a unit. The metal cross in the 

center contributes to the equivalent inductance L1. 

Similarly, for the octagonal ring-shaped lossy FSS of the 

electrically controlled notched absorber, it can be seen from the 

electric field distribution that the electric coupling between 

units is stronger at lower frequencies, and mainly spreads over 

the gaps in the direction of the incident electric field.  

Meanwhile, the magnetic field concentrates on the metallic 

stripes along the incident electric field. Two arms 

perpendicular to the incident electric field have almost no 

current flowing through. The equivalent capacitance in the 

direction of the incident electric field is much larger, that is, C31 

 

Fig. 12. Impedance conditions of freestanding lossless FSS at notch 

frequencies compared with impedance values of our designed lossless FSSs. 

(t1 = 0.25 mm, tS = 3.8 mm and t2 = 1 mm) 

 

Fig. 13. Surface current distribution of lossless FSS layers at a lower 

absorption band of 7 GHz, notch frequency of 10 GHz, and higher absorption 

band of 17 GHz. (a)-(c) Geometrically controlled lossless layer. (r2 = 1.4 mm) 

(d)-(f) Electrically controlled lossless layer under y-polarization. (C = 0.4 pF) 

 

Fig. 14. Integrated ECM for (a) geometrically controlled notched absorber 

of two polarizations and (b) electrically controlled notched absorber of y- and 

x-polarization, respectively. 
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is much larger than C32. In this context, the octagonal rings 

loaded with resistors are modeled as distributed RLC 

components. 

The band-stop FSS in free space, which can be modeled by a 

series LC circuit, resonates to be zero impedance when it 

presents reflection characteristics, and it is inductive below the 

resonant frequency and capacitive above the resonant 

frequency. In addition to the rigorous calculations in Section 

Ⅳ, there is a simple method to estimate the resonance 

frequency of the band-stop lossless FSS in the geometrically 

controlled FSA. 

The traditional cross-shaped FSS is composed of two 

orthogonal microstrip lines, which allow it to work with an 

electric field in either direction. In free space, the first 

resonance occurs at a frequency point where the length of the 

microstrip line equals half-wavelength [19]. In this instance, 

the lossless FSS is almost sandwiched by two F4B substrates, 

which makes the resonance frequency of the freestanding 

lossless FSS go down by about √𝜀𝑟  [4], [20]; that is, the 

resonance frequency of the lossless FSS can be roughly 

estimated as 𝑐 (2𝑙𝑒 × √𝜀𝑟)⁄ , where le is the length of the 

microstrip line. However, while employing a traditional cross-

shaped FSS to produce a notch, the adjustable range of notch-

band is limited with a large insertion loss. To overcome these 

shortcomings, the crosswise dipole-shaped FSS with 𝑙𝑒 ≈
𝑙𝐶2 + 4𝑟2 is designed to increase terminal capacitance, and as a 

result, a sharp notch with an insertion loss less than 0.5 dB is 

obtained, which can be adjusted across the whole band. 

To further validate the circuit model, the surface current 

distribution of the lower band-stop FSS is shown in Fig. 13. 

Strong surface current is excited only at the notch frequency, 

and mainly along the direction of the incident electric field. At 

other frequencies, very low surface current is induced on the 

surface of the lossless FSS, which means that the tangential 

electric field is very weak, and consequently, the band-stop 

FSS is transparent to EM waves and the FSA works as a 

wideband absorber. 

The lossless FSS of the electrically controlled absorber, 

which is loaded with a varactor, is designed with several gaps 

to increase the distributed capacitance. After the simulation, it 

can be seen that the electric field concentrates on the 

meandering edges of the shape. Strong surface current is 

induced around the varactor at notch frequency, and a notch-

band can only be generated under a y-polarized wave (see Fig. 

13(e)) when the incident electric field is parallel to the varactor. 

For x-polarization, because the incident electric field is 

perpendicular to the varactor, very low surface current is 

induced on the lossless layer, and as a result, there will be no 

notch-band. Moreover, changing C cannot influence ZF; thus, 

the S11 curve is not affected by the varactor and remains 

unchanged under x-polarization. 

A general ECM for metal-backed notched absorbers has been 

discussed in Section Ⅱ, as is shown in Fig. 2, where variables 

are functions of both frequency and dimension. For the 

variables in ECM to be independent of frequency, the upper 

lossy FSS is modeled by an RLC network [15], and the lower 

band-stop FSS is modeled by a series LC circuit. To accurately 

model the absorber under specific dimensions and values, Ct1 

is introduced to ECM, which represents the coupling effect 

between lossy FSS and lossless FSS and is much smaller than 

Ct2. The final circuit schematics of our proposed FSAs are 

presented in Fig. 14. The first FSA is rotationally symmetric, 

so its ECM is the same for two polarizations under normal 

incidence. 

As shown in Fig. 14(a), chip resistors in each unit are in 

parallel, so we have modified the formula in [21] and the total 

equivalent resistance can be estimated as 
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where S is the patch area corresponding to the resistance branch, 

SR is the surface area of a chip resistor, 𝑅𝑆 = 𝑅 × 𝑤𝑅 𝑙𝑅⁄  is the 

surface resistance of chip resistors and N is the number of 

branches in parallel. 

The above estimated Re from observations is not accurate, so 

the optimization tool of Ansys Electronics Desktop is used to 

approximate the S11 results of the full-wave simulation when 

impedance values of the freestanding FSSs have been taken as 

a reference primarily. The optimized parametric values of 

equivalent circuits are listed in Table Ⅰ. The S11 result of our 

proposed ECM is consistent with the S11 curve simulated by 

CST (see Fig. 15). In the ECM, the dielectric loss is not taken 

TABLE Ⅰ 

OPTIMIZED VALUES OF ECM COMPONENTS FOR TWO FSAS 

C11/pF C12/pF L1/nH Re/Ω C2/pF 

0.08 0.01 1.86 211.42 0.03 

L2/nH Ct1/pF Ct2/pF C31/pF C32/pF 

1.92 0.01 0.3 0.13 0.03 

L3/nH Re2/Ω C4/pF L4/nH Ct3/pF 

3 269.74 0.04 1.49 0.03 

Ct4/pF 𝐿4
′ /nH 𝐶𝑡3

′ /pF 𝐶𝑡4
′ /pF  

0.2 0.5 0.03 0.25  

 

 

Fig. 15. Reflection coefficients obtained via full-wave simulation and 

equivalent circuit calculation. (a) Geometrically controlled notched absorber 

with r2 = 1.4 mm. (b) Electrically controlled notched absorber with C = 0.4 pF. 
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