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Abstract

:

Electromagnetic (EM) absorbers have several uses in today’s military and civilian industries, and there is a growing demand for microwave absorbers with good absorption characteristics and thin layer structures over a broad frequency range (FR) within a specific EM spectrum band. This study aimed to find the most suitable design using different material sets, using the recently introduced Bald Eagle Search Optimization Algorithm (BESOA) to design a multilayer EM absorber for the required FR. An FR of 1 to 20 GHz was considered, and the multilayer absorbers were designed for 2–8 GHz, 12–18 GHz, 2–18 GHz, and 1–20 GHz FRs. For various incidence angles between 30° and 75° and polarizations (TE and TM) in chosen FRs, comparisons were made with the Improved Particle Swarm Optimization (PSO), Differential Evolution (DE), Central Force Optimization (CFO), Lightning Search Algorithm (LSA), Double Stage Ant Bee Colony (DS-ABC) and other optimization algorithms found in the literature. The optimization algorithms that were used to design MMAs in the literature aim to construct the absorber with the lowest maximum reflection coefficient (RC) in the given FR and the thinnest thickness by selecting suitable material layers from a predefined database. The numerical and visual comparisons show that the obtained designs have the lowest maximum RC with the thinnest overall thickness compared to those in the literature. Numerical best results are presented for each variation obtained as a result of the optimization.
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1. Introduction


The rapid evolution of modern wireless communication is causing serious electromagnetic (EM) interference. It seems that EM radiation has emerged as the fourth most important source of pollution in the environment, after air, water, and noise. Therefore, there is an increasing demand for the development of appropriate materials and techniques to suppress the consequences of EM radiation, and EM interference and EM compatibility have become very important. The presence of any disturbing EM wave source or an object reflecting the waves from the source affects the measurements and the operation of electronic equipment [1].



It is vital that electronic equipment can perform accurately and reliably with electromagnetic compatibility across a wide frequency range (FR) without any interference [2]. Due to the intense use of most frequency bands, the presence of a disturbing EM wave source at the measurement point causes errors in the measurements. In addition to damaging various systems and devices, EM waves also harm living organisms [3].



Since concealment from enemy targets is one of the most important military needs, research on stealth technology has grown significantly over the past 25 years, the principal goal of which is to minimize the target’s scattered EM energy so that it becomes invisible to a radar receiver. The application of functional materials having radar/microwave absorbing capabilities is the only feasible solution for the implementation of stealth characteristics [4]. To avoid the abovementioned problems, EM absorber materials are used [5], because, due to their magnetic or dielectric losses, EM absorbers can absorb electromagnetic radiation. In the literature, microwave absorbers were developed in two different ways: multilayer and frequency-selective surface screen-based. Multilayer radar/microwave absorber (MRA/MMA) structures have drawn attention recently due to their improved absorption capabilities [6]. Since the electrical and magnetic permeability of different materials varies according to frequency, the properties of the material used in the structure of the absorber are very important in terms of absorption performance.



Michielssen et al. (1993) identified 16 different types of materials to develop the microwave absorbers using a genetic algorithm (GA), comprising lossless dielectric, lossy magnetic materials, and lossy magnetic with relaxing type materials, all of which are frequency-dependent. A narrow, broad-band microwave absorber with a large angle of incidence is the best design for electromagnetic radiation suppression [7].



Numerous criteria are considered while creating the ideal broadband microwave absorber, including operating frequency, incidence angle, wave polarization, material dielectric constants and permittivity, and layer thickness [8,9].



In the literature, many parameters are adjusted to obtain the optimum properties of the absorber by using various optimization techniques [10,11,12], including the number of layers, dielectric constant, permeability, layer thickness, frequency, angle of incidence, and wave polarization [13].



The main problem in constructing an absorber is to keep the reflection coefficient (RC) of an incident wave on a multilayer structure as low as possible for a variety of frequencies and incidence angles [14,15]. Numerous studies in the literature address this issue [16,17,18]. The RC depends on each layer’s thickness and electrical and magnetic properties. In the studies, the RC of multilayer structures is calculated using Chew’s recursive method [15] at every angle of incidence [8,10,19]. This formula is used to calculate the RC for both TE and TM polarizations. For normal incidence RC is calculated with the same equation for both polarizations [7].



In this study, multilayer microwave absorber (MMA) designs in various FRs have been realized. These designs were produced using a new meta-heuristic process, the Bald Eagle Search Optimization Algorithm (BESOA), the utilization of which, to find the ideal MMA design for the required performance, was the main focus of this study. The aim of the study is to design MMAs with lower maximum RC and overall thickness, which turns the problem into a multiobjective optimization problem. The performances of MMAs were investigated for TE and TM modes and wide angle of incidence, for broadband frequency. In-house prepared codes programmed with basic coding using MATLAB2021 software [20] are used to calculate the reflection coefficient equations and to implement the BESOA. Codes to illustrate the performance of the designed MMAs by drawing the reflection coefficient graphs are also prepared similarly.



Literature Review


There have been various multilayer material structures created with different optimization approaches for the optimal design of MMAs, as shown in the following sample studies.



Michielssen et al. (1993) presented structure models for MMA structures in the FR of 0.2–2 GHz and 2–8 GHz, given a predefined set of materials with frequency-dependent electrical permittivity and magnetic permeability. Using a genetic algorithm (GA), they aimed to minimize the RC and the thickness of the absorber structure, and they simultaneously determined the optimal material selection and thickness for each layer [7].



Asi and Dib (2010) modified the CFO algorithm to design the optimum MMA for normal incidence in a given frequency band. It was determined that the CFO findings were superior to those produced by the SADE algorithm, PSO, and GSA [10].



Roy et al. (2015) compared the performances of different variations of the PSO algorithm to obtain the optimal designs of multilayer microwave absorbers over different frequency ranges, angles of incidence, and polarizations. Numerical optimal results were presented for each variation of PSO and the best results were compared with those available in the literature. Various absorber designs were obtained in the wideband frequency range in both TM and TE modes for normal and oblique incidences. In comparison to those described in the literature, the produced microwave absorber models obtained by Roy et al. (2015) were typically thinner and had a better frequency response [13].



Yiğit and Duysak (2019) proposed a double-stage artificial bee colony (DS-ABC) algorithm for the optimal design of an MRA. The number and order of layers were evaluated separately from the thicknesses The developed MRAs were compared to those optimized by other techniques, demonstrating that the DS-ABC approach outperformed others in terms of finding the ideal layer order and matching thickness [21].





2. Materials and Methods


2.1. Physical Model and Chew Approach of Multilayer Microwave Absorbers


With the development of stealth technology, absorber materials have been used to make them invisible. Absorbers are mounted on the surface of objects to reduce the scattered electromagnetic waves. Single or multilayer absorbers are used for this purpose. In this study, an absorber of N planar layers backed with a perfect electric conductor (PEC) surface is considered (Figure 1). All layers of the MMA are supposed to be infinite and each layer is characterized by a different thickness and frequency-dependent magnetic/electrical properties. For oblique incidences, the first layer at the interface of the multilayer material structure receives the incoming electromagnetic wave at a certain angle with the normal incidence. As the wave travels through successive layers of the multilayer material structure, some of the wave’s energy is absorbed and multiple reflections occur between layers. The PEC (layer N + 1), which offers a perfect reflection, is the last point of reflection for the wave.



The generalized RC between the successive two layers of such a multilayer material structure is given by the recursive formula in Equation (1) given by Transmission Line Theory [10,15,16]. The multilayer material structure’s overall reflection loss is determined by calculating Equation (1) from the last layer to the first, iteratively.


    R   i , i + 1   =     r   i , i + 1   +   R   i + 1 , i + 2     e   − 2 j   k   i + 1     d   i + 1       1 +   r   i , i + 1     R   i + 1 , i + 2     e   − 2 j   k   i + 1     d   i + 1        



(1)







In Equation (1), for TM or Parallel polarization mode where the magnetic field is transverse to the direction of propagation of the wave, while the electric field is normal to this direction of propagation:


    r   i , i + 1   =     ε   i + 1     k   i   −   ε   i     k   i + 1       ε   i + 1     k   i   +   ε   i     k   i + 1             ,     i < N  



(2)







When the incidence wave is in TE or Vertical polarization mode where the electric field is transverse to the wave propagation direction, the magnetic field is normal to this propagation direction:


    r   i , i + 1   =     μ   i + 1     k   i   −   μ   i     k   i + 1       μ   i + 1     k   i   +   μ   i     k   i + 1             ,     i < N  



(3)







Here,     ε   i     and     μ   i     are the frequency-dependent electrical permittivity and magnetic permeability of the ith layer of the multilayer material structure, respectively.     k   i     is the wave number of the ith layer, whose formulation is given by Snell’s Law (Equation (4)).


      k   i   = ω    ε   i     μ   i   −   ε   0     μ   0       sin   2    ⁡  θ     



(4)







The frequency of the incident wave and the values of the free space magnetic permeability (μ0 = 4π10−7 [H/m]) and electrical permittivity (ε0 = 10−9/36π [H/m]) are used in Equation (4). The θ in Equation (4) is for the angle of incidence which is illustrated in Figure 1.



The RC of the final interface between the last layer of the multilayer material structure and the PEC (    R   N , N + 1    ) should be set as −1 for TE polarization and +1 for TM polarization. Calculating the initial interface’s RC is important in determining the multilayer material structure’s overall reflection loss. This is performed by calculating Equation (1) from the last layer to the first, recursively.




2.2. The Bald Eagle Search Optimization Algorithm (BESOA)


The Bald Eagle Search Optimization Algorithm (BESOA), a new meta-heuristic optimization technique based on the hunting behavior of the bald eagle, a North American predatory bird, was first presented in 2020 [22]. The bald eagle’s habitat includes large, open areas with enough prey and mature trees for nesting; with their outstanding vision and ability to see in two directions simultaneously, they can locate their prey from a great distance. When searching for food over a body of water, they choose a location and move along a predetermined itinerary, and divide their hunting behavior into three stages: selecting, searching, and swooping (Figure 2). The eagle first chooses the area with the most prey during the selecting phase, then begins to look for prey within the selected space in the searching phase. The fundamental concept of BESOA is to imitate bald eagle behavior when flying and fishing.



2.2.1. Selection Phase


Bald eagles locate and choose the best hunting space in terms of the quantity of food they may seek during the selection phase. This behavior is represented quantitatively in Equation (5).


      P   n e w , i   =   P   b e s t   + α × r     P   a v e   −   P   i      



(5)




where r is an integer that takes a random value between 0 and 1, while   α   is a parameter for managing variations in position, taking a value between 1.5 and 2. In the search phase, the eagle searches several regions that are nearby yet distinct, to select an area based on information that is now available.     P   b e s t     stands for the area of the search that the eagles select based on the best position discovered during their overall search. The preselected search region is surrounded by points that the eagles randomly search, and     P   m e a n     suggests that these eagles use all of the knowledge from earlier sites. The preliminary data from the random search are multiplied by   α   to calculate their current movement. This procedure modifies each search location at random [22].




2.2.2. Search Phase


During the search phase, bald eagles look for prey within the selected area, moving in a spiral to accelerate the search. The best position for the swoop is expressed mathematically in Equation (6).


          P   i , n e w   =   P   i   + y   i   ×     P   i   −   P   i + 1     + x ( i ) ×     P   i   −   P   m e a n      



(6)






    x   i   =   x r ( i )   max ⁡ (   x r   )           ,       y   i   =   y r ( i )   max ⁡ (   y r   )    



(6a)






      x r   i   = r   i   ×   sin  ⁡    θ ( i )       ,       y r   i   = r   i   ×   cos  ⁡    θ   i          



(6b)






  θ   i   = a × π × r a n d …      



(6c)






      r   i   = θ   i   + R × r a n d …    



(6d)







Here, the parameter   a   determines the corner between the point search at the center point, taking a value between 5 and 10, and the parameter   R   determines the number of search cycles, taking a value between 0.5 and 2.




2.2.3. Swooping Phase


During the swooping phase, eagles swoop toward their target. All eagles move towards the best position for the prey. Equation (7) shows this behavior mathematically.


         P   i , n e w   = r a n d ×   P   b e s t   + x ( i ) ×     P   i   −   C   1   ×   P   m e a n     +   y   1   ( i ) ×     P   i   −   C   2   ×   P   b e s t           v e     c   1     ,   c   2   ∈ [ 1 ,   2 ]      



(7)






      x   1     i   =   x r ( i )   max ⁡ (   x r   )         ,     y   1   ( i ) =   y r ( i )   max ⁡ (   y r   )    



(7a)






  r   i   = r   i   ×   sinh [  ⁡    θ ( i )   ]     ,       y r   i   = r   i   ×   cosh  ⁡  [   θ   i     ]        



(7b)






  θ   i   = a × π × r a n d           v e               r   i   = θ   i    



(7c)







In Figure 3, the main components of the BESOA, which include selection, search, and swooping stages, are introduced.





2.3. Optimization of Multilayer Material Structure


The fitness function is formulated in Equation (8), a weighted sum of the absorber’s total thickness and the maximum RC for a particular incidence angle, FR, and TE and TM polarizations. The thickness is attuned to provide the least RC and the fitness function is constructed to attain the minimum RC, where the weighted coefficients used to determine the total fitness value are φ1 and φ2, respectively [13]. Chew’s recursive formula (Equation (1)) is used to calculate the RC of the MMA for both TE and TM polarizations. To obtain the required design, the aforementioned equation must be minimized.


                                                                        F =   φ   1   × 20     log   10    ⁡    max ⁡ (     R   0,1     )   +   φ   2   ×   ∑  i = 1   N      d   i            



(8)







The thicknesses of the layers and the frequency-dependent material properties are the parameters to be obtained for the optimum design with the least maximum RC. The number of variables is set at twice the number of layers. At the initializing stage, the thicknesses and materials of each layers are randomly assigned. The objective function for the initial materials and thickness values is calculated via Equation (8). The variables (materials of the layers and their thicknesses) are recalculated in the selecting (Equation (5)), searching (Equation (6)), and swooping (Equation (7)) stages based on the information that is now available from the previous iteration. Figure 4 shows the flow diagram of the BESOA.



The materials listed in Table 1, which have been predefined and are the most often used materials in [10,13,18,19], are chosen to create the ideal layer sequence and for consistency in comparisons.





3. Results


The BESOA was used to design multilayer electromagnetic absorbers for the microwave frequency band. The materials and thicknesses of layers were considered to minimize the maximum RC in the required FR. Chew’s recursive formula (Equation (1)) was used to calculate the RC of the MMA for both TE and TM polarizations. The optimizations were performed for both normal and oblique incidences. The BESOA was used to build microwave absorbers for a variety of material combinations, several layers, a large FR, and a broad angle of incidence; these MMAs were then compared with existing ones.



In the optimization process, the population of eagles was set to 50. The dimension, which stands for the layers and their corresponding thicknesses, was considered as two times the number of layers. The maximum layer thickness was set to 1.5 mm to restrict the search boundary. For each design, 20 independent trials were performed with 150 iterations. The best results and their comparison with the recent literature are presented. Sixteen MMA designs with the least maximum RC and the thinnest overall thickness are obtained and compared with 25 different designs. Thirteen of them have lower maximum RCs and thinner overall thickness. The optimum designs are obtained with less than 100 iterations. Referring to the literature, it is seen that the maximum iteration number for DE [16], CFO [10], PSO [11,13,18], GSA [10], and LSA [12] is 1000. This value is 650 for DS-ABC, which is 150 is for the first stage and 500 for the second stage. The fewer the iterations, the less the computation time. The optimizations are performed on Intel (R) Core (TM) i7-6700HQ CPU (2.60 GHz; 2.59 GHz with 16 GB). The execution time for BESOA with a population of 50 is calculated as 798.531 s for 20 trials.



A FR of 1 to 20 GHz was considered. The MMAs were designed for 2–8 GHz, 12–18 GHz, 2–18 GHz, and 1–20 GHz FRs, and the frequency increment was set to 0.1 GHz. The angle of incidence varied from 0° to 75°for a set size of 15°. Here, φ1 and φ2 were considered as 1 and 1000, respectively.



3.1. Normal Incidence


3.1.1. Design-1


A five-layer microwave absorber was designed in the FR of 2–8 GHz for normal incidence. The materials and thicknesses of layers were optimized to minimize the maximum RC in this FR. The maximum total thickness was set to 5 mm in the optimization process. The parametric comparison of the optimized design with the existing designs obtained by DE [16], CFO [10], and LSA [12] methods is shown in Table 2. The maximum RC of the proposed design was −25.765 dB. Although its total thickness was slightly larger than the design in Asi and Dib (2010) [10], it was less than the design in Dib et al. (2010) [10] and Lu and Zhou (2017) [12]. Visual comparisons of the RC curves versus frequency are shown in Figure 5.




3.1.2. Design-2


Design-2 was optimized for normal incidence for the 2–8 GHz FR. The maximum total thickness of the MMA was set to 2.55 mm. The MMA with the required total thickness (2.55 mm) and a maximum RC of less than −20 dB (−20.1799 dB) was obtained. Compared with [10], the maximum RC value obtained is also lower than the designs obtained by the CFO (−20.6994 dB) and GSA (−18.264 dB) (Table 3). The comparison of the RC vs. frequency is illustrated in Figure 6.




3.1.3. Design-3


Five-layer microwave absorbers were optimized for a 2–18 GHz FR for normal incidence (Design-3). The materials and thicknesses of layers were optimized to minimize the RC in this FR. Optimization was carried out by scanning the FR with 0.1 GHz frequency increments.



The optimized design parameters are compared with similar designs in the literature (Table 4). The maximum RC for the proposed design is −17 dB and the overall total thickness is 3.20 m. The visual comparison of the RC versus FR is also given in Figure 7.




3.1.4. Design-4


Five-layer microwave absorbers were optimized for a 1–20 GHz FR for normal incidence (Table 5). The materials and thicknesses of layers were optimized to minimize the RC in this FR. An MMA for a maximum RC of −18.0721 dB with a total thickness of 4.69 mm is designed. The comparison of RC versus frequency with similar designs is illustrated in Figure 8.




3.1.5. Design-5


A 7-layer MA was designed for applications in the FR of 1–18 GHz. Design-5 has the least total thickness (6.5 mm) and RC (−18.4311 dB) as compared to a similar design (Table 6). For visual comparison, the RC versus frequency is also illustrated in Figure 9.





3.2. Oblique Incidence


The design parameters of MAs, Design-6, Design-7, Design-8, and Design-9, for different oblique incidences of TM polarization, are given in Table 7. Each design was obtained for a single angle of incidence that varied from 30° to 75°, with 15° angle increments. All designs had the least total thickness and reflectivity (<−20 dB) when compared to similar designs in the literature. The overall thickness and the maximum RC are −3.401 mm and 20.8919 dB for Design-6, 3.84 mm and −26.5667 dB for Design-7, 3.966 mm and −32.7952 dB for Design-8 and 3.125 mm and −26.3625 dB for Design-9. The obtained results show that the method allows the realization of broadband/wide angle MMA designs. Figure 10 illustrates the comparison of RL versus the required FR.



Three different MAs, Design-10, Design-11, and Design-12, were designed for the applications in the frequency bands 2–8 GHz, 8–12 GHz, and 12–18 GHz, respectively (Figure 11). The design parameters for 45° oblique incidences for TM polarization are shown in Table 8. For Design-10, the maximum RC and total thickness are obtained as −35.1971 dB and 3.90 mm, respectively. These values are −42.2578 dB and 2.47 mm for Design-11, and−47.3111 dB and 2.07 mm for Design-12. Compared to the most recently designed MMA with the best maximum RC and thickness presented in [21]: For Design-10, a design of 0.09 mm thinner with a maximum RC at least 2 dB less is obtained. Although the maximum RC value is higher than [21], an equal overall thickness is obtained for Design-11. A 0.0.25 mm thinner design with a maximum RC 8.211 dB less is obtained for the 12–18 GHz frequency band (Design-12).



The design parameters of MAs, Design-13, Design-14, Design-15, and Design-26, for different oblique incidences for TE polarization, are given in Table 9. Each design is obtained for a single angle of incidence which is varied from 30° to 75° with 15° angle increments. Although the designs for TE polarization outperform the existing designs, the comparison of the Table 8 and Table 9 reveals that the TM polarization provides a lower RC. Figure 12 illustrates the comparison of RC for TE polarization versus the required FR. The maximum RC values for the obtained designs are −15.50209 dB, −12.3418 dB, −8.54521 dB, and −3.2771 dB for Design-13, Design-14, Design-15, and Design-16, respectively, which are above the −20 dB.





4. Discussion


BESOA is a recently introduced optimization algorithm used to optimize the sequences of materials and thickness of the layers to obtain optimum MMAs with less overall thickness and lower RC for a wide FR and angle of incidence. Its performance is studied in the design of wideband MMAs; the results are compared to similar designs obtained by other well-developed algorithms, such as DE, PSO, GSA, CFO, LSA, and DS-ABC. In this study, for consistency, 16 dielectric and magnetic materials, which have been used to design MMAs in the literature for the last 25 years, are preferred. The optimized MMAs are thinner and have a lower RC than the designs presented in the literature and the results of BESOA are comparable to those obtained by other algorithms. The BESOA converges to the minimum with less than 100 iterations.




5. Conclusion


Sixteen MMA designs with the least maximum RC and thinner overall thickness were obtained and they were compared with 25 different designs. Thirteen designs had lower maximum RCs and thinner overall thickness; one of them had the same thickness as the design against which it was compared, but had a lower RC; one of them had the same thickness and maximum RC values as the literature; and one had the same thickness value but a slightly higher RC of −42.2578 dB.



The results showed that designs obtained for TM polarization for oblique incidences from 30° to 75° (Design-6, Desihn-7, Design-8, and Design-9) had a maximum RC value lower than −20 dB. The maximum RC values of the MMAs for TE polarization for oblique incidence were −15.50209 dB, −12.3418 dB, −8.54521 dB, and −3.2771 dB for Design-13, Design-14, Design-15, and Design-16, respectively, which were above the −20 dB.



Although the maximum iteration number was set to 150 for BESOA, at the end of 100 iterations, it was possible to reach the best solutions. The maximum iteration number for DE [16], CFO [10], PSO [11,13,18], GSA [10], and LSA [12] was set as 1000. This value was 650 for DS-ABC that was 150 for the first stage and 500 for the second stage. The less the iteration, the less the computation time. Although the execution time for BESOA with a population of 50 is calculated as 798.531 s for 20 trials, with the predefined computer, evidence of this value is not found in the literature for the other algorithms for this optimization problem, for comparison.
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Figure 1. Illustration of the microwave absorber structure. 
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Figure 2. The Behavior of a Bald Eagle While Hunting. 
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Figure 3. Three Phases of Bald Eagle Hunting Behavior. 
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Figure 4. The Bald Eagle Search Optimization Algorithm (BESOA). 
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Figure 5. RC of 5-layer absorber optimized for 2–8 GHz FR for normal incidence (Design-1). 
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Figure 6. Comparison of RC of Design-2 versus frequency. 
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Figure 7. RC of 5-layer absorber optimized for 2–18 GHz FR for normal incidence (Design-3). 
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Figure 8. RC of 5-layer absorber optimized for 1–20 GHz FR for normal incidence (Design-4). 
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Figure 9. RC versus frequency of 7-layer MA for 1–18 GHz FR (Design-5). 
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Figure 10. RC of 5-layer MAs optimized for 2–18 GHz FR for TM polarization for (a) 30° (Design-6), (b) 45° (Design-7), (c) 60° (Design-8), and (d) 75° (Design-9) angles of incidence. 
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Figure 11. RC of 5-layer MAs optimized for (a) 2–8 GHz, (b) 8–12 GHz, and (c) 12–18 GHz FRs for TM polarization for 45° angle of incidence. 
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Figure 12. RC of 5-layer absorber optimized for 2–18 GHz FR for TE polarization for (a) 30° (Design-13), (b) 45° (Design-14), (c) 60° (Design-15), and (d) 75° (Design-16) angles of incidence. 
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Table 1. Relative Permittivity and Permeability of the Predefined Materials (Reprinted with permission from ref. [7]. Copyright 1993 IEEE).






Table 1. Relative Permittivity and Permeability of the Predefined Materials (Reprinted with permission from ref. [7]. Copyright 1993 IEEE).





	
   Lossless   Dielectric   Materials   (   μ   ′   = 1 ,       μ   ″   = 0   )   




	
No:

	
     ε   ′     




	
1

	
10




	
2

	
50




	
   Lossy   Magnetic   Materials   (   ε   ′   = 15 ,       ε   ″   = 0   )   




	
   μ =   μ   ′   − j   μ   ″                                               μ   ′     f   =     μ   ′     1 GHz       f   a                                   μ   ″     f   =     μ   ″     1 GHz       f   b             




	
No

	
       μ   ′     1 GHz     

	
     a     

	
       μ   ″     1 GHz     

	
   b   




	
3

	
5

	
0.974

	
10

	
0.961




	
4

	
3

	
1.00

	
15

	
0.957




	
5

	
7

	
1.00

	
12

	
1.00




	
   Lossy   Dielectric   Materials   (   μ   ′   = 1 ,       μ   ″   = 0   )   




	
                       ε =   ε   ′   − j   ε   ″                                                       ε   ′     f   =     ε   ′     1 GHz       f   a                                             ε   ″     f   =     ε   ″     1 GHz       f   b                 




	
No:

	
       ε   ′     1 GHz     

	
   a   

	
       ε   ″     1 GHz       

	
   b   




	
6

	
5

	
0.861

	
8

	
0.569




	
7

	
8

	
0.778

	
10

	
0.682




	
8

	
10

	
0.778

	
6

	
0.861




	
   Relaxation – Type   Magnetic   Materials   (   ε   ′   = 15 ,       ε   ″   = 0   )   




	
   μ =   μ   ′   − j   μ   ″                                   μ   ′     f   =     μ   m     f   m   2       f   2   +   f   m   2                               μ   ″     f   =     μ   m     f   m       f     f   2   +   f   m   2               




	
   f   a n d     f   m         GHz   




	
No:

	
     μ   m     

	
     f   m     




	
9

	
35

	
0.8




	
10

	
35

	
0.5




	
11

	
30

	
1.0




	
12

	
18

	
0.5




	
13

	
20

	
1.5




	
14

	
30

	
2.5




	
15

	
30

	
2.0




	
16

	
25

	
3.5











 





Table 2. Parameters for 5-layer absorber optimized for 2–8 GHz FR for normal incidence (Design-1).
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LAYER

	
2–8 GHz




	
BESOA

	
DE

	
CFO

	
LSA




	
Design-1

	
[16]

	
[10]

	
[12]




	
Material

	
d

	
Material

	
d

	
Material

	
d

	
Material

	
d






	
1

	
16

	
0.41701

	
16

	
0.384

	
16

	
0.377

	
14

	
0.4626




	
2

	
6

	
1.10903

	
6

	
0.433

	
6

	
1.572

	
6

	
1.7694




	
3

	
6

	
1.78825

	
6

	
1.143

	
6

	
0.991

	
6

	
0.6101




	
4

	
3

	
0.21456

	
6

	
1.446

	
6

	
0.377

	
3

	
0.7620




	
5

	
15

	
1.27113

	
15

	
1.454

	
15

	
1.425

	
11

	
1.3709




	
Max. RC [dB]

	
−25.765

	
−25.485

	
−25.698

	
−23.7907




	
Total thick. [mm]

	
4.79

	
4.860

	
4.744

	
4.9751











 





Table 3. Parameters of 5-layer MAs with a total thickness of 2.55 mm for normal incidence for 2–8 GHz FR.






Table 3. Parameters of 5-layer MAs with a total thickness of 2.55 mm for normal incidence for 2–8 GHz FR.





	
LAYER

	
2–8 GHz




	
BESOA

	
CFO

	
GSA




	
Design-2

	
[10]

	
[10]




	
Material

	
d

	
Material

	
d

	
Material

	
d






	
1

	
16

	
0.57236

	
16

	
0.561

	
16

	
0.575




	
2

	
6

	
0.83337

	
7

	
0.850

	
1

	
0.574




	
3

	
2

	
0.44296

	
2

	
0.393

	
2

	
0.345




	
4

	
15

	
0.16748

	
13

	
0.158

	
9

	
0.355




	
5

	
15

	
0.53383

	
15

	
0.605

	
9

	
0.699




	
Max. RC [dB]

	
−20.7199

	
−20.6994

	
−18.264




	
Total thick. [mm]

	
2.55

	
2.569

	
2.550











 





Table 4. Parameters for 5-layer absorber optimized for 2–18 GHz FR for normal incidence (Design-3).
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LAYER

	
2–18 GHz




	
BESOA

	
DS-ABC

	
PSO




	
Design-3

	
[21]

	
[18]




	
Material

	
d

	
Material

	
d

	
Material

	
d






	
1

	
16

	
0.23961

	
14

	
0.2112

	
16

	
0.24332




	
2

	
6

	
1.19691

	
6

	
1.4993

	
8

	
0.33948




	
3

	
16

	
0.15684

	
14

	
0.4176

	
7

	
0.81477




	
4

	
5

	
0.44143

	
2

	
0.4211

	
6

	
0.76302




	
5

	
11

	
0.99422

	
15

	
0.4775

	
15

	
1.05037




	
Max. RC [dB]

	
−17.00

	
−17.0

	
−16.102




	
Total thick. [mm]

	
3.02

	
3.02

	
3.2109











 





Table 5. Design parameters of 5-layer MA for normal incidence for 1–20 GHz FR.






Table 5. Design parameters of 5-layer MA for normal incidence for 1–20 GHz FR.





	
LAYER

	
1–20 GHz 0° TE/TM




	
BESOA

	
DS-ABC




	
Design-4

	
[21]




	
Material

	
d

	
Material

	
d






	
1

	
16

	
0.20551

	
16

	
0,2046




	
2

	
6

	
1.90707

	
6

	
1,5898




	
3

	
16

	
0.61099

	
14

	
0,3953




	
4

	
10

	
0.94470

	
5

	
1,4635




	
5

	
9

	
1.03169

	
10

	
1,0846




	
Max. RC [dB]

	
−18.0721

	
−18.06




	
Total thick. [mm]

	
4.69

	
4.73











 





Table 6. Design parameters of 7-layer MA for normal incidence for 1–18 GHz FR.






Table 6. Design parameters of 7-layer MA for normal incidence for 1–18 GHz FR.





	

	
BESOA

	
DE




	
LAYER

	
Design-5

	
[16]




	
Material

	
d

	
Material

	
d






	
1

	
16

	
0.2377

	
16

	
0.2064




	
2

	
6

	
1.7999

	
6

	
1.8762




	
3

	
15

	
0.6948

	
14

	
0.5391




	
4

	
1

	
0.4975

	
6

	
0.9499




	
5

	
3

	
1.7415

	
5

	
1.9596




	
6

	
4

	
0.8813

	
4

	
0.7817




	
7

	
1

	
0.6472

	
5

	
0.4864




	
Max. RC [dB]

	
−18.4311

	
−17.9




	
Total thick. [mm]

	
6.5

	
6.8











 





Table 7. Design parameters for 5-layer absorbers optimized for a 2–18 GHz FR for TM polarization for the single angle of incidence (Design-6, Design-7, Design-8, and Design-9).






Table 7. Design parameters for 5-layer absorbers optimized for a 2–18 GHz FR for TM polarization for the single angle of incidence (Design-6, Design-7, Design-8, and Design-9).





	

	
2–18 GHz




	
LAYER

	
TM 30°/BESOA

	
TM 45°/BESOA

	
TM 60°/BESOA

	
TM 75°/BESOA




	
Design-6

	
Design-7

	
Design-8

	
Design-9




	
Material

	
d

	
Material

	
d

	
Material

	
d

	
Material

	
d






	
1

	
16

	
0.18967

	
16

	
0.11355

	
8

	
1.14129

	
1

	
0.26282




	
2

	
6

	
1.57262

	
7

	
1.46401

	
16

	
0.09877

	
4

	
0.32928




	
3

	
16

	
0.23265

	
14

	
0.45781

	
8

	
1.22881

	
6

	
0.09134




	
4

	
11

	
1.39604

	
2

	
0.30846

	
9

	
0.09967

	
2

	
2.00000




	
5

	
4

	
0.01003

	
10

	
1.49616

	
4

	
1.39751

	
4

	
0.44156




	
Max. RC [dB]

	
−20.8919

	
−26.5667

	
−32.7952

	
−26.3625




	
Total thick. [mm]

	
3.401

	
3.840

	
3.966

	
3.125




	

	
PSO [13]




	
Max. RC [dB]

	
−19.3096

	
−26.5192

	
−29.1497

	
−25.3794




	
Total thick. [mm]

	
3.4144

	
3.8420

	
4.0354

	
3.1351











 





Table 8. Design parameters for 5-layer absorbers optimized for 2–8 GHz, 8–12 GHz, and 12–18 GHz FR for TM polarization for 45° (Design-10, Design-11, Design-12).






Table 8. Design parameters for 5-layer absorbers optimized for 2–8 GHz, 8–12 GHz, and 12–18 GHz FR for TM polarization for 45° (Design-10, Design-11, Design-12).





	
LAYER

	
BESOA




	
2–8 GHz/TM 45°

	
8–12 GHz/TM 45°

	
12–18 GHz/TM 45°




	
Design-10

	
Design-11

	
Design-12




	
Material

	
d

	
Material

	
d

	
Material

	
d






	
1

	
16

	
0.29117

	
16

	
0.24678

	
14

	
0.08613




	
2

	
8

	
0.10203

	
7

	
1.38424

	
6

	
1.45158




	
3

	
7

	
1.56673

	
2

	
0.23015

	
16

	
0.43567




	
4

	
4

	
0.97671

	
16

	
0.22401

	
13

	
0.07231




	
5

	
9

	
0.96336

	
12

	
0.38486

	
-

	
-




	
Max. RC [dB]

	
−35.1971

	
−42.2578

	
−47.3411




	
Total thick. [mm]

	
3.90

	
2.47

	
2.045




	

	
PSO [18]




	
Max. RC [dB]

	
−30.1520

	
−33.3390

	
−35.0560 (4 layers)




	
Total thick. [mm]

	
4.02

	
2.79

	
2.10




	

	
DS-ABC [21]




	
Max. RC [dB]

	
−33.06

	
−44.14

	
−39.13 (4 layers)




	
Total thick. [mm]

	
3.99

	
2.47

	
2.07











 





Table 9. Design parameters for 5-layer absorbers optimized for 2–18 GHz FR for TE polarization for the single angle of incidence (Design-13, Design-14, Design-15, and Design-16).






Table 9. Design parameters for 5-layer absorbers optimized for 2–18 GHz FR for TE polarization for the single angle of incidence (Design-13, Design-14, Design-15, and Design-16).





	
LAYER

	
2–18 GHz




	
TE 30°/BESOA

	
TE 45°/BESOA

	
TE 60°/BESOA

	
TE 75°/BESOA




	
Design-13

	
Design-14

	
Design-15

	
Design-16




	
Material

	
d

	
Material

	
d

	
Material

	
d

	
Material

	
d






	
1

	
16

	
0.23627

	
16

	
0.25321

	
16

	
0.26827

	
16

	
0.41164




	
2

	
6

	
1.74771

	
8

	
0.44670

	
8

	
0.45034

	
6

	
0.41673




	
3

	
16

	
0.04180

	
6

	
1.80193

	
6

	
1.64922

	
2

	
0.47630




	
4

	
16

	
0.33785

	
16

	
0.16842

	
16

	
0.20622

	
14

	
0.33757




	
5

	
9

	
1.28636

	
14

	
0.74974

	
15

	
0.74954

	
14

	
0.03276




	
Max. RC [dB]

	
−15.5029

	
−12.3418

	
−8.54521

	
−3.2771




	
Total thick. [mm]

	
3.65

	
3.420

	
3.32

	
1.675




	

	
PSO [11]




	
Max. RC [dB]

	
−15.3938

	
−12.2444

	
−8.5332

	
−3.2196




	
Total thick. [mm]

	
3.6694

	
3.4387

	
3.3370

	
1.6837
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