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Abstract 

In this paper, a novel cost function for optimal design of 

multilayer microwave absorber is presented which overcome a 

major drawback of the multilayer absorber synthesis found in 

the literature. The proposed cost function has simultaneously 

included the both normal and oblique incidence of wave up to 

wide angle of incidence (0 to 60 degree) with TE & TM 

polarization which was seldom found in literatures. This leads 

to optimum design of multilayer absorber which can work 

well for wide angle of incidence and are also polarization 

independent. Here, six models (Model 1 – 6) of multilayer 

absorbers are proposed using WDO algorithm for different 

popular frequency bands (0.5–5.5, 2–8, 8–12, 12–18, 2–18 

and 26–37GHz respectively). Different configuration of layers 

such as 9-layer, 7-layer, 5-layer, 4-layer and 3-layer are 

considered for each proposed model (frequency band) and the 

best configuration is selected as winner. Obtained results are 

compared with previous reported results in literature. A 

detailed analysis are done and it shows that the application of 

WDO yields improved numerical results in terms of thickness 

and oblique incidence of wave implementation as compared 

with the earlier reported results. 

Keywords: Multilayer microwave absorber, Metaheuristic 

algorithms, WDO, Chew’s, recursive formula, 5G 

communication system. 

 

INTRODUCTION 

Nowadays, development of multilayer microwave absorbers 

find great attention due to its various applications such as: 

electromagnetic interference reduction, radar systems, stealth 

technology, wireless communication systems, satellite system 

and mobile phones. Also, in 5G communication systems, there 

is need to design absorbers for high frequency applications 

which can solve many electromagnetic compatibility issue [1]. 

The synthesis of multilayer absorbers are done with having 

the main objective is to minimize the overall reflection 

coefficient from its top surface. Calculation of the reflection 

coefficient in the case of multilayer structures such as 

multilayer absorbers can be done using Chew's recursive 

formula [2].                   

There are number of nature inspired optimization techniques 

and their derivatives which have been proposed and 

successfully implemented to synthesize the multilayer 

microwave absorbers in the last decade. Some of them are: 

Particle Swarm Optimization (PSO) and its derivatives [10-

13], Genetic algorithm (GA) and its many derivatives [3-7], 

Self-Adaptive Differential Evolution (SA-DE) algorithms [8], 

Central Force Optimization (CFO) [9], Spiral Algorithm 

(SPA) [14]. Performance comparison of three optimization 

algorithms, namely PSO, Bat Algorithm (BAT) and Cuckoo 

Search Algorithm (CSA) for multilayer microwave absorber 

design has been done in [15]. However, in general, all 

reported designs of multilayer microwave absorber were 

synthesized for the specific incidence of a wave either for a 

normal [3-14] or for an oblique incidence of a wave with TE 

or TM polarization, taken one at a time [7],[10-11]. The 

involved cost function in optimization process had only 

considered the same specific incidence of a wave without 

considering the normal and oblique incidence of wave 

simultaneously in their design problem. Thus, the reported 
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models are practically undesirable simply because it cannot 

work efficiently for the range of incidence of wave belongs to 

outside of its design (i.e. for a normal and oblique incidence 

of wave simultaneously). Although, models reported in [10] 

got some success for a normal and oblique incidence of wave 

simultaneously but fails to give any rationale for it. Results for 

oblique incidence of wave were obtained in [10] without 

considering the normal and oblique incidence of wave 

simultaneously in their design problem and therefore, can't be 

taken as the valid design strategy. Hence, most of the reported 

designs are limited with their own design constraints and 

required a relook.  

To overcome above problems, this paper focuses on the 

optimal design of multilayer absorbers through a proposed 

new cost function. This cost function has included both 

normal as well as oblique incidence of wave for a very wide 

angle of incidence with both polarization TE & TM 

simultaneously. Recently, a new nature inspired, efficient, 

iterative, heuristics and population-based optimization 

technique, Wind Driven Optimization algorithm has been 

proposed by Bayraktar [16]. In general, it has proved to be 

more effective than the earlier reported optimization 

techniques for many optimization problems in 

electromagnetic [17-21]. Here, six models (Model 1 – 6) of 

multilayer absorbers are proposed using WDO algorithm for 

different popular frequency bands (0.5–5.5, 2–8, 8–12, 12–18, 

2–18 and 26–37GHz respectively). Different configuration of 

layers such as 9-layer, 7-layer, 5-layer, 4-layer and 3-layer are 

considered for each proposed model (frequency band) and the 

best configuration is selected as winner. Obtained results are 

compared with previous reported results in literature. A 

detailed analysis are done and it shows that the application of 

WDO yields improved numerical results in terms of thickness 

and oblique incidence of wave implementation as compared 

with the earlier reported results.  

 

WIND DRIVEN OPTIMIZATION TECHNIQUE 

The WDO algorithm is a new iterative, heuristic, population 

based global optimization technique which is proposed by 

Bayraktar [16]. Figure 1 shows the flow chart of WDO 

algorithm. The movement of wind in the earth’s atmosphere 

to equalize horizontal imbalances in the air pressure leads to 

inspiration for WDO development. The velocity and position 

equations of air parcels are given as [16]. 

 

The pressure gradient (∇𝑃) over a distance is expressed as : 

                  ∇𝑃 = (
𝜕𝑃

𝜕𝑥
,
𝜕𝑃

𝜕𝑦
,
𝜕𝑃

𝜕𝑧
)  .                            (1) 

The net force on the air packet is given as  

                    ρa = ∑ FI ,                                             (2) 

where, 𝐹𝐼 correspond to all forces acting on the air packets. ρ 

and 𝑎 is the air density and acceleration of an air parcel 

respectively. The relation between pressure, density and 

temperature of the air packet are given as : 

                         𝑃 = 𝜌𝑅𝑇 ,                                              (3) 

where,T is temperature,  R is the universal gas constant and P 

is pressure. Four major forces which describe the motion of 

air parcel has infinite volume (δV) are: Frictional Force (Ff), 

Gravitational Force (𝐹𝑔), Pressure gradient force (𝐹𝑝𝑔), and 

Coriolis force (𝐹𝑐) and can be described by following 

equations: 

    𝐹𝑝𝑔 = −𝛻𝑃𝛿𝑉,                                         (4) 

              𝐹𝑓 = −𝜌𝛼𝑢 ,                                           (5) 

            𝐹𝑔 = 𝜌𝛿𝑉𝑔 ,                                            (6) 

         𝐹𝑐 = −2𝛺𝑢 ,                                          (7) 

where, α, u, g, and Ω are coefficient of friction, velocity 

vector of the wind, gravitational constant and rotation of earth 

respectively. These forces are incorporated in Equation (2) as  

𝜌
∆𝑢

∆𝑡
= 𝜌𝛿𝑉𝑔 + (−∇𝑃𝛿𝑉) + (−2Ω × 𝑢) + (−𝜌𝛼𝑢) ,          (8) 

 

Figure 1:   Flow chart of WDO optimization technique 
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For simplicity, considering time interval ∆t=1 and 

acceleration  α =
∆u

∆t
. Assuming δV =1, as the air parcel is 

infinitesimally small and dimensionless. The velocity update 

equation is given by 

         𝑢𝑛𝑒𝑤 = (1 − 𝛼)𝑢𝑐𝑢𝑟 − 𝑔𝑥𝑐𝑢𝑟 + 

                   (𝑅𝑇 |
1

𝑖
− 1| (𝑥𝑜𝑝𝑡 − 𝑥𝑐𝑢𝑟)) +

𝑐 ∗ 𝑢𝑐𝑢𝑟
𝑜𝑡ℎ𝑒𝑟𝑑𝑖𝑚

𝑖
 ,     (9) 

where, 𝑖 represent the rank of the particle in the population 

based on their pressure value at its location, c is a constant 

that represents the rotation of earth, and ucur, unew, xcur & 

xopt are initial velocity, new velocity, current position and 

optimum position respectively.   

The new position of air parcel is given by: 

  𝑥𝑛𝑒𝑤 = 𝑥𝑐𝑢𝑟 + 𝑢𝑛𝑒𝑤  .                             (10) 

 

PHYSICAL MODEL OF MULTILAYER ABSORBER 

A generalized physical model [3] for N layer multilayer 

absorber with N-1 layers of substrate and Nth layer as a 

Perfect Electric Conductor (PEC) is presented in Figure 2.  
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Figure 2:   Generalized physical model of multilayer absorber 

 

The overall reflection coefficient between air and the 

microwave absorber can be calculated recursively using 

Chew’s formula [2], given by 

     𝑅𝑖,𝑗+1 =  
𝜌𝑖,𝑖+1 + 𝑅𝑖+1,𝑖+2 𝑒𝑥𝑝(−2𝑗𝑘𝑖+1𝑑𝑖+1)

1 + 𝜌𝑖,𝑖+1𝑅𝑖+1,𝑖+2 𝑒𝑥𝑝(−2𝑗𝑘𝑖+1𝑑𝑖+1)
 ,    (11) 

where, for TM (parallel) polarization: 

  𝜌𝑖,𝑖+1 =  
𝜖𝑖+1𝑘𝑖 − 𝜖𝑖𝑘𝑖+1

𝜖𝑖+1𝑘𝑖 + 𝜖𝑖𝑘𝑖+1

  ,        𝑖 < 𝑁                        (12) 

             for TE (perpendicular) polarization: 

   𝜌𝑖,𝑖+1 =  
𝜇𝑖+1𝑘𝑖 − 𝜇𝑖𝑘𝑖+1

𝜇𝑖+1𝑘𝑖 + 𝜇𝑖𝑘𝑖+1

  ,        𝑖 < 𝑁  .                    (13) 

In the above equations, material layer is represented by i and 

their respective thickness by 𝑑𝑖 .  𝜖𝑖 and 𝜇𝑖 are complex permi-

ttivity and permeability of the 𝑖𝑡ℎ layer material which 

depends on frequency respectively. According to Snell’s Law, 

wave number (𝑘𝑖) of 𝑖𝑡ℎ layer material is defined by 

            𝑘𝑖 = 2𝜋𝑓√𝜇𝑖𝜖𝑖 − 𝜇0𝜖0𝑠𝑖𝑛2𝜃 .                              (14) 

The reflection coefficient (RN,N+1) between the last substrate 

layer of the multilayer absorber and the PEC, is set to +1 or -1 

for TM polarization and TE polarization. 

 

PROBLEM FORMULATION 

A complete design process for synthesis of multilayer 

absorber includes searching a suitable configuration (number 

of layers) for a given frequency band and also to find suitable 

combination of materials from a given material data-base 

(Table 1). Having different type of materials in Table1, real 

and imaginary parts of permeability and permittivity for 

corresponding materials can be calculated using following 

formulae: 

For Lossy Magnetic Materials: 

   𝜇′(𝑓) =  𝜇′(1𝐺𝐻𝑧) 𝑓𝑎 ,⁄                                   (15)  

         𝜇′′(𝑓) =  𝜇′′(1𝐺𝐻𝑧) 𝑓𝑏 .⁄                                 (16) 

For Lossy Dielectric Materials:  

      𝜖′(𝑓) =  𝜖′(1𝐺𝐻𝑧) 𝑓𝑎⁄  ,                                 (17) 

    𝜖′′(𝑓) =  𝜖′′(1𝐺𝐻𝑧) 𝑓𝑏⁄  .                                (18) 

For Relaxation-type Magnetic Materials:  

   𝜇′(𝑓) =  
𝜇𝑚𝑓𝑚

2

𝑓2 + 𝑓𝑚
2

 ,                                           (19) 

  𝜇′′(𝑓) =  
𝜇𝑚𝑓𝑚𝑓

𝑓2 + 𝑓𝑚
2

 .                                           (20) 

 

Finally, the complex permittivity and permeability can be 

calculated as: 

  Permittivity 𝜖 =  (𝜖′ −  𝑗 𝜖′′) 𝜖0 ,                                 (21) 

 Permeability 𝜇 =  (𝜇′ −  𝑗 𝜇′′) 𝜇0 ,                                (22) 

where, j stands for imaginary number √−1,  f  denotes for 

frequency in GHz, a and b stand for decay constants, µ
𝑚

 and 

𝑓𝑚 are also constants denoting mean permeability and mean 

frequency respectively.   
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Table 1: Materials predefined date-base [10] 

*TM $MN 
Per-mittivity Per-meability Constant Values 

𝝐′ 𝝐′′ 𝝁′ 𝝁′′ a b 𝝁𝒎 𝒇𝒎 

Lossless 

#DM 

1 10 
- 1 0 - - - - 

2 50 

Lossy **MM 

3 

15 0 

5 10 0.974 0.961 

- 

 

- 

 

4 3 15 1.000 0.957 

5 7 12 1.000 1.000 

Lossy 

#DM 

6 5 8 

1 0 

0.861 0.569 

- - 7 8 10 0.878 0.682 

8 10 6 0.878 0.861 

Relax-ation 

type 

9 

15 0 - - - - 

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 

*TM = Types of material, $MN = Material Number, #DM = Dielectric Material, **MM=Magnetic Material 

  

As discussed earlier, to overcome a major drawback of 

optimal synthesis of the multilayer absorbers using 

optimization techniques, this paper propose a new cost 

function. The new cost function included both normal and 

oblique incidence of wave up to wide angle of incidence with 

TE and TM polarization simultaneously, and it is represented 

in (23).  

    𝑀𝑖𝑛  𝐹 =       𝑐1 ∗ 𝑀𝑎𝑥 {

𝑀𝑎𝑥(|𝑅0,1(𝑓)𝑛𝑜𝑟𝑚𝑎𝑙|),

𝑀𝑎𝑥(|𝑅0,1(𝑓)𝑇𝐸,𝜃|),

𝑀𝑎𝑥(|𝑅0,1(𝑓)𝑇𝑀,𝜃|)

} 

 + 𝑐2 ∗  ∑ 𝑑𝑖
𝑁

𝑖=1
 ,    𝑓 ∈  𝐵  &   𝜃 ∈   𝑡ℎ𝑒𝑡𝑎    (23) 

where, 𝑐1 and 𝑐2 are weighting factors emphasis to each of the 

term associated with it. 𝑑𝑖 is the thickness of each layer. 𝐵 is 

the desired frequency band in GHz and 𝑡ℎ𝑒𝑡𝑎 is set of angle 

of incidence i.e 𝑡ℎ𝑒𝑡𝑎 = 15,30,45,60 degree. Hence, 

optimization includes wide angle of incidence. R0,1 is the 

reflection coefficient of multilayer structure in dB at air and 

multilayer absorber interface. In the above equation (23), first 

term 𝑅0,1(𝑓)𝑛𝑜𝑟𝑚𝑎𝑙  represents the reflection coefficient value 

for normal incidence, where as second and third term 

𝑅0,1(𝑓)𝑇𝐸,𝜃 and 𝑅0,1(𝑓)𝑇𝑀,𝜃 represents the reflection 

coefficient value for oblique incidence (at incidence angle θ) 

for TE and TM polarization respectively. The last term 

∑ 𝑑𝑖𝑁
𝑖=1  reflect the total thickness of N-layers multilayer 

absorber. 

For N-layers multilayer absorber synthesis, it is 2N 

dimensional optimization problem - N for material selection 

and N for their corresponding thickness. 

 

NUMERICAL RESULTS 

In this paper, six different models (Model 1–6) of multilayer 

microwave absorbers are considered for different popular 

frequency bands. The synthesis of all the proposed models is 

carried out by WDO optimization technique to get optimum 

thickness for each layer of material through the minimization 

of cost function given in (23). Synthesis of each model is done 

after performing 30 independent trials and best among them is 

taken as final result.  
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The minimum and maximum values of individual layer 

thickness are set to 0.1mm and 2mm respectively [10]. 

Bandwidth B has been taken accordingly for each new model 

with frequency increment of 0.25GHz. Incidence angles theta 

value is taken as 15,30,45,60 degrees.  

The constants c1 and c2 are 2 and 1000 respectively. Various 

parameters of WDO optimization taken are as follow: RT 

=0.5, g = 0.1, α = 0.1, c = 0.3, population size = 30. The 

values of constants are so chosen to experimentally provide 

the best result for each case. The maximum number of 

iteration is set to 5000. Detailed discussion of the simulation 

results are expressed below.  

Table 2 illustrates the comparative study of multilayer 

absorber having different number of layers design. This 

comparative study is necessary to compare and find best 

design-model (number of layers) for each proposed model 

(model 1, model 2, model 3, model 4, model 5 and model 6) 

which have been synthesized for different popular frequency 

bands (0.5 – 5.5,   2 – 8, 8 – 12, 12 – 18, 2 – 18 and 26 – 37 

GHz  respectively). Thus, obtained winner for each model is 

depicted in last row of table.  

Figure 3 to Figure 8 illustrates reflection coefficient versus 

different angle of incidence and polarization of model 1 

frequency curves for each of the proposed model. All figures 

contain nine curves each – one for normal incidence of wave 

and eight for oblique incidence of wave (varying from 15 

degree to 60 degree taking step size of 15 degree for both TE 

and TM polarization).  

Tables 3,4,5,6,7 and 8 depict the comparison for each of the 

proposed models with other respective models reported in 

literatures.  

 

Table 2:  Comparative study for different layers design for synthesis of multilayer absorber 

 Proposed 

Models 

Model 

1 

Model 

2 

Model 

3 

Model 

4 

Model 

5 

Model 

6 

Band 

(GHz) 

0.5 – 5.5 2 – 8 8 – 12 12 – 18 1 – 18 26 – 37 

9 

Layer 

Design 

 

*MN 14, 4, 2, 

1, 5, 4, 

1, 2, 4 

14, 7, 6, 

6, 9, 1, 

7, 1,12 

13, 8, 8, 

1, 7, 1, 

1, 6, 4 

6, 9, 8, 

7, 8, 1, 

8, 3, 1 

14, 6, 3, 

2, 5, 4, 

1, 1, 5 

6, 4, 8, 

7,1, 4, 

6, 4, 1 

#TT 4.07 4.93 6.75 6.05 3.62 2.95 

$MR -8.06 -8.85 -11.80 -12.60 -6.93 -10.60 

7 

Layer 

Design 

 

*MN 14, 5, 5, 1, 2, 4, 

4 

14, 6, 5, 5, 1, 1, 

9 

8, 8, 7, 14, 1, 5, 8 11, 6, 5, 8, 7, 4, 

1 

16, 6, 1, 9, 5, 5, 

4 

6, 1, 7, 

8, 1, 1, 3 

#TT 3.90 4.25 2.31 4.82 4.16 4.43 

$MR -8.57 -8.84 -9.77 -10.87 -7.69 -12.92 

5 

Layer 

Design 

 

*MN 16, 3, 4, 5, 4 14, 6, 1, 9, 4 14, 4, 5, 8, 9 14, 8, 1, 1, 1 14, 6, 6, 11, 9 1, 6, 9 

7, 1 

#TT 3.79 3.85 2.03 1.42 3.41 2.61 

$MR -8.95 -8.55 -9.59 -9.63 -7.56 -10.90 

4 

Layer 

Design 

 

*MN 14, 3, 2, 

4 

16, 2,  13, 9 14, 8, 8, 8 16, 1, 8, 2 16, 8, 6, 15 6, 9,6 

6 

#TT 4.31 2.05 1.52 1.24 3.47 2.54 

$MR -8.70 -8.60 -9.57 -9.66 8.36 -10.40 

3 

Layer 

Design 

 

*MN 16, 5, 4 14, 9, 3 16, 8, 6 14, 8, 5 14, 6, 9 11, 7, 3 

#TT 3.67 1.31 1.14 1.89 3.30 1.50 

$MR -8.96 -7.10 -9.49 -9.76 -7.47 -7.54 

Winner Design 3 

Layer 

4 

Layer 

3 

Layer 

4 

Layer 

4 

Layer 

7 

Layer 
#TT=Total thickness (in mm), *MN = Material Number in order (Top layer to bottom layer), $MR = Maximum reflection 

coefficient up to 600 oblique incidence of waves with TE/TM. 
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Figure 3:   Reflection coefficient versus frequency under 

different angle of incidence and polarization of model 1 

 

 

Figure 4:   Reflection coefficient versus frequency under 

different angle of incidence and polarization of model 2  

 

 

Figure 5:   Reflection coefficient versus frequency under 

different angle of incidence and polarization of model 3  

 

Figure 6:   Reflection coefficient versus frequency under 

different angle of incidence and polarization of model 4  

 

Table 3 shows the comparative results of model 1 designed 

for frequency band 0.5 – 5.5GHz with other respective models 

reported in [14] having nearly same frequency band 0.8 – 

5.4GHz. The obtained total thickness of model 1 is 3.675mm 

as compared to 4.23mm and 4.19mm for respective models in 

[14]. It depicts that proposed model 1 for three layers of a 

different combination of materials has less total thickness as 

compared to that of models in [14]. It also guarantees the 

maximum reflection coefficient value of – 8.96 dB up to 60 

degree for oblique incidence. Hence, proposed model 1 

performs better than other corresponding models reported [14]  

 

 

 

Figure 7:   Reflection coefficient versus frequency under 

different angle of incidence and polarization of model 5  
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Figure 8:   Reflection coefficient versus frequency under 

different angle of incidence and polarization of model 6 

 

Table 3:  Design parameter of model 1 

Models Model 1 Data from 

[14] 

Data from 

[14] 

Design 

(Number of Layer) 

3- layer 

Design 

3- layer 

design 

3- layer 

design 

Layer Number *MN #TH *MN #TH *MN #TH 

1 16 0.676 16 0.6 16 0.69 

2 5 0.998 3 2.0 12 1.82 

3 4 2.000 4 1.63 4 1.68 

Ground Plane PEC - PEC - PEC - 

Total thickness (mm) 3.675 4.23 4.19 

Frequency band (GHz) 0.5 – 5.5 0.8 – 5.4 0.8 – 5.4 

R
ef

le
ct

io
n
 

co
- 

ef
fi

ci
en

t 
(d

B
) Normal 

incidence 

Max -18.07 -21.46 -21.17 

Min -41.6 -45 ≈ -27 

Oblique 

incidence 

(θmax=600) 

TE &TM 

Max -8.96 & -

9.00 

- - 

Min -9.93 & -

9.77 

- - 

Oblique incidence 

consideration 

Yes No No 

Optimization Technique WDO SPA SPA 

#TH=Thickness (in mm), *MN = Material Number 

 

Table 4:  Design parameter of model 2 

Models Model 2 Data from 

[10] 

Data from 

[11] 

Design 

(Number of Layer) 

4- layer 

design 

5- layers 

design 

4- layers 

design 

Layer Number *MN #TH *MN #TH *MN #TH 

1 16 0.6604 16 0.2205 16 0.4254 

2 2 0.5904 6 1.8477 8 1.4362 

3 13 0.7089 6 0.5144 5 1.2021 

4 9 0.1000 6 1.0325 11 0.8465 

5 - - 15 0.9837 - - 

Ground Plane PEC - PEC - PEC - 

Total thickness (mm) 2.0598 4.86 3.8403 

Frequency band 

(GHz) 

2 – 8 2 – 8 2 – 8 

R
ef

le
ct

io
n
 

co
- 

ef
fi

ci
en

t 
(d

B
) Normal 

incidence 

Max -17.02 -25.485 -21.693 

Min -44.35 -30 -23.6 

Oblique 

incidence 

(θmax=600) 

TE &TM 

Max -8.36 & -

8.47 

- - 

Min -9.34 & -

10.23 

- - 

Oblique incidence 

consideration 

Yes No No 

Optimization Technique WDO DE PSO 

#TH=Thickness (in mm), *MN = Material Number  

 

in terms of total thickness and inclusion of oblique incidence 

of waves. 

 

Table 4 shows the comparative results of model 2 with other 

respective models reported in [10] and [11]. The obtained 

total thickness of model 2 is 2.9597mm as compared to 

4.86mm in [10] and 3.84mm in [11]. It depicts that model 2 

for four layers of different combination of materials has less 

total thickness as compare to five layers in [10] and four layer 

in [11]. It also guarantees the maximum reflection coefficient 

value of –8.36 dB up to 60 degree of oblique incidence of 

waves. Hence, proposed model 2 performs better than other 

corresponding models reported in [10] and [11] in terms of 

total thickness and inclusion of oblique incidence of wave. 

Table 5 shows the comparative results of model 3 with other 

respective models reported in [7] and [11]. The obtained total 

thickness of model 3 is 1.1490mm as compared to 4.1933mm 

in [7] and 3.3653 mm in [11]. It reveals that proposed model 3 

having three layers design, has less total thickness as 

compared to four layer design of [7] and [11].  It ascertains 

maximum reflection coefficient value of -9.49 dB up to 60 

degree of oblique incidence of wave. Hence, proposed model 

3 performs better than other corresponding models reported in 

[7] and [11] in terms of thickness and oblique incidence of 

wave. 

Table 6 shows the comparative results of model 4 for with 

other respective models reported in [7] and [11]. The obtained 

total thickness is 1.246mm as compared to 3.1387mm in [7] 

and 2.9048mm in [11]. It depicts that proposed model 5 for 

four layers of different combination of materials has less total 

thickness as compared to 3.1387 in [6] and 2.9048 in [11].  It 

also ensures maximum reflection coefficient value of -9.67dB  
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Table 5:  Design parameter of model 3 

Models Model 3 Data from 

[7] 

Data from 

[11] 

Design 

(Number of Layer) 

3- layer 

design 

4- layers 

design 

4- layers 

design 

Layer Number *MN #TH *MN #TH *MN #TH 

1 16 0.4834 6 0.6451 16 0.2769 

2 8 0.5409 2 0.7096 6 1.4678 

3 6 0.1246 2 1.8064 6 0.8269 

4 - - 3 1.0322 13 0.8937 

Ground Plane PEC - PEC - PEC - 

Total thickness (mm) 1.149 4.1933 3.3653 

Frequency band 

(GHz) 

8 – 12 8 – 12 8 – 12 

R
ef

le
ct

io
n
 

co
- 

ef
fi

ci
en

t 
(d

B
) Normal 

incidence 

Max -18.77 -17.02 -26.10 

Min -33.89 -30 -38 

Oblique 

incidence 

(θmax=600) 

TE &TM 

Max -9.49 & -9.50 - - 

Min -10.00 & -9.78 - - 

Oblique incidence 

consideration 

Yes No No 

Optimization Technique WDO GA PSO 

#TH=Thickness (in mm), *MN = Material Number 

 

Table 6:  Design parameter of model 4 

Models Model 4 Data from 

[7] 

Data from 

[11] 

Design 

(Number of Layer) 

4- layer 

Design 

4- layers 

design 

4- layers 

design 

Layer Number *MN #TH *MN #TH *MN #TH 

1 16 0.3762 3 0.9363 16 0.2140 

2 1 0.1591 2 1.7419 7 0.3456 

3 8 0.6056 5 0.4315 6 0.1166 

4 2 0.1050 6 0.1290 5 1.2286 

Ground Plane PEC - PEC - PEC - 

Total thickness (mm) 1.2460 3.1387 2.9048 

Frequency band 

(GHz) 

12 – 18 12 – 18 12 – 18 

R
ef

le
ct

io
n
 

co
- 

ef
fi

ci
en

t 
(d

B
) Normal 

incidence 

Max -9.7 -13.81 -26.10 

Min -24.28 -21 -38 

Oblique 

incidence 

(θmax=600) 

TE &TM 

Max -9.67 & -9.66 - - 

Min -12.30 & -

11.15 

- - 

Oblique incidence 

consideration 

Yes No No 

Optimization Technique WDO GA PSO 

#TH=Thickness (in mm), *MN = Material Number 

up to 60 degree of oblique incidence of wave. Hence, 

proposed model 4 performs better than respective models in  

 

Table 7:  Design parameter of model 5 

Models Model 5 Data from 

[10] 

Data from 

[11] 

Design 

(Number of Layer) 

4- layer 

design 

4- layers 

design 

4- layers 

design 

Layer Number *MN #TH *MN #TH *MN #TH 

1 16 0.2487 16 0.2205 16 0.3038 

2 8 1.3008 6 1.8477 6 1.0370 

3 6 1.0330 16 0.5144 5 0.8976 

4 15 0.8886 1 1.0325 9 0.8011 

5 - - 13 0.9837 - - 

Ground Plane PEC - PEC - PEC - 

Total thickness (mm) 3.47 4.6 3.03 

Frequency band 

(GHz) 

2 – 18 2 – 18 2 – 18 

R
ef

le
ct

io
n
 

co
- 

ef
fi

ci
en

t 
(d

B
) Normal 

incidence 

Max -11.19 -18 -16.42 

Min -33.06 -24 -19.15 

Oblique 

incidence 

(θmax=600) 

TE &TM 

Max -8.39 & -8.36 -8.24 & -8.89 - 

Min -10.92 & -

11.09 

-9.00 & -11.47 - 

Oblique incidence 

consideration 

Yes Yes No 

Optimization Technique WDO DE PSO 

#TH=Thickness (in mm), *MN = Material Number 

 

Table 8:  Design parameter of model 6 

Model Model 6 

Design (Number of Layer) 7- layer design 

Layer Number Material 

Number 

Thickness 

(in mm) 

1 6 0.3035 

2 1 0.1672 

3 7 0.3110 

4 8 1.4022 

5 1 0.8000 

6 1 0.1773 

7 3 1.2740 

Ground Plane PEC - 

Total thickness (mm) 4.43 

Frequency band(GHz) 26 – 37 

R
ef

le
ct

io
n
 

co
- 

ef
fi

ci
en

t 

(d
B

) 

Normal incidence Max -14.02 

Min -16.81 

Oblique incidence 

(θmax=600) TE 

&TM 

Max -12.92 & -14.37 

Min -14.88 & -15.46 

Oblique incidence consideration Yes 

Optimization Technique WDO 

[7] and [11] in terms of thickness and oblique incidence of 

wave. 
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Table 7 shows the comparative results of model 5 for with 

other respective models reported in [10] and [11]. The 

obtained total thickness is 3.47mm as compared to 4.6mm in 

[10] and 3.03mm in [11]. It depicts that proposed model 5 for 

four layers of different combination of materials has less total 

thickness as compared to [10] but greater than that of in [11].  

It ensures maximum reflection coefficient value of -8.36dB up 

to 60 degree of oblique incidence of wave. Hence, proposed 

model 4 performs better than model in [10] in terms of total 

thickness and model in [11] in terms of oblique incidence of 

wave. 

The parameter of the proposed model 6 is described in Table 

8. The frequency band of this model is significant in recent 

development of 5G communication system and many other 

applications. However, this model (multilayer absorber) is not 

found in literature till date, to the best of our knowledge and 

so comparative results could not be established. But, the 

results obtained are very encouraging. Total thickness of 

4.43mm was achieved, guarantying a maximum reflection 

coefficient value of – 12.92dB up to 60 degree of oblique 

incidence of wave. 

Figure 9 summarizes the convergence curves of cost function 

value over iterations for synthesis of models 1 – 6 carried out 

by WDO optimization technique.  All models converges 

before 2500th iterations.  

 

 

 

Figure 9: Convergence curves of cost function value over 

iterations for synthesis of models  1 – 6  carried out by                

WDO optimization technique. 

 

CONCLUSIONS 

This paper has presented the optimal design of four layer 

multilayer microwave absorbers using WDO technique. The 

previous works reported so far have used cost-function that 

did not take into account all the cases of incidence of wave. 

The optimization was achieved only for a particular case of 

incidence of wave and polarization, whereas practically wave 

can be incident at any angle of incidence and polarization. 

Therefore, a new cost function is proposed to implement the 

optimization problem for wide range angle to enhance its 

versatility. Here, six different improved design models (Model 

1 – 6) have been presented for various popular frequency 

bands. Most importantly, all the design models have been 

analyzed for both TE and TM polarization under normal and 

oblique incidence of wave from 0 to 60 degree. Different 

configuration of layers such as 9-layer, 7-layer, 5-layer, 4-

layer and 3-layer are considered for each model and the best 

configuration is selected as winner. Obtained numerical 

optimal results obtained in terms of normal incidence of wave 

and thickness are compared with earlier published results and 

found to be improved.    
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