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Abstract 

 This article presents a strategy for designing optimal microwave planar multilayer absorbers 

based on epoxy foam composites loaded with carbon fibers of 12 mm length. Firstly, the 

impedance gradient principle (gradual loaded composites) was adopted to realize two multilayer 

absorbers, of 125 mm thickness, using slightly loaded composites (0.0125 wt.% < CFs < 0.075 

wt.%) and relative highly loaded composites (0 wt.% < CFs < 0.4 wt.%), respectively. The 

simulation of these absorbers shows that composites with very low CF rates are sufficient to 

achieve a very close absorption performance and bandwidth to that of the commercial absorber, 

in the entire studied frequency range (0.75-18 GHz). Secondly, the genetic algorithm optimizer 

is used to achieve a multilayer absorber that presents the best compromise between absorption 

performance and thickness. Different CF-loaded composites and layer thicknesses are therefore 

tested; a multilayer absorber with a total thickness of 98 mm is then proposed. This absorber 

shows a better reflection coefficient and a better compromise (absorption/total thickness) than 

that of the commercial absorber, while presenting a reduction of 22 % in thickness. The 

presented simulation and measurement results confirm that a judicious choice of the 

composition and the thickness of each layer is necessary to optimize the absorption performance 

of a planar multilayer absorber. This paper also shows the advantage of using an optimizer to 

improve the absorption performance while reducing the total thickness of the absorber. 
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1. Introduction

Today, the rapid increase in telecommunication technologies induces the intensive use of 

devices operating in diverse areas, such as engineering, aviation, television and mobile 

communications. Therefore, many electronic devices and systems surrounding us produce an 

electromagnetic (EM) pollution, which ultimately creates a need for absorbing materials. These 

materials are therefore more and more employed not only for EM interference shielding [1–3], 

but also for other applications such as EM compatibility tests (aerospace and telecommunication 

domains) [4, 5], radar signature [6], medical systems [7, 8] and in EM characterization 

environments [9]. Researches around these materials have always concentrated on developing 

new lightweight and compact absorbing materials with a good absorption performance over a 

wide frequency band. 

Absorbing materials are realized using different geometries and types of loads (dielectric, 

conductive and/or magnetic), depending on the targeted application. For example, magnetic tiles 

[10] and dielectric pyramids [10–13] or multilayer [10, 14, 15] absorbers were used for anechoic 

chamber application. In fact, the pyramidal and multilayer absorbers were used in these 

chambers to ensure a broadband absorption performance over a large bandwidth thanks to the 

impendence gradient which is ensured by these geometries [11]. This impendence gradient can 

be provided by a physical gradient, such as by pyramidal absorbers [10, 11, 16], and in this case, 

the EM waves are dissipated in-depth of the pyramidal material. Moreover, the multi-reflections 

between the adjacent pyramids trap the EM waves by directing all these reflected waves toward 

the interior of the absorber where they will be absorbed [17]. Unlike pyramidal absorbers, 

multilayer absorbers, which are of our interest, must ensure a gradient of impedance by a 
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gradient of the compositions (filler contents) of the different layers [14, 15, 18–21] and thus 

make the design of this type of absorbers with a broadband absorption performance more 

complex to realize. Thomassin et al. [15] have shown the importance of using the multilayer 

absorbers over the monolayer absorber. They have developed a multilayer absorber, in the X-

band, based on carbon nanotubes (CNTs) dispersed in a polycaprolactone polymer foam with a 

gradual increase in the concentration of CNTs in depth. The multilayer absorber was composed 

of three layers with CNT concentrations of 0.5 wt.%, 1 wt.%  and 2 wt.%. The proposed 

multilayer absorber shows a decrease in the reflection coefficient at least 5 dB (by 

approximately 70 %) and a broader absorption bandwidth compared to the monolayer of 1 wt.%. 

Otherwise, the composition of each layer of the multilayer absorber should be chosen carefully 

in order to ensure a gradual impedance [22]. In this case, and in order to obtain a good 

absorption, the reflections must be minimized between air and absorber from the one hand, and 

at each interface (between the different layers) from the other hand. Indeed, if the incoming EM 

wave arrives at a medium with very different dielectric and/or magnetic properties, the medium 

will act as a reflector due to the impedance mismatching [20]. Thus, in the case of the multilayer 

absorber, if there is an impedance discontinuity between the layers, reflections will occur not 

only at the first interface, but also, between the different layers, with a reflection level 

proportional to the amount of the impedance discontinuity. For multilayer absorber, the first 

layer should have the closest dielectric and/or magnetic properties to air, and therefore the 

lowest possible complex permittivities and/or permeabilities, in order to ensure a smooth 

transition of EM waves at the first interface between the air and the absorber [16, 22]. This layer 

should then be followed by one or more layers, with intermediate complex permittivities and/or 

permeabilities which ensure the impedance continuity and a progressive absorption of the EM 

waves due to the intermediate losses [22]. The last layer(s) must have the highest losses in order 

to ensure a total absorption of the EM waves [16]. By this way, the EM waves will be 

transmitted from one layer to another with minimal reflections between the different interfaces, 
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and with a gradual absorption inside the different layers. Therefore, the gradual dissipation is 

ensured when a gradual increase in the dielectric and/or magnetic properties of the layers 

composing the multilayer absorbers is assured [16]. The study of Zhang et al. [21] shows the 

importance of this gradual increase of the properties. Here, Ni nanoparticles were used as 

magnetic fillers in paraffin with 30 wt.%, 50 wt.% and 60 wt.% for a tri-layer multilayer 

absorber. Two cases were tested: a gradual increase of the wt.% in depth for the first case, while 

a gradual decrease for the second case. As expected, the absorption performance of the first 

case, with a gradual increase from the lowest to the highest (휀r and 𝜇r), is more effective (Γ < -10 

dB) than the second case (Γ > -10 dB) in the whole frequency range [2-18] GHz.   

However, it is difficult to control the impedance distribution, and to approach the ideal 

impedance (stepped impedance function) of the layers only by using the gradual loaded 

composite method [16, 23]. The solution would be to calculate the module of the characteristic 

impedances of the different layers and to use them to build the multilayer absorber. For example, 

Micheli et al. have calculated the characteristic impedances of their composites based on epoxy 

resin loaded with different types of carbon and with different wt.% in order to build a multilayer 

absorber [24]. However, when having a large panel of dielectric and/or magnetic composites, it 

is very difficult to choose among them the appropriate combination of the layer compositions. 

Furthermore, the choice of the layer thicknesses is also important in order to obtain the best 

absorption over a large bandwidth while keeping a compact absorber. Nevertheless, it is 

impossible to try all the possibilities (layer order, compositions and thicknesses); therefore, 

optimizers should be employed.  

Genetic algorithm (GA) optimizer is one of the frequently used algorithms that was applied in 

different domains ranging from engineering [25, 26] to economics [27] and artificial intelligence 

[28] and its use becomes widespread in electromagnetics [29–31]. Among these applications, the 

GA was used for the conception of antennas [32–34] and antenna arrays [35, 36], of 

metamaterials [37–39], and for the design of microwave absorbers such as multilayer absorbers. 
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For the latter, composites loaded with magnetic fillers were studied  where both layers 

thicknesses and layers compositions [40–42] or only thicknesses [43] have been optimized using 

genetic algorithm. For example, Singh et al. [40], Padhy et al. [41] and Kumar et al. [42], have 

used the genetic algorithm for the optimization of planar absorber in X band frequency range, 

but, none of these studies proposed a multilayer absorber with a reflection coefficient less than -

10 dB in the whole studied frequency range [8.2-12.4] GHz. 

In this paper, the objective is to use the GA optimizer to achieve a planar dielectric multilayer 

absorber with the minimum thickness and that operates over a wide frequency band [0.75-18] 

GHz. Here, dielectric composites, based on epoxy foams loaded with different rates of carbon 

fibers (CFs) of 12 mm length will be used. In our previous work [44], we studied the effect of 

the CF length on the dielectric properties and we compared the dielectric properties (휀𝑟
′  and 

tan) of the composites loaded with 0.25 wt.% of three different CF lengths (3 mm, 6 mm and 

12 mm). This comparison showed that, at low frequencies, the highest dielectric losses tan are 

obtained by the composite loaded with 12 mm-CFs (tanmax = 1.12); this composite presents 

also low real permittivity value (휀𝑟(max)
′  = 3.7). One can note that the low frequencies, typically 

around 2 GHz, are the critical frequency range for the dielectric absorbers [44]. So, the 

combination between the low permittivity (εr
′ ) and the high dielectric losses (tan), at low 

frequencies, candidates the composites loaded with CFs of 12 mm length to achieve a broadband 

multilayer absorber.  

This paper is organized as follows; the elaboration and characterization techniques of the 

loaded epoxy foam composites are first presented. Then, the analytical calculation of the 

reflection coefficient of a monolayer and multilayer absorbers is presented, followed by the 

optimization principle using the genetic algorithm. After this, multilayer absorber prototypes 

achieved using, from the one hand, the gradual loaded composites and, from the other hand, the 

GA optimizer, will be conducted. The simulation and measurement results of the achieved 
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prototypes will be presented and discussed; these results will be compared to that of the 

commercial absorber AH 125. Finally, the most relevant conclusions are laid out. 

2. Techniques and theory 

2.1. Material elaboration method 

The epoxy resin (PB 170) and hardener (DM02), purchased from SICOMIN, and carbon 

fibers (fibers exPAN), provided by Apply Carbon SA, were used for the elaboration of the CF-

loaded epoxy foam composites. The used CFs have a density of 1.7, a diameter of 7 µm and a 

length of 12 mm. Different weight percentages (wt.%) from 0 wt.% to 0.4 wt.% were used. The 

different steps of the elaboration method are summarized in Fig. 1. The CFs (with the chosen 

wt.%) were dispersed in the acetone (60 ml) using the chemical surfactant SDS (sodium dodecyl 

sulfate) from Sigma-Aldrich and ultra-sonication method (using Sonics Materials VCX-750-

220). The mixture was then placed in the oven at 50°C for 72 hours to evaporate the solvent 

(acetone). After this, the epoxy resin was added to this mixture, as well as the hardener with the 

proportions Resin/Hardener of 10:3.6. The mixture was then placed into a mold for foaming and 

polymerization steps during 6 hours at room temperature. Subsequently, the mold was placed in 

the oven (at 60°C for 6 hours) to finalize the polymerization of the epoxy foam thus obtaining 

the final rigid composite. Finally, the samples were cut to the dimensions of 15 cm x 15 cm x 6 

cm, needed for the characterization in the anechoic chamber. The measured density of all the 

elaborated composites is 0.13 g.cm
-3

.  
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Fig. 1 Elaboration steps of the CF loaded epoxy foam composites 

2.2. Characterization technique 

The complex permittivity of the elaborated composites is extracted from the measurement of 

the reflection (S11 & S22) and transmission (S21 & S12) coefficients using free space method, 

detailed in [45], where a quasi-monostatic configuration is used. For this latter, two horn 

antennas (3115 Ets-Lindgren Model), that operate in the frequency range 0.75-18 GHz, are 

placed side by side in the anechoic chamber and are connected to a vector network analyzer. 

Sample is placed in front of the two antennas at a distance d, ensuring the far field condition 

(Eq. (1)), where D is the antenna aperture diameter and λ is the highest measured wavelength (at 

the lowest frequency) [45]:  

d ≥
2D2

λ
     (1)

The measured coefficients are then used to extract the real and imaginary parts of the 

dielectric permittivity (εr
′  and εr

′′) of the composite under test using Fenner et al. formulas [45, 

46]. The dielectric losses of these composites, which indicate the capacity of dissipation of the 

energy inside the composite material, are then calculated by tan = 
εr

′′

εr
′ . 

The same configuration is used for the measurement of the reflection coefficient of the 

achieved prototypes. For a normal incidence, the two antennas are placed side by side with a 

small negligible angle of incidence as shown in Supplementary Data 1 (a). For an oblique 
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incidence θ, the two antennas are separated by the needed distance in order to form the required 

angle of incidence; Supplementary Data 1 (b) shows the configuration of the two antennas with 

an incidence angle of 30°. 

2.3. Multilayer absorber design and optimization 

2.3.1.  Mathematical model  

According to the transmission line theory [47, 48], for a single-layer microwave absorber with 

a thickness d, the total reflection coefficient at a given frequency f can be calculated using the 

complex relative permeability (µr) and the complex relative permittivity (r) of the monolayer 

and using Eqs. (2) and (3) where Zin is the entrance impedance to the single-layer absorber, Z0 

is the impedance of air, and c is the velocity of light (3*10
8
 m/s).  

𝛤 (𝑑𝐵) = 20 𝑙𝑜𝑔 |
𝑍𝑖𝑛−𝑍0

𝑍𝑖𝑛+𝑍0
|     (2) 

With 

𝑍𝑖𝑛 =  𝑍0√
µ𝑟

𝜀𝑟
 tanh [𝑗 (

2𝜋𝑓𝑑

𝑐
) √

µ𝑟

𝜀𝑟
  ]  (3) 

For a multilayer microwave absorber (Fig. 2), the computation of the total reflection 

coefficient takes in account the multiple reflections that occur at each interface. Here, and 

according to Balanis [49], the reflection coefficient Γ is computed by adding all the single 

reflections (Γ0, Γ1,…, ΓN) at each interface, multiplying each one by its phase as shown in Eq. 

(4) where 𝛽𝑁 is the propagation constant of the Nth layer (calculated using Eq. (5)) and Γ0, 

Γ1,…, ΓN are calculated using Eq. (6) and the characteristic impedance of the layers using Eq. 

(7) with N = 0, 1, 2, 3...  

𝛤 = 𝛤0 + 𝛤1𝑒−𝑗2𝛽1𝑑1 + 𝛤2𝑒−𝑗2(𝛽1𝑑1+𝛽2𝑑2) + ⋯ +  𝛤𝑁𝑒−𝑗2(𝛽1𝑑1+𝛽2𝑑2+⋯+𝛽𝑁𝑑𝑁)  (4) 

𝛽𝑁 =
2𝜋𝑓

𝑐 √휀𝑟𝑁𝜇𝑟𝑁   (5) 
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𝛤𝑁 =
𝜂𝑁+1−𝜂𝑁

𝜂𝑁+1+𝜂𝑁
    (6) 

𝜂𝑁 =  𝑍0√
µ𝑟𝑁

𝜀𝑟𝑁
= 𝑍0√

µ𝑟𝑁
′ −𝑗µ𝑟𝑁

′′

𝜀𝑟𝑁
′ −𝑗𝜀𝑟𝑁

′′      (7) 

Here, the multiple secondary reflections at each boundary of the multilayer absorber are 

neglected. This approximation is used because these multiple secondary reflections are very 

small since the layers composing the absorber consist of absorbing layers [49]. Using this 

approximation and the different equations from Eq. (4) to Eq. (6), a MATLAB function that 

computes the total reflection coefficient of multilayer absorber was developed. This code allows 

the calculation of the reflection coefficient using the complex dielectric permittivities and/or 

magnetic permeabilities of the layers composing the multilayer absorber. In our case, the 

elaborated composites are pure dielectric materials (µr = 1), so only complex dielectric 

permittivities are taken into consideration. 

 

Fig. 2 Reflection coefficients of the multilayer absorber 

2.3.2.  Optimization using genetic algorithm  

The analytical calculation of the reflection coefficient is then combined to GA optimizer. The 

benefit of using such optimization is to compute the reflection coefficient (which is the goal to 
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be minimized) for several possible combinations (composition and thickness of each layer) and 

ends up with the best combination that gives the lowest requested reflection coefficient.  

The function that ensures the connection between the physical problem (calculation of the 

reflection coefficient of the multilayer absorber at normal incidence) and the GA optimizer is the 

fitness function [50]. It relates the function that computes the reflection coefficient to the 

variable parameters (compositions and thicknesses of each layer) to be changed by the GA 

optimizer. At each iteration, the fitness function compares the computed (Γcomputed) to the 

targeted (ΓTarget) reflection coefficients; this operation is repeated until the goal of the best 

absorption performance (lowest reflection coefficient) is reached. Here, the GA will stop in two 

cases: when the number of generations exceeds the imposed maximum limit of iterations or 

when the GA achieves its goal (ΓTarget). The introduced parameters for the optimization program 

are the number of layers in the multilayer absorber, the thickness limits (min and max) of each 

layer, the frequency range, the material database and the targeted reflection coefficient 

(Supplementary Data 2). The optimization by the developed code takes only a few minutes to be 

finished. After this, the reflection coefficient of the proposed design is computed using CST for 

the oblique incidence of 30° as the developed program deals only with the normal incidence. 

One can note that a verification of the reflection coefficient, calculated by the optimizing 

program, was made by 3D Electromagnetic Simulation Software (CST) for normal incidence; an 

example of the comparison between the calculated and simulated reflection coefficients will be 

presented further in this article. 

3. Results and discussion 

3.1. Dielectric properties of CFs loaded epoxy foam composites 

The dielectric properties (εr
′  and tan) of the epoxy foam composites loaded with different 

rates (between 0 wt.% and 0.4 wt.%) of CFs of 12 mm length are shown in Fig. 3. The latter 

shows, as expected, that both εr
′  and tan increase with the increase of the weight percentage of 
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the CF load, thus giving a large panel of dielectric properties. For example, @ 4 GHz, 

εr
′  increases from εr

′  = 1.3 (with 0.0125 wt.%) to εr
′  = 3.3 (with 0.4 wt.%) while tan increases 

from tan = 0.15 (with 0.0125 wt.%) to tan = 1.32 (with 0.4 wt.%). In addition to that, very 

close values, especially for the real part of permittivity, are obtained with composites loaded 

with very low weight percentages (≤ 0.025 wt.%). For example, @ 4 GHz, the real permittivity 

values εr
′  are equal to 1.3, 1.3 and 1.32 for 0.0125 wt.%, 0.01875 wt.% and 0.025 wt.%, 

associated with dielectric losses of 0.15, 0.21 and 0.34, respectively. One can note that after 10 

GHz, very close values of εr
′  for all composites are obtained; for example, @ 12 GHz, εr

′  = 1.13 

(with 0.025 wt.%), εr
′  = 1.37 (with 0.1 wt.%) and εr

′  = 1.5 (with 0.4 wt.%). 

Fig. 3 also shows that, except the unloaded epoxy foam which presents constant dielectric 

properties (εr
′  = 1.2 and tan = 0.0009) over the studied frequency band [0.75-18] GHz, a 

standard decreasing behavior of the real permittivity in function of frequency is obtained by all 

composites and it is accompanied by an increase to a maximum followed by a decrease of the 

dielectric losses, especially for composites loaded with low weight percentages (< 0.2 wt.%). 

This behavior is often observed for composites loaded with low weight percentages of long CFs 

which show a maximum of their dielectric losses at low frequencies, typically below 5 GHz, as 

seen in [44]. Among our elaborated composites, the permittivity of the sample loaded with 0.1 

wt.%, for example, decreases from 3.38 (@ 0.75 GHz) to 1.2 (@ 18 GHz) associated with an 

increase in the losses from tan = 0.62 (@ 0.75 GHz) to tan(max) = 0.81 (@ 4.8 GHz) followed 

by a decrease of this latter to tan = 0.47 (@ 18 GHz). 

Furthermore, low values of real permittivity associated with high dielectric losses could be 

noted from Fig. 3. Here, the highest value of the dielectric properties is obtained with the epoxy 

foam loaded with 0.4 wt.% where εr(max)
′  = 5 @ 0.75 GHz associated with high tan of 1.24. 

Indeed, when very low weight percentages (< 0.1 wt.%) are used, permittivity values are very 

low and they range from 1.5 to 2.5 @ 0.75 GHz and change very slightly for high frequencies; 
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these permittivity values are associated with high values of losses (tan(max) of  0.15 and  0.64 

with 0.0125 wt.% and 0.075 wt.%, respectively).  

Since these composites present low εr
′  and high tan, especially at the low frequencies which 

are critical for the absorption application, a good absorption performance can be expected with 

these composites. 

            

 
(a) 

 
(b) 

Fig. 3 Dielectric properties (a) 휀𝑟
′  and (b) tan of the composites loaded with 12 mm CFs using 

different wt.% 

3.2. Multilayer absorber design by using the gradient of composition principle 

Our goal was to use the elaborated composites to achieve a broadband multilayer absorber. 

Our composites can be divided into two categories: very slightly loaded (between 0 wt.% and 
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0.1 wt.%) and relative highly loaded (between 0.1 wt.% and 0.4 wt.%) composites. Two 

gradients of compositions can thus be obtained and tested in order to observe the influence of 

the load rates, and thus the dielectric properties, on the absorption performance and bandwidth 

of the planar absorbers.  

Two multilayer absorber designs, with five layers for each one, are then proposed. The first 

multilayer absorber (MLA125-1) is designed with very low CF-loaded composites (from 0.0125 

wt.% to 0.075 wt.% with a step of 0.0125 wt.%) and the second design (MLA125-2) is 

composed of composites loaded with relative high CF loads (0 wt.% to 0.4 wt.% with a step of 

0.1 wt.%). Multilayer absorbers are constructed by stacking the elaborated composites, 

increasing the load (wt.%) gradually in depth and with a total thickness of 125 mm (thickness of 

each layer is equal to 25 mm), as shown in Fig. 4 (a) and (b), respectively, for MLA125-1 and 

MLA125-2. These absorbers present the same dimensions as the commercially available PU 

foam based multilayer absorber AH 125 that is used in the anechoic chamber for the same 

frequency band [0.75-18] GHz [10].  

Using CST Microwave Studio, the reflection coefficients (Γ (dB)) of the proposed multilayer 

absorbers (MLA125-1 and MLA125-2), backed with a perfect electric conductor (PEC), are 

computed and the results are shown in Fig. 4 (c) and (d). For a normal incidence of the EM 

waves (Fig. 4 (c)), a reflection coefficient less than -10 dB is expected in the frequency ranges of 

[1.13-18] GHz and [0.97-18] GHz for the MLA125-1 and MLA125-2, respectively. A reflection 

coefficient less than -20 dB is obtained for frequencies higher than 4 GHz for the MLA125-1 

while the reflection is higher than -20 dB in practically all the studied frequency band [0.75-17] 

GHz for the MLA125-2. For oblique incidence of 30° (TM mode in Fig. 4 (d) and TE mode in 

Supplementary Data 3), the same observations can be done. Indeed, MLA125-1 shows better 

absorption performance (lower reflection coefficients) than the second absorber design 

(MLA125-2). Here, a reflection coefficient less than -10 dB is obtained from 1.18 GHz for both 

TE and TM polarizations by MLA125-1 and from 6 GHz (for TE) and from 0.85 GHz (for TM) 
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by MLA125-2. Moreover, a reflection coefficient less than -20 dB is obtained from 2.35 GHz by 

MLA125-1 (and from 4.6 GHz for TM and TE modes, respectively), and could not be obtained 

by MLA125-2.  

  
(a) (b) 

 
(c) 

 
(d) 

Fig. 4 Designs of MLA125-1(a) MLA125-2 (b) and simulated reflection coefficients of these 

multilayer absorbers for normal (c) and oblique incidence θ=30° for TM polarization (d) 

From the presented results, it was seen that using relative high loads for the gradual 

compositions of the layers of MLA125-2, a broadband absorption bandwidth with 90 % of 

absorption is ensured between 0.9 and 18 GHz, but using the slightly loaded composites for the 
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MLA125-1, a better absorption performance than that of MLA125-2 with a practical absorption 

higher than 99 % is obtained between 2.3 and 18 GHz. This is mainly due to the better 

impedance transition realized by the MLA125-1, unlike that of the MLA125-2. Supplementary 

Data 4 groups the calculated module of the characteristic impedances (and the used formula for 

this calculation) for the different layers of the two absorber designs. This Fig. shows, gradual 

and very close impedance values between the different layers for the MLA125-1 design 

(Supplementary Data 4 (a)) and also between all the layers composing MLA125-2, except 

between the first and the second layer where a very large gap is observed (Supplementary Data 4 

(b)). Indeed, even if gradual CF rates are used for both multilayer absorbers, a very big 

difference is observed in the characteristic impedances of the first two layers of this design. 

In order to confirm that this gap is at the origin of the observed poor performance of the 

MLA125-2, the reflected and transmitted powers of the EM waves at each interface are 

calculated for the two absorber designs. For this, the reflection and transmission coefficients are 

calculated using Eqs. (6) and (8), respectively, and using the characteristic impedances of each 

two adjacent layers (ηN and ηN+1); η0 = Z0= 377 is the impedance of air, N = 1, 2, 3 … and µrN = 

1, since our composites are pure dielectric. For more details about the used annotations, see 

Supplementary Data 5 (a).        

𝑇𝑁 =  
2 𝜂(𝑁+1)

𝜂(𝑁+1)+𝜂𝑁
     (8) 

After that, and to calculate the transmitted power density of the EM waves to the next layer 

PN, Eq. (9) is used where the attenuation αN in each layer is calculated using Eq. (10), with P1 = 

1 and N = 2, 3, 4.... 

𝑃𝑁 =  𝑃𝑁−1𝑒−2𝛼𝑁𝑑𝑁   (9) 

𝛼𝑁
2 =  

𝜔2𝜀𝑟
′

2𝑐2  (√1 + (tan 𝛿)2 − 1)     (10) 
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Finally, using Eq. (11) and Eq. (12) and N = 1, 2, 3...., the reflected and transmitted power 

densities (in %) of the incoming power (PN) at each interface are calculated and are presented in 

Fig. 5 (a) and (b) for MLA125-1 and MLA125-2, respectively.  

𝑃𝑟𝑁 =  100 ∗ (𝑃𝑁 ∗  |𝛤𝑁|2)     (11) 

𝑃𝑡𝑁 =  100 ∗ (𝑃𝑁 ∗  |𝑇𝑁|2  ∗ 𝑟𝑒𝑎𝑙 (
𝜂𝑁

𝜂𝑁+1
)     (12) 

For the slightly loaded MLA125-1 (Fig. 5 (a)), the percentages of power reflections (Pr1 to 

Pr3) are very low at the different interfaces, meaning that there is practically no reflection of the 

transmitted power densities at these interfaces. The highest reflected power is 1.37 % @ 1 GHz, 

and it is obtained between the third and the fourth layers (reflected power Pr4). Contrary to that, 

for the highly loaded MLA125-2 (Fig. 5 (b)), the reflected power at the second interface 

(between the first and the second layers Pr2) is very high (up to 10.5 % @ 0.75 GHz). This 

result confirms that the poor absorption performance of this design is mainly due to the 

impedance mismatch that exists between the first and the second layers. 

Otherwise, the percentage of the transmitted EM waves’ power PtN from the incident powers 

(transmitted after absorption in the previous layer) of the MLA125-1 and MAL125-2 are 

presented in Supplementary Data 5 (b) and (c). These figures show that for the MLA125-1, there 

is an attenuation (absorption) of the transmitted EM waves in depth from one layer to another 

(Supplementary Data 5 (b)). Indeed, for this design, the reflections are very low at the interfaces 

and the transmissions become increasingly weaker in depth (Supplementary Data 5 (b)). This 

means that the power of the EM waves is absorbed gradually in the layers, and this starts from 

the first layer of the absorber as approved by the transmission at the level of the second interface 

(Pt2) that is less than 80 % over the entire frequency range 2.1 GHz <f <17 GHz; this 

transmittance decreases to 63 % at the frequency of 6.1 GHz. In contrast to this, MLA125-2 

shows very low absorption at the first layer because more than 90 % (Pt2) of the wave power is 

transmitted to the second layer in the entire frequency range (Supplementary Data 5 (c)). This is 
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quite consistent because the first layer of this absorber is based on the unloaded epoxy foam, 

which presents very low losses (tan= 0.0009). Then, the second layer of this design is a highly 

absorbing layer; this has affected the percentage of the transmitted power to the third layer (Pt3), 

which becomes very low (less than 10 % for frequencies > 4 GHz) (Supplementary Data 5 (c)). 

To summarize this part, the absorption performance of the MLA125-2 is mainly due to the 

reflection at the interface between the first and the second layers, and also to the strong 

absorption power of the second layer which is made of an epoxy foam loaded with 0.1 wt.% 

CFs, presenting a high dielectric loss (Fig. 3). 

 
(a) 

 
(b) 

Fig. 5 Reflected (PrN) power densities for (a) MLA125-1 and (b) MLA125-2 

As a conclusion, very small reflected power densities and high transmitted power densities 

between the layers and a good progressive absorption in depth should be ensured to obtain the 

best possible absorption performance, as seen by MLA125-1. 
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As the MLA125-1 presents the best result in the entire studied frequency band, this design 

was realized and measured in order to verify the simulation results of this absorber. Then, this 

prototype was used as a reference for the rest of the article. The different layers composing the 

proposed multilayer absorber were cut to the desired thickness (25 mm for each composite) and 

glued together, using epoxy glue; the photograph of the realized prototype is shown in Fig. 6 (a). 

This prototype was measured in the anechoic chamber following the procedure explained in part 

2.2. A comparison between the simulated and the measured reflection coefficients of the 

MLA125-1, for normal incidence, is presented in Fig. 6 (b). The obtained results confirm the 

high absorption performance, predicted by simulation, for this prototype. Indeed, a reflection 

coefficient less than -10 dB from 1.3 GHz and less than -20 dB from 2.43 GHz is obtained by 

the measurement (Fig. 6 (b)).  

 
(a) 

 
(b) 

Fig. 6 (a) MLA125-1 achieved prototype and (b) its simulated and measured reflection 

coefficients for normal incidence 
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For the oblique incidence of 30° (TE and TM polarizations shown in Fig. 7 (a) and (b) 

respectively), the good absorption performance is also confirmed. Here, a slight difference with 

better measured reflection coefficients, compared to that of simulation, is obtained at high 

frequencies; this is more notable for TE polarization (Fig. 7 (b)) with, at least, an improvement 

of 4 dB. 

The obtained result for MLA125-1, at normal incidence, is compared to the measured 

reflection coefficient of the commercial multilayer absorber AH 125 (from SIEPEL); this 

comparison is presented in Supplementary Data 6. Results show that our prototype, which is 

very lightly loaded (between 0.0125 and 0.075 wt.%) with CFs of 12 mm length presents a very 

close absorption performance, for frequencies lower than 11 GHz, to that of the commercial one, 

which is loaded with volatile carbon nanoparticles (carbon black). One can also note that a better 

performance is obtained for our prototype for high frequencies (f > 11 GHz). 
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(b) 

Fig. 7. Simulated and measured reflection coefficients at oblique incidence θ=30° for (a) TE and 

(b) TM polarizations 

It can be concluded, on the one hand, that composites based on epoxy foams loaded with long 

carbon fibers show real potential for microwave absorption due to their low real part of 

permittivities associated with high losses. On the other hand, it has been demonstrated that high 

dielectric loss values are not necessary, or even not beneficial, for the elaboration of broadband 

planar absorbers, and that very slightly loaded composites allow a comparable absorption 

performance to that of a commercial material used in an anechoic chamber. 

3.3. Multilayer absorber design by using genetic algorithm optimizer 

In this part, the analytical method, associated with GA, is used for the optimization of the 

multilayer absorber. The database that was used for this optimization is composed of the same 

samples used before (Fig. 3). It consists of unloaded (0 wt.%) and the loaded epoxy foam 

composites with 12 mm CF length using different weight percentages between 0.0125 wt.% and 

0.4 wt.%; our database is therefore composed of 10 composite materials as layers’ choice for the 

GA optimizer.  

The optimization of the multilayer absorber is conducted in the frequency range between 0.75 

and 18 GHz with a targeted reflection coefficient of -20 dB. The used parameters for this 
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optimization are listed in Table 1; the number of layers was set to 5 with a limit of thickness, 

between 10 and 25 mm for each layer, thus, the total thickness of the absorber was limited 

between 50 (as a minimal thickness) and 125 mm (as a maximal thickness). 

Entity Selected parameters 

Number of layers 5 

Number of predefined materials 10 

Minimum thickness for each layer 

Maximum thickness for each layer 

10 mm 

25 mm 

Table 1 Parameters used for the optimization of the multilayer absorber (with 5 layers) using 

MATLAB code with the GA 

The optimized multilayer absorber MLA98-GA, proposed by the GA, presents a total 

thickness of 98 mm; the chosen layers and their thicknesses are shown in Fig. 8. This design is 

composed first, of 10 mm thickness of the unloaded epoxy foam composite as a matching layer; 

this layer has the closest dielectric properties to that of air, so it will ensure a very good 

transition of the EM waves between the air and the first layer of the absorber. Then, and for the 

other four layers, the GA has proposed layers loaded with increasing rates of CFs: 0.0125 wt.%, 

0.025 wt.%, 0.075 wt.% and 0.4 wt.% for the second, the third, the fourth and the fifth layer, 

respectively. The last layer is the most loaded layer among all used layers; this layer presents the 

highest losses and will ensure a total absorption of the EM waves. This prototype follows also 

the gradual impedance principle which is related to the gradual loading of the charge, as used 

before (MLA125-1 and MLA125-2), but with other combination of layers (compositions and 

thicknesses) that lead to a better absorption performance. Indeed, for the first layer, which acts 

as a matching layer between air and absorber, the unloaded composition (0 wt.%) is proposed, 
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while the most loaded composite (0.4 wt.%), with the highest dielectric losses, in order to act as 

an absorbing layer, is proposed for the last layer. One can note that these two layers are the same 

that were used for the first and last layers of the MLA125-2. For the other three layers, the 

gradual impedance matching, and so, gradual properties principle, is adopted with the same 

compositions used for the MLA125-1. 

 

Fig. 8 MLA98-GA layers’ composition and thicknesses 

The different layers proposed by the GA were cut to the desired thicknesses in order to 

achieve the MLA98-GA prototype. The absorption performance of the latter was measured in 

the anechoic chamber. The final achieved MLA98-GA prototype is shown in Fig. 9 (a); the 

measured reflection coefficients, compared to the simulated ones, are presented in Fig. 9 (b) for 

normal incidence. A comparison between the calculation (by MATLAB code) and the 

electromagnetic simulation (CST software) of the reflection coefficients of the MLA98-GA is 

presented in Supplementary Data 7. The latter shows the perfect concordance between these two 

coefficients, thus validating the efficiency of the developed code. 

 
(a) 
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(b) 

Fig. 9 (a) MLA98-GA achieved prototype and (b) comparison between the measured and 

simulated reflection coefficients at normal incidence 

Fig. 9 (b) shows that a reflection coefficient less than -20 dB is obtained by simulation in the 

whole studied frequency range between 0.75 and 18 GHz. This performance is confirmed by the 

measurement from 2.1 GHz where a very good matching is obtained, but a degradation of the 

absorption performance is observed at low frequencies before 2.1 GHz at normal and oblique 

incidences; this degradation comes from the limitation of the anechoic chamber used for our 

measurements. Indeed, even for the commercial absorber AH 125, for which a reflection 

coefficient of -20 dB should be obtained, as announced by SIEPEL, there is also a degradation 

of the performance at low frequencies below 2 GHz (See Supplementary Data 8). In fact, below 

2 GHz, we reach the limit of the anechoic chamber, and we cannot measure reflection 

coefficients lower than -20 dB. 

The simulated and measured reflection coefficients for oblique incidence (θ=30°) are 

presented in Fig. 10 (a) and (b) for TE and TM polarizations, respectively. By simulation, a 

reflection coefficient less than -20 dB is obtained from 1 GHz for TE polarization and from 0.8 

GHz for TM polarization. This performance is confirmed by measurement from 2.4 GHz and 

from 2.5 GHz for TE and TM modes, respectively.  
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(a) 

 
(b) 

Fig. 10 Comparison between the measured and simulated reflection coefficients for MLA98-GA 

at oblique incidence of 30° for TE (a) and TM (b) polarizations 

In order to investigate the absorption mechanism of the EM waves for MLA98-GA, we have 

calculated the reflected power densities at each interface; results are shown in Fig. 11. For all 

interfaces, the reflected powers are very small (< 1.5 %) beyond 2 GHz. The highest two 

reflected powers occur between the last two interfaces where Pr4 = 1.78 % and Pr5 = 4.6 % (@ 

0.75 GHz) between the third and the firth and between the fourth and the fifth layers, 

respectively. This is due to the high difference between the load rates, and so, to the high 

impedance mismatch between these layers, especially between the fourth (224 Ω @ 0.75 GHz) 

and fifth layer (132 Ω @ 0.75 GHz). It should be noted here that the best absorption power of 

-50

-40

-30

-20

-10

0

0 2 4 6 8 10 12 14 16 18

Γ
 (

d
B

) 

Frequency (GHz) 

MLA98-GA / Sim

MLA98-GA / Meas

TE 
θ = 30° 

  

-50

-40

-30

-20

-10

0

0 2 4 6 8 10 12 14 16 18

Γ
 (

d
B

) 

Frequency (GHz) 

MLA98-GA / Sim

MLA98-GA / Meas

TM  
θ = 30° 

 

Accepted Manuscript / Final version



25 

 

this prototype comes from a very good progressive absorption, and especially at low 

frequencies, as evidenced by the transmitted powers (Pt1 to Pt5) of Fig. 11 (b), unlike the first 

two prototypes (Supplementary data 5). 

Otherwise, in order to confirm the relevance of the choice of the thicknesses of the first (10 

mm) and second (13 mm) layers, which are lower than those used for commercial absorbers (25 

mm), a simulation of MLA125-3 prototype (Supplementary Data 9 (a)), based on the same layer 

compositions as those of MLA98-GA, was conducted with the same thickness of 25 mm for 

each layer (total thickness of 125 mm). A comparison of the simulated reflection coefficients of 

the MLA98-GA and MLA125-3, for normal and oblique incidence (θ = 30°) of the EM waves, 

is presented in Supplementary Data 9. The latter shows that, for the normal incidence 

(Supplementary Data 9 (b)), a better performance is obtained by MLA98-GA, especially at low 

([1.2-7.2] GHz) and high ([12.2-16.2] GHz) frequencies, associated with a slight degradation, in 

comparison with the MLA125-3, for frequencies between [7.2-12.3] GHz and for frequencies 

higher than 16 GHz. One can note that even in these frequency ranges, the MLA98-GA presents 

a reflection coefficient lower than - 26 dB, which is equivalent to 99.7 % of absorption of the 

incident EM waves. The same conclusions can be done for the simulated reflection coefficients 

for oblique incidence of 30° (Supplementary Data 9 (c) and (d)). Finally, this comparison shows 

that the choice of the composition and the thickness of each layer is both very important for 

optimizing the absorption performance of a multilayer absorber, and thus confirms, moreover, 

the importance of using the GA optimizer.   
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(a) 

 
(b) 

Fig. 11 (a) Reflected (PrN) and (b) transmitted (PtN) power densities for MLA98-GA 

3.4. Comparison of the absorption performance of the prototypes 

Fig. 12 shows the comparison between the measured reflection coefficients, at normal 

incidence, of the MLA125-1, the MLA98-GA and the commercial absorber AH 125; this Figure 

shows close reflection coefficients. From the one hand, MLA125-1 and AH 125 present nearly 

the same performance between 1.8 and 10.7 GHz while MLA125-1 has a better absorption 

performance beyond 10.7 GHz. From the other hand, MLA98-GA has a better absorption 

performance than that of AH 125 between 0.75 and 5 GHz and between 12 GHz and 18 GHz, 

and this is while having a reduction of 22 % in the total thickness (from 125 mm to 98 mm).  

However, between 8 GHz and 12 GHz, AH 125 presents a better absorption performance than 
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that of MLA98-GA, but this latter presents a reflection coefficient less than -21.5 dB in this 

frequency range, which corresponds to absorption higher than 99.3.%. 

 

Fig. 12 Comparison between the measured reflection coefficients of MLA98-GA, MLA125-

1and AH 125 (commercial absorber) at normal incidence 

In order to better compare the performances of the obtained prototypes, which present 

different thicknesses, a factor of merit (FoM) that takes into account the total thickness of the 

multilayer absorber (Thickness) and the total measured reflection coefficient (Γlinear), is 

introduced. The FoM is calculated using Eq. (13) and it is inversely proportional to the 

Thickness and Γlinear, which are the parameters to reduce.  

𝐹𝑜𝑀 =  
1

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 ∗ 𝛤𝑙𝑖𝑛𝑒𝑎𝑟
    (13) 

By comparing the calculated FoM of the different achieved prototypes with that of the 

commercial absorber AH 125 (Fig. 13), we observe that MLA125-1 prototype presents a better 

FoM at high frequencies than that of the commercial absorber. Likewise, MLA98-GA presents a 

better FoM at low (< 7 GHz) and high (> 12 GHz) frequencies than that of AH 125 with a 

thickness reduction of 22 %.  
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Fig. 13 Calculated factor of merit of MLA125-1and MLA98-GA compared to that of AH 125 

In conclusion, the MLA98-GA prototype, optimized by the GA, shows a very good absorption 

performance in the entire studied frequency band between 0.75 and 18 GHz. It also shows a 

better performance than the commercial absorber AH 125 and with a lower thickness. Moreover, 

both MLA98-GA and MLA125-1 prototypes present better absorption/thickness compromises 

than that of the commercial absorber over a large part of the studied frequency band. Thus, these 

results show, on the one hand, the potential of the composites based on epoxy foam loaded with 

very low rates of long fibers for the realization of performant electromagnetic absorbers, and on 

the other hand, the importance of the use of an optimizer, such as GA, to improve the absorption 

performance while reducing the thickness of the planar multilayer absorber. 

4. Conclusion 

In this work, composites based on epoxy foam loaded with different weight percentages 

(between 0 wt.% and 0.4 wt.%) of carbon fibers of 12 mm length are used to design planar 

multilayer absorbers. Two strategies were used for the design of these broadband absorbers. The 

first one is based on the gradual impedance principle and therefore, on the choice of successive 

gradually loaded layers (with gradual dielectric properties). Thus, two prototypes were 

proposed; for the first one, very slightly loaded composites (CF rates between 0.0125 wt.% and 
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0.075 wt.% with a step of 0.0125) are used and for the second prototype, relatively more loaded 

composites (CF rates between 0 wt.% and 0.4 wt.% with a step of 0.1) are employed. For both 

prototypes, the number of layers was set to five and the thickness of each layer was fixed to 25 

mm; thus, the total thickness of the multilayer absorbers is 125 mm. Results show that a better 

absorption performance is obtained, in all the studied frequency range [0.75-18] GHz, for the 

slightly loaded prototype (MLA125-1) with a reflection coefficient less than -10 dB from 1.3 

GHz and less than -20 dB from 4.1 GHz. These results also show that the choice of the 

composition of the different layers is important and that the high dielectric properties 

(permittivities and losses) are not advantageous for planar absorbers because they induce high 

reflections at the different interfaces. We obtain a very good concordance between simulated 

and measured reflection coefficients. Close absorption bandwidth and performance to that of the 

commercial absorber (AH 125), in the entire studied frequency range, were obtained with our 

prototype. These obtained results confirm that CF loaded epoxy foam materials with very low 

CF rates (from 0.0125 wt.% to 0.075 wt.%) are suitable to achieve a planar multilayer absorber.  

The second used strategy to design a planar multilayer absorber is to optimize the choice of 

the composition and the thickness of each layer by using the genetic algorithm optimizer. A 

database of ten materials is used and a minimum and maximum thickness of 10 mm and 25 mm, 

respectively, for each layer, are imposed to the optimizer program. MLA98-GA prototype is 

thereby proposed with gradual load of compositions (0 wt.%, 0.0125 wt.%, 0.025 wt.%, 0.075 

wt.% and 0.4 wt.%) for the successive layers in depth, and with a total thickness of 98 mm of the 

absorber. Here, a reduction of the total thickness of 22 % is obtained, compared to that of the 

commercial absorber AH 125. The measurement of the realized MLA98-GA prototype shows a 

very good concordance between the simulated and the measured reflection coefficients, 

confirming by this, the best absorption performance that was observed by a comparison of all 

the achieved prototypes and also with the commercial absorber AH 125. In addition to that, the 

factor of merit that qualifies the performance of the prototypes, taking into consideration their 
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total thickness and their reflection coefficients, was calculated. It shows a better factor for our 

prototypes than that of the commercial absorber AH 125, which means that our realized 

prototypes present a better compromise between absorption and thickness. 

Finally, the MLA-98 optimized by GA shows the best result (absorption and factor of merit) 

which confirms the interest of using GA for the optimization of a planar absorber, because it 

allows obtaining the best combination of composition/thickness for each layer of this absorber. 
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Supplementary Data 1. 
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Supplementary Data 1. Configuration of the measurement in the anechoic chamber for (a) normal incidence and (b) oblique 
incidence of 30°. 
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Supplementary Data 2. 
 
 
 
 
 

 

 

Supplementary Data 2. Flowchart showing the procedure for the design of multilayer absorber using the GA optimizer in 
MATLAB. 
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Supplementary Data 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Supplementary Data 3. Comparison between the simulated reflection coefficients of MLA125-1 and MLA125-2 
for TE polarization of the oblique incidence of 30°. 
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Supplementary Data 4. 
 

The characteristic impedances ηc of composite materials are calculated using equation (1) where µr 

and εr
′  are respectively the complex permeability and complex permittivity of the composite [1], [2] 
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[1] F. Qin and C. Brosseau, “A review and analysis of microwave absorption in polymer 
composites filled with carbonaceous particles,” Journal of Applied Physics, vol. 111, no. 6, p. 
061301, Mar. 2012, doi: 10.1063/1.3688435. 

[2] Y. Duan and H. Guan, Microwave absorbing materials. 2017. 
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Supplementary Data 4. Calculated module of characteristic impedances of the different composites used for (a) 
MLA125-1 and (b) MLA125-2. 
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Supplementary Data 5. 
 
 

 

 
(a) 

 
(b) 

 
(c) 

Supplementary Data 5. (a) Reflection and transmission power densities of the EM waves for a multilayer absorber 
and the calculated transmitted power densities PtN for (b) MLA125-1 and (c) MLA125-2. 
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Supplementary Data 6. 
 
 
 
 
 
 
 
 
 
 

 
 

Supplementary Data 6. Comparison between the measured reflection coefficients of MLA125-1 and AH 125. 
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Supplementary Data 7. 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
Supplementary Data 7. A comparison between the calculated (by MATLAB code) and the simulated (CST 
software) reflection coefficients of the MLA98-GA 
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Supplementary Data 8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

 

Supplementary Data 8. Comparison between the measured reflection coefficients of MLA98-GA and AH 125. 
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Supplementary Data 9. 
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(c) (d) 

 

Supplementary Data 9. (a) MLA125-3 and comparison between the simulated reflection coefficients of MLA98-
GA and MLA125-3 at (b) normal incidence and at oblique incidence of 30° for (c) TE and (d) TM polarizations. 
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