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Highlights 

 Dielectric characterization of carbon fibers loaded epoxy composites has been done. 

 Free space, waveguide and coaxial probe technics are used for the characterization. 

 Free space is the adapted technic for the heterogeneous composite characterization. 

 Simulation and measurement of the reflectivity of absorber porotype have been done. 
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Abstract — This paper presents the characterization by three different techniques of a new 

lossy material made of carbon fibers loaded epoxy foam that can be used as an absorber in 

anechoic-chambers. The composite was characterized using free space, waveguide and coaxial 

probe techniques. Dielectric characteristics obtained from the three techniques are different and 

this is explained by the required dimensions of measured samples, not always representative of 

the porous form of the composites loaded with long fibers. Our study points out that the free 

space technique is the most appropriate to measure such composite samples with porosities and 

load having millimeter dimensions. Dielectric probe and waveguide are not suitable due to a 

small volume of measure which is not representative of the entire composite. The achieved 

prototype confirmed this result with a measured reflection coefficient very close to the 

simulation achieved with the dielectric characteristics obtained by the free space technique.   

 

Keywords — Dielectric properties; composites; organic compounds; Carbon fibers; Epoxy 

foams. 

1. INTRODUCTION 

Microwave absorber materials are used extensively in anechoic chambers (AC) to emulate 

free-space conditions and to suppress unintended radiations of the in-situ electronic equipment 

[1]. The choice of an absorber material for an AC use is based on its absorption performance, 

as well as its density and also its cost since a significant amount of materials is necessary to 

cover the entire surface of the AC. Different associations «polymer» + «carbon filler» are 

currently studied as absorbers, for example, resins loaded with carbon particles [2], resins 

loaded with carbon nanotubes [3], polymer foams loaded with carbon nanotubes [4] or resins 

loaded with carbon fibers [5]. The most used absorber material in AC is the polyurethane (PU) 

foam loaded with fine carbon particles [6]. Here, we propose to study the dielectric 

characteristics of an original composite which associates long carbon fibers with epoxy foam. 
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Several studies have been carried out on carbon fibers mixed with epoxy resin [7, 8], but, up to 

now, the density of the resin has limited its use as an absorber in AC. Then, the advantage of 

the epoxy foam compared to bulk resin is obviously the low density of the produced material, 

appropriate for its application in AC. In addition, another advantage of the epoxy foam, 

compared to the PU foam, lies in its high mechanical rigidity [9] which allows a machining 

under complex form to optimize the absorption performances [10, 11].  

The characterization of absorbing materials usually shows a decrease of the electromagnetic 

signal in certain frequency ranges depending on the composition as well as the overall 

geometry of the measured material. Moreover, available dielectric characterization techniques 

often present constraints, such as the size of samples needed for the characterization. For 

example, free space techniques require materials with large dimensions, contrary to coplanar 

techniques which need very thin samples. On the other hand, the waveguide technique requires 

samples with precise dimensions that will decrease as the measurement frequency increases. 

Another constraint is the frequency range of the measurement, sometimes limited, such as in 

the case of a resonant cavity for which only one frequency is explored, or in the case of a 

waveguide which works in a very short frequency range. The broadband techniques often need 

very large samples (several tens of cm3) that cannot be obtained for all type of materials.  

The purpose of the present article is to characterize by three different techniques an 

absorbing composite made of the association of epoxy foam and carbon fibers. The objective is 

to find the most suitable technique for this type of “heterogeneous” (i.e. composite) material. 

Free space, X-band waveguide and dielectric probe measurement methods were used. The 

article is composed as follows: the first part briefly explains the elaboration of the composite 

samples, the second part details each of the three dielectric characterization techniques, the 

third part presents and discusses the results of the different measurements and the final part 

introduces the achievement and the measurement of a prototype, having a commercial 
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geometry, in order to validate the dielectric properties obtained by one or more of the 

characterization methods. 

2. ELABORATION OF CARBON FIBERS LOADED EPOXY FOAMS  

 The carbon fibers used in this study are 3 mm length and 7 μm diameter (provided by Apply 

Carbon SA). For the composite elaboration, we have used epoxy foam made from commercial 

epoxy resin and hardener from Sicomin [9]. The elaboration process of our material is 

described as follows. The chosen weight percentage of carbon fibers (here, between 0 wt. % 

and 1 wt.%) is added to the epoxy resin and mixed for a few minutes before the hardener agent 

is added. The latter induces the foaming process and the polymerization reaction of the resin (6 

hours step). At last, thermal treatment is achieved during 6 hours at 60°C in order to complete 

the polymerization reaction and to fix the mechanical properties of the foam composite. 

Finally, the samples are cut to the desired geometry required for the measurements. Here, three 

techniques, with samples having different sizes, have been used to determine the dielectric 

properties of the composites.  

 

3. BASIC CONCEPTS OF THE CHARACTERIZATION METHODS  

  3.1 FREE SPACE TECHNIQUE 

 The free space method [12] is a nondestructive technique that can be used in a large 

frequency band. A schematic of the microwave measurement setup is given in Fig. 1. Two 

reflection coefficients (S11) of the material are measured, respectively, with and without a 

metallic ground plane behind the sample. The complex permittivity of the characterized 
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material is extracted from the two measured S11 coefficients using the method of Fenner and al 

[13].   

 For this technique, the dimensions of samples are 15 x 15 x 6.5 cm3. Two ultra-

wideband (UWB) antennas (ETS-Lindgren's Model 3115 Double-ridged Waveguide Horn) of 

size 24.4 cm x 15.9 cm x 27.9 cm (length x width x depth) are used. The antennas are placed in 

front of the characterized sample (in order to have a normal incidence of the electromagnetic 

wave) and are coupled to a Vector Network Analyzer. The distance between sample and 

antennas is 113 cm. The latter is calculated considering far field (Fraunhofer) conditions (Eq.1-

3) [14] at the lowest measured frequency. 

𝑅 =
2 ∗ 𝐷2

𝜆
                                                                     (𝐸𝑞. 1) 

𝑅 ≫ 𝐷                                                                           (𝐸𝑞. 2) 

𝑅 ≫ 𝜆                                                                            (𝐸𝑞. 3) 

where R is the distance between sample and antennas, D is the antenna aperture diameter and 𝜆 

the higher measured wavelength. 

  3.2. X-BAND WAVEGUIDE 

The second technique used for the characterization of the epoxy composite material is a 

waveguide. This technique is very popular and widely used [15 - 17] but it is narrowband and it 

requires a sample with a specific size depending on the frequency band of measurement (large 

samples for low frequencies and, inversely, very small samples for high frequencies). 

Moreover, samples have to be cut to very precise dimensions in order to perfectly enter the slot 

and so to prevent the formation of any air voids between the sample and the walls of the 

waveguide. In this study, we have performed measurements with an X-band waveguide 

working between 8.2 GHz and 12.4 GHz (Fig. 2.). For this frequency range, the samples are 

smaller than those used for free space technique and must have a (theoretical) size of 22.86 x 

10.16 x 9.7 mm3.  
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The method used to extract the complex permittivity of the material is the Nicolson-Ross-

Weir technique [18, 19] which uses the measured reflection (S11) and transmission (S21) 

coefficients.  

  3.3. OPEN ENDED COAXIAL PROBE 

The third technique uses a dielectric coaxial probe 85070E from Keysight (Fig. 3.a). It is 

connected to an 8510C Keysight vector network analyzer. For this characterization, the sample 

surface state is very important. Indeed, the surface in contact with the dielectric probe should 

be as flat as possible to avoid any air gap which would induce an underestimation of the 

complex permittivity. Samples have a surface of at least 2 x 2 cm2, greater than the surface of 

the probe (Fig. 3.b). With the dielectric coaxial probe, the complex permittivity of the 

characterized sample ( = ε’ - jε”) is directly obtained; the dielectric loss tan is calculated as 

the ratio of the imaginary part (ε”) upon the real part (ε’) of the complex permittivity. 

To minimize the measurement uncertainty, 8 measurements are performed for each sample, 

and the mean value is calculated. Standard deviations of 5% and 20% have been estimated 

from the 8 measurements, for permittivity and dielectric loss, respectively. 

4. DIELECTRIC CHARACTERIZATION RESULTS 

  4.1. FREE SPACE CHARACTERIZATION 

Photos of the composite samples used for the free space measurement are shown in 

Supplementary data 1. Different carbon fiber load percentages (between 0 wt% and 1 wt% in 

weight) were used. It should be noted that the grey coloration of samples is becoming darker as 

the percentage of carbon fibers increases. 
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Remind that, for this technique, two measurements of the reflection coefficient have to be 

done to extract the complex permittivity: the sample alone and the sample backed by a metallic 

plate. At least, 4 measurements have been done on each sample in order to check the 

reproducibility of the measurements. All the reflection coefficients are very close.  

Fig. 4.a and 4.b present the evolution of the reflection parameter (S11) as function of 

frequency for the samples with different carbon fibers load, respectively, without and with the 

metallic plate. Fig. 4.c and 4.d show the extracted permittivity and dielectric loss, respectively.  

For the measurement without metallic plate (Fig. 4.a) and for the unloaded sample, S11 

values are below - 20 dB on the entire studied frequency range. This signifies a low reflection 

for this sample at the interface air/sample. As the load rate of carbon fibers in the composite 

increases, the reflection coefficient increases; for example, the value of S11 parameter is around 

- 8 dB at 10 GHz for the 1 wt.% carbon fibers loaded composite. Concurrently, the permittivity 

of the material increases (Fig. 4.c); for example, the permittivity of the material loaded with 1 

wt.% is 2.03 at 10 GHz (unloaded: ’ = 1.20). In fact, the increase of the reflection coefficient 

without metallic plate is due to an increasing mismatch of the relative impedances at the 

interface air/material as the permittivity of the composite increases under the effect of the 

carbon load. If the impedance characteristic of the composite is lower than 377 ohms (relative 

impedance of free space), the reflection at the interface air/material is high and the material is 

no longer a good absorber.  

For the measurement with metallic plate (Fig. 4.b), the reflection is close to 0 dB for the 

unloaded sample (meaning that the reflection is nearly complete at the interface 

sample/metallic plate). The reflection decreases as the carbon load increases; for example, the 

reflection coefficient of the 1 wt. % carbon fibers loaded composite (backed with metallic 

plate) is around - 8 dB, at 10 GHz. That means that loaded composites absorb waves whereas 

the unloaded does not. Nevertheless, a compromise is needed since the reflection at the 

interface air/material also increases with carbon load. Concerning the dielectric loss, Fig. 4.d 
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shows that the composite materials have high tan, which increases with the increase of the 

load rate. A dielectric loss (tan) of 0.001 and 1.39 are obtained for, respectively, unloaded and 

1 wt.% loaded composites at 10 GHz.  

 Retro-simulations, using CST Microwave Studio software, have been done to verify the 

extracted values of the permittivity. Results are given in Supplementary data 2. They show a 

quasi-perfect correlation between simulation and measurement for all samples (Fig. 4.a and 

Fig. 4.b). This definitively validates the method of extraction of the complex permittivity.  

  4.2. WAVEGUIDE CHARACTERIZATION 

 Photos of the composite samples used for the X-band waveguide measurements are shown 

in Supplementary data 3. Carbon fiber load percentages between 0 wt.% and 1 wt.% were used 

to achieve these samples. For each composition, two samples have been achieved; each of them 

has been characterized 4 times. It is worth nothing that these different measurements showed 

some variations. Indeed, the obtained transmission coefficients (S21) are very close to each 

other while a large variation is sometimes observed on the reflection coefficients (S11). In this 

paper, the more reproducible values are presented. 

 Fig. 5.a and Fig. 5.b present, respectively, the reflection (S11) and transmission (S21) 

coefficients obtained from X-band waveguide measurements for the different carbon loadings. 

The extracted complex permittivity allows determining the real part of permittivity and 

dielectric loss, presented in Fig. 5.c and Fig. 5.d. They show that the dielectric properties of the 

unloaded (0 wt.%) and low-loaded (0.25 wt.% carbon fibers) composite foams are similar. As 

carbon load increases further, tan increases and is maximum for the 1 wt.% carbon load 

composite (tan = 1.06 at 10 GHz). At the same time, permittivity values are more or less 

similar.  
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 These results are very different from the ones obtained in free space. This is probably due to 

the dimensions of the samples used for the waveguide which are very small compared to the 

ones used for the free space measurements. In fact, the materials studied here have 

heterogeneous structure and composition by their nature of composites and foams. The porous 

nature of the epoxy foam (with millimetric porosities) and the addition of carbon fibers 3 mm 

length, make the composite heterogeneous at a millimetric scale, which is the scale of the 

waveguide measurement in the X-band. As the carbon fibers load increases, this heterogeneity 

increases as shown by the different sizes of porosities in Fig. 6. For this reason, it appears very 

difficult to characterize this type of material using the waveguide technique because the small 

characterized sample is not representative of the entire composite material. 

  4.3. OPEN ENDED COAXIAL PROBE 

 Fig. 7 presents the permittivity and dielectric loss obtained by the open ended coaxial probe 

technique for the different foam composites. ’ and tan increase as the carbon load increases, 

as previously observed with the two other characterization techniques. However, the dielectric 

properties measured here appear to be lower than those measured previously by free space 

(Fig. 4.c and Fig. 4.d) and by waveguide (Fig. 5.c and Fig. 5.d). Permittivity, at 10 GHz, of the 

1 wt.% loaded foam is ’ = 1.76, smaller than those obtained by free space measurement (’ = 

2.03) and waveguide measurement (’ = 2.99). Losses are also significantly lower than 

previously, for example, the measured value here is tan = 0.24 at 10 GHz for the 1 wt.% 

carbon load composite, while it was 1.39 and 1.06, respectively, for the free space and 

waveguide measurements. These discrepancies can be explained by the existence of an air gap 

(due to imperfect planar surface of sample) as well as millimetric dimension of porosities, both 

under-estimating ’ and tan. 
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  4.4. DISCUSSION 

 Three techniques have been used to characterize absorbing composites. They present 

different dielectric characteristic in terms of permittivity and dielectric loss, as summarized in 

Supplementary data 4, for the 0.5 wt.% carbon fibers loaded composite.  

 Losses determined in free space are significantly higher than those measured by waveguide 

and coaxial probe. This can be explained by the fact that only a small volume is analyzed by 

the latter two techniques as emphasized by Fig. 8.b.c, too low to be representative of the entire 

foam sample with porosities and fibers in the millimetric scale (Fig. 8.d). In addition, as the 

surface of the foam is irregular, this inexorably leads to a certain roughness of the samples, 

which is known to greatly influence the characterization by the waveguide and coaxial probe 

methods [20, 21]. These two techniques are also very sensitive to the presence of any air gaps 

as pointed out by [20, 22, 23]. All these features will finally lead to an under-estimation of the 

measured dielectric properties [20, 22, 24]. In the case of the coaxial probe, this is accentuated 

by the fact that the measurement is punctual, and therefore much localized. In fact, this 

technique is more suitable for liquid samples [24, 25], but it is often used for the 

characterization of solid samples for its simplicity of use [26, 27, 28].   

 To summarize, the free space technique seems to be the most likely to access the intrinsic 

characteristics of loaded composite foams than the coaxial probe or waveguide techniques. 

Moreover, in our case, the frequency range of measurement of the waveguide technique is very 

narrow, compared to the frequency range of targeted application of our absorbers. The 

achievement of a prototype absorber (i.e., at the actual scale) and its measurement in anechoic 

chamber will come to confirm it. 
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5. ELABORATION AND CHARACTERIZATION OF A CARBON FIBERS LOADED 

EPOXY FOAM PROTOTYPE 

 In order to validate the dielectric properties obtained with the different techniques, the 

simulation of the reflection coefficient of a pyramidal absorber was conducted using the 

dielectric characteristics obtained from each of the three techniques. These simulations, 

achieved with the CST Microwave Studio software, were compared to the measurement of a 

prototype in an anechoic chamber.  

 The chosen absorber geometry for a prototype is the one of the APM12 commercial 

absorber from SIEPEL [6]. It consists of a combination of square-based pyramids, of 9 cm high 

and 3.8 x 3.8 cm² base deposited on a 2.5 cm thick base (Fig. 9.a). The photo of the achieved 

prototype, which contains 64 pyramids, is presented in Fig. 9.b. For this prototype, the 0.5 

wt.% loaded foam was chosen because it presents the best compromise to access a high 

absorption and prevent from too much reflection: high losses and a low permittivity, as well as 

a good homogeneity. Previous work [29] has emphasized the high absorption performance of 

this composition. 

 Fig. 10 presents the simulations of the reflection coefficient (S11) achieved with the 

dielectric characteristics obtained from the three techniques for the 0.5 wt.% carbon loaded 

foam composite. The simulation from coaxial probe predicts a low reflection (S11 < -40 dB) for 

frequencies above 9 GHz, whereas a rapid increase of the reflectivity is observed below. For 

example, the reflection coefficient reaches -10 dB at 5.5 GHz. Here, it must be remembered 

that the material must have a maximum threshold of reflectivity near -10 dB to be considered 

as a good absorber [30]. The simulation obtained with the waveguide shows a reflection 

coefficient lower than -45 dB between 8.2 and 12.4 GHz. The simulation made with the free 

space shows a reflection coefficient less than -40 dB from 3.5 to 18 GHz; below, it increases 

but remains inferior to -10 dB. Fig. 10 also presents the measured reflection coefficient of the 
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prototype. It shows a low reflection coefficient, lower than -35 dB, in the frequency range 

between 4 and 18 GHz. The reflectivity increases for lowest frequencies but it is still below the 

limited value of -10 dB. 

The crucial point is that the simulation results obtained with the dielectric characteristics 

extracted from the free space measurements are very close to the measurement of the 

prototype, especially for low frequencies. This confirms our deductions on the relevance of the 

measurement of heterogeneous materials, such as porous or composite materials, by using a 

free space technique. It is adapted because it needs a large sample, so representative of the 

heterogeneous structure of loaded foam composite. Waveguide and coaxial probe techniques 

are less appropriate, especially at low frequencies for the coaxial technique. Nevertheless, due 

to its high sample size, the free space technique may not be suitable for any material, especially 

in routine tests. 

6. CONCLUSION 

This paper presents the dielectric characterization by three techniques of a new material for 

electromagnetic absorption in anechoic chambers. The composite, made of carbon fiber loaded 

epoxy foam, presents a heterogeneous composition and structure due to the presence of 

porosities and long fibers. It was characterized by free space, waveguide and coaxial probe 

techniques in order to extract its dielectric properties: permittivity and dielectric loss. 

Measurements show very different dielectric characteristics and led us to conclude that free 

space is the more adapted technique for the characterization of a heterogeneous structure such 

as foam composites. A 0.5 wt.% carbon fiber loaded material, which presents the best 

compromise of low permittivity, high loss and best homogeneity, was used to achieve an 

absorber prototype. The simulation of its reflection coefficient performed with the dielectric 

characteristics extracted with the free space technique is very close to the measured one. This 
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result confirms that the free space technique is the adapted technique for heterogeneous 

composite characterization, especially for low frequencies (< 5 GHz).  
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List of Figure Captions : 
 

Fig. 1. (a) Schematic system of measurement and (b) Anechoic chamber of Institute of 

Electronics and Telecommunications of Rennes situated at INSA Rennes, France. 

 

Fig. 2. X-band waveguide measurement setup. 

 

Fig. 3. (a) Photo of the Keysight dielectric coaxial probe (b) configuration of the measurement 

performed with the dielectric coaxial probe. 

 

Fig. 4. (a) Reflection coefficient for the material alone, (b) Reflection coefficient for the 

material backed by a metallic plate, (c) Permittivities and (d) tan  extracted from the free-

space measurements for different carbon fibers loads. 

 

Fig. 5. (a) Reflection coefficients, (b) tranmission coefficients from waveguide, (c) Permittivity 

and (d) tan extracted from the waveguide measurements for different carbon fiber loads. 

 

Fig. 6. Representation of the air holes inside the carbon fiber (CF) loaded composite samples. 

 

Fig. 7. (a) Permittivity and (b) tan obtained using the dielctric coaxial probe measurement for 

different carbon fibers loaded composites.  

 

Fig. 8. Needed samples for the caracterization techniques in: (a) free space (b) X-band 

waveguide, (c) coaxial dielectric probe and (d) optical microscope image of the carbon fibers 

loaded foam structure. 

 

Fig. 9. (a) The pyramid geometry used for simulations and (b) The photo of the achieved 

loaded epoxy prototype. 
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Fig. 10. Simulations and measurement results of the pyramidal absorber prototype made of 0.5 

wt.% carbon fibers loaded epoxy foam. 
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Fig. 1. (a) Schematic system of measurement and (b) Anechoic chamber of Institute of 

Electronics and Telecommunications of Rennes situated at INSA Rennes, France 
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Fig. 2. X-band waveguide measurement setup 
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Fig. 3. (a) Photo of the Keysight dielectric coaxial probe (b) configuration of the 

measurement performed with the dielectric coaxial probe. 
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Fig. 4. (a) Reflection coefficient for the material alone, (b) Reflection coefficient for the 

material backed by a metallic plate, (c) Permittivity and (d) Tan  extracted from the free-

space measurements for different carbon fiber loads. 
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Figure. 5 
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Fig. 5. (a) Reflection coefficients, (b) tranmission coefficients from waveguide, (c) 

Permittivity and (d) Tan extracted from the waveguide measurements for different carbon 

fiber loads. 
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Fig. 6. Representation of the air holes inside the carbon fiber (CF) loaded composite samples. 
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Fig. 7. (a) Permittivity and (b) Tan obtained using the dielctric coaxial probe measurement 

for different carbon fibers loaded composites.  
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Fig. 8. Needed samples for the caracterization techniques in: (a) free space (b) X-band 

waveguide, (c) coaxial dielectric probe and (d) optical microscope image of the carbon fibers 

loaded foam structure. 
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Fig. 9. (a) The pyramid geometry used for simulations and (b) The photo of the achieved 

loaded epoxy prototype. 
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Fig. 10. Simulations and measurement results of the pyramidal absorber prototype made of 

0.5 wt.% carbon fibers loaded epoxy foam. 
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