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1 Introduction

Carbon fibre-reinforced polymer (CFRP) composites have been increasingly used in aircraft [1]. 

Compared with the traditional aluminium construction, the fibre-resin composite provides good 

fatigue and corrosion resistance and a high strength-to-weight ratio that enables fuel savings. Carbon 

fibres are usually produced from natural cellulose, synthetic polyacrylonitrile (PAN) and pitch, by 

carbonisation and/or graphitisation at high temperatures to eliminate other chemical elements and 

generate polycrystalline graphitic structures [2]. In general, fibres with a diameter of 5 to 10 µm are 

the primary load-carrying members with high strength and Young’s modulus, while the surrounding 

matrix acts as a load transfer medium and keeps the fibres in the desired location and orientation [3]. 

It is noted that most of the composites research is focused on the mechanical properties, which have 

been thoroughly studied and well documented. In comparison, the work on radar interference, radar 

cross section (RCS), lightning discharge and electromagnetic shielding were conducted by only 

measuring the electromagnetic (EM) responses (e.g., reflectance and absorption) of the composite 

structure [4–6]. The EM properties (or dielectric properties) of the materials were not fully 

investigated, which impedes their full use for radio frequency (RF) applications.

The electric permittivity ε and magnetic permeability µ are the two main parameters of EM 

properties, which describe the interaction between the material and the EM field. CFRP is non-

magnetic, and its permeability is equal to that of free space (i.e., μ0=4π×10-7 H·m-1). Hence 

permittivity is the parameter of interest in the present work. The electrical conductivity can be 

deduced from the imaginary part of the permittivity. From a measurement point of view, any material 

can be characterised by the complex permittivity [7]. Different from glass fibre composites, there is 

no empirical model available for permittivity prediction of continuous carbon fibre composites. 

Hence, the investigation on permittivity shall be carried out preferably using experimental 

techniques. The waveguide technique/transmission line method is one of the commonly used 

permittivity measurement methods, where the samples under test should fit inside the waveguide. 
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Much research has been done on the permittivity measurement of carbon-based nanocomposites (i.e., 

epoxy resin infused with nanoparticles like graphene, graphite, carbon black, carbon nanofibers 

(CNF) and carbon nanotubes (CNT)) [8–12]. These nanocomposites can provide better microwave 

absorption, while this type of composites is not used for aircraft components, thus not in the scope of 

this paper. At present, very few papers can be found on the measurement of the dielectric properties 

of continuous carbon fibre composites. Some tests and electromagnetic modelling of the composites 

presented in the literature were flawed. As seen in [13,14], the dimensions of the composite panel 

were larger than those of the waveguide, and the panel was clamped between two waveguide 

sections. Within this arrangement the flow of the surface current on the waveguide walls was 

disrupted, and the electromagnetic waves were not confined within the waveguide as required. In that 

case the measurement accuracy could be compromised. In [15], the permittivity of an IM7/977-3 

CFRP laminate with two fibre directions with respect to the incident electric field was measured. But 

the mechanism behind the differences in the permittivity obtained due to the fibre direction was not 

explained. In [16,17], the conductivity obtained from the direct current (DC) measurement (two-

probe and four-probe methods) was directly used for design of dipole antenna, while in fact the 

conductivity is frequency-dependent according to the Drude theory [18]. In Reference [19], the 

CFRP composite laminate was simulated as a number of conductive and dielectric layers alternately 

stacked together, which does not accurately represent the nature of the real structure. 

In order to achieve better understanding of the electromagnetic performance of continuous carbon 

fibre composites, here their electromagnetic properties are investigated in detail. A CFRP 

unidirectional (UD) laminate was fabricated and electrically characterised over X band (8-12 GHz) 

using the microwave transmission line technique. First, the concept of the electric permittivity for 

description of electromagnetic properties is introduced. Then fabrication process of the composite 

panel, the experimental setup and permittivity calculation procedure are presented. The permittivity, 

electrical conductivity, signal penetration and energy absorption of the neat resin and the CFRP 
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samples with fibres in orthogonal orientations (i.e., parallel and perpendicular to the incident electric 

field vector) are examined. Three geometric scales are adopted in the permittivity analysis to 

thoroughly study the differences in the electromagnetic responses caused by the fibre direction.

2 Electromagnetic characteristics of materials

The permittivity of a material can be written as 

0 r 0 r r( )j                                                                    (1)

where ε0 is the permittivity of free space (i.e., 8.8542 × 10−12 F·m-1), and εr is the relative 

permittivity. The real part r  , or dielectric constant, is related to the ability of a material to store the 

electric field energy, while dielectric loss factor r   accounts for the dissipation of the energy within 

the material in the form of heat. r   is positive due to energy conservation. 

Within the material, bound charges and free charges exist, and motion of the bound charge results in 

polarisation. For dielectrics, several polarisation mechanisms are involved: ionic and dipolar 

relaxation, and atomic and electronic resonances at higher frequencies. Over the microwave range, 

the atomic and electronic polarisations are relatively weak [20], and the ionic conduction and dipole 

rotation are the dominant loss mechanisms:

r d d  (microwave range)a e                                                      (2)

0

=



                                                                            (3)

where subscripts “d”, “σ”, “a” and “e” denote the contributions due to the dipole rotation, ionic 

conduction, atomic and electronic resonances, respectively; “σ” is the ionic conductivity (in S/m) of 

a material, ω=2πf is the angular frequency in rad/s and f is the frequency in Hz. Here σ is the 

frequency-dependent alternating current (AC) conductivity, which is different from the DC 

conductivity [18,21].
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According to the Maxwell’s curl equation, 

0 r d
0

H= ( )Ej j j   


                                                          (4)

where H is the magnetic field in the medium. It is observed that the loss due to the dielectric 

damping ( d  ) is indistinguishable from the conductivity loss (σ). The term 0 d   + σ can be 

considered as the total effective conductivity σeff [22], and the dielectric loss factor becomes:

eff
r d

0 0

 
 

                                                                  (5)

As the microwaves travel in the medium, the electric field energy decreases as a function of the 

distance from the surface. A practical parameter used for evaluation of the signal propagation is the 

penetration depth dp, which is defined as the depth where the magnitude is reduced to 1/е (about 37 

%). For a plane wave incident on a half space of a medium, dp can be given by [23]:

1 2
2

2 1 1

p

r
r

r

cd

f  



              

                                           (6)

where c is the speed of light in free space.

Most metals can be categorised as good conductors. In terms of ε, this condition is equivalent to 

r r   . In this case, dp can be approximated by [22]:

                                    2 1
pd

f  
                                                               (7)

It is seen that the penetration depth approaches zero when r   becomes very large, thus these metals 

are good reflectors to microwaves. Common dielectric materials have a very low r  , which 

contributes to a high penetration depth and little energy absorption. This kind of materials can be 

viewed as transparent to microwaves. However, a combination of metals and low-loss dielectrics, 
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like polymer infused with metallic, carbon nanoparticles or long carbon fibres, can result in a 

material that exhibits medium reflectance and medium transparency and behaves like a lossy 

dielectric. The material of interest in the present work falls into the last category. As shown in Fig. 1, 

the microwave energy is most absorbed in the material with a r   value in the middle range [24]. 

3 Microwave characterisation of composites

3.1 Sample fabrication 

First, as shown in Fig. 2, ten layers of T300 non-woven carbon fibre unidirectional cloth were 

stacked on a cleaned aluminium plate (mould). Then a sheet of release peel ply was draped over the 

top of the preform. In order to make the resin flow in a uniform manner, a spiral tube was placed 

onto the peel ply on each side of the mould. One end of each tube was connected to a plastic tube as 

resin inlet/outlet. A sheet of infusion mesh was put over the peel ply to improve the resin distribution 

across the preform. Vacuum bagging film was used to cover the mould with tacky tape. The epoxy 

resin was made of Aradite LY564 and hardener Aradur HY 2954 with the recommended mix ratio of 

100:35 by weight. The composite fabric was infused with epoxy resin by utilising the vacuum-

assisted resin transfer moulding (VARTM) technique [25]. The whole assembly was cured in an 

oven at 80 °C for eight hours, following the manufacturer’s guidelines. Subsequently, the composite 

laminate was demoulded and cut into test pieces.

3.2 Experimental setup 

The microwave characterisation of the samples was performed as schematically illustrated in Fig. 3. 

The HP 8510C Vector Network Analyser (VNA) was calibrated before the test using the thru-reflect-

line (TRL) standard. Calibration accuracy was checked using a flush short (a 6.24 mm thick copper 

sheet). Over the frequency range the attenuation was less than 0.1 dB, and the phase shift was 180° ± 

0.5°. After the calibration, an S-parameter measurement was carried out at the indicated reference 
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planes. A personal computer (PC) was connected to the analyser by an IEEE-488 cable. A 

MATLAB® programme was developed for data acquisition and permittivity calculation.

Two samples with the inner dimensions of the rectangular waveguide were prepared. As shown in 

Fig. 4, in one sample the fibres were parallel to the electric field vector (“parallel case”), while in the 

other sample the fibres were orthogonal to the vector (“orthogonal case”). A neat resin sample cured 

under the same conditions as the composite was measured for comparison purposes.

3.3 Electric permittivity calculation

Assuming there is only one sample with a thickness of t0 between the reference planes (no air gaps), 

the expressions for the reflection coefficient S11 and transmission coefficient S21 are [26]:

2 2
0 0 0 0

11 2 2
0 0 0 0 0 0 0 0

2( )sinhS
2( )sinh 4 cosh

t
t j t

  
     

 


 
                                        (8a)

0 0
21 2 2

0 0 0 0 0 0 0 0

4S
2( )sinh 4 cosh

j
t j t
 

     


 
                                        (8b)

where γ0 is the complex propagation constant, which is given by 

r
0 2 2

12
c

j  
 

                                                              (9)

where λ and λc=2a are the free space wavelength and cut-off wavelength, respectively (a is the 

broader dimension of the waveguide, Fig. 4). β0=2π/λg is the phase constant of the transmission line. 

λg is the guide wavelength of the empty waveguide:

2

2 2

1
1 1

1

g

c
c




  

 
    
 

                                                  (10)

In the measurement, the sample thickness is shorter than the waveguide offset. In order to fit the S11 

and S21 given in Eq. (8), the S-parameters obtained are phase shifted first. The Newton-Raphson 

approximation method is applied to solve the transcendental equations for the unknown γ0:
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  0 air

meas

2 L
11 11S S 0je                                                          (11a)

  0 air

meas

L
21 21S S 0je                                                           (11b)

where [S11]meas and [S21]meas are the measured reflection coefficient and transmission coefficient, 

respectively. Lair is the length of the air gap near Reference plane 1, and the length of the waveguide 

offset is 34.88 mm. Hence, Lair=34.88 mm-t0. t0 is 4.20 mm for the CFRP samples and 2.78 mm for 

the neat resin sample.

With the calculated γ0 value, the complex permittivity εr is given from Eq. (9) as

2
2 0

2

1
2r

c

 
 

     
   

                                                             (12)

4 Experimental results

4.1 Measured S-parameters

The measured magnitudes and phases of [S11]meas and [S21]meas are shown in Fig. 5. The good 

linearity shown in the phase graphs indicates that the measurement is reliable for accurate 

permittivity calculation. It is seen that more energy is reflected in the parallel case. At 10 GHz, the 

magnitude of S11 in that case is -0.72 dB, which means that around 85 % of the total power is 

reflected; in the orthogonal case approximately 57 % is reflected. The magnitude of S21 in the 

orthogonal case is slightly higher than that in the parallel case. 

The fractional loss of the incident power in the samples is evaluated by the energy loss factor, which 

is the difference between the unitary power and the sum of the squares of |S11| and |S21|:

Energy loss factor (%) =100×(1-|S11|2-|S21|2)                                           (13)

The variation of the factor over the frequency band is plotted in Fig. 6. It is found that only around 5 

% energy is absorbed in the neat resin sample, while around 15 % and over 30 % energy is absorbed 
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in the parallel and orthogonal cases, respectively. In the orthogonal case, the energy loss factor 

gradually increases with increasing frequency and reaches a maximum of 48 % at 12 GHz.

4.2 Electric permittivity

The S21 data were used for permittivity calculation, as the transmission measurement was considered 

more reliable than the reflection one [27,28]. The calculated permittivity values of all the three 

samples are presented in Fig. 7. Here the CFRP is considered as a homogenous lossy dielectric layer.

As illustrated in Fig. 8, three geometric scales of the composite laminate are studied in order to fully 

understand the nature of the difference in the permittivity: macro-meso scale, microscale and 

nanoscale. On the macro-meso scale, a number of thin layers of prepregs are stacked with a desired 

sequence of fibre orientations. On the micro-scale, in a lamina, ideally the fibres do not touch and are 

completely isolated by the resin. Actually, the fibres are randomly distributed and contact at several 

points. At the nanoscale level, the electrons in carbon fibres (polycrystalline graphite) are 

delocalised, i.e., free to move along the planes of carbon atoms.

(a) analysis of the real part of the permittivity: At the microscale level, as illustrated in Fig. 9, due to 

the presence of the applied EM field, carbon fibres and dielectric epoxy make up a series of 

capacitors. The capacitance always exists when the incident field is applied at an arbitrary angle. 

Hence a similar energy storage capability is reflected in the real permittivity. And that permittivity is 

two orders of magnitude larger than that of the neat resin as would be expected. r  of the parallel and 

orthogonal cases gradually decreases with increasing frequency, which agrees with the well-

established relationship between the impedance of capacitors Zc and the frequency, Zc=1/jωC, where 

C is the capacitance.

(b) analysis of the imaginary part of the permittivity: r   of the orthogonal case is approximately half 

of that for the parallel case. As the epoxy resin is a polar dielectric material [29], only the dipolar 

relaxation exists. The lower r  of the epoxy indicates that the epoxy itself does not contribute much to 
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the high loss of the composite, and the primary loss is associated with the carbon fibres. At the 

nanoscale level, when the electric field is parallel to the fibres, the electrons move freely along the 

whole length of the fibres. In the orthogonal case, some electrons travel via the contact points 

between fibres, while the others are trapped at the interfaces between the fibres and resin (Maxwell-

Wagner (interfacial) polarisation [30]), which leads to a relatively lower conductivity. This 

relationship between the imaginary permittivity (Fig. 7 (b)) and the corresponding energy absorbed 

(Fig. 6) in the two composites cases agrees with the trend demonstrated in Fig. 1.

The effect of the calibration error on the accuracy of the calculated permittivity is investigated. As 

listed in Table 1, four combinations with the magnitude and phase of S21 added or subtracted by the 

calibration errors of attenuation (i.e., ±0.1 dB) and phase shift (i.e., ±0.5°) are used.

Taking the CFRP-parallel sample as an example, the permittivity values for the combination cases 

together with the data in Fig. 7 (“Reference”) are presented in Fig. 10, where the curves are closely 

spaced. By comparing the permittivity differences between the four combinations, the measurement 

uncertainties are obtained. The permittivity values with measurement uncertainties at five 

frequencies are listed in Table 2. It is seen that the calibration errors only have a significant effect on 

the imaginary part of the permittivity of the neat resin.

The loss tangent values of the three samples over 8-12 GHz is shown in Fig. 11. The loss tangent of 

the resin is within 0.04, and the loss tangent for the parallel case is consistently larger than that for 

the orthogonal case.

4.3 Electrical conductivity

Employing Eq. (5), the microwave effective electrical conductivity of each sample is calculated. As 

given in Fig. 12, due to the conductive fibres, the conductivities of both CFRP samples are 

significantly increased compared with the neat resin. It is also implied that the conductivity is not 

considerably frequency dependent. The average effective conductivities for the parallel and 

orthogonal cases over 8-12 GHz are 37.2 S/m and 17 S/m, respectively. 
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4.4 Signal penetration

The penetration depths calculated using the permittivity values (Fig. 7) and Eq. (6) are 

presented in Fig. 13. It is clear that the microwave signal can easily pass through the resin. 

However, the signal is strongly attenuated in the two CFRP samples. For better signal 

penetration, the electric field should be placed orthogonal to the fibres, or a lower frequency can 

be adopted. If the material is assumed metallic and Eq. (7) is selected for calculation, in order to 

match with the results using Eq. (6), conductivities of 10 S/m and 2.4 S/m are used for the 

parallel and orthogonal cases, respectively. It is seen that the equivalent metallic conductivity is 

smaller than the effective conductivity presented in Section 4.3, which agrees with the definition 

of the effective conductivity (Eq. (5)). 

4.5 Microwave absorption

Here the absorption performance is further investigated with a widely used model for assessing 

the absorption properties of a dielectric, as illustrated in Fig. 14, where a plane wave is normally 

incident from free space onto the surface of a single dielectric layer backed by Perfect Electric 

Conductor (PEC). The transversal dimensions of the layer are assumed infinite. The reflection 

coefficient S11 can be evaluated using Eq. (14): 

11 10 11S (dB) 20log S                                                               (14a)

in
11

in

1S
1

z
z





                                                                       (14b)

r
in r r

r

2tanh ftz j
c

   


    
                                                        (14c)

where zin is the normalised input impedance at the free space-material interface. r  and r  

are the moduli of the relative permeability μr and relative permittivity εr, respectively. 



12

To achieve an optimal response, the sample thickness t can be designed to be an odd multiple of 

the quarter wavelength in the material, so that the incident and reflected waves in the material 

are out of phase, which results in no reflection at the interface [31].

 (n=1,3,5, )
4
mt n 

                                                             (16a)

 
d

m

r r


 

                                                                  (16b)

where λd=c/fd is the free space wavelength at a design frequency fd.

Here fd is set to 10 GHz, and the corresponding permittivity values are used for determination of 

the optimal sample thicknesses, which are listed in Table 3. The reflection coefficients 

simulated over X-band are shown in Fig. 15. The minimum reflection occurs in the orthogonal 

case with approximately six plies (typical ply thickness 0.125 mm), where a maximum of 84 % 

power absorption is found. It is also demonstrated that with a lower conductivity better 

microwave absorption could be obtained.

5 Concluding remarks

A carbon fibre composite laminate has been characterised over X band (8-12 GHz) using the 

transmission line method. By analysing the permittivity at three geometric scales, the mechanism 

behind the interaction between the composites and the electromagnetic field has been fully 

understood. It has been revealed that on the macro-meso scale the fibre orientation with respect to the 

incident electric field has a significant effect on the electromagnetic responses. More energy is 

reflected when the electric field vector is made parallel to the fibres. The real permittivity r   is related 

to the microscale, where the capacitive effect caused by the conductive carbon fibres and dielectric 

epoxy exists. r   of the parallel case is close to that of the orthogonal case, as similar capability of 



13

energy storage is offered. And the imaginary permittivity r   is more associated with the nanoscale 

level. Over the frequency range investigated, the imaginary permittivity r   of the parallel case is 

approximately twice that of the orthogonal case. The difference is due to the distinct response of the 

free charges in the polycrystalline graphite structures with respect to the electric field. 

The conductivity results show that carbon fibre composites behave more like a lossy conducting 

material. From the calculation of the penetration depth and energy loss factor, it is revealed that the 

incident signal is highly attenuated within the composites. In terms of the energy loss factor, there 

are of twice difference between the two CFRP cases, both of which are one order of magnitude larger 

than the neat resin case. More energy is absorbed in the orthogonal case. In addition, the microwave 

absorbing capability of CFRP has been evaluated with a practical setup, where a material layer is 

backed by a conductor plate. With optimal design a maximum of 84 % power absorption is achieved, 

which suggests that the continuous carbon fibre reinforced composites can be used as an alternative 

microwave absorbing material other than the carbon-based nanocomposites. 

On the non-destructive detection aspect, for surface damage the electric field should be parallel to the 

fibres, so that the signal is more sensitive to the changes in the standoff distance and local 

permittivity distribution [32]. For internal damage the EM field shall be orthogonal to the fibres in 

order to obtain better signal penetration. The permittivity results presented here could be used as a 

reference input for simulation of microwave curing, heating and electromagnetic shielding of 

polymer composites employed in aerospace and other industries. 
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Figure captions

Fig. 1. Relationship between the dielectric loss factor and the microwave power absorption capability 

(adapted from [24]).

Fig. 2. Layup of the T300 preform before the resin infusion process.

Fig. 3. Experimental setup for microwave characterisation of a CFRP sample: (a) setup of the 

transmission line method; (b) location of the sample within the waveguide cell.

Fig. 4. Diagrams showing the fibre direction of the composite sample with respect to the electric 

field vector inside the waveguide: (a) parallel case; (b) orthogonal case.

Fig. 5. Measured S11 and S21 in the form of magnitude and phase over 8-12 GHz: (a) magnitudes of 

S11; (b) phases of S11; (c) magnitudes of S21; (d) phases of S21.

Fig. 6. Variation of the energy loss factor with respect to the frequency for the three test samples.

Fig. 7. Relative permittivity of the neat resin and two CFRP samples with fibres in perpendicular 

directions: (a) r  ; (b) r  .

Fig. 8. Three geometric scales used for study of the complex permittivity of a composite laminate.

Fig. 9. Schematic diagram of the equivalent circuit model of a composite lamina when interacting 

with the incident electromagnetic field.

Fig. 10. Calculated permittivity for the four cases considering the calibration errors: (a) r  ; (b) r  .

Fig. 11. The loss tangent values of the neat resin and two CFRP samples over 8-12 GHz.

Fig. 12. The conductivity values of the neat resin and two CFRP samples over 8-12 GHz.

Fig. 13. The penetration depths for the neat resin and two CFRP samples with fibres in perpendicular 

directions over 8-12 GHz.

Fig. 14. Model of a single sample layer backed by PEC with a normally incident plane wave.

Fig. 15. Reflection coefficients for the cases where the material layer with an optimal thickness is 

backed by PEC at normal incidence in free space.
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Tables

Table 1 Four combinations considering the effect of the calibration errors 

on the accuracy of the calculated permittivity 

Combination I Combination II Combination III Combination IV

Magnitude error (dB) +0.1 +0.1 -0.1 -0.1

Phase error (degree) +0.5 -0.5 +0.5 -0.5

Table 2 Relative permittivity of the neat resin and CFRP samples with measurement uncertainties

8 GHz 9 GHz 10 GHz 11 GHz 12 GHz

r  2.95±0.05 2.92±0.05 2.90±0.05 2.91±0.05 2.89±0.05
Neat resin

r  0.09±0.05 0.10±0.05 0.10±0.06 0.11±0.06 0.10±0.06

r  169.65±0.72 134.18±1.46 101.26±0.88 77.85±0.23 70.91±0.74
CFRP-parallel

r  65.19±0.66 78.27±0.44 73.09±0.32 59.97±0.31 49.24±0.22

r  148.05±0.35 124.16±0.25 106.78±0.20 94.15±0.17 84.81±0.15
CFRP-orthogonal

r  35.08±0.42 33.12±0.31 30.66±0.25 28.55±0.22 27.30±0.20

Table 3 Designed sample thickness and the corresponding microwave absorption performance

Sample thickness (t, mm) Minimum S11 (dB) Power absorbed (%)

Neat resin 4.40 -1.10 22.29

CFRP-parallel 0.67 -4.14 61.45

CFRP-orthogonal 0.71 -8.08 84.43














































