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Abstract—Fiber reinforced composites offer strength and light 
weight but are electrically anisotropic. The resonant frequency of 
dipole antennas is orientation dependent. While FEM modeling 
showed a cosine relationship between the effective permittivity 
and angle, experimental measurements at UHF on cardboard 
reinforced with fine copper wire did not fit this relationship. The 
electromagnetic anisotropy has implications for radio 
communications systems located on UAVs and other platforms. 
Carbon nanotubes in polymeric composites provide a renewable 
option for high strength materials. 

I. INTRODUCTION 
Sustainable engineering practice in the field of antennas 

and propagation is becoming increasingly important – both 
during manufacture and end-of-life disposal [1]. The use of 
screen printed antennas and circuits embedded in plastic have 
been used to address these issues, particularly through the use 
of recycled plastic and bioplastics [2, 3]. Such materials lack 
strength, and the inclusion of fiber into the plastic can greatly 
improve its strength [4]. The orientation of the fibers in the 
plastic during injection molding creates an anisotropic material, 
and thus, there can be a significant effect on the performance of 
an antenna [5]. Using a straight, centre-fed dipole printed on a 
thin anisotropic substrate, the change in the resonant frequency 
was used to indicate the variation in the effective length of the 
dipole and so the effective permittivity was deduced. This has 
implications for the orientation of printed antennas on fiber 
reinforced, shaped structures fabricated to achieve maximum 
strength in a predefined direction. 

The thickness and electrical permittivity of the substrate can 
change the resonant frequency of a straight printed dipole [6]. 
These changes can be accommodated in the design through 
various approximations [7] although there is no clear analytical 
method to predict the effective permittivity of the substrate [8]. 
This follows on from the work of Galehdar et al [9] who used 
unidirectional and quasi-isotropic carbon impregnated epoxy to 
form patch and slot antennas. While carbon reinforced 
substrates are not particularly environmentally benign, this 
paper demonstrates the effects of a uni-axial substrate on dipole 
orientation.     

 

II. THEORY  
The effective permittivity εeff of a thin substrate can be 

determined experimentally and numerically from the resonant 
frequency of a straight, center fed, printed dipole antenna. The 
effective permittivity of an anisotropic material can be 
determined using a rotation of the resistivity tensor in the two 
principal axes [10] which is different to the rotation of the 
conductivity tensor [10, 11]. However, this relatively simple 
theory is only applicable to plane waves. The near field of a 
planar antenna will yield significantly different relationships 
for the effective permittivity as determined from the resonant 
frequency. 

III. NUMERICAL MODELLING 
A commercially available FEM code [12] was used to 

evaluate the S11 of a 158.3 mm long (width 4 mm), center-fed, 
planar dipole antenna located on a thin (t = 1.6 mm) uniaxial 
substrate. The substrate conductivity in the principle 
conducting direction (i.e. parallel to the carbon fibers) was 10 
S/m. The other two axes x and z were assigned a conductivity 
of 10-5 S/m and 10-3 S/m. The relative permittivity of the plastic 
was 4.5. The dipole was aligned in several different directions 
θ, measured with respect to the axis of maximum conductivity 
(minimum resistivity). The resonance frequency values were 
normalized to the free space resonant frequency and the 
effective relative permittivity calculated.  

The data were fitted to a trigonometric function (equation 
1) to calculate the effective permittivity εeff as a function of the 
θ:  

 BA n
eff += θθε cos)(  (1) 

where n is the angular power law and A and B are constants.  If 
εp is the effective permittivity in the direction of the principal 
axis (θ = 90°) and εm is the effective permittivity in the 
direction of the minor axis (θ = 0°), then (1) can be written as: 

 ppmeff εθεεθε +−= cos)()(  (2) 



This equation was used to estimate the effective permittivity at 
different orientation angles once the principal and minor axes 
have been measured. As this is a near field effect, the plane 
wave theory of [10] is not applicable.  

IV. EXPERIMENTAL RESULTS  
Ribbed cardboard with t = 4 mm, commonly available as 

packaging material, was reinforced with thin parallel copper 
wire spaced 10 mm apart. A 95 mm long straight dipole was 
formed from adhesive copper strip, and placed on the upper 
surface of the cardboard. The dipole was center-fed and the 
S11 was measured as a function of orientation angle θ.  Τhe 
effective permittivity was calculated from the resonant 
frequency (see Fig. 1) and compared to equation (2).    
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Fig. 1.  Effective permittivity of a resonant dipole antenna as a 
function of angle on an anisotropic substrate: FEM model 

(triangles) and measured values *. Equation 2 was fitted to the 
points θ = 0 and θ = 90 and the lines are shown. 

V. DISCUSSION AND CONCLUSIONS  

The relationship between the effective permittivity εeff  and 
angle θ for a thin anisotropic, substrate is adequately described 
by a cosine function (equation 2) for the FEM data. However, 
equation (2) fails to adequately describe the experimental data 
although the trend remains. This is thought to be the result of 
the isotropic cardboard layer immediately between the dipole 
antenna and the anisotropic substrate formed with the copper 
wire.  

When multiple layers of conducting fibres are included in 
the substrate and several different orientations, the preddiction 
of the effective permittivity becomes more complex.  

An anisotropic substrate presents interesting challenges and 
perhaps some opportunities for size reduction in meander-line 
antennas. Fibre reinforced substrates are strong, light-weight, 
materials with a reduced environmental footprint. The 
performance of RFID antennas on fibre reinforced packaging 
materials will be dependent on the placement and orientation 
of the antenna when the reinforcing fibres are conducting and 
the orientation is not uniform. There is no simple theory that 
can be used to predict this variation in effective permittivity.    
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