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Abstract—Printed antennas have environmental advantages over 
traditional copper/FR4 structures but the cost of silver remains 
an issue for mass production. Laser deposition of carbon 
nanostructures (grapheme) offer an even lower cost alternative. 
Three parallel lines (length 3 mm, width 0.01 mm) were 
fabricated on glass and the transmission coefficient was 
measured as a function of electric field orientation over the 
frequency range 8 – 10.6 GHz. The attenuation coefficient caused 
by parallel scattering was found to be linearly related (r = 0.7) to 
the relative length l/λ0. The technology has potential applications 
in mass production of electronics and wireless sensor systems 
using the circuits in plastic technology as a low cost replacement 
for printed silver. 

I. INTRODUCTION 
Electronics is a polluting industry despite innovations 

designed to reduce some environmental impacts [1]. Problems 
associated with manufacture and recycling are partly due to the 
complex mixture of the materials (plastics, metals, glasses etc), 
but mainly due to and the end-of-life disposal. Given the 
competing demands of a reduced carbon foot-print and the 
consumer desires for new, sophisticated equipment, new 
technologies which address these issues are desirable. Circuits 
in plastic (CiP) [2] is one such technology currently undergoing 
trials. Recent reports [3] have indicated that recycled plastic 
and bioplastics are viable alternatives to fossil fuel based new 
plastic materials. Should these environmentally friendly 
materials become widely accepted in the industry, there are still 
problems associated with the conducting materials used to form 
the circuits and antennas. Ink-jet and screen printed colloidal 
silver is expensive and, when circuits are placed in landfills, 
they are polluting. Laser deposition of carbon films might 
prove a viable alternative, both from a cost and environmental 
perspective.  

Among various carbon nanomaterials, graphene currently 
attracts most attention, owing to its extraordinary electrical and 
mechanical properties as well as the continuous improvement 
in its synthesis method and reduced cost. One recently 
published method creates graphene-oxide (GO) like thin carbon 
“nanosheets” using readily available materials glycerol, 
sulfuric acid and melamine [4]. It should be noted that the 

immediate product of wet chemistry synthesis is always GO, 
which is not conductive and requires a subsequent reduction 
process to turn GO into graphene. Laser irradiation has proven 
to be an effective method in reducing GO [5]. The contrast in 
conductivity between GO and graphene allows the laser to 
directly create graphene nanostructures on any substrate which 
has been deposited with GO.  

 Conductivity measurements on nanostructures at 
microwave frequencies are difficult because of such effects as 
the electrode potentials, stray capacitance and the difficulties in 
positioning the probes. An alternative electromagnetic method 
has been used to determine the properties of carbon fiber 
reinforced laminates with [6], anisotropic substrates [7] and 
printed frequency selective surfaces [8].  

II. THEORY 
A conductive strip sandwiched between a dielectric 

substrate and a dielectric superstrate has an effective length 
influenced by the material relative permittivity εr and the 
thicknesses of the two layers. For microscope slide glass the 
relative permittivity εr ≅ 2.3. There is no exact formulation to 
determine the effective permittivity εeff which can be used to 
calculate the wavelength λ, along the conducting line.  This 
can be written as 

  reff
eff

εε
ε
λ

λ <<= 1   and       0  (1) 

where λ0 is the free space wavelength of the radiation. 

For the three parallel conducting lines the effective area at 
10 GHz is approximately  1.1 x104 m2 which is approximately 
46% of the cross sectional area of the waveguide. If the 
electric field is perpendicular to the conductors the effective 
aperture approaches zero. A measurement of the received 
signal when the electric field is aligned will be significantly 
different to when orthogonally aligned. The electric field ratio 
is independent of the glass and residual GO.    



III. EXPERIMENTAL METHOD  

A. Carbon line fabrication 
GO flakes were drop cast on a glass cover slip and dried at 

room temperature. A fs pulsed laser beam at the wavelength of 
800 nm (repetition rate of 1 kHz and a pulse width of 100 fs) 
was employed for the photoreduction. The 0.2 mW laser beam 
was focused by an objective lens with the numerical aperture of 
0.4. The reduced graphene lines were realized by lateral 
translation of the sample across the focal plane at 10 µm/s. 
Three parallel lines were fabricated (length 3 mm, width 0.05 
mm, separation 1 mm). The samples were mounted on a glass 
microscope cover slip and placed on a microscope slide (75 
mm x 25 mm x 1 mm).  

B. Scattering measurements 
An X-band pyramidal horn was placed 130 mm from an 

open rectangular waveguide (internal dimensions 24 mm x 10 
mm). The horn was driven by a microwave synthesizer over the 
frequency range 8 – 10.6 GHz using the TE01 propagation 
mode. The received signal was measured using a Marconi 28B 
frequency counter with frequency and signal level readout. The 
sample under test was placed against the flange in front of the 
open waveguide and centered in both dimensions where the 
electric field strength a maximum for the TE01 mode.   

The received signal level (dB) was recorded as a function 
of frequency. The system was calibrated in air. The sample was 
placed in the center of the receiving aperture with the lines 
oriented parallel (E║) and perpendicular to the (E⊥) field. The 
received parallel power (dBm) was compared to the received 
perpendicular power. 

IV. EXPERIMENTAL RESULTS  
The received ratio of the electric field strength E║/E⊥ is 

shown in fig. 1 as a function of the effective length (relative to 
the free space wavelength λ0. The relationship is approximately 
linear (Pearson correlation coefficient r = -0.707) indicating 
that the scattering is linearly related to the electrical length of 
the three strips. 

V. DISCUSSION AND CONCLUSIONS  
The scatter in the data is caused by waveguide resonances, 

and positional uncetainties of the sample. As the effective 
permittivity of the glass slide and cover slip is unknown, the 
results in Fig. 1 will be shifted to the right for λ < λ0. At low 
frequencies there is very little scattering but as the electical 
length of the conductors increases, the scattering increases and 
the attenuation of the signal increases. The effect of the 
conductivity of the lines is low providing a minimum 
threshold has been met [8]. 

The use of laser defined carbon nanosheets offers an 
environmentally friendly, flexible, low-cost, solution to 

circuits in plastic manufacturing and the fabrication of planar 
antennas on a wide variety of substrate materials. Laser 
patterning of planar antennas such as meander lines will result 
in substantial cost savings relative to the current silver ink 
processes. 
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Fig. 1.  Electric field strength ratio E║/E⊥  measured as a 
function of the effective length of the three parallel conducting 
lines. The linear fit has a correlation coefficient of r = -0.70. 
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