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Abstract

The radiation characteristics of a monopole antenna that
consists of one-half of a bow-tie dipole antenna, made of
optically transparent conductive thin film and mounted above
a ground plane, are investigated. The antenna is measured for
several films with different sheet resistivities. It is found that
the gain lowering of the antenna varies from 4.4 dB to 0.2 dB
at 2.4 GHz and the efficiency of the antenna increases from
46% to 93% at the same frequency, as the sheet resistivity
decreases from 19.8 Ω/� to 1.3 Ω/�, respectively. The an-
tenna is analyzed by the moment method. A wire-grid model
with resistance parallelly loaded on every discretized wire is
applied. The analyzed results agree with the experimental ones
very well.

1. INTRODUCTION

As mobile wireless communications have progressed dramat-
ically in recent years, many mobile terminals are becom-
ing smaller and smaller and miniaturization of the antennas
employed in mobile devices is required accordingly. The
design of antennas for small mobile terminals becomes much
more difficult not only because the space is getting limited
but also other electrical parts influence the performances of
the antennas. Transparent conductive films, such as indium
tin oxide (ITO) and fluorine-doped tin oxide (FTO) films,
allow the transmission of electric currents while retaining the
optically transparency [1]. If the transparent conductive films
can be used for constructing antennas, the antennas can be
installed on the surface or the display window of the mobile
devices without much visible designing problem. Trials of
transparent antennas have been reported [2]–[7] but some basic
questions, such as how the resistance of the films influences
the performances of the antennas, have not been cleared yet.

In order to study the basic performances of the antennas
made of transparent conductive films, a monopole antenna that
consists of one-half of a bow-tie dipole antenna mounted above
a ground plane is investigated. The antenna is designed to
work at 2.4 GHz and the radiation element of the antenna
is made of several transparent conductive films with different
sheet resistivities. It is found that the gain lowering of the
antenna varies from 4.4 dB to 0.2 dB at 2.4 GHz, and the
efficiency of the antenna increases from 46% to 93% at the

same frequency, as the sheet resistivity of the film decreases
from 19.8Ω/� to 1.3Ω/�, respectively.

The antenna is analyzed by a wire-grid model based on
the moment method. The resistance of the film is taken into
account by parallelly loading a resistance on every discretized
element. It is the first time to treat an antenna with a resistive
film in this manner, as far as the authors know. It is demon-
strated after that the analyzed results are in good agreement
with the experimental ones.

2. ANTENNA CONFIGURATION AND MEASUREMENT

Figure 1 shows the configuration of the antenna for the
investigation. The film antenna is constructed on a glass
substrate, which has a thickness of 1.1 mm and a relative
dielectric constant of 4.8. The ground is a300 × 300 mm2

copper square plate in the following measurement.

3 mm

9 mm

21 mm

x

y

z

dielectric substrate

conductive film

ground

Fig. 1: Antenna configuration.

The antenna is made of ITO and FTO, as well as copper as a
reference. We have fabricated several ITO and FTO films with
different thicknesses so that the sheet resistivity of the ITO
films varies from 19.8Ω/� to 1.3Ω/� and the one for the FTO
films does from 5.7Ω/� to 1.9Ω/�. Figure 2 shows a sample
of the proposed ITO antenna and Fig. 3 the transmittance at
a wavelength of 550 nm for the ITO and FTO films. We only
present the result of the ITO antennas hereafter for the sake of
simplicity, because the FTO antennas show almost the same
radiation performances as the ITO’s.
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Fig. 2: Sample of ITO antenna.
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Fig. 3: Transmittance of ITO and FTO films at wavelength of 550 nm.

The measured voltage standing wave ratio (VSWR) of the
antenna is shown in Fig. 4, where the characteristic impedance
of the transmission line is 50Ω. It is shown that the VSWR
does not vary so much as the sheet resistivity is lower than
10 Ω/�.

The radiation patterns at 2.4 GHz and 5.0 GHz are measured
and Figs. 5 and 6 show them at 2.4 GHz. The radiation pattern
on XY -plane which is almost a constant is omitted. It is
shown that the gain of the antenna increases as the resistivity
decreases. For example, the maximum gain of the antenna
decreases of 4.4 dB and 0.2 dB at 2.4 GHz, 2.5 dB and 0.4 dB
at 5.0 GHz, for the antennas with resistivity of 19.8Ω/� and
1.3Ω/�, respectively, if compared with a copper antenna with
the same dimension.

The efficiency defined as the ratio of the radiated power to
the input power is also measured at 2.4 GHz and 5.0 GHz
by using the Wheeler cap method [8], [9]. For example, the
efficiency is 46% and 93% at 2.4 GHz, 65% and 98% at
5.0 GHz, for the antennas with resistivity of 19.8Ω/� and
1.3 Ω/�, respectively.

3. SIMULATION

To numerically analyze the antenna, we apply a wire-grid
model by using the software Numerical Electromagnetic Code
version 4 [10]. The resistance of the film is taken into account
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Fig. 4: Measurement of VSWR for antennas with substrate.
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Fig. 5: Measurement of radiation patternEθ on XZ-plane at 2.4 GHz.

by parallelly loading a resistanceon every discretized element.
Because the typical thickness of the films is several hundred
nanometers, far thinner than the skin depth at the operating
frequencies, the loading resistanceRl for an element is just
given by

Rl = ρs∆l/∆w

whereρs, ∆l and∆w denote the sheet resistivity, the length
and the width of the element, respectively. An infinite ground
plane is assumed and the dielectric substrate is not included
in the simulation.

Figure 7 shows the calculated VSWR for several sheet
resistivities. Compared with the experimental results in Fig. 4,
although the corresponding frequency seems to shift a little
higher due to the lack of the dielectric substrate, the varying
tendency is very similar with that of the experiment. For
further comparison, we reasonably choose the numerical data
at two frequencies of 2.8 GHz and 5.6 GHz to correspond with
the experimental ones at 2.4 GHz and 5.0 GHz, respectively.

Figures 8 and 9 show the calculated radiation patterns at
2.8 GHz. The calculation is compared with the experiment
in Fig. 10. Although the calculation differs a little with the
experiment due to the limited dimension of the ground in
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Fig. 6: Measurement of radiation patternEθ on Y Z-plane at 2.4 GHz.
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Fig. 7: Calculation of VSWR for antennas without substrate.

the experiment, the calculated gain has the same increasing
tendency with that of the experiment as the sheet resistivity
decreases.

The maximum gain of the antenna is calculated for varied
sheet resistivity as shown in Fig. 11, where the gain is
normalized to the value of the copper antenna. It is shown
that the gain lowering depends also on frequency and shows a
minimum at about 5 GHz. This dependence is considered to
be an inherent feature of the antenna. The calculated results at
2.8 GHz and 5.6 GHz are compared with the measured ones
at 2.4 GHz and 5.0 GHz, respectively, as shown in Fig. 12. It
is shown that the calculation and the experiment are in good
agreement with each other. According to the calculation, the
rate of the gain lowering at 2.8 GHz is about 0.20 dB/Ω/�
and that at 5.6 GHz is 0.12 dB/Ω/�.

The efficiency of the antenna is also calculated for varied
sheet resistivity as shown in Fig. 13. It has a similar frequency
dependence with the gain in Fig. 11. The calculated results at
2.8 GHz and 5.6 GHz are also compared with the measured
ones at 2.4 GHz and 5.0 GHz, respectively, as shown in
Fig. 14. It is shown that the calculation and the experiment
are in good agreement with each other too. According to the
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Fig. 8: Calculation of radiation patternEθ on XZ-plane at 2.8 GHz.
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Fig. 9: Calculation of radiation patternEθ on Y Z-plane at 2.8 GHz.

calculation, the rate of the efficiency lowering at 2.8 GHz is
about 2.7 %/Ω/� and that at 5.6 GHz is 1.7 %/Ω/�.

4. CONCLUSION

We have experimentally investigated an antenna made of a
transparent conductive film. It is found that the gain lowering
of the antenna varies from 4.4 dB to 0.2 dB, the efficiency
increases from 46 % to 93 % at 2.4 GHz, as the sheet resistivity
of the film decreases from 19.8Ω/� to 1.3Ω/�, respectively.
We have also successfully analyzed the antenna by using a
wire-grid model based on the moment method. The analysis
agrees with the experiment very well. It is estimated from the
analysis that the rate of the gain lowering is 0.20 dB/Ω/� and
the rate of the efficiency lowering is 2.7 %/Ω/� at 2.8 GHz. We
have obtained some quantitative data for the employment of
the transparent conductive films with antennas and have shown
that the ITO and FTO films can be used for practical antennas.
It is expected that the transparent conductive films can provide
a useful means for the antennas employed in mobile terminals
in the near future.
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Fig. 10: Comparison of radiation patternEθ on XZ-plane.
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Fig. 11: Calculation of maximum gain dependence on frequency.
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Fig. 12: Comparison of maximum gain.
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Fig. 13: Calculation of efficiency dependence on frequency.
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Fig. 14: Comparison of efficiency.
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