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Abstract: This paper presents a systematic parameter study on mesh pattern for optically transparent
flexible antenna with feedline. In implementing a transparent flexible antenna using a metal mesh,
transparency and performance of antenna and feedline are opposite factors. To understand how
both elements are affected by the design parameters of the mesh, we analyze the performance of the
feedlines and antennas according to the design parameters of diamond and square meshes. Moreover,
the effect of the difference in the shape of diamond mesh and square mesh on performance is analyzed.
The measured results of the fabricated samples offer the feasibility of implementing transparent
feedlines and antennas with similar performance to nontransparent feedlines and antennas.

Keywords: diamond-grid; flexible antennas; meshed antennas; metal mesh film; monopole antennas;
transparent antennas

1. Introduction

Optically transparent flexible antennas have attracted great attention in the recent
year, as the demand for transparent devices have been increasing in various industrial
fields. Since the advantages of transparency and flexibility of the antennas can solve
many hardware constraints, they have been widely used in various applications such as
integration with satellite solar cell panels, with displays, and with vehicle windshields [1–5].
In particular, as the Internet of things and machine-to-machine communication are widely
commercialized, they have become an important alternative in using devices of various
shapes and sizes [6–8].

Transparent conductors are necessary to realize a flexible transparent antenna, for
which the most commonly used materials are transparent conductive films and metallic
mesh. Antennas integrated on transparent conductive films, such as indium tin oxide
(ITO) [9,10], fluorine-doped tin oxide [11], and silver-coated polyester films [12], obtained
high transparency, light weight and flexibility. However, these films exhibit high sheet
resistance, which degrades the performance of transparent antennas compared with metal
antennas. To overcome this problem, multilayer films was developed. By inserting a
metal layer between two transparent conducting oxide (TCO) layers, higher conductivity
than TCO is realized, for example, ITO/Cu/ITO configuration [12], indium-zinc-tin oxide
(IZTO)/Ag/IZTO configuration [13]. However, they cause difficulty of fabrication and
there is a high cost associated with this.

Meanwhile, metallic mesh material is a better alternative to overcome these drawbacks.
The design principle of implementing a transparent antenna using a metallic mesh is very
intuitive. The mesh pattern formed of conductive metal wire guarantee transparency in the
visible light region through the open space in the mesh, and the metal mesh has superior
conductivity and functions as a suitable radiator. Moreover, in addition to the flexibility
of mesh patterns, they can have cost savings and weight reduction [14,15]. Therefore,
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transparent flexible antennas using a metal mesh have been studied at various frequencies
for various applications in a wide field [15–17]. However, these studies focused on the
antenna implementation by optimizing some parameters by limiting to only a square mesh
for the purpose of the antenna. There are also studies comparing the antenna performance
by replacing copper with silver, focusing only on the mesh conductor material [18,19]. To
the best of our best knowledge, no work has been performed on detailed studies of the
effect of the mesh pattern, which is the most basic design element to implement a metal
mesh, on the antenna performance. In particular, comparison of the effect of various types
of mesh on antenna performance has not been studied.

In this study, we analyze the most commonly used square and diamond mesh patterns
by applying them to the feed line and antenna respectively. We analyze the effect of
mesh variables and evaluate the trade-off between transmission characteristics and optical
transparency (OT) in the case of a feed line and the trade-off between antenna efficiency
and OT in the case of an antenna. Although a transparent substrate is an essential element
of transparent applications, the core of this study is an analysis of the effect on transmission
lines and antennas by focusing on the transparency of the mesh pattern composed of
the conductor layer. Therefore, we used an opaque material to minimize errors in the
manufacturing process in order to focus on the results according to the change of the
mesh pattern. In small-scale manufacturing companies, micro metal mesh film production
technology is insufficient, so it is a choice for accurate research. Simulation results have
been compared with the corresponding measurement results to validate the feasibility of the
proposed fully meshed antennas with feedline and to show the tendency of characteristic
change of antenna and transmission line according to mesh design parameters.

2. OT of the Mesh

There are various methods of fabricating meshes utilizing microfabrication such as
inkjet printing, laser etching, electroplating, and so on [20,21]. The shape of the mesh is
mainly used in the form of a square [14–19]. However, there is a disadvantage that haze
and moiré have to be considered at a specific size for realizing high transparency of a
square mesh [22]. Therefore, diamond mesh is a commonly encountered pattern as an
alternative [23,24]. In general, the optical and electrical characteristics of the mesh pattern
are investigated. In this paper, we proceed with the specification of manufacturable samples
where the maximum sheet resistance of the mesh pattern does not exceed 0.02 Ω/sq. [25].

Detailed parameters for the square mesh and diamond mesh are shown in Figure 1.
As shown in Figure 1a, an open space in the form of a square with a side length gs is
regularly arranged at intervals of a specific width ws. The open space of the square mesh
allows visible light to go through, while the remaining part, copper, guarantees the high
conductivity of the square mesh. Figure 1b shows an arrangement of diamond-shaped
open spaces. It shows the width wd of the copper grid. The vertical length of the diamond
is denoted by gd, ver, and the horizontal length, parallel to the direction in which the signal
is transmitted in the transmission line, is denoted by gd, hor. Similar to the square mesh, it
has OT through open space, and the remaining copper guarantees a high conductivity.
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OT is calculated as the ratio of the area of its open space to the total area of the
mesh. This simplified equation considers only the conductor layer, and the thickness of the
conductor is not considered, but it is accurate enough [26]. In the case of square mesh in
Figure 1a, many papers have already used the calculation formula to find it. As reported
in [26], the OT can be calculated as the following Equation (1).

OT of square mesh =
B
A

=

(
gs

ws + gs

)2
. (1)

Likewise, in the case of diamond in Figure 1b, it can be obtained as the ratio of the total
area (A′) of unit cell and the open space area (total sum of B) as the following Equation (2).

OT of diamond mesh =
Btotal sum

A′
=

4gd, vergd, hor(√
2wd + 2gd, ver

)(√
2wd + 2gd, hor

) . (2)

In this paper, we proceeded with design parameters with OT of 70–90% for square
mesh and diamond mesh, respectively. ITO has an average OT of 72% in the wavelength
of the EM wave, which covers an entire visible range from 380 to 750 nm [25]. It has a
thickness similar to that of the simulation model.

3. Meshed Feedline and Antenna

In implementing a transparent flexible antenna, thick dielectrics and multiple layers
impair transparency and flexibility. In this study, the parameters of the mesh pattern
were studied by applying the mesh to the planar rectangular monopole antenna and the
coplanar waveguide (CPW) feed line. The CPW feeding method is advantageous for the
implementation of a transparent antenna because the ground layer and transmission line
can be implemented in one layer. In addition, the monopole antenna can be implemented
without difficulty even with a thin dielectric. Figure 2 shows some of the manufactured
samples to be used in the study.
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Figure 2. Manufactured CPWs, antennas; in order from the left of the photo: (a) solid CPW; (b) square-
meshed CPW; (c) solid monopole antenna; (d) diamond-meshed monopole antenna with solid
feedline; (e) square-meshed monopole antenna with meshed feedline.

3.1. Meshed Feed Line

In Figure 3, the line width wCPW and spacing s of CPW are designed to have a value
of 50 ohms for solid CPW. wCPW is 2.263 mm, s is 0.12 mm, and the total length of the line
is 40 mm. The thickness t of the commonly used copper is 0.018 mm, and the thickness of
the dielectric h is 0.2286 mm.
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An increase in the transparency of the mesh pattern increases the ohmic loss, and an
index to compare the effect of this on the transmission line performance is needed. The loss
factor α was calculated using the scattering parameters from the following Equation (3).

|S11|2 + |S21|2 = 1− α. (3)

However, since there is an open space in the conductor layer, conductor loss due to
the change in sheet resistance is dominant. The loss factor of 40 mm, which is the total
length of the simulation model, is affected by the change of the parameters of the mesh
pattern. Since the characteristic impedance of CPW changes according to the size of the
open space of the mesh, all lines were adjusted to 50 ohms by adjusting wCPW . Although
meshed CPW has a higher loss factor than solid CPW, it can be compensated for by gaining
transparency. However, it is important to design in a line that does not impair the purpose
of the existence of transmission line. The loss factor consists of various loss terms.

3.1.1. Square-Meshed Feedline

Figure 4a shows the change in the loss factor when the mesh width ws was fixed at
0.1 mm and the size of the open space of the rectangular mesh increases from 0.6 to 2 mm
within the range of 70 to 90% of the OT. It shows that the loss factor increases proportionally
as the size of the open space of the rectangular mesh increases. Figure 4b shows the change
of loss factor according to mesh width change. The square mesh was simulated by varying
the mesh width from 0.05 to 0.17 mm with 70–90% OT and the open space fixed gs to 1 mm.
Since solid CPW has a loss factor of 0.063, meshed CPW has a higher loss factor due to
the effect of higher sheet resistance than the solid CPW generated as an open space for
transparency. As the open space increases, the cross-sectional area of the transmission
line through which the signal propagates becomes smaller, so more conductor loss is
inevitable. In terms of current path, a roundabout current path generated by open space
causes more loss as the total path of current increases. A comparison of the simulated and
measured results is plotted in Figure 5. A square-meshed CPW with about 83% OT with
gs = 1.1 mm and ws = 0.1 mm was compared with solid CPW. Although the loss factors are
0.071 and 0.063, respectively, considering the transmission line length of 40 mm, there is no
significant difference, so similar S-parameter results were obtained, and it was confirmed
that square-meshed line works properly through the measurement results.
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3.1.2. Diamond-Meshed Feedline

As in Section 3.1.1, the effect of diamond mesh on transmission line performance by
changing the length of open space from 0.3 to 1.4 mm at fixed wd = 0.1 mm and mesh
width from 0.08 to 0.28 mm at fixed gd, hor and gd, ver = 1.5 mm within the range of 70–90%
transparency was investigated in Figure 6. As shown in Figure 6b, it is shown that the loss
factor decreases as the mesh width increases as shown in the square mesh. Unlike square
meshes, however, open space in diamond meshes has two parameters. It is the gd, hor which
is parallel to the direction in which the signal is transmitted along the transmission line
and the gd, ver which is perpendicular to the direction. Therefore, when gd, ver increases, the
loss factor increases proportionally, whereas the increase in gd, hor does not have a large
effect on the degradation of transmission line performance in Figure 6a. In particular, when
gd, ver is large (gd, ver = 1.2 mm, or 1.4 mm), it is also observed that the increase in gd, hor
improves the transmission line performance. In the case of diamond-meshed line with
gd, ver = 1.0 mm, gd, hor = 1.3 mm, and wd = 0.1 mm, which has an OT of 88% higher than
that of square-meshed CPW, rather improved s-parameter results can be seen in Figure 7.
Comparing the loss factor of the square-meshed line and the diamond-meshed line when
the OT is 90%, the square mesh has about 0.078 whereas the diamond mesh has about 0.072.
From a transmission line point of view, the diamond mesh is subtly superior, but both lines
work well as transmission lines.
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3.2. Meshed Antenna

The antenna in Figure 8a will be compared for the solid antenna, square-meshed
antenna, and diamond-meshed antenna at 2.4 GHz. Antenna with meshed feedline in
Figure 8b will be compared. First, we analyzed the case of applying the mesh only to
the antenna. In the case of a square-meshed antenna in Figure 9a, the peak realized gain
decreases inversely as the size of the open space increases from 0.8 to 2.8 mm at fixed
ws = 0.14 mm. In Figure 9b, as the mesh width increases from 0.08 to 0.25 mm at fixed
gs = 1.5 mm, the gain of the antenna also increases proportionally. Solid antenna has peak
realized gain 3.9 dB, but both have lower values in Figures 9 and 10. In the case of an
antenna having the same operating principle, since the effective area of the antenna is
proportional to the gain of the antenna, the OT and the gain of the antenna are opposite to
each other. Similar to a square-meshed antenna, depending on the transparency, Figure 10a
shows a relationship inversely proportional to the peak realized gain when gd, hor, and
gd, ver vary from 0.6 to 1.8 mm at fixed wd = 0.14 mm and Figure 10b shows a proportional
relationship when wd varies from 0.1 to 0.42 mm at fixed gd, hor, and gd, ver = 1.5 mm. It can
be seen that the input impedance of the antenna to which the mesh is applied is hardly
unaffected and the meshed antenna and the solid antenna are matched equally well in
Figure 11. A simulated and measured 2-d radiation pattern of antennas without meshed
feedline was compared in Figure 12. The square-meshed antenna and diamond-meshed
antenna were manufactured with the specifications when the transparency was 82%. The
solid antenna has a peak realized gain of 3.9 dB, the square-meshed antenna has 3.65 dB,
and the diamond-meshed antenna has 3.64 dB. It was confirmed that the effective area of
the antenna has a small effect on the gain regardless of the pattern of the meshed antenna,
and that all three antennas operate with a similar surface current distribution in Figure 13.
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Finally, square mesh and diamond mesh were applied to antenna and feedline to have
OT 85%. The meshed antenna to which the meshes were applied was compared with the
solid antenna in Figure 14. Solid antenna, square-meshed antenna, and diamond-meshed
antenna have 3.9 dB, 3.56 dB, and 3.6 dB, respectively, and it has been confirmed that they
work well without distortion of the radiation pattern. Even with 85% transparency, the
meshed antenna has no problem except for a gain difference of about 0.4 dB. In order
to have OT 85%, a square meshed antenna was manufactured with the specifications of
gs = 1.5 mm, and ws = 0.12 mm, and in the case of a diamond meshed antenna, gd, hor, and
gd, ver = 1.5 mm, and wd = 0.18 mm. When two types of mesh are used as micro metal mesh
film, it is advantageous in terms of process because diamond mesh can achieve higher
transparency with the same mesh width [22]. A comparison of the measured values for
Figures 12 and 14 is summarized in Table 1.
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Table 1. Comparison of measured antenna performance.

Value Antenna w/o Meshed Feedline Antenna w/Meshed Feedline

OT (%)
Square Diamond Square Diamond

82 82 85 85
Peak gain (dBi) 3.65 3.64 3.56 3.6

4. Conclusions

In this paper, we studied the effect of design parameters of square mesh and diamond
mesh pattern on the performance of transmission line and antenna. In addition, as each
design variable changes, the interrelationship between the transparency and performance
was investigated. The definition of the transparency of the square mesh is newly applied
to the diamond mesh. The diamond mesh showed better performance than the square
mesh for transmission lines. The diamond mesh also showed an advantage in terms of
process by enabling it to have higher transparency than a square mesh even with a wider
line width. The measured results showed that the proposed transparent transmission line
and antenna using the diamond and square mesh had similar performance to that of the
non-transparent transmission line and antenna. As a result, the possibility of substituting
each of the square mesh and diamond mesh in order to avoid haze and moiré in specific
parameters was presented.
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