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Abstract—This contribution presents optically transparent
microstrip patch antennas which are designed using meshed
conductors. The influences on antenna performance of meshing
both patch and ground plane are studied. Important geometrical
parameters which have the main impact on the operating fre-
quency and bandwidth are pointed out. The investigation shows
that a necessity of reducing the patch size and/or enhancing
the bandwidth can be accomplished by the meshing method.
Furthermore, antenna structures with an optical transparency of
roughly 90 % can have comparable properties as a conventional
patch antenna. A prototype is fabricated and the simulated and
measured results are discussed.

Keywords—Meshed Patch Antennas; Meshed Ground Plane;
Transparent Antennas, K-band

I. INTRODUCTION

Nowadays, the Internet of Things (IoT) is an inherent part
of the industry as well as of everyday life. There are many
technologies offering the possibility to connect a device with
a wireless communication system. A common technology that
is widely used in this context is Radio Frequency Identifi-
cation (RFID). In the field of production engineering such a
system can improve the manufacturing processes as well as
the component properties [1]. Another application of IoT are
wireless sensor nodes (WSN) which are used to log the status
of the component during its life cycle. In this scenario the
WSN has to meet requirements such as small size and long
life time. One possibility to extend the life cycle of the WSN
can be carried out by an energy harvesting concept using a
solar cell. To increase the integration level, the antenna can
be placed above or even directly on the solar cell [2] [3]. In
this case, a conductive material with high optical transparency
is necessary [4]. However, the conductivity of transparent
conducting oxides (TCOs) is only a fraction of conventional
materials like copper whereas high antenna efficiency requires
low electrical resistivity [5]. An alternative way to achieve
optical transparency is meshing the surface of the antenna [6].

Usually meshed patch antennas have lower performance
than their solid counterpart [7]. In order not to decrease the
efficiency of the solar cell significantly the transparency of the
meshed antenna should be as high as possible. Hence, there is
a compromise to be found between optical transparency and
antenna characteristics. Based on the investigation in the next
section a meshed antenna operating at 24 GHz is designed in
part III suitable to be integrated on a solar cell (cf. Fig. 1b).
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Fig. 1: (a) Geometry of a meshed patch (square) with 5 vertical lines,
3 horizontal lines (N, =5, Np =3) and meshed ground plane with 21
vertical lines and 11 horizontal lines (Nyg =21, Np 4 = 11). (b) One possible
application of a meshed antenna on a solar cell (cross-section view)

II. ANTENNA DESIGN

The following investigations are carried out using a 3D
full-wave simulator Ansys HFSS 2014. The geometrical di-
mensions of the square patch antenna are depicted in Fig. 1. A
coaxial probe with an impedance of Z = 50() is used to feed
the antenna. Quartz glass with a permittivity €. = 3.96 and a
low loss angle tan § = 0.00016 at 24 GHz is selected as carrier
material. The thickness of the glass substrate is 0.2 mm and
the square ground plane has a length of L, = 20 mm.

A. Meshed Patch

First of all, the radiating element of the microstrip patch
antenna is meshed. For the definition of the grid the square
patch is divided into strips with a line width w;, while the
length is kept constant (L = 2.97 mm). The variables N, and
Nj, represent the number of vertical lines and horizontal lines,
respectively. The distance d, and d;, between the strips can be
calculated by (L — w;)/(Ny,, — 1). The transparency Tpatch
of the patch is defined by the ratio between the non-metal area
and the total area of the solid structure.

First, the number of lines is fixed and the line width is
varied in an interval from w; = L/Ny j, (Tpaicr, = 0 %) down
to w; = 0.0l mm. N, and N, are set to five, seven and nine,
respectively. Fig. 2 depicts the influence on antenna properties
caused by a variation of line width. The resonance frequency
fr and the resulting bandwidth (input reflection coefficient
|S11] < -10dB) are shown in Fig. 2a. Its values (marked with
squares) decrease with smaller line width while the trans-
parency increases. Thus, the overall dimension of the meshed
antenna can be reduced for a given operating frequency. The
bandwidth reduces from 1.3 % to 0.3 %. It can be increased
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Fig. 2: Effects of the line width (transparency) of the meshed patch on antenna
performance for three configuration

applying additional lines at a fixed transparency (reduction of
line width). The realized gain (peak gain) values are depicted in
Fig. 2b. Meshing the patch decreases the peak gain values from
about 6.7dBi (T pyien, = 0 %) to 5.8 dBi. These characteristics
are similar to [8].

So far, the number of vertical and horizontal strips are cho-
sen to be equal. To achieve higher transparency the parameter
N, and N will now be varied independently. The starting
configuration is set as follows: L =2.72mm, w; = 0.02 mm,
N, =7 and Nj =7. This corresponds to a transparency of
90%. The transparency for a combination of N, =7 and
Np=3 or Np=11 is 93% and 87 %, respectively. Fig. 3
shows the effects of the variation of vertical and horizontal
lines on typical antenna characteristics. Hereby, the curves
marked with squares represent the combination of seven ver-
tical lines and variable number of horizontal lines, while the
curves marked with circles depict the case of seven horizontal
lines and different number of vertical lines. On the one hand, if
the number of vertical lines is fixed a reduction of horizontal
lines leads to higher resonance frequencies and bandwidths
(marked with squares). On the other hand, a decrease of the
number of vertical lines induces lower resonance frequencies
and bandwidths. These trends can be observed at the curves
of the realized gain, too. The results show, that the variation
of the number of vertical lines has a higher impact on antenna
performance whereas the main part of the current is on the
vertical lines. These characteristics can be seen in Fig. 4. A
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Fig. 3: Effects of the vertical and horizontal lines of the meshed patch on
antenna performance for two cases (N, =7, Ny = T7)
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Fig. 4: Current density distribution of a meshed patch antenna (Tpq¢cn, = 50 %)
with a solid ground plane

detailed analysis of the current distribution on the patch surface
shows that the currents flow along both vertical and horizontal
lines. Thus, it results in longer current paths (from the lower
to the upper radiating edges) and the resonance frequency is
lower compared to a conventional patch if the width of the
mesh is decreased (for the same number of lines) or if the
number of lines is reduced (for the same line width).

In order to obtain comparable simulation results the posi-
tion y,, of the probe (cf. Fig. 1a) is varied in each configuration
to achieve a good impedance matching (]S11]| < -20dB). It is
found that an increase of the transparency leads to a lower
input resistance, which has to be compensated by different
feed point positions [9].

B. Meshed Ground Plane

Up to now, the meshed patch antenna is investigated with
a solid ground plane. In order to obtain a transparent antenna
structure the ground plane has to be meshed too. In the
following study, the patch is modelled as solid (T pgtcn, = 0 %)
in order to study the effects caused by meshing the ground
plane on the antenna properties. In contrast to the analysis in
the previous section the meshing of the ground plane has a
minor influence on the input resistance. Thus, the location of
the probe feed can be kept constant.

At first, the number of lines is fixed (N, = N, =31) and
the line width is varied from w; = Ly /Nyg.ng (LGround = 0 %)
down to w; = 0.01 mm. Fig. 5 shows the impact of the meshed
ground plane on antenna characteristics by changing the
transparency. As expected, the resonance frequency decreases
with increasing spacing between the lines (cf. Fig. 5a). In
contrast, the bandwidth behaves vice versa and it increases
from 1.2 % to 3.5 %. If the ground plane consists of additional
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Fig. 5: Effects of the line width (transparency) of the meshed ground plane
on antenna performance for four configuration

number of lines (for a given transparency) these effects are
less distinct. Meshing the ground plane gives the opportunity
to enhance the bandwidth of patch antennas. The peak gain
values decrease while refining the line width and this effect
is more pronounced (TGround > 80 %) if the number of lines
is reduced (cf. Fig. 5b). In consideration of the front-to-back
ratio (FBR) it is obvious that these configurations radiate in the
rear direction as well. The larger the distance d,4 4 between
the grid, the higher is the back radiation. Fig.6 depicts the
radiation pattern of a patch antenna with both solid and meshed
ground plane. It clarifies again that the meshed ground plane
leads to higher radiation in the back direction than the solid
counterpart. In addition, the meshing leads to a broader main
lobe.

To obtain a higher transparency the number of vertical
and horizontal lines can be varied independently as done
in the previous section. The starting configuration is set as
follows: L = 2.8 mm, w; = 0.02mm, N,, =51 and N, =51.
This leads to a transparency of 90% and a spacing of
dyg = dyp, =0.4mm. The transparency for a combination of
Nyg =51 and Nj4 =31 or Ny =91 is 92% and 86 %, re-
spectively. Fig. 7 depicts the effects of different configurations
on typical antenna characteristics. A closer examination of the
resonance frequency, bandwidth, peak gain and FBR shows
that a variation of the number of vertical lines has a higher
impact on the antenna performance.
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Fig. 6: Radiation pattern of a patch antenna with solid and meshed
ground plane (w; =0.02mm, Nyg=Npg=51, dyg=d,p, =04mm,
TGround =90 %)
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Fig. 7: Effects of the vertical and horizontal lines of the meshed ground
planes on antenna performances for two cases (w; = 0.02mm and N4 =51,
Npg =51)

III. MESHED PATCH ANTENNA

The aim of the study is to design an antenna operating at
the 24 GHz ISM band suitable for positioning on a commercial
solar cell. For example a meshed antenna with a spacing
of d, =dj, = 0.44mm, d,y = dpg = 0.4mm and a line width
of 0.02mm corresponding to appr. 90 % transparency has a
bandwidth of 1.76 % and a peak gain of 6.3 dBi. These values
are determined by simulation.

Based on the investigation a meshed antenna is fabricated
to evaluate the simulation results. To keep the manufacturing
process as simple as possible the structure is designed on
a RT/duroid 5880 substrate instead of the quartz glass. The
measurement results depend highly on an accurate positioning
of the probe feed. Thus, an inset feed is chosen to avoid this
challenge. The front and the back side of the fabricated antenna
are depicted in Fig. 8. The square ground plane has a dimension
of 50 x 50 mm. Due to limitations of the available etching pro-
cess the line width wy is chose to 0.15 mm. The meshed square
patch consists of 7 vertical and horizontal lines and it has a
length of L = 3.8 mm and a spacing of d,, = d;, = 0.6 mm. The
meshed ground plane composes of 75 vertical and horizontal
strips and the grid has a gap of d, 4 = dj,y = 0.67 mm. Hence,
the overall transparency is approximately 60 %.

A. Measurement Results

The input reflection coefficient of the meshed antenna is
measured with a network analyser. The calibration is carried
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Fig. 8: Pictures of the meshed patch antenna on RT/duroid 5880 substrate
(transparency of metal mesh = approx. 60 %)
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Fig. 9: Comparison between simulation and measurement of the fabricated
prototype by means of the reflection coefficient

out by TRL method to de-embed the influence of the end
launch connector. The simulated and measured curves of
the reflection coefficient are shown in Fig.9. The dashed
curve represents the initial simulation result with a resonance
frequency within the ISM band (1. simulation). Due to the
inaccuracy of the fabrication process a small deviation of
the line width is observed at the produced antenna. Hence,
the structure is simulated again with the realized geometry
parameters (2. simulation). The measurement result is depicted
in the same figure to verify the simulation result. A good
agreement can be obtained. The measured bandwidth is 2.4 %
suitable for applications at the ISM band. Fig. 10 depicts the
radiation pattern of the prototype. There is a slight deviation of
1.4dB at ¥ = 0° (main direction, GG,,,0qs = 5.1 dBi). The back
radiation can not be captured due to the measurement setup of
the anechoic chamber. However, the radiation pattern can be
verified by the measurement.

IV. CONCLUSION

This paper presents a study of the changes in antenna
performance caused by meshing of the patch antenna as well
as the ground plane. Applying the meshing method on the
patch a lower resonance frequency can be achieved resulting
in smaller dimensions for a given frequency. At the same time,
the corresponding bandwidth and peak gain values are reduced.
These effects are less dominant when the density of the grid
gets higher at the same transparency (increasing the number of
lines thus decreasing the line width). A reduction of vertical
or horizontal lines leads to a higher optical transparency but

Realized Gain / dBi

——Sim.g= 0°
— — Sim.¢=90°

Meas. o= 0°
— — Meas. ¢ =90°

Fig. 10: Simulated and measured radiation pattern of the fabricated prototype

in this case influences on the current distribution must be
taken into account. Decreasing the lines where the current
density is high has a higher impact on resonance frequency
and bandwidth. The peak gain decreases up to 0.9dB and the
radiation pattern is not significantly influenced by the grid.
Based on the investigated geometry meshing the ground plane
gives the possibility to enhance the bandwidth from 1.2 %
(solid ground) to 3.5 %. Furthermore, the radiation pattern has
a bit broader main lobe and the FBR decreases. Generally it
can be said that the smaller the spacing between the lines is
the higher is the antenna gain. However, there is a compromise
to be found between highest optical transparency and optimal
antenna properties. Based on the acquired knowledge a meshed
antenna is fabricated. The comparison between measurement
and simulation shows a good agreement.
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