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ABSTRACT In this paper, a single-layer one-sided wideband coplanar waveguide (CPW)-fed transparent
circularly polarized (CP) rectangular slot antenna with tilted beam is proposed. The antenna is designed
on a glass substrate with a mesh grid in the conductive layer in order to increase the transparency. Since
most of the vehicles’ windshields are inclined for about 30 degrees, the beam of the antenna is designed to
be tilted for about 30 degrees in elevation. For measurement verification, an inclined stage is fabricated to
resemble the inclined surfaces (such as the windshields). The 10-dB impedance bandwidth of the antenna
is 40.8% (1.13 - 1.71 GHz) with a 3-dB axial ratio bandwidth of 47.4% (1.06 - 1.72 GHz) and a 3-dB gain
bandwidth of about 54% (1.02 - 1.78 GHz ) with a maximum right handed circular polarization (RHCP) gain
of 5.3 dBic. Also, the transparency of the antenna is about 95%. Therefore, the antenna is a good candidate
for vehicular applications such as location tracking, using global navigation satellite system (GNSS) and
specifically global positioning systems (GPS). Furthermore, a small-size transparent reflector is designed to
be used below the proposed antenna in order to increase the front to back ratio (FBR).

INDEX TERMS Characteristic mode analysis (CMA), circularly polarized (CP) antenna, global navigation
satellite system (GNSS), global positioning systems (GPS), slot antenna, tilted beam, transparent antenna,

vehicular applications.

I. INTRODUCTION

The advancement of circularly polarized (CP) antennas in
wireless communication systems in the past years have
been significant and impressive [1]. They have several
advantages over the linearly polarized (LP) ones, such as
reduction of multipath interference and fading effects and
prevention of polarization mismatch due to Faraday rotation
effects [2].

CP antennas are used widely in many applications. One
of the most important applications of CP antennas are in
global navigation satellite systems (GNSS), designed and
developed for positioning and time data transfer, starting
from 1164 MHz to 1610 MHz. The global positioning sys-
tem (GPS) is one of such systems in which CP antennas
play important role. The GPS has been used widely in many
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applications such as military and civilian fields, location
tracking, and so on [3], [4]. For GPS applications, the antenna
should radiate a right hand circular polarization (RHCP)
wave and desired to have a high front to back ratio (FBR).
To cover the whole GNSS bands, wideband CP antennas
are needed. Many of such antennas have been proposed
recently [5]-[7].

Most of antennas designed for GPS applications have a
maximum beam at boresight because of line-of-sight (LoS)
environments. However, by mounting the antenna on an
inclined surface, the maximum beam does not occur at zenith
anymore. Hence, a tilted beam antenna with a tilted angle
equal to the inclination angle of the surface is needed in
order to see the sky for the LoS applications. In recent years,
different types of antennas with tilted beam and several tech-
niques for steering the beam have been introduced, among
them are four arm spiral antennas with beamforming cir-
cuit antennas [8], asymmetric bow-tie antenna [9], dielectric
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resonator antenna [10], and many others. To place an antenna
on inclined surfaces, like a windshield of a vehicle, having
a tilted beam is necessary due to the fact that for loca-
tion tracking applications in GPS systems, the beam of the
antenna should see the sky for a better performance. However,
by putting the antenna on the windshield, the vision of the
driver might get blocked. Hence, it necessitates the presence
of a transparent antenna.

Researchers are paying more attention and interest in
transparent devices, especially for wireless communication
applications. Transparent antennas are being used in many
applications nowadays [11]. Different types of materials are
used in transparent devices. Conductive oxides are such mate-
rials used vastly in transparent electronic devices as they
represent a high optical transparency (OT), such as indium
tin oxide (ITO) and fluorine doped tin oxide (FTO) [12].
The problems of these transparent materials, however, are
their cost, high surface resistance, and scarcity [13]. Another
method used for transparent antennas is the usage of metal
mesh grid, which has high conductivity and low resistance
compared to transparent conductive oxides [12], [14]. As a
result, mesh grid method is more preferred and investigated
in recent years [15], [16].

In this paper, a single-layer coplanar waveguide (CPW)-
fed wideband circularly polarized transparent antenna with
tilted beam is proposed. No other such antennas were intro-
duced to have the above-mentioned characteristics simulta-
neously in the literature. The antenna is designed and can
be used for any inclined surfaces which need LoS applica-
tions. Here, the proposed antenna is designed especially for
GPS location tracking for vehicular platforms. Since most
windshields are inclined for around 30 degrees in elevation,
the beam of the antenna is also designed for a tilt of about
30 degrees. In this case, the maximum RHCP gain, which
is vital for GPS applications, occurs at zenith when it is
mounted on the windshield. Furthermore, to increase the
FBR, a transparent reflector is designed and fabricated in
order to be placed inside the car, on the dashboard or glove
compartment of the vehicle. The antenna exhibits a wide
10-dB impedance bandwidth and also a wide 3-dB axial
ratio bandwidth covering all GNSS frequencies. Moreover,
the 3-dB gain bandwidth of the antenna shows a stable
bandwidth throughout the desired frequency band. Obtain-
ing all the characteristics together in a single-layer antenna
is the main goal of this work. To analyze the operation
mechanism of the proposed antenna, characteristic mode
analysis (CMA) is performed, which has been an interest-
ing and attractive analysis among the researchers in recent
years.

The rest of the paper is organized as follows. Section II
introduces the configuration of the antenna and development
stages. In section III, the CMA is carried out in details.
Section IV talks about the antenna analysis and introduction
of transparent reflector. The fabrication process and discus-
sions of results are represented in Section V. Finally, the paper
is concluded in Section VI.
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Il. CONFIGURATION AND DEVELOPMENT OF THE
PROPOSED ANTENNA

A. ANTENNA GEOMETRY

The configuration of the proposed antenna is shown in Fig. 1.
The single-layer single-sided antenna is designed on a trans-
parent glass substrate with a relative permittivity of €, = 5.5
and a thickness of 1mm, with dimensions of 149 x 99 mm?.
The CPW line is fed by a coaxial feedline with an input
impedance of 50 2. The exact dimensions of different sec-
tions are shown in Fig. 2. Another key point to remember is
the fact that since the antenna is intended to be transparent,
a mesh grid is used throughout the antenna instead of full
conductive layer. Most of the mesh grid elements consist
of square elements with a length of 5.4 mm and a width
of 0.1 mm (see Fig. 2 (d)). In some minor areas, however,
the size of mesh elements are modified relative to the con-
straints in terms of space. For calculating the transparency,
the general equation for a periodic mesh grid surface with
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FIGURE 1. Geometry of the proposed antenna, (a) top view (b) side view.
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FIGURE 2. Enlarged sections of the proposed antenna, (a) section A
(b) section B (c) section C (d) section D (e) enlarged section of feedline.
W = 63, L = 17 (all dimensions are in mm).
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equal sized elements is defined as follows:

oy (1)

m+n

where ‘m’ is the length and ‘n’ is the width of mesh element
(for the proposed antenna are 5.4 and 0.1 mm, respectively).
For a surface having mesh elements with different sizes,
the transparency is obtained by the ratio of the whole and open
areas. In this case, the transparency of the antenna is calcu-
lated for about 95 %. Furthermore, a new coordinate system
is defined in which most of the simulation and measurement
results are performed. The new coordinate system in which

the antenna is mounted on the windshield of a car is illustrated
in Fig. 3.

OT = (

30 degrees S~
[ \:\‘::t‘ Windshield

FIGURE 3. Definition of the new coordinate system while the antenna is
placed on the windshield.

B. ANTENNA DEVELOPMENT STAGES
Five different stages of the antenna evolution are depicted
in Fig. 4. Since the desired antenna should have a tilted beam,
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FIGURE 4. Antenna evolution stages, (a) Ant1 (b) Ant2 (c) Ant3 (d) Ant4
(e) proposed antenna.
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an asymmetric rectangular slot is etched on the conductive
layer being fed by a CPW feedline not in the middle (see
Fig. 4 (a)). This will result in a tilted beam in the desired
frequency band since the surface current distribution is asym-
metric, and causing two resonance frequencies near 1.35 GHz
and 1.75 GHz. The reflection coefficient and axial ratio of all
antennas are shown in Fig. 5, obtained in the new coordinate
system. Also, the magnitude ratio of two orthogonal field
components of Ey and E, are demonstrated in Fig. 6. To reach
CP, from the theory, the magnitude ratio of Ey and E), should
reach 1 with a 90° phase difference. However, since the
magnitude ratio of two orthogonal field components of E; and
Ey is high, Antl does not radiate a CP wave. In order to over-
come this problem, three rectangular strips are added at three
different corners of the rectangular slot. This will cause the
magnitude ratio of Ey and Ey to drop for a significant value,
but still an inappropriate phase difference (PD) between E,
and E, remains which does not form circular polarization.
Therefore, in this step, another strip is added at the middle and
the size of the slot is reduced in the right section and increased
in the bottom section, forming Ant3 (see Fig. 4 (c)). Hence,
the magnitude ratio and phase difference of Ey and E, are
changed to the appropriate values, causing axial ratio below
3-dB for the desired bandwidth. To improve the impedance
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FIGURE 5. Reflection coefficient and axial ratio of Ant1-Ant4 and the
proposed antenna, (a) reflection coefficient (b) axial ratio at ¢’ = 0, ¢ = 0.
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FIGURE 6. Magnitude ratio and phase difference (PD) of orthogonal field
components Ex and Ey, (a) magnitude ratio, (b) phase difference (PD unit
is in degree).

bandwidth, several small-size slots are added to different
parts of the antenna, as can be seen in Fig. 4 (d), forming
Ant4. Finally, mesh grid is applied to the antenna to make
the antenna transparent. It is worth mentioning that the axial
ratio of different antennas are depicted in the new coordinate
system.

Ill. CHARACTERISTIC MODE ANALYSIS

Characteristic modes (CMs) are natural inherent modes of
a structure, independent of the geometry and feeding of the
design. The idea of characteristic mode analysis was initially
introduced in [17] by Garbacz and Turpin, and enhanced
by Harrington and Mautz [18]. In recent years, CMA has
been very popular among researchers, since it is a powerful
tool among researchers and engineers for designing antennas.
As a physical interpretation, the CMs are a set of orthogo-
nal modes for expanding any induced currents on a perfect
electric conductor (PEC) material, which can be defined as
following [19]:

N
Jiotal = Zan-,n )
n=1

where a, are the complex modal expansion coefficients
for each mode, and J, are the characteristic currents.
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The normalized amplitude of the characteristic currents is
called modal significance (MS) which can be shown as:

MS, = 3
n=17 Y | 3
obtained by solving the generalized eigenvalue problem:
Z =R+jX “4)
XJn = MR, 5)

where A, are the eigenvalues, ‘R’ and ‘X’ are Hermitian real
and imaginary parts of the impedance matrix Z, respectively.
Also, characteristic angle (CA) which represents the phase
angle between a characteristic current and the associated
characteristic field is defined as:

CA = 180° — arctan(),) 6)

A resonance occurs when the eigenvalue is equal to zero
(MS = 1 or CA = 180°). For having a circular polarization,
two orthogonal modes should be excited simultaneously with
a 90° phase difference. These modes should have the follow-
ing requirements [20]—-[23]:

1) The MS values should almost be the same.

2) The CAs should have about a 90° phase delay.

3) The directivities should be the same at the desired angle.

4) The current distribution of the two modes should be
orthogonal.

There are some key factors which should be considered in
the analysis. First, to adjust the impedance bandwidth, modes
with appropriate modal significance values should be found
at the desired frequencies. Then, to produce the circular polar-
ization, pairs of modes having appropriate modal significance
values with the same directivities at the desired angle should
be found. These pairs also should have a 90 degrees phase
delay in their CAs to create perfect circular polarization.
That being said, a phase delay close to 90 degrees can also
contribute to circular polarization (AR<3dB). Noteworthy,
the surface currents of pair modes should be orthogonal in
this case. To reach the desired goal of designing a CP antenna
with tilted beam in the desired frequency bands, CMA is
performed for every stage. In fact, by using CMA step by
step, the performance of the antenna gets better and closer
to the end goal, either by improving the impedance or the
axial ratio bandwidths. This is applicable by observing the
behaviour of each mode and comparing them to each other.
Moreover, by plotting the surface currents for each mode (or
pair modes) at specific frequencies, it can be inferred which
area of the antenna to be altered. For example, the surface
currents for two orthogonal modes can depict the areas where
some changes in the structure of the antenna can cause a
change in the value of the MS or the CA, specifically showing
that by making changes in the two main slots, significant
improvements could be achieved. Hence, it can give some
hints how to update each step. In other words, the CMA is
a guideline for reaching the next step.
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With this in mind, CMA is first performed for Ant2.
By observing the most effective modes in the desired band-
width (first six modes), the resonances can be found where
MS =1 (or CA = 180°). That implies the potential modes
and frequencies where resonance can occur. By plotting the
surface currents of a mode (or pair modes) at a specific
frequency, it can be inferred which area to change in order
to have the most effects on the modes. This could be inferred
either by the magnitude or the phase of the surface current.
Although the results might show a potential mode causing
a wide impedance bandwidth, the antenna might not be
matched to a 50 2 input. In this case, as said earlier, some
regions with the most effects on that specific mode needs to
be altered.

For reaching circular polarization, different approaches can
be taken into consideration. One approach is to find the
intersection of each pair modes (where the MS of that pair
mode is equal) and observe the CA difference, directivities,
and surface currents of that two modes. In this approach,
the surface currents can help finding the regions with most
effects on the circular polarization, and consequently, altering
those regions in a way that the pair modes be able to make
circular polarization. The MS and CA of Ant2 is shown
in Fig. 7 (a) and (b). As an example of the above-mentioned
approach, the intersection of mode 2 and mode 4 at 1.75 GHz
is chosen for investigation. Both modes have the same MS
values at this frequency, with CA difference of 64 degrees.
Also, the far-field radiation pattern of each mode shows
almost the same directivities in the desired angle. However,
the surface currents are not orthogonal (shown with black
arrows). Therefore, although it is not CP at this frequency,
it has the potential to become. As shown in Fig. 7 (c), there
are some regions highlighted with red dash lines where the
magnitudes of surface currents are higher than other regions.
This can give a clue where to change, especially the regions
which are common between mode 2 and mode 4 (the two
regions at the bottom of the structure, enclosed with red dash
line). Making changes in these two regions leads to Ant3.
This approach can be extended for every pair modes in any
antennas, from Ant2 to Ant4, where a potential CP can be
made (for each step, the four requirements should be checked
out).

As another approach, specific frequencies can be cho-
sen for each antenna (1.227 GHz as an example). Again,
by plotting MSs, CAs, directivities, and surface currents at
1.227 GHz, a pair of modes which are capable of producing
circular polarization can be chosen. Then, by plotting the
surface currents, alterations should be made in a way that the
pair modes get close to circular polarization (same as previous
approach).

After taking all these steps and applying the alterations in
the structure of the antennas, the proposed antenna is reached.
To make it short and concise, only the final results of the pro-
posed antenna are displayed, except for the surface currents
which is for Ant4, since the results of Ant4 and the proposed
antenna are almost the same and the only difference of these
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FIGURE 7. Characteristic mode analysis of Ant2 (a) modal significance
(b) characteristic angle (c) surface currents and directivities of modes 2
and 4 at 1.75 GHz.

two antennas are in terms of their transparency, where Ant4 is
turned into the proposed antenna by applying mesh grid
throughout the design, making it transparent. The MS and CA
of the proposed antenna are illustrated in Fig. 8 (a) and (b),
respectively. As can be seen in Fig. 8 (a), mode 2 is near 1
at 1.22 GHz, mode 3 and 4 are near 1 at around 1.6 GHz,
suggesting resonances at 1.22 GHz and 1.6 GHz, which
can be verified by the reflection coefficient of the proposed
antenna (see Fig. 5 (a)). In addition, as stated earlier, for
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FIGURE 8. Characteristic mode analysis of the proposed antenna,
(a) modal significance (b) characteristic angle (CA unit is in degree).

having a circular polarization, two orthogonal modes should
meet four requirements. It should be noticed that any pairs
of modes which have the mentioned four requirements can
help produce CP. Since AR<3dB is desired here, meeting the
requirements with approximation can also be acceptable. The
first requirement is to have two modes with equal MS value.
Therefore, we should look for the frequencies in which two
modes have equal values. For this, 1.5 GHz, and 1.85 GHz
are chosen as an example. Secondly, the CAs should have
around 90 degrees of phase delay. As shown in Fig. 8 (b),
the CA of modes 2 and 4 have 80° phase difference which
is capable of producing CP. Also, at 1.85 GHz, the phase
difference between modes 4 and 6 is about 85°, all making the
antenna potential of producing circular polarization. Thirdly,
the directivity of each two orthogonal mode should be the
same in the desired angle. In Fig. 9, far-field radiation pat-
terns of different desired modes at different frequencies are
depicted. All far-field patterns show directivities maximum
at the desired angle of around 8’ = 0. Finally, the surface
currents for the modes at different frequencies are demon-
strated in Fig. 10, showing the orthogonality of each pair
of modes at the desired frequency. Since the only difference
between Ant4 and the proposed antenna geometries is in their
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(a)
FIGURE 9. Far-field radiation patterns of the different modes of proposed
antenna at two different frequencies, (a) 1.5 GHz (b) 1.85 GHz.

(b)

FIGURE 10. Surface currents of different modes of Ant4 at two different
frequencies, (a) 1.5 GHz (b) 1.85 GHz.

transparency and applied mesh grid, the surface current of
Ant4 is displayed instead of the proposed antenna. It is worth
mentioning that since the CMA is just performed for the PEC
radiator without any substrate and feeding, there might be
some shifts in the desired frequencies, as can be seen in the
CMA results.

IV. ANTENNA ANALYSIS AND TRANSPARENT REFLECTOR
A. CP MECHANISM

The CP mechanism of the proposed antenna is investigated
by plotting the electric fields distribution of the antenna at
four different time instants at GPS L2 center frequency band
(1.227 GHz) as an example. It is worth mentioning that
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although the process of circular polarization is investigated
in CMA section, this section shows the final CP mechanism
of the proposed antenna. As can be seen in Fig. 11, the field
distribution at the middle section of the antenna is rotating
as the time passes. The counter-clockwise rotation of the
fields result in an RHCP wave radiation of the antenna. Also,
the fields at the lower section of the antenna have notable
contribution for producing circular polarization. As can be
seen, the rotation of the lower section fields are the same as
middle section in terms of the summation of field vectors
pointing and being counter-clockwise in time propagation.
The way that the electric fields distribution is observed has
been shown in Fig. 11 (e).

E Field [Vim]
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FIGURE 11. Electric fields distribution of the proposed antenna at four
different time instants at GPS L2 center frequency (1.227 GHz), (a) 0°
(b) 90° (c) 180°, (d) 270° (e) the way proposed antenna is observed for
the electric fields distribution.

B. ANTENNA BEAM

To have a better observation of beam tilting, an antenna
having two diagonal slots is investigated for observing the
beam directions, shown in Fig. 12. This antenna is similar to
Ant2, with some differences in the dimension of the slots and
the overall length. The initial length of this antenna is 90 mm
and increases to 150 mm (same length of Ant2). As shown
in Fig. 12, by increasing the length of the antenna from upper
side, the maximum beam direction of the antenna alters from
6 = 0°toH = 25° at 1.227 GHz, and from 6 = 5° to about
6 = 30° at 1.575 GHz at ¢ = 0° in the primary coordinate
system. Therefore, an increase in the length of the antenna
causes an increase in the tilted angle of the antenna in the
desired plane and frequencies. In other words, for having an
antenna with a tilted beam rather than 30°, the length of the
antenna can be determined first. Then, other optimizations for
obtaining circular polarization can be done.

As an another investigation, the RHCP beam directions of
the proposed antenna for different frequencies in the primary
coordinate system are demonstrated in Fig. 13. Increasing
the operation frequency from 0.6 GHz to 1.8 GHz results
in maximum beam directions from 6 = 0° to around

VOLUME 9, 2021

99 mm
z y 99 mm
99 mm
* 99mm
P =90mm P =110mm P =130mm P =150mm
-30 0 30
-60 \ 60 -60
R
R 0 B R
90 % P=110 90
P=90
-120 120 -120 120
-1 1 -1 1
50 180 50 50 180 50
1.227 GHz 1.575GHz

FIGURE 12. RHCP beam direction of the diagonal-slot antenna for
different values of “P” in the primary coordinate system at ¢ = 0° for two
different GPS frequency bands.
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FIGURE 13. RHCP beam direction of the diagonal-slot antenna for
different frequencies in the primary coordinate system at two different
planes, (a) ¢ = 0° (b) ¢ = 90°.

6 = 30° at the desired plane of ¢ = 0°, while no sensible
change can be observed at ¢ = 90°. This shows that by
increasing the length of the antenna in one direction, the beam
of the antenna mostly steers in that specific direction, not
the perpendicular directions. Moreover, the direction of the
beam is almost constant in each GNSS channel bandwidth
(for example, the beam direction is almost constant in GPS
L2 band, from the beginning which is 1215 MHz, to the end
which is 1239 MHz). Hence, by choosing the desired length
and performing optimization, the antenna can be used on a
surface with an inclination angle rather than 30°.

C. PARAMETRIC STUDY

The variation of two parameters of “L” and “W” and the
simulation results of reflection coefficient and axial ratio
against frequency are shown in Fig. 14 and Fig. 15. The
results are obtained for Ant4 since it is very close to the
proposed antenna in terms of simulation results. Moreover,
it is easier to do the parametric study for Ant4 instead of
the proposed antenna since changing the parameters of pro-
posed antenna needs some modification in terms of mesh
elements. Hence, it is preferred to carry out the study on Ant4.
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FIGURE 14. Simulation of Ant4 for different values of “L", (a) reflection
coefficient (b) axial ratio.

Fig. 14 shows the variation of “L” and the corresponding
results in terms of 11 and axial ratio. As discussed in sections
II and III, Ant3 has a wide 3-dB axial ratio bandwidth,
whereas the reflection coefficient shows that the antenna is
not matched to a 50 2 input feedline. Therefore, some slots
are added to Ant3 to alter the effective electrical length of
main radiator slots in the antenna structure and improve the
reflection coefficient while keeping the 3-dB axial ratio band-
width unchanged. In order to match a circuit to a certain trans-
mission line with a certain characteristic impedance, from the
theory, introducing a matching circuit at the beginning of the
circuit would be one possible solution. In this case, the capac-
itive and inductive effects created by the matching circuit
can improve the impedance bandwidth. One of the slots
which plays the key role for 10-dB impedance bandwidth
improvement is the slot with the length of “L”’. By adding
the slot, it produces some capacitive and inductive effects
which can alter the input impedance seen from the input of
the antenna. By changing the length of the slot, the capacitive
and inductive effects change and result in a change in the
input impedance of the antenna, finally causing a change in
the impedance bandwidth. As can be seen in Fig. 14 (a),
by increasing the length of the slot, the impedance bandwidth
becomes wider by shifting the lower end to lower frequencies,
keeping the higher end almost unchanged. The axial ratio of
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the antenna however does not alter in the desired frequency
band (see Fig. 14 (b)). Another important parameter is the
width of the larger slot (““W”’). As shown in previous section
(CP mechanism), the electric fields distribution at the slots
form a circular polarization. This means that by changing
the size of main slots, the axial ratio value can be different.
In Fig. 15, the reflection coefficient and axial ratio of Ant4 for
different values of ““W”’ are shown. This parameter has a sig-
nificant impact on the upper end of the axial ratio bandwidth,
while the lower end does not change much. By decreasing
the value of “W”, the axial ratio bandwidth becomes wider
since the higher end of the bandwidth shift toward upper
frequencies.

0
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(I)“: —W=63mm
— -20|---w=68mm
.25 W=73mm |
- \W=83mm
300 I I 1 il
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1 1.2 1.4 1.6 1.8 2
Frequency (GHz)
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FIGURE 15. Simulation of Ant4 for different values of “W", (a) reflection
coefficient (b) axial ratio.

Additionally, the effects of different scales of the proposed
antenna (in both x- and y-directions with the same values) on
the tilted angle in elevation plane are investigated. As shown
in Fig. 16, by scaling the size of the antenna from the scale
factors of § = 0.8 to S = 1.1, the tilted angle alters from
0 = 17° to 0 = 33° in the primary coordinate system. Here,
scaling the antenna means that the dimensions of antenna
including all its slots and strips are scaled with a constant
value in both x- and y-directions. For instance, scale factor
of 1.1 means that all the dimensions of the proposed antenna
are multiplied by 1.1 in both x- and y-directions, and the scale
factor of S = 1 is the proposed antenna, since scaling with
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FIGURE 16. RHCP radiation patterns of the proposed antenna for different
scale factors in the primary coordinate system at 1.575 GHz at ¢ = 0.

a constant value of ““1” does not change any dimensions.
This behaviour is beneficial when the inclination angle of
the surface (windshield here) is not exactly 30°. Therefore,
by changing the scale factor parameter and performing opti-
mization, the antenna can be used on a surface with an incli-
nation angle rather than 30°. The RHCP radiation patterns of
the proposed antenna for different scale factors in the primary
coordinate system at 1.575 GHz for ¢ = 0 plane are depicted
in Fig. 16.

D. TRANSPARENT REFLECTOR

In GNSS (and especially GPS) applications, one of the key
factors for having a better performance of the system is a
high FBR, defined as the ratio of maximum RHCP and left
hand circular polarization (LHCP) gain, while occurring at
6 = 0° and 6 = 180°, respectively. However, in this work,
since the beam of the antenna is tilted for around 30 degrees,
the maximum RHCP gain occurs at around 6 = 30°, whereas
maximum LHCP gain is at & = 180° — 30° = 150°,
at the initial coordinate system. In the new coordinate system,
however, this changes to 8’ = 0 and " = 180° — (2 x 30°) =
120° for RHCP and LHCP maximum gains, respectively.
Consequently, the terms “FBR” and ‘“maximum RHCP and
LHCP ratio” may be used interchangeably throughout the
paper.

One of the common techniques for improving the FBR is
to place a reflector below the antenna in a certain distance
depended on the frequency of operation. Another important
parameter is the size of the reflector which can determine the
amount of FBR. The trade-off between the size of the reflec-
tor and FBR has always been a challenge. In this work, the tar-
get is to establish a balance between the size of the reflector
and the FBR. Furthermore, since the proposed antenna is
going to be mounted on the windshield, the reflector can
be placed on the dashboard or glove compartment of the
vehicle, fulfilling the required distance between the antenna
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and reflector. This will necessitate the need of the transparent
reflector, instead of an opaque one.

Taking all above-mentioned information into considera-
tion, a transparent small-size reflector with the dimensions
of 100 x 100 mm? is designed with the usage of mesh grid
in order to increase the transparency. The designed reflector
is shown in Fig. 17 (a), and one mesh element is depicted
in Fig. 17 (b). As discussed before, the transparency of reflec-
tor depends on the width of each trace ““(n)” and length of
the mesh element “(m)”. Here, by setting m = 5.4 and
n = 0.1 mm, the calculated transparency using Eqn 1 is about
95%. Afterwards, the reflector is put under the antenna with a
distance of 85 mm from the center (or 48 mm from the lower
edge) of the antenna. The isometric and side view of the final
placements are illustrated in Fig. 17 (c) and (d), respectively.
All simulation and measurement results are discussed in more
details in the next section.

100

(d

FIGURE 17. Transparent reflector and the way it is placed under the
proposed antenna, (a) transparent reflector using mesh grid (b) one mesh
element (c) isometric view of the reflector under the antenna (d) side
view of the reflector and antenna (units in mm).

V. FABRICATION OF PROTOTYPES AND DISCUSSION OF
SIMULATION AND MEASUREMENT RESULTS

A. FABRICATION PROCESS

The antenna is fabricated by the 3D printing method. Other
methods like pasting the antenna made by transparent flexible
printed circuit board (FPCB) on the glass (made by PET
films) also could be considered [24]. The fabrication process
of the proposed antenna is done in two major steps. In the
first step, the antenna is fabricated by printing conductive
silver ink on two equal-size Corning® Boro-Aluminosilicate
glass with dielectric constant of €, = 5.5 and thickness
of 1 mm, with a precision of 0.1 mm for mesh traces. After-
wards, the two halves are connected and integrated with each
other, forming the final prototype. Noteworthy, if the silver
blackens, the reflection from the antenna will be less that will
improve transparency. For resemblance of windshield and its
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FIGURE 18. Fabrication and measurement of the proposed antenna,

(a) fabrication process (b) proposed antenna before integration

(c) fabricated transparent reflector (d) fabricated antenna on the inclined
stage (e) measurement of the fabricated antenna in anechoic chamber
(f) measurement of reflection coefficient of the proposed antenna on the
windshield of vehicle.

inclination angle, an inclined stage with an angle of 30° is
fabricated using 3D printing. The material of stage is chosen
to be very close to air, not to have a significant impact on the
measurement results. Also, the stage is designed in a way to
be capable of holding the reflector with the desired distance
under the antenna. The measurements are carried out in ane-
choic chamber for two states of with and without the reflector.
Finally, the reflection coefficient of the antenna while placed
on the windshield of a vehicle is obtained. Fig. 18 illustrates
all the above-mentioned steps. It is worth mentioning that the
antenna can be printed by the same technology of high preci-
sion printing technique on the windshields of the vehicles.

B. RESULTS AND DISCUSSION

The simulation and measurement results of the proposed
antenna in terms of reflection coefficient and axial ratio
are depicted in Fig. 19 (a) and (b), respectively. As shown,
the reflection coefficient is measured in two different states of
normal (when it is measured in the lab) and on the windshield
of a vehicle. The results show a very close agreement between
the three plots, having a wide 10-dB impedance bandwidth
of 40.8% (1.13 - 1.71 GHz). The axial ratio simulation and
measurement results are also plotted in Fig. 19 (b), showing
a 3-dB axial ratio bandwidth of 52% (1.04 - 1.77 GHz) in the
simulation and 47.4% (1.06 - 1.72 GHz) in the measurements.
Both the impedance and axial ratio bandwidths cover the
entire GNSS bands, starting from 1.16 GHz to 1.61 GHz.
Noteworthy, the axial ratio measurement is done in the new
coordinate system.

The normalized radiation patterns of the antenna while
it is mounted on the inclined stage are demonstrated in
Fig. 20 and 21, with and without the presence of the reflector,
respectively. The patterns in Fig. 20 are plotted at GPS L2 and
L1 center frequencies at ¢ = 0° and ¢ = 90° planes,
in the new coordinate system. The maximum RHCP gain
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FIGURE 19. Simulation and measurement results of the proposed

antenna, (a) reflection coefficient (b) axial ratio at ¢’ = 0 and ¢ = 0 (while
mounted on the inclined stage).
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FIGURE 20. Normalized radiation pattern of the proposed antenna while
placed on the inclined stage in the new coordinate system at two
different frequencies, (a) 1.227 GHz (b) 1.575 GHz.

occurs at 9’ = 0, with an RHCP gain of 4.87 dBic and
5 dBic at GPS L2 and L1 bands, respectively. Also, the RHCP
maximum gain while the reflector is put below the antenna is
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FIGURE 21. Normalized radiation pattern of the proposed antenna while
placed on the inclined stage with the reflector below the antenna, in the
new coordinate system at two different frequencies, (a) 1.227 GHz

(b) 1.575 GHz.
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FIGURE 22. AR beamwidth of the proposed antenna in two different
scenarios of with and without reflector at two different planes of ¢ =0
and ¢ = 90, (a) 1.227 GHz (b) 1.575 GHz.

about 6.75 dBic at GPS L2, and 7.1 dBic at GPS L1 center
frequencies, respectively. The measured half power beam
width (HPBW) is more than 60°. Moreover, Fig. 21 shows
the radiation patterns of antenna with the reflector placed
on the stage. Both the simulation and measurement results
show an improvement of FBR for at least 5 dB, which is
desirable since the reflector size is small compared to the size
of the antenna. The AR beamwidths of the proposed antenna
in two different scenarios of with and without reflector at
1.227 GHz and 1.575 GHz are depicted in Fig. 22. The
results show a minimum and maximum of 34° and 107° of
AR beamwidths, occurring at 1.575 GHz at ¢ = 0°, and
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FIGURE 23. Simulation and measurement results of RHCP gain of the
proposed antenna with and without the reflector at ¢’ = 0 and ¢ = 0.

1
308
c ; ‘
2
o 7 3
E 0.6
w —Sim-Without Ref
g 04" - --Sim-With Ref ]
S ————— Meas-Without Ref
‘E - Meas-With Ref
<02 |
0 ‘ ‘ |

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
Frequency (GHz)

FIGURE 24. The efficiency of the proposed antenna for both scenarios of
with and without reflector.
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FIGURE 25. Proposed antenna with the reflector on a car model for
re-simulation, (a) front view (b) isometric view (c) side view.

1.227 GHz at ¢ = 90°, respectively. Furthermore, RHCP
gain results at 9’ = 0 and ¢ = 0° against frequency
with and without the reflector are depicted in Fig. 23. The
measured maximum RHCP gain is about 7.1 dBic occurring
at 1.35 GHz and 5.3 dBic at 1.5 GHz for the scenarios of with
and without reflector, having a 3-dB gain bandwidth of 56.3%
(1.02 - 1.82 GHz) and 54.2% (1.02 - 1.78 GHz), respectively.
The results show that the reflector not only increases the FBR,
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TABLE 1. Comparison between several single, dual, and wide band antennas in literature and the proposed antenna.

o

Design Size (/\g) Type IBW (Lower,Upper) (%) | ARBW (Lower,Upper) (%) | Tilted angle (deg) | Transparency (%)
[8] 0.74 x 0.74 Single-band 4 10.7 49 NA
[25] 0.41 x 0.41 Wideband 42 2.1,2 Not Tilted Not Transparent
[26] 0.57 x 0.57 Dual-band 169,114 19.2,18 Not Tilted Not Transparent
[27] 0.41 x 0.41 Dual-band 37,12 0.9,0.6 Not Tilted Not Transparent
[28] 0.53 x 0.53 Wideband 40.57 6.56,7.74 Not Tilted Not Transparent
[29] 0.28 x 0.28 Single-band 32 1.7 Not Tilted Not Transparent
[30] 4.52 (2.4 Diameter) Wideband 35 Not CP Not Tilted 100
[31] 0.26 x 0.19 Wideband 20 25 Not Tilted Not Transparent
[32] 0.988 x0.52 Wideband 40 6.19 30 Not Transparent
[33] 0.48 x 0.175 Wideband 26 * Not CP Not Tilted >70
[34] 0.62 (0.89 Diameter) | Wideband 42 Not CP Not Tilted 100
[35] 0.49 x0.49 Single-band 7 Not CP Not Tilted 94
[36] 0.88 x0.88 Wideband 19 Not CP Not Tilted 70
[37] 0.4 x04 Single-band 4 Not CP Not Tilted 60
This work 0.56 x 0.37 Wideband 40.8 47.4 30 95
Ao is the free space wavelength at the lowest operating frequency.
* The 10-dB IBW is obtained from the figures in the paper.
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FIGURE 26. Simulated normalized radiation pattern of the proposed
antenna on the car model at two different frequencies with the reflector
under the antenna, (a) 1.227 GHz (b) 1.575 GHz.

but also improves the RHCP gain. The efficiency of the pro-
posed antenna in both scenarios are demonstrated in Fig. 24.
As can be observed, the efficiency of the antenna is more than
80 % in the desired bandwidth.

C. COMPARISON WITH PREVIOUS WORKS IN LITERATURE
Table 1 shows the comparison of the proposed antenna with
other similar previous works in literature. As can be seen,
there are no other previous works having all the character-
istics of being wideband, CP, tilted beam, and transparent at
the same time. As discussed earlier, designing an antenna on a
single-layer having all the characteristics together and adding
a transparent reflector under the antenna on the dashboard
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FIGURE 27. Simulated results of the proposed antenna when the car
model is included, (a) reflection coefficient, AR, and RHCP gain at ¢’ = 0

and ¢ = 0, (b) AR beamwidths for two different planes of ¢ = 0 and
¢ =90 at 1.227 GHz and 1.575 GHz.

or glove compartment of the car, is the main novelty of this
work.

D. RESULTS ON A CAR MODEL
To see the effects of different parts of the vehicle (such as
the roof, hood, doors and so forth) on the radiation patterns,
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the proposed antenna with the reflector are put on the glove
compartment of a metallic car model, shown in Fig. 25.
For simplicity, PEC is chosen as the material of the car
model. The radiation patterns are represented in Fig. 26 for
GPS L2 and L1 center frequencies at two different planes.
Same as the previous results, the new coordinate system
is chosen and, consequently, the maximum RHCP gain is
expected to occur at 6’ = 0, with an acceptable FBR. The
results in Fig. 26 verify the acceptable performance of the
antenna while it is mounted on the windshield. Furthermore,
the simulation results of reflection coefficient, axial ratio,
and RHCP gain versus frequency at ' = 0 and ¢ = 0 are
demonstrated in Fig. 27 (a), while the axial ratio beamwidths
of the proposed antenna when the car model is included are
presented in Fig. 27 (b) for two different planes of ¢ = 0 and
¢ = 90 at two different frequencies of GPS L2 and L1 bands.
The results show a wide 10-dB impedance bandwidth of 49%
(1 - 1.65 GHz) with a wide 3-dB axial ratio bandwidth
of 30.6% (1.19 - 1.62 GHz). The maximum RHCP gain
with the value of 4.4 dBic also occurs at 1.4 GHz. More-
over, the AR beamwidths represented in Fig. 27 (b) show a
minimum beamwidth of 22° at 1.575 GHz and a maximum
beamwidth of 78° at 1.227 GHz. In summary, the results
of the proposed antenna on the car model show an accept-
able performance for the desired application. Noteworthy,
by adding the car model, the time of the simulation increases
as the dimension of the whole region increases very much
compared with the single antenna. Here, the simulation has
taken about 50 minutes having multiple cores with parallel
analysis.

VI. CONCLUSION

In this paper, a single-layer wideband CPW-fed transpar-
ent CP antenna with tilted beam is proposed. The antenna
has a wideband 10-dB impedance bandwidth of 40.8%
(1.13 - 1.71 GHz) and a wideband 3-dB axial ratio bandwidth
of 47.4% (1.06 - 1.72 GHz) and a 3-dB gain bandwidth
of 54% (1.02 - 1.78 GHz) are obtained in the measurements,
covering the whole GNSS frequency bands. The RHCP gain
of the antenna at / = 0 and ¢ = 0° is about 6.75 and
7.1 dBic at GPS L2 and L1 bands respectively, in the presence
of the reflector. The antenna is fabricated on Corning® Boro-
Aluminosilicate glass with €, = 5.5 and thickness of 1 mm.
Mesh grid is used for the conductive layer of the antenna,
instead of a full layer. The transparency of the antenna is
about 95%. The operation of antenna is investigated with
characteristic mode analysis. Furthermore, to increase the
FBR and RHCP gain of the antenna, a small-size transparent
reflector is designed and placed under the antenna with a
certain distance. The radiation patterns show a tilted beam
antenna with an acceptable performance in terms of reflection
coefficient, axial ratio, RHCP gain, FBR, and so on. In the
final step, the antenna is re-simulated on a car model to see
the effects of different parts of a car on the radiation patterns.
The proposed antenna is suitable for inclined surfaces and
also for GNSS/GPS applications, such as location tracking of
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the vehicles. Comparing to the previous works in literature,
no other such antennas being wideband, CP, transparent, and
tilted beam were proposed.
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