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Provided is a vehicle antenna system capable of efficiently receiving a signal of circular polarization from the zenith direction. A
vehicle antenna system (100) is provided with a window glass (30) fora vehicle (20), and an antenna element (40) capable of
receiving a signal of a predetermined frequency band. The antenna element (40) is provided on a first major surface of a dielectric
substrate (43), and includes a radiating conductor (41) capable of receiving a signal of circular polarization of a first frequency, and
a ground conductor (44) disposed opposite the radiating conductor (41) with the dielectric substrate (43) therebetween. The
direction of a normal to the first major surface is less than or equal to 45 0 with respect to the vertical direction. The radiating
conductor (41) is spaced apart from the inner surface of the window glass (30) toward the interior of the vehicle, with a dielectric

layer (60) herebetween.
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Abstract:

Provided is a vehicle antenna system that is able to efficiently receive circularly polarized signals
from the zenith direction. A vehicle antenna system (100) is provided with window glass (30) for a
vehicle (20) and an antenna element (40) that is able to receive signals of a predetermined frequency
band. The antenna element (40) is provided on a first principal plane of a dielectric substrate (43),
and includes a radiating conductor (41) that is able to receive circularly polarized signals of a first
frequency, and a grounding conductor (44) positioned opposite the radiating conductor (41) via the
dielectric substrate (43). The normal direction of the first principal plane is less than or equal to 45°
relative to the vertical direction, and the radiating conductor (41) is positioned away from the inner
surface of the window glass (30) via the dielectric layer (60) in the direction of the vehicle interior.
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VEHICLE ANTENNA SYSTEM

[0001] The present invention relates to a vehicle antenna system.

Background Of The Invention

[0002] In recent years, vehicles such as automobiles have been equipped with
antennas to receive signals transmitted from satellites, and satellite positioning systems
have been introduced to receive radio waves at a predetermined frequency in the GHz
band. For example, Patent Document 1 discloses a patch antenna that is able to
receive Global Navigation Satellite System (GNSS) signals in a plurality of frequency
bands. Patent Document 1 discloses an example in which patch antenna is mounted on
a vehicle roof and housed inside a radio wave-permeable antenna case.

[0003] J apanese Unexamined Patent Application No. 2019-193167

Summary Of The Invention

Problem To Be Solved By The Invention

[0004] As disclosed in Patent Document 1, an antenna element capable of
receiving signals from satellites is housed inside an antenna case on the roof of a
vehicle in order to improve directivity in the zenith direction. In addition to this antenna
element, other antenna elements may be aggregated and placed inside an antenna
case on the roof of a car. Therefore, when these antenna elements are placed inside an
antenna case on the roof of a car, the structure inside the antenna case becomes more
complicated, and there is a risk of interference with antennas transmitting and receiving
radio signals in a frequency band different from that of signals from satellites. In these
cases, the antenna elements may not achieve the desired reception performance and
may not be able to efficiently receive circularly polarized signals from the zenith
direction, such as GNSS signals. In addition, some types of automobiles do not have a
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protruding antenna case (so-called shark fin) on the roof. In these cases, the antenna is
placed inside the automobile or embedded in a plastic case without a protrusion. In
addition, more than one of these above antenna elements may be mounted on an
automobile, for example, in an antenna case on the roof and one in another location.

[0005] The object of the present invention is to provide a vehicle antenna system
in which an antenna element is not located in an antenna case with a projection on the
exterior roof of a vehicle, but in another location, yet which can efficiently transmit and
receive circularly polarized signals from the zenith direction.

Means For Solving The Problem

[0006] One aspect of the present invention is a vehicle antenna system
comprising: window glass for a vehicle; and an antenna element that is able to receive
signals in a predetermined frequency band, the antenna element including a first
radiating conductor that is provided on a first principal plane of a first dielectric substrate
and that is able to receive circularly polarized signals of a first frequency, and a
grounding conductor positioned opposite the first radiating conductor via the first
dielectric substrate, the normal direction of the first principal plane is less than or equal
to 45° relative to the vertical direction, and the first radiating conductor is positioned
away from the inner surface of the window glass via the dielectric layer in the direction
of the vehicle interior.

[0007] In this vehicle antenna system, optionally, the first radiating conductor is
positioned parallel to the inner surface of the window glass, and the inequality

1< e < (_0097648 X f + 17347) x t(0.000125185 x fxf-0.395272 x f + 311.375)

is satisfied at 0.5 mm <t < 16 mm, where the relative permittivity of the dielectric layer is
er, the thickness of the dielectric layer is t [mm], and the first frequency is f [MHZ].
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[0008] In this vehicle antenna system, optionally, the antenna element further
comprises a second radiating conductor positioned opposite the first radiating conductor
via the first dielectric substrate, the grounding conductor is positioned opposite the first
and second radiating conductors via a second dielectric substrate, and the second
radiating conductor is able to receive circularly polarized waves of a second frequency
that is lower than the first frequency.

[0009] In this vehicle antenna system, optionally, the first radiating conductor is
positioned parallel to the inner surface of the window glass, and the inequality

1< < (-0.00197869 x 2 + 6.18143 x f + 4817.72) x t0.0001538 X x 10317206 x 1 + 247.206)

is satisfied at 0.5 mm <t < 16 mm, where the relative permittivity of the dielectric layer is
er, the thickness of the dielectric layer is t [mm], and the first frequency is f [MHZ].

[0010] In this vehicle antenna system, optionally, the first radiating conductor is
positioned non-parallel to the inner surface of the window glass.

[0011] In this vehicle antenna system, optionally, the antenna element further
comprises a second radiating conductor positioned opposite the first radiating conductor
via the first dielectric substrate, the grounding conductor is positioned opposite the first
and second radiating conductors via a second dielectric substrate, and the second
radiating conductor is able to receive circularly polarized waves of a second frequency
that is lower than the first frequency.

[0012] In this vehicle antenna system, optionally, the first radiating conductor is
positioned at an angle of 20° to 25° to the inner surface of the window glass, and the

inequality

0.5 < & < 7.11882 X tyjn 0385302
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is satisfied at 0.5 mm < tmin £ 16 mm, the where relative permittivity of the dielectric layer
is er and the minimum thickness of the dielectric layer is tmin [mMm].

[0013] In this vehicle antenna system, optionally, the dielectric layer includes an
air layer.
[0014] In this vehicle antenna system, optionally, the dielectric layer includes an

air layer adjacent to the inner surface of the window glass and a non-air layer adjacent
to the air layer that is different from air.

[0015] In this vehicle antenna system, optionally, the first radiating conductor is
mounted with a plane of the first radiating conductor at an angle of 0° to 30° to the
horizontal plane.

[0016] In this vehicle antenna system, optionally, the window glass is mounted at
an angle of 0° to 30° to the horizontal plane.

[0017] In this vehicle antenna system, optionally, the window glass includes a
windshield.
[0018] In this vehicle antenna system, optionally, the window glass includes roof

glass, and a plane of the first radiating conductor is parallel to the horizontal plane.
Effect Of The Invention

[0019] An aspect of the present invention is able to provide a vehicle antenna
system in which an antenna element is not located in an antenna case with a projection
on the exterior roof of a vehicle, but in another location, yet which can efficiently

transmit and receive circularly polarized signals from the zenith direction.

Brief Description Of The Drawings
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[0020] Fig. 1 is a perspective view of vehicle in which the vehicle antenna system
in Example 1 has been installed.

Fig. 2 is a diagram showing an antenna element configuration according to Example 1.
Fig. 3 is a diagram used to explain an arrangement of an antenna element in the vehicle
antenna system according to Example 1.

Fig. 4 is a diagram used to explain an arrangement of an antenna element in the vehicle
antenna system according to Example 2.

Fig. 5 is a graph showing the relationship between the relative permittivity of the
dielectric layer and the FB ratio.

Fig. 6 is a graph showing the relationship between the relative permittivity of the
dielectric layer and the FB ratio.

Fig. 7 is a graph showing the relationship between the relative permittivity of the
dielectric layer and the FB ratio.

Fig. 8 is a graph showing the relationship between the relative permittivity of the
dielectric layer and the FB ratio.

Fig. 9 is a graph showing the relationship between the relative permittivity of the
dielectric layer and the FB ratio.

Fig. 10 is a diagram showing a configuration of the vehicle antenna system according to
Example 3.

Fig. 11 is an enlarged cross-sectional view cut along cut line A-A.

Fig. 12 is a graph showing the relationship between the relative permittivity of the
dielectric layer and the FB ratio.

Fig. 13 is a graph showing the relationship between the relative permittivity of the
dielectric layer and the FB ratio.

Fig. 14 is a graph showing the relationship between the relative permittivity of the
dielectric layer and the FB ratio.

Fig. 15 is a graph showing the relationship between the relative permittivity of the
dielectric layer and the FB ratio.

Fig. 16 is a graph showing the relationship between the relative permittivity of the
dielectric layer and the FB ratio.
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Fig. 17 is a graph showing the relationship between the relative permittivity of the
dielectric layer and the FB ratio.

Fig. 18 is a diagram showing a configuration of the vehicle antenna system according to
Example 5.

Fig. 19 is a graph showing the relationship between the relative permittivity of the
dielectric layer and the FB ratio.

Fig. 20 is a graph showing the relationship between the relative permittivity of the
dielectric layer and the FB ratio.

Fig. 21 is a graph showing the relationship between the relative permittivity of the
dielectric layer and the FB ratio.

Fig. 22 is a graph showing the relationship between the relative permittivity of the
dielectric layer and the FB ratio.

Fig. 23 is a graph showing the relationship between the relative permittivity of the
dielectric layer and the FB ratio.

Fig. 24 is a diagram showing a configuration of the vehicle antenna system according to
Example 6.

Fig. 25 is a diagram showing a configuration of the vehicle antenna system according to
Example 7.

Detailed Description Of The Invention

[0021] Specific embodiments in which the present invention has been applied will
now be described in detail with reference to the drawings. However, the present
invention is not limited to the following embodiments. For clarity of explanation, the
description and drawings have been abbreviated or simplified where appropriate. In
each drawing, identical elements are denoted by the same reference numbers, and
redundant explanations have been omitted where necessary. In each embodiment,
directions such as parallel, horizontal, and vertical are allowed to deviate to the extent
that the effect of the invention is not impaired. In the drawings used to explain the
embodiments, the direction on the drawing shall apply where not specifically mentioned.
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[0022] First Embodiment

Example 1

The configuration of the vehicle antenna system 100 according to Example 1 of the first
embodiment will now be described using Fig. 1. Fig. 1 is a perspective view of vehicle in
which the vehicle antenna system in Example 1 has been installed. The vehicle antenna
system 100 is mounted on a vehicle 20 and includes window glass 30 and an antenna
element 40.

[0023] The window glass 30 may be a windshield, roof glass, or rear glass. The
window glass 30 is mounted in a window frame (not shown) of the vehicle 20 at a
predetermined installation angle (angle 61) relative to the traveling surface of the
vehicle 20. In other words, the window glass 30 is mounted in the window frame of the
vehicle 20 at an angle 01 relative to the horizontal plane. Angle 81 may be, for example,
0° to 45°, 0° to 30°, or 20 to 25°. The details of the window glass 30 are described
below. When angle 61 is approximately 0°, the example is roof glass arranged so that
the normal direction of the glass surface is roughly aligned with the zenith direction. In
the present embodiment, the window glass 30 is windshield, unless otherwise specified.

[0024] In Fig. 1, the vehicle antenna system 100 is depicted with a configuration
consisting of a sheet of window glass 30 and a single antenna element 40, but the
system may have two or more sheets of window glass 30 and the same number of
antenna elements 40 as sheets of window glass 30. In this case, the window glass 30
may include two or more sheets of windshield glass, roof glass, and rear glass, and an
antenna element 40 may be provided in more than one sheet of window glass 30.

[0025] The antenna element 40 is an antenna element that is able to receive
signals in a predetermined frequency band. Specifically, the antenna element 40 may
be configured to receive GNSS signals in a predetermined frequency band, transmitted
from the zenith direction in circularly polarized waves. The predetermined frequency
band may be the 1.2 GHz band or the 1.6 GHz band. The 1.2 GHz band may be, for
example, 1.226 GHz to 1.228 GHz, and the 1.6 GHz band may be, for example, 1.559
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GHz to 1.606 GHz. In addition, the antenna element 40 may be configured to receive
Satellite Digital Audio Radio Service (SDARS) signals in the S-band (2.320 GHz to
2.345 GHz) of the 2.3 GHz band. Note that in the present embodiment, the antenna
element 40 is an antenna element capable of receiving GNSS signals that are circularly
polarized in the 1.6 GHz band.

[0026] The antenna element 40 may be positioned in a location that does not
obstruct the view of the occupants of the vehicle 20, for example, near the upper edge
of the window glass 30. The antenna element 40 may be fixed near the window glass
30 via a case located in the interior of the vehicle 20.

[0027] Fig. 2 will now be used to explain a configuration of the antenna element
40 according to Example 1. Fig. 2 shows a diagram of the antenna element 40 in
Example 1, and the antenna element 40 has a radiating conductor 41, a dielectric
substrate 43, and a grounding conductor 44.

[0028] The radiating conductor 41 is provided on a first main plane, which is the
principal plane (x-y plane) of the dielectric substrate 43 on the positive side of the z-
axis. In other words, the radiating conductor 41 is a patch antenna located on the first
principal plane of the dielectric substrate 43, which is located on the radiating direction
side from which the radiating conductor 41 radiates radio waves. The radiating
conductor 41 is configured to receive GNSS signals, which can be, for example,
circularly polarized signals in the predetermined frequency bands described above. As
shown in Fig. 2, the radiating conductor 41 is basically rectangular in shape, but has
cutaway portions 41a, 41b in opposite corners of the radiating conductor 41. Thus, the
radiating conductor 41 is configured with cutaway portions 41a, 41b to receive circularly
polarized signals. The cutaway portions 41a, 41b correspond to known degaussing
elements and perturbation elements, and the area of the portions to be removed from a
square without cutaway portions 41a, 41b is the area defined by the degaussing
method. The radiating conductor 41 has a power supply point 42. The radiating
conductor 41 is connected at the power supply point 42 to a signal line of a transmission
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line, such as a coaxial cable or microstrip line (not shown), via a conductor (not shown)
extending in the thickness direction. The transmission line supplying power to the
antenna element 40 will be described below in the form of a coaxial cable.

[0029] The dielectric substrate 43 can be, for example, a ceramic substrate, but
may also be a resin substrate. As mentioned above, the radiating conductor 41 is
provided on the first principal plane of the dielectric substrate 43. The grounding
conductor 44 is provided on a second principal plane opposite the first principal plane of
the dielectric substrate 43. In other words, the grounding conductor 44 is positioned
opposite the radiating conductor 41 via the dielectric substrate 43. There is a conductor
inside the dielectric substrate 43 (not shown) in the thickness direction corresponding to
the power supply point 42 on the radiating conductor 41.

[0030] The grounding conductor 44 is a conductor that forms the ground plane.
The grounding conductor 44 is connected via a grounding wire, which is an outer
conductor of the coaxial cable (not shown), and forms the ground plane. The grounding
conductor 44 is separated from the conductor (not shown) formed in the thickness
direction of the dielectric substrate 43.

[0031] Next, Fig. 3 is used to describe the details of each configuration of the
vehicle antenna system 100 in Example 1 and the arrangement of the antenna element
40. Fig. 3 is an enlarged cross-sectional view of the antenna element 40 in Fig. 1 when
cut along cut line A-A through the power supply point 42 of the antenna element 40. The
cross-section is a plane orthogonal to the horizontal plane.

[0032] As shown in Fig. 3, the vehicle antenna system 100 includes window glass
30, an antenna element 40, a coaxial cable 50, and a dielectric layer 60. Redundant
explanation of the window glass 30 and the antenna element 40 described above has
been omitted where appropriate.
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[0033] The window glass 30 is laminated glass with a first glass plate 31, a
second glass plate 32, and an interposed film 33 interposed between the first glass
plate 31 and the second glass plate 32. At least one of the first glass plate 31 and the
second glass plate 32 is glass that satisfies the following relationships in terms of
composition expressed in mole percentages with reference to oxides. The glass may
include 50 to 80% SiO2, 0 to 10% B203, 0.1 to 25% Al203, 3 to 30% of at least one alkali
metal oxide selected from the group consisting of LizO, Na:z0 and K20, 0~25% MgO, 0
to 25% CaO0, 0 to 5% SrO, 0 to 5% BaO, 0to 5% ZrO2, and 0 to 5% SnO;, but the glass
is not limited to these compositions. The window glass 30 is not limited to laminated
glass. It may also be a single sheet of glass. In the case of a single sheet of glass, glass
with a composition described above may be used, but the glass is not limited to these
compositions.

[0034] The interposed film 33 can be made of a material such as polyvinyl butyral
(PVB), ethylene vinyl acetate (EVA), cyclo-olefin polymer, urethane resin, or
polyvinylidene fluoride resin (PVDF), etc. A thermosetting resin that is a liquid before
being heated may also be used. In other words, the interposed film 33 only has to be
provided in a laminated state when the window glass 30 is laminated glass, and the
interposed film 33 may be in a liquid state before the first glass plate 31 and the second
glass plate 32 are joined together.

[0035] The antenna element 40 has a radiating conductor 41, a dielectric
substrate 43, a grounding conductor 44, and a conductor 45. The radiating conductor 41
is supplied power by being connected via the conductor 45 to the signal line 51, which is
an internal conductor in the coaxial cable 50. The radiating conductor 41 is positioned
away from the inner surface of the window glass 30 via the dielectric layer 60 in the
direction of the vehicle interior.

[0036] The radiating conductor 41 may be positioned non-parallel to the inner

surface of the window glass 30 or parallel to the inner surface of the window glass 30.
Specifically, the antenna element 40 may be mounted so that the plane of the radiating
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conductor 41 is at an angle of 0° to 25° to the horizontal plane. In other words, the
antenna element 40 may be mounted on the window glass 30 so that the plane of the
radiating conductor 41 faces the zenith direction, or the plane of the radiating conductor
41 may be parallel to the window glass 30.

[0037] When the window glass 30 is roof glass, the antenna element 40 may be
mounted on the window glass 30 so that the plane of the radiating conductor 41 is
roughly parallel to the horizontal plane (for example, 0° to 10°). If angle 61 of the inner
surface of the window glass 30 to the horizontal plane is 0° to 30°, the antenna element
40 may be mounted so that the plane of the radiating conductor 41 is at an angle of 0°
to 30° to the horizontal plane.

[0038] The antenna element 40 may be mounted on the window glass 30 so that
the radiating conductor 41 has a normal direction of 0° to 45° to the vertical direction. In
other words, the antenna element 40 may be positioned on the window glass 30 so that
the normal direction of the first principal plane of the dielectric substrate 43 is 45° or less
relative to the vertical direction. In Fig. 3, the dotted arrow indicates the vertical
direction, and the solid arrow indicates the normal direction of the first principal plane.

[0039] The dielectric substrate 43 has a conductor 45 arranged in the thickness
direction corresponding to the position of the power supply point 42 shown in Fig. 2.
Grounding conductor 44 is connected to a ground wire 52, which is an outer conductor
of the coaxial cable 50. The coaxial cable 50 is a transmission line for the antenna
element 40, with one end connected to the antenna element 40 and the other end
connected to communication equipment (not shown). The signal line 51, which is an
inner conductor of the coaxial cable 50, is connected to the conductor 45 of the antenna
element 40, and via the conductor 45 to the radiating conductor 41. The ground wire 52,
which is an outer conductor of the coaxial cable 50, is connected to the grounding
conductor 44 of the antenna element 40.
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[0040] The dielectric layer 60 may include, for example, an air layer or a non-air
layer. The non-air layer may be, for example, resin or glass. The dielectric layer 60 may
consist of multiple layers of air and resin, in which case the relative permittivity of the
dielectric layer 60 can be adjusted by selecting the appropriate resin thickness and resin
material. If the dielectric layer 60 includes a non-air layer, it may include two or more
dielectrics with different relative permittivities.

[0041] As mentioned above, in the vehicle antenna system 100, the radiating
conductor 41 is positioned away from the inner surface of the window glass 30 via a
dielectric layer 60 in the direction of the vehicle interior. In other words, the vehicle
antenna system 100 is mounted on the window glass 30 so that the radiating conductor
41 does not make contact with the window glass 30. In this way, the vehicle antenna
system 100 can adjust the (GNSS) signal receiving plane of the radiating conductor 41
to an angle other than angle 61 relative to the horizontal plane of the window glass 30.
In the vehicle antenna system 100, the antenna element 40 is mounted on the window
glass 30 so that the normal direction of the first principal plane of the radiating
conductor 41 is 45° or less relative to the vertical direction. In this way, the antenna
element 40 can efficiently receive circularly polarized signals from the zenith direction,
even when the antenna element 40 is located inside the vehicle rather than in an
antenna case on the exterior roof of the vehicle. In addition, the vehicle antenna system
100 can receive circularly polarized signals from the zenith direction more efficiently by
satisfying the equations described below.

[0042] Example 2

Example 2 will now be described. Example 2 is a specific example of Example 1 and an
example configuration of the vehicle antenna system 200 will be described using Fig. 4.
Fig. 4 is an enlarged cross-sectional view of the antenna element 40 in Fig. 1 when cut
along cut line A-A at the power supply point 42, and the cross section is a plane
orthogonal to the horizontal plane.
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[0043] In the vehicle antenna system 200 according to Example 2, the plane of
the radiating conductor 41 in the antenna element 40 is positioned parallel to the inner
surface of the window glass 30. The configurations of the window glass 30, the antenna
element 40, the coaxial cable 50, and the dielectric layer 60 are the same as those in
Example 1, so a further description has been omitted.

[0044] In the present embodiment, the window glass 30 is a windshield, and
angle 61 can be, for example, 20° to 25°. As a result, the plane of the radiating
conductor 41 is positioned at the same angle as angle 01 with respect to the horizontal
plane. As shown in Fig. 4, the angle formed by the normal direction of the first principal
plane of the dielectric substrate 43 and the vertical direction is also the same as angle
e1.

[0045] The dielectric layer 60, for example, may be an air layer, a non-air layer, or
multiple layers of both. Here, the relative permittivity of the dielectric layer 60 can be
adjusted by selecting the appropriate resin thickness and resin material. When the
dielectric layer 60 includes a non-air layer, it may consist of two or more dielectrics with
different relative permittivities, each of the same thickness. When the radiating
conductor 41 is positioned parallel to the inner surface of the window glass 30, as in
Example 2, the thickness t [mm] of the dielectric layer 60 may be 0.5 mm to 16 mm.
When the thickness t of the dielectric layer 60 is 0.5 mm to 16 mm, the relative
permittivity € of the dielectric layer 60 may satisfy Equation (1) below. Here, the
frequency of the signals received by the radiating conductor 41 is f [MHz].

Equation 1

1=, =(-0.097648 x f + 173.47)
x ¢(0.000125185xfxf=0.395272x f+311375) , , (1)

[0046] In other words, the vehicle antenna system 200 according to Example 2
may be set so that the thickness t of the dielectric layer 60 is 0.5 mm to 16 mm and the
relative permittivity satisfies Equation (1). When the thickness t exceeds 16 mm, the
distance from the window glass 30 increases, resulting in less space inside the car.
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When the thickness tis less than 0.5 mm, the relative permittivity in the dielectric layer
60 becomes difficult to adjust, and the desired reception performance may not be

realized.

[0047] Next, the reception performance of the antenna element 40 in the vehicle
antenna system 200 according to Example 2 will be explained using the front-to-back
(FB) ratio of the antenna element 40. The FB ratio is an index value indicating the ratio
of radiated power [dB] between the radio wave emitting direction of the antenna element
40 (front direction) and the direction opposite the radio wave emitting direction of the
antenna element 40 (back direction). The FB ratio in the vehicle antenna system 200
according to Example 2 was determined by simulation using the power [dB] in the radio
wave emitting direction (front direction) of the antenna element 40 and the power [dB] in
the direction opposite the radio wave emitting direction (back direction) of the antenna
element 40. The FB ratio of the antenna element is used for each vehicle antenna
system described below, and it has been determined that the antenna gain of the
antenna elements are not significantly degraded compared when the antenna element
is installed on the roof outside of the vehicle. In subsequent descriptions, the FB ratio
will also be referred to as “the FB ratio.”

[0048] The reception performance of the vehicle antenna system 200 was
evaluated by calculating FB ratios [dB] when the thickness t [mm] of the dielectric layer
60 and the relative permittivity ¢r of the dielectric layer 60 were varied, and then
comparing the calculated FB ratio with a reference FB ratio. The reference FB ratio is
the FB ratio when the antenna element 40 is not attached to the window glass 30
(reference state), and was set to 5 [dB] based on prior measurements. The evaluation
indicates that if the calculated FB ratio is higher than the reference FB ratio, the
reception performance of the vehicle antenna system 200 is higher than the reception
performance in the reference state. In other words, if the FB ratio is higher than the
reference FB ratio, the reception performance of the vehicle antenna system 200 was
rated as high, even when the antenna element 40 is mounted on the window glass 30.
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[0049] In order to evaluate the FB ratio of the vehicle antenna system 200
according to Example 2, the simulation conditions were set as follows. The dielectric
substrate 43 is a ceramic material.

Frequency f [MHZz] of signal received by antenna element 40: 1574 [MHz] (= 1.574
[GHz])

Size of radiating conductor 41 in antenna element 40: 18 [mm] x 18 [mm]

Size of grounding conductor 44 in antenna element 40: 70 [mm] x 70 [mm]

Size of dielectric substrate 43 in antenna element 40: 70 [mm] x 70 [mm]

Thickness of dielectric substrate 43 in antenna element 40: 60 [mm]

Size of window glass 30 on which antenna element 40 is placed: 200 [mm] x 200 [mm]

[0050] First, Fig. 5 is used to show the relationship between the relative
permittivity €r of the dielectric layer 60 and the FB ratio at a dielectric layer 60 thickness t
of 2 mm. Fig. 5 is a graph showing the relationship between the relative permittivity of
the dielectric layer and the FB ratio. The horizontal axis in Fig. 5 indicates the relative
permittivity of the dielectric layer, and the vertical axis indicates the FB ratio.

[0051] As shown in Fig. 5, at a dielectric layer 60 thickness t of 2 mm, the FB
ratio of the vehicle antenna system 200 was higher than the reference FB ratio in the
relative permittivity €- range of 1 to 10. At each relative permittivity with a higher FB ratio,
Equation (1) was found to be satisfied when calculated using a thickness t of 2 mm and
a frequency f of 1574 MHz. In other words, in the vehicle antenna system 200 according
to Example 2, the FB ratio improves and GNSS signals, which are circularly polarized
signals from the zenith direction, can be efficiently received when the relationship
between the thickness t [mm] of the dielectric layer 60, the relative permittivity €, and
the frequency f [MHz] satisfies Equation (1).

[0052] Fig. 6 is used to show the relationship between the relative permittivity &r of
the dielectric layer 60 and the FB ratio at a dielectric layer 60 thickness t of 4 mm. Fig. 6
is a graph showing the relationship between the relative permittivity of the dielectric
layer and the FB ratio. The horizontal axis and the vertical axis indicating the
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relationship between the relative permittivity of the dielectric layer and the FB ratio in
Fig. 6 and subsequent figures are the same as those in Fig. 5, so further explanation
has been omitted.

[0053] As shown in Fig. 6, at a dielectric layer 60 thickness t of 4 mm, the FB
ratio of the vehicle antenna system 200 was higher than the reference FB ratio in the
relative permittivity €r range of 1 to 8.9. At each relative permittivity with a higher FB
ratio, Equation (1) was found to be satisfied when calculated using a thickness t of 4
mm and a frequency f of 1574 MHz.

[0054] Fig. 7 is used to show the relationship between the relative permittivity €r of
the dielectric layer 60 and the FB ratio at a dielectric layer 60 thickness t of 7 mm. Fig. 7
is a graph showing the relationship between the relative permittivity of the dielectric
layer and the FB ratio.

[0055] As shown in Fig. 7, at a dielectric layer 60 thickness t of 7 mm, the FB
ratio of the vehicle antenna system 200 was higher than the reference FB ratio in the
relative permittivity €r range of 1 to 6.1. At each relative permittivity with a higher FB
ratio, Equation (1) was found to be satisfied when calculated using a thickness t of 7
mm and a frequency f of 1574 MHz.

[0056] Fig. 8 is used to show the relationship between the relative permittivity €r of
the dielectric layer 60 and the FB ratio at a dielectric layer 60 thickness t of 10 mm. Fig.
8 is a graph showing the relationship between the relative permittivity of the dielectric
layer and the FB ratio.

[0057] As shown in Fig. 8, at a dielectric layer 60 thickness t of 10 mm, the FB
ratio of the vehicle antenna system 200 was higher than the reference FB ratio in the
relative permittivity €r range of 1 to 5.1. At each relative permittivity with a higher FB
ratio, Equation (1) was found to be satisfied when calculated using a thickness t of 10
mm and a frequency f of 1574 MHz.
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[0058] Fig. 9 is used to show the relationship between the relative permittivity €r of
the dielectric layer 60 and the FB ratio at a dielectric layer 60 thickness t of 14 mm. Fig.
9 is a graph showing the relationship between the relative permittivity of the dielectric
layer and the FB ratio.

[0059] As shown in Fig. 9, at a dielectric layer 60 thickness t of 14 mm, the FB
ratio of the vehicle antenna system 200 was higher than the reference FB ratio in the
relative permittivity €r range of 1 to 4.1. At each relative permittivity with a higher FB
ratio, Equation (1) was found to be satisfied when calculated using a thickness t of 14
mm and a frequency f of 1574 MHz.

[0060] This confirmed that the vehicle antenna system 200 according Example 2
can raise the FB ratio above the reference FB ratio when the frequency of the signals
received by the radiating conductor 41, the relative permittivity of the dielectric layer 60,
and the thicknesses t of the dielectric layer 60 at 2 mm, 4 mm, 7 mm, 10 mm, and 14
mm satisfy Equation (1). In other words, the vehicle antenna system 200 according to
Example 2 can realize high reception performance and thus efficiently receive circularly
polarized signals from the zenith direction, such as GNSS signals. The thickness t of the
dielectric layer 60 may be 2 mm or less, or 14 mm or more. As mentioned above, the
thickness t of the dielectric layer 60 may be 0.5 mm or more, 1.0 mm or more, or 1.5
mm or more. In addition, the thickness t of the dielectric layer 60 may be 16 mm or less
or 15 mm or less.

[0061] Example 3

Next, Fig. 10 is used to explain a configuration of the vehicle antenna system 300
according to Example 3. Fig. 10 shows a configuration of a vehicle antenna system 300
according to Example 3, in which the dielectric layer 60 in the vehicle antenna system
200 according to Example 2 is replaced by dielectric layers 70. Specifically, in Example
2, the dielectric layer 60 was composed of a single dielectric layer, but in Example 3, the
dielectric layers 70 are composed of a plurality of dielectric layers. The configurations of

CA 03218828 2023-11-10



-18 -

the window glass 30, the antenna element 40, and the coaxial cable 50 are the same as
those in Example 2, so further description has been omitted.

[0062] The dielectric layers 70 include a first dielectric layer 71 and a second
dielectric layer 72. The first dielectric layer 71 can be, for example, an air layer adjacent
to the inner surface of the window glass 30. The second dielectric layer 72 is a non-air
layer adjacent to the first dielectric layer 71. The dielectric layer 70 can also be a
combination of a first dielectric layer 71 that is a non-air layer and a second dielectric
layer that is an air layer. In addition, the dielectric layers 70 may be a combination of a
first dielectric layer 71 that is a first non-air layer and a second dielectric layer 72 that is
a second non-air layer. In this case, the relative permittivity of the first non-air layer is
different from that of the second non-air layer. As in Example 2, the vehicle antenna
system 300 according to Example 3 may satisfy a dielectric layer 70 thickness t [mm] of
0.5 mm to 16 mm. Also, as in Example 2, the vehicle antenna system 200 according to
Example 3 has a dielectric layer 70 thickness t [mm] of 0.5 mm to 16 mm. When the
frequency of the signals received by the radiating conductor 41 is f [MHZz], the relative
permittivity €r of the dielectric layers 70 may satisfy Equation (1) above.

[0063] The relative permittivity ¢r of the dielectric layers 70 can be calculated
using Equation (2) using the relative permittivity €1 and thickness t1 [mm] of the first
dielectric layer 71 and the relative permittivity €2 and thickness t2 [mm] of the second
dielectric layer 72. In other words, the relative permittivity ¢- of the dielectric layers 70
can be calculated from the relative permittivity & in Equation (2) according to the ratio of
the thickness of the first dielectric layer 71 and the second dielectric layer 72 among the
thicknesses of the dielectric layers 70. In other words, the thickness and relative
permittivity of the dielectric layers 70 in the vehicle antenna system 300 according to
Example 3 may be set using Equation (1) and Equation (2) so that the thickness t [mm]
of the dielectric layers 70 is 0.5 mm to 16 mm and satisfies Equation (1).
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Equation 2
Ly L2
€ =€ X +e€ X— 0 (2)
t t
[0064] In an example in which the vehicle antenna system 300 has two dielectric

layers (a first dielectric layer 71 and a second dielectric layer), Equation (2) is used to
calculate the thickness and relative permittivity of the dielectric layers 70, which can be
generalized and expressed as follows. When the vehicle antenna system has M
dielectric layers (where M is an integer greater than or equal to 1), the thickness and
relative permittivity of the dielectric layers 70 may be set so that the thickness t [mm] of
the dielectric layers 70 is 0.5 mm to 16 mm and Equation (3) is satisfied. In Equation
(3), € is the jth relative permittivity, tj is the thickness of the jth dielectric layer, and t is
the total thickness of the dielectric layers.

Equation 3
M
tj
er=zij? )
j=1
[0065] As mentioned above, in the vehicle antenna system 300 according to

Example 3, the dielectric layer 60 according to Example 2 has been replaced by
dielectric layers 70, but Equation (1) and Equation (2) can be used to achieve a
configuration similar to the vehicle antenna system 200 according to Example 2. Also,
when the vehicle antenna system 300 according to Example 3 has three or more
dielectric layers 70, Equation (1) and Equation (3) can be used to achieve a
configuration similar to the vehicle antenna system 200 according to Example 2.
Therefore, the vehicle antenna system 300 according to Example 3, like the vehicle
antenna system 200 according to Example 2, realizes a high FB ratio and excellent
reception performance, and circularly polarized signals from the zenith direction such as
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GNSS signals can be received efficiently. Note that while the vehicle antenna system
300 according to Example 3 was described using the vehicle antenna system 200
according to Example 2, the dielectric layer 60 in the vehicle antenna system 100
according Example 1 may be replaced by dielectric layers 70.

[0066] Second Embodiment

A second embodiment will now be described. In the first embodiment, the antenna
element 40 was configured with one radiating conductor 41. In the second embodiment,
the antenna element is configured with two radiating conductors.

[0067] Example 4

Fig. 11 is used to explain a configuration of the vehicle antenna system 400 according
to Example 4. Fig. 11 corresponds to Fig. 3 and is an enlarged cross-sectional view cut
away at cut line A-Ain Fig. 1. Here, the cross-section is orthogonal to the horizontal
plane.

[0068] As shown in Fig. 11, the vehicle antenna system 400 according to
Example 4 has window glass 30, an antenna element 80, a coaxial cable 50, and a
dielectric layer 60. In the vehicle antenna system 400 of the second embodiment
(Example 4), the antenna element 40 in the vehicle antenna system 100 of the first
embodiment (Example 1) has been replaced by antenna element 80. In the description
of the present embodiment, the window glass 30 is a windshield. The window glass 30,
coaxial cable 50, and dielectric layer 60 each basically have the same configuration as
in the first embodiment, so further description of these components has been omitted.
Description of portions of antenna element 80 shared by antenna element 40 has also
been omitted.

[0069] Antenna element 80 has radiating conductor 41 and radiating conductor
81, dielectric substrate 43 and dielectric substrate 82, a grounding conductor 44, and a
conductor 45. In other words, the antenna element 80 consists of two radiating
conductors and two dielectric substrates. Radiating conductor 41 is also referred to as
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the first radiating conductor, and radiating conductor 81 is also referred to as the second
radiating conductor. Dielectric substrate 43 is also referred to as the first dielectric
substrate, and dielectric substrate 82 is also referred to as the second dielectric
substrate.

[0070] Radiating conductor 41 is a radiating conductor that is able to receive
GNSS signals in the 1.6 GHz band, as in the first embodiment. Radiating conductor 41
is positioned non-parallel to the inner surface of the window glass 30. The window glass
30 is positioned at angle 01 to the horizontal plane, and angle 61 may be, for example,
20° to 25°. Radiating conductor 41 may be positioned so that the antenna element 80 is
at an angle of 20 to 25° relative to the inner surface of the window glass 30. In other
words, the antenna element 80 may be arranged so that the normal direction of
radiating conductor 41 is identical to the zenith direction.

[0071] Radiating conductor 41 is provided on the first principal plane of dielectric
substrate 43. Radiating conductor 81 is provided on the second principal plane of
dielectric substrate 43. In other words, radiating conductor 81 is positioned opposite
radiating conductor 41 via dielectric substrate 43.

[0072] Radiating conductor 81 is able to receive circularly polarized signals of a
frequency lower than that received by radiating conductor 41, and is capable of
receiving GNSS signals in the 1.2 GHz band. In the antenna element 80, radiating
conductor 81 is positioned parallel to radiating conductor 41. Therefore, in this case,
radiating conductor 81 is positioned at an angle of 20° to 25° to the inner surface of the
window glass 30. Radiating conductor 81 is connected to the conductor 45 at a position
corresponding to the power supply point 42 of radiating conductor 41. Radiating
conductor 81 is connected to and supplied power by a signal line 51 in the coaxial cable
50 via the conductor 45.

[0073] Dielectric substrate 82 may be, for example, a substrate made of a
ceramic. Radiating conductor 81 is provided on the third principal plane of dielectric
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substrate 82, which is the principal plane on the window glass 30 side. The grounding
conductor 44 is provided on the fourth principal plane, which is opposite the third
principal plane of dielectric substrate 82. Dielectric substrate 82 is provided with the
conductor 45 in the thickness direction corresponding to the power supply point 42 in
dielectric substrate 43.

[0074] The grounding conductor 44 forms a ground plane on the fourth principal
plane of dielectric substrate 82. In other words, the grounding conductor 44 is
positioned opposite radiating conductor 41 and radiating conductor 81 via dielectric
substrate 82.

[0075] The dielectric layer 60 may include an air layer or a non-air layer, as in the
first embodiment. When the antenna element 80 is positioned with radiating conductor
41 at an angle of 20° to 25° to the window glass 30, as in Example 4, the minimum
thickness tmin [Mm] of the dielectric layer 60 may satisfy 0.5 mm to 16 mm. In this case,
the minimum thickness tmin [Mm] of the dielectric layer 60 may satisfy 0.7 mm to 16 mm
or 1 mm to 16 mm. As shown in Fig. 4, the minimum thickness tmin [mm] of the dielectric
layer 60 is the distance between the end of the dielectric substrate 43 that is closest to
the window glass 30 and the window glass 30 itself. When the minimum thickness tmin
[mm] of the dielectric layer 60 is 0.5 mm to 16 mm, the relative permittivity &r of the

dielectric layer 60 may satisfy Equation (4) below.

Equation 4
[0076] In other words, the minimum thickness and relative permittivity of the

dielectric layer 60 in the vehicle antenna system 400 according Example 4 may be set
so that the minimum thickness tmin [Mm] of the dielectric layer 60 satisfies 0.5 mm to 16
mm, and so that Equation (4) is satisfied.
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[0077] The reception performance of the vehicle antenna system 400 according
to Example 4 will now be described. In Example 4, as in Example 2, the FB ratio of the
antenna element 80 was evaluated by simulation. In Example 4, the FB ratio [dB] was
calculated after varying the minimum thickness tmin [Mm] of the dielectric layer 60, and
the relative permittivity €r of the dielectric layer 60. If higher than the reference FB ratio,
the reception performance of the vehicle antenna system 400 was rated as higher than
the reception performance in the reference state. The FB ratio in the reference state in
which the antenna element 80 is not attached to the window glass 30 was 5 [dB] for
radiating conductor 41 and 3 [dB] for radiating conductor 81. Therefore, the reference
FB ratios for radiating conductor 41 and radiating conductor 81 were setto 5 [dB] and 3
[dB], respectively. The evaluation indicated that when the FB ratios are higher than both
reference FB ratios, the reception performance of the vehicle antenna system 400 is
higher than the reception performance in the reference state.

[0078] In order to evaluate the FB ratio of the vehicle antenna system 400
according to Example 4, the simulation conditions were set as follows. The dielectric
substrates 43, 82 are ceramic materials.

Frequency f1 [MHz] of signals received by radiating conductor 41; 1575 [MHz] (= 1.575
[GHz))

Frequency f2[MHz] of signal received by radiating conductor 81: 1228 [MHz] (= 1.228
[GHz])

Size of radiating conductor 41 in antenna element 80: 20 [mm] x 20 [mm]

Size of radiating conductor 83 in antenna element 80: 26 [mm] x 26 [mm]

Size of grounding conductor 44: 70 [mm] x 70 [mm]

Thickness of dielectric substrate 43 in antenna element 80: 3 [mm]

Thickness of dielectric substrate 82 in antenna element 80: 3 [mm]

Size of window glass 30 on which antenna element 80 is located: 200 [mm] x 200 [mm]
Angle (81) between window glass 30 and radiating conductors 41, 81: 23°

[0079] First, Fig. 12 is used to show the relationship between the relative
permittivity €r of the dielectric layer 60 and the FB ratio at a minimum thickness tmin for

CA 03218828 2023-11-10



=24 -

the dielectric layer 60 of 1 mm. In Fig. 12, the dotted line indicates the FB ratio of
radiating conductor 41 and the solid line indicates the FB ratio of radiating conductor 81.
In Fig. 12 and subsequent figures, which show the relationship between the relative
permittivity €r of the dielectric layer 60 and the FB ratio [dB], the dotted line indicates the
FB ratio of radiating conductor 41 and the solid line indicates the FB ratio of radiating
conductor 81.

[0080] As shown in Fig. 12, when the minimum thickness tmin of the dielectric
layer 60 was 1 mm, the FB ratios of the radiating conductors 41, 81 in the vehicle
antenna system 400 were higher than the reference FB ratio in the relative permittivity
er range of 1 to 10. At each relative permittivity with a higher FB ratio, Equation (4) was
satisfied when calculated using a minimum thickness tmin for the dielectric layer 60 of 1
mm.

[0081] Next, Fig. 13 is used to show the relationship between the relative
permittivity - of the dielectric layer 60 and the FB ratio [dB] at a dielectric layer 60
minimum thickness tmin of 2 mm. Fig. 13 is a graph showing the relationship between
the relative permittivity of the dielectric layer and the FB ratio.

[0082] As shown in Fig. 13, when the minimum thickness tmin of the dielectric
layer 60 was 2 mm, the FB ratios of the radiating conductors 41, 81 in the vehicle
antenna system 400 were higher than the reference FB ratio in the relative permittivity &
range of 1 to 5.4. At each relative permittivity with a higher FB ratio, Equation (4) was
satisfied when calculated using a minimum thickness tmin for the dielectric layer 60 of 2
mm.

[0083] Next, Fig. 14 is used to show the relationship between the relative
permittivity er of the dielectric layer 60 and the FB ratio [dB] at a dielectric layer 60
minimum thickness tmin of 4 mm. Fig. 14 is a graph showing the relationship between
the relative permittivity of the dielectric layer and the FB ratio.
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[0084] As shown in Fig. 14, when the minimum thickness tmin of the dielectric
layer 60 was 4 mm, the FB ratios of the radiating conductors 41, 81 in the vehicle
antenna system 400 were higher than the reference FB ratio in the relative permittivity &r
range of 1 to 4.1. At each relative permittivity with a higher FB ratio, Equation (4) was
satisfied when calculated using a minimum thickness tmin for the dielectric layer 60 of 4
mm.

[0085] Next, Fig. 15 is used to show the relationship between the relative
permittivity er of the dielectric layer 60 and the FB ratio [dB] at a dielectric layer 60
minimum thickness tmin of 7 mm. Fig. 15 is a graph showing the relationship between
the relative permittivity of the dielectric layer and the FB ratio.

[0086] As shown in Fig. 15, at a minimum thickness tmin for the dielectric layer 60
of 7 mm, the FB ratios of the radiating conductors 41, 81 in the vehicle antenna system
400 were higher than the reference FB ratio in the relative pemittivity € range of 1 to
3.3. At each relative permittivity with a higher FB ratio, Equation (4) was satisfied when
calculated using @ minimum thickness tmin for the dielectric layer 60 of 7 mm.

[0087] Next, Fig. 16 is used to show the relationship between the relative
permittivity - of the dielectric layer 60 and the FB ratio [dB] at a dielectric layer 60
minimum thickness tmin of 10 mm. Fig. 16 is a graph showing the relationship between
the relative permittivity of the dielectric layer and the FB ratio.

[0088] As shown in Fig. 16, when the minimum thickness tmin of the dielectric
layer 60 was 10 mm, the FB ratios of the radiating conductors 41, 81 in the vehicle
antenna system 400 were higher than the reference FB ratio in the relative permittivity &
range of 1 to 2.9. At each relative permittivity with a higher FB ratio, Equation (4) was
satisfied when calculated using a minimum thickness tmin for the dielectric layer 60 of 10
mm.
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[0089] Next, Fig. 17 is used to show the relationship between the relative
permittivity er of the dielectric layer 60 and the FB ratio [dB] at a dielectric layer 60
minimum thickness tmin of 14 mm. Fig. 17 is a graph showing the relationship between
the relative permittivity of the dielectric layer and the FB ratio.

[0090] As shown in Fig. 17, when the minimum thickness tmin of the dielectric
layer 60 was 14 mm, the FB ratios of the radiating conductors 41, 81 in the vehicle
antenna system 400 were higher than the reference FB ratio in the relative permittivity -
range of 1 to 2.5. At each relative permittivity with a higher FB ratio, Equation (4) was
satisfied when calculated using a minimum thickness tmin for the dielectric layer 60 of 14
mm.

[0091] As described above, the vehicle antenna system 400 according Example
4 can raise the FB ratio higher than the reference FB ratio when the relative permittivity
at a dielectric layer 60 minimum thickness tmin 0f 1 mm, 2 mm, 4 mm, 7 mm, 10 mm,
and 14 mm satisfies Equation (4). In other words, the vehicle antenna system 400
according to Example 4 can realize high reception performance and thus efficiently
receive circularly polarized signals from the zenith direction, such as GNSS signals.
Note that the minimum thickness tmin of the dielectric layer 60 may be 0.5 mm or more,
0.7 mm or more, 16 mm or less, or 15 mm or less. Although angle 81 was 23° in this
example, angle 61 can be higher than the standard FB ratio while still satisfying
Equation (4) as long as the angle is at least in the range of 20° to 25°.

[0092] Example 5

Example 5 will now be described. Example 5 is a vehicle antenna system 500 in which
the radiating conductors 41, 81 are positioned parallel to the inner surface of the
window glass 30. Fig. 18 will be used to explain a configuration of the vehicle antenna
system 500 according to Example 5. Fig. 18 corresponds to Fig. 11 and is an enlarged
cross-sectional view cut away at cut line A-Ain Fig. 1. Here, the cross-section is
orthogonal to the horizontal plane. Because the configurations of the window glass 30,
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antenna element 80, coaxial cable 50, and dielectric layer 60 are the same as those in
Example 4, further description of these configurations has been omitted.

[0093] The radiating conductor 41 is positioned parallel to the inner surface of the
window glass 30. The radiating conductor 41 is arranged so that the antenna element
80 is at an angle of 81 (20° to 25°) relative to the horizontal plane. As shown in Fig. 18,
the angle formed by the normal direction of the first principal plane of the dielectric
substrate 43 and the vertical direction is the same as angle 61.

[0094] When the radiating conductor 41 is positioned parallel to the inner surface
of the window glass 30, the thickness t [mm] of the dielectric layer 60 may be 0.5 mm to
16 mm. When the thickness t [mm] of the dielectric layer 60 is 0.5 mm to 16 mm and the
frequency of the signals received by the radiating conductor 41 is f1 [MHz], the relative
permittivity €r of the dielectric layer 60 may be set to satisfy Equation (5) below.

Equation 5

1Se £ (-0.00197869 x f12 + 6.18143 x f1 + 4817.72)
x (00001538 £1xf1-0.317206x [ 1+247.206) , . -(5)

[0095] In other words, the vehicle antenna system 500 according to Example 5
may have the thickness and relative permittivity of the dielectric layer 60 set so that the
thickness t [mm] of the dielectric layer 60 is 0.5 mm to 16 mm and Equation (5) is also
satisfied. Note that the frequency f2 of the signals received by the radiating conductor
81 is not used in Equation (5). This is because the frequency bandwidth of the 1.2 GHz
band, which includes frequency f2, is narrower than the 1.6 GHz band, which includes
the frequency f1, and even when frequency f2 is changed, the effect on the relative

permittivity € is small.

[0096] The reception performance of the vehicle antenna system 500 according
to Example 5 will now be described. In Example 5, as in Example 4, the FB ratio of the
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antenna element 80 was evaluated by simulation. In Example 5, the FB ratio [dB] was
calculated after varying the minimum thickness tmin [mm] of the dielectric layer 60, and
the relative permittivity €r of the dielectric layer 60. If higher than the reference FB ratio,
the reception performance was rated as high. Note that the reference FB ratio was set
to 5 [dB] for radiating conductor 41 and to 3 [dB] for radiating conductor 81, as in
Example 4.

[0097] In order to evaluate the FB ratio of the vehicle antenna system 500
according to Example 5, the simulation conditions were set as follows.

Frequency f1 [MHz] of signals received by radiating conductor 41; 1575 [MHz] (= 1.575
[GHz])

Frequency f2[MHz] of signals received by radiating conductor 81: 1228 [MHz] (= 1.228
[GHz])

Size of radiating conductor 41 in antenna element 80: 20 [mm] x 20 [mm]

Size of radiating conductor 83 in antenna element 80: 26 [mm] x 26 [mm]

Size of grounding conductor 44: 70 [mm] x 70 [mm]

Thickness of dielectric substrate 43 in antenna element 80: 3 [mm]

Thickness of dielectric substrate 82 in antenna element 80: 3 [mm]

Size of window glass 30 on which antenna element 80 is located: 200 [mm] x 200 [mm]

[0098] First, Fig. 19 is used to show the relationship between the relative
permittivity €r of the dielectric layer 60 and the FB ratio at a dielectric layer 60 thickness
of 2 mm. Fig. 19 is a graph showing the relationship between the relative permittivity of
the dielectric layer and the FB ratio.

[0099] As shown in Fig. 19, when the thickness of the dielectric layer 60 was 2
mm, the FB ratios of the radiating conductors 41, 81 in the vehicle antenna system 500
were higher than the reference FB ratio in the relative permittivity €- range of 1 to 7.1. At
each relative permittivity with a higher FB ratio, Equation (5) was satisfied when
calculated using a dielectric layer 60 thickness of 2 mm and a frequency f1 of 1575
MHz.
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[0100] Next, Fig. 20 is used to show the relationship between the relative
permittivity €r of the dielectric layer 60 and the FB ratio [dB] at a dielectric layer 60
thickness of 4 mm. Fig. 20 is a graph showing the relationship between the relative
permittivity of the dielectric layer and the FB ratio.

[0101] As shown in Fig. 20, when thickness t of the dielectric layer 60 was 4 mm,
the FB ratios of the radiating conductors 41, 81 in the vehicle antenna system 500 were
higher than the reference FB ratio in the relative permittivity €r range of 1 to 4.8. At each
relative permittivity with a higher FB ratio, Equation (5) was satisfied when calculated
using a dielectric layer 60 thickness of 4 mm and a frequency f1 of 1575 MHz.

[0102] First, Fig. 21 is used to show the relationship between the relative
permittivity €r of the dielectric layer 60 and the FB ratio at a dielectric layer 60 thickness
of 7 mm. Fig. 21 is a graph showing the relationship between the relative permittivity of
the dielectric layer and the FB ratio.

[0103] As shown in Fig. 21, when thickness t of the dielectric layer 60 was 7 mm,
the FB ratios of the radiating conductors 41, 81 in the vehicle antenna system 500 were
higher than the reference FB ratio in the relative permittivity - range of 1 to 3.8. At each
relative permittivity with a higher FB ratio, Equation (5) was satisfied when calculated
using a dielectric layer 60 thickness of 7 mm and a frequency f1 of 1575 MHz.

[0104] First, Fig. 22 is used to show the relationship between the relative
permittivity €r of the dielectric layer 60 and the FB ratio [dB] when the dielectric layer 60
thickness is 10 mm. Fig. 22 is a graph showing the relationship between the relative
permittivity of the dielectric layer and the FB ratio.

[0105] As shown in Fig. 22, when thickness t of the dielectric layer 60 was 10

mm, the FB ratios of the radiating conductors 41, 81 in the vehicle antenna system 500

were higher than the reference FB ratio in the relative permittivity €- range of 1 to 3.2. At
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each relative permittivity with a higher FB ratio, Equation (5) was satisfied when
calculated using a dielectric layer 60 thickness of 10 mm and a frequency f1 of 1575
MHz.

[0106] First, Fig. 23 is used to show the relationship between the relative
permittivity &r of the dielectric layer 60 and the FB ratio [dB] when the dielectric layer 60
thickness is 14 mm. Fig. 23 is a graph showing the relationship between the relative
permittivity of the dielectric layer and the FB ratio.

[0107] As shown in Fig. 23, when thickness t of the dielectric layer 60 was 14
mm, the FB ratios of the radiating conductors 41, 81 in the vehicle antenna system 500
were higher than the reference FB ratio in the relative permittivity €- range of 1 to 2.7. At
each relative permittivity with a higher FB ratio, Equation (5) was satisfied when
calculated using a dielectric layer 60 thickness of 14 mm and a frequency f1 of 1575
MHz.

[0108] As described above, the vehicle antenna system 500 according Example
5 can raise the FB ratio higher than the reference FB ratio when the relative permittivity
at a dielectric layer 60 minimum thickness tmin 0f 2 mm, 4 mm, 7 mm, 10 mm, and 14
mm satisfies Equation (5). In other words, the vehicle antenna system 500 according to
Example 5 can realize high reception performance and thus efficiently receive circularly
polarized signals from the zenith direction, such as GNSS signals. Note that the
thickness t of the dielectric layer 60 may be 2 mm or less and 14 mm or more. As
mentioned above, the thickness t of the dielectric layer 60 may be 0.5 mm or more, 1.0
mm or more, or 1.5 mm or more. Also, the thickness t of the dielectric layer 60 may be
16 mm or less or 15 mm or less.

[0109] Example 6

Next, Fig. 24 is used to describe a configuration of the vehicle antenna system 600
according to Example 6. In the vehicle antenna system 600 according to Example 6, the
dielectric layer 60 in the vehicle antenna system 500 according to Example 5 is
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replaced by dielectric layers 70. Specifically, in Example 5, the dielectric layer 60 was
composed of a single dielectric layer, but in Example 6, the dielectric layers 70 are
composed of a first dielectric layer 71 and a second dielectric layer 72. The
configurations of the window glass 30, the antenna element 80, and the coaxial cable
50 are the same as those in Example 5, so further description has been omitted. Also,
the dielectric layers 70 are the same as those in Example 3, so further description has
been omitted.

[0110] The vehicle antenna system 600 according to Example 6 may satisfy a
dielectric layer 70 thickness t [mm] of 0.5 mm to 16 mm, as in Example 5. The vehicle
antenna system 600 according to Example 6, like Example 5, has a dielectric layer 70
thickness t [mm] of 0.5 mm to 16 mm, and when the frequency of the signals received
by the radiating conductor 41 is f1 [MHZz], the relative permittivity €r of the dielectric
layers 70 may satisfy Equation (5) above.

[0111] The relative permittivity €rof the dielectrics layer 70 can be calculated
using Equation (2) and Equation (5) using the relative permittivity €1 and thickness t1
[mm] of the first dielectric layer 71 and the relative permittivity €2 and thickness t2 [mm]
of the second dielectric layer 72. In other words, the relative permittivity €: of the
dielectric layers 70 can be calculated using the relative permittivity based on the ratio of
the thickness of the first dielectric layer 71 and the second dielectric layer 72 in the
thickness of the dielectric layer 70.

[0112] As mentioned above, in the vehicle antenna system 600 according to
Example 6, the dielectric layer 60 in Example 5 has been replaced by dielectric layers
70. However, when the dielectric layer 60 consists of M dielectric layers, the same
configuration as the vehicle antenna system 500 according to Example 5 can be
realized by using Equation (5) and Equation (3). Therefore, in the vehicle antenna
system 600 according to Example 6, as in the vehicle antenna system 500 according to
Example 5, high reception performance can be realized and circularly polarized signals
efficiently received from the zenith direction, such as GNSS signals.

CA 03218828 2023-11-10



-32-

[0113] Example 7

Next, Fig. 25 is used to describe a configuration of the vehicle antenna system 700
according to Example 7. Fig. 25 corresponds to Fig. 11. In the vehicle antenna system
700 according to Example 7, the dielectric layer 60 in the vehicle antenna system 400
according to Example 4 is replaced by dielectric layers 70. Specifically, in Example 4,
the dielectric layer 60 was composed of a single dielectric layer, but in Example 7, the
dielectric layers 70 are composed of a first dielectric layer 71 and a second dielectric
layer 72. The configurations of the window glass 30, the antenna element 80, and the
coaxial cable 50 are the same as those in Example 5, so further description has been
omitted.

[0114] The dielectric layers 70 include a first dielectric layer 71 and a second
dielectric layer 72. The first dielectric layer 71 is an air layer adjacent to the inner
surface of the window glass 30. The first dielectric layer 71 is a dielectric layer with a
constant thickness. The second dielectric layer 72 is a non-air layer adjacent to the first
dielectric layer 71. The dielectric layers 70 can also be a combination in which the first
dielectric layer 71 is a non-air layer and the second dielectric layer is an air layer. The
dielectric layers 70 can also be a combination in which the first dielectric layer 71 is a
first non-air layer and the second dielectric layer 72 is a second non-air layer. In this
case, the relative permittivity of the first non-air layer is different from that of the second
non-air layer. The second dielectric layer 72 is formed between the first principal plane
of the dielectric substrate 43 and the first dielectric layer 71. The thickness of the
second dielectric layer 72 varies depending on the y-coordinate. The thickness of the
second dielectric layer 72 is formed so that the thickness of the second dielectric layer
72 increases as it moves toward the y-axis negative direction. In other words, the
second dielectric layer 72 is formed so that the distance between the first principal plane
of the dielectric substrate 43 and the boundary surface of the second dielectric layer 72

increases as the y-axis negative direction increases.
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[0115] The vehicle antenna system 700 according to Example 7 may satisfy a
dielectric layer 70 minimum thickness tmin [Mmm] of 0.5 mm to 16 mm, as in Example 4.
Also, as in Example 4, the vehicle antenna system 700 according to Example 7 may
also have a dielectric layer 70 relative permittivity er that satisfies Equation (4) when the
minimum thickness tmin [Mm] of the dielectric layers 70 is 0.5 mm to 16 mm.

[0116] The relative permittivity ¢r of the dielectric layers 70 may be calculated
using Equations (2) and (4) from the relative permittivity of the first dielectric layer 71,
the thickness of the first dielectric layer 71 at the center of gravity of radiating conductor
41, the relative permittivity of the second dielectric layer 72, and the thickness of the
second dielectric layer 72 at the center of gravity of radiating conductor 41. Specifically,
if the thickness of the first dielectric layer 71 at the center of gravity of radiating
conductor 41 is thickness t1 [mm] and the thickness of the second dielectric layer 72 at
the center of gravity of radiating conductor 41 is thickness t> [mm], then the relative
permittivity € of the dielectric layers 70 may be calculated by Equation (2) and Equation
(4). When the dielectric layers 70 are composed of M dielectric layers, the relative
permittivity - of the dielectric layers 70 can be calculated by using Equation (3) and
Equation (4).

[0117] As mentioned above, a configuration for the vehicle antenna system 700
according to Example 7 that is similar to the configuration for the vehicle antenna
system 400 according to Example 4 can be realized using Equation (4) and Equation
(2), when the dielectric layer 60 in Example 4 is replaced by dielectric layers 70. Also,
when the vehicle antenna system 700 according to Example 7 has three or more
dielectric layers 70, the same configuration as the vehicle antenna system 400
according to Example 4 can be realized by using Equation (4) and Equation (3).
Therefore, in the vehicle antenna system 700 according to Example 7, as in the vehicle
antenna system 500 according to Example 4, high reception performance can be
realized and circularly polarized signals efficiently received from the zenith direction,
such as GNSS signals.
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[0118] Note that in Fig. 25, the first dielectric layer 71 is a dielectric layer with a
constant thickness regardless of the y-coordinate, but the first dielectric layer 71 may be
formed so that its thickness increases as one moves toward the negative y-axis
direction. The first dielectric layer 71 and the second dielectric layer 72 may be formed
so that the ratio of the thickness of the first dielectric layer 71 to the thickness of the
second dielectric layer 72 is constant regardless of the y-coordinate. In this way, as with
the vehicle antenna system 700 in Example 7, high reception performance can be
realized, so that circularly polarized signals from the zenith direction, such as GNSS
signals, can be received efficiently.

[0119] The present invention is not limited to the embodiments described above.
The present invention includes all variations, modifications, and combinations devisable
by a person skilled in the art that fall within the scope of the claims in the claims section
of the present application.

[0120] The present application claims priority based on ) apanese Application No.
J P 2021-82333 Afiled on May 14, 2021, the entire disclosure of which is hereby
incorporated.

Reference Numbers, Letters, and Characters

[0121]20: Vehicle

30: Window glass

31: First glass plate

32: Second glass plate
33: Interposed film

40, 80: Antenna element
41. Radiating conductor
41a, 41b: Cutaway portion
42: Power supply point
43: Dielectric substrate
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44: Grounding conductor
45: Conductor

50: Coaxial cable

51: Signal line

52: Ground wire

60, 70: Dielectric layer

71: First dielectric layer
72: Second dielectric layer
81. Radiating conductor
82: Dielectric substrate
100, 200, 300, 400, 500, 600, 700: Vehicle antenna system
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Claims:

1. A vehicle antenna system comprising:

window glass for a vehicle; and

an antenna element that is able to receive signals in a predetermined frequency band,
the antenna element including a first radiating conductor that is provided on a first
principal plane of a first dielectric substrate and that is able to receive circularly
polarized signals of a first frequency, and a grounding conductor positioned opposite the
first radiating conductor via the first dielectric substrate,

the normal direction of the first principal plane is less than or equal to 45° relative to the
vertical direction, and

the radiating conductor is positioned away from the inner surface of the window glass
via the dielectric layer in the direction of the vehicle interior.

2. The vehicle antenna system according to claim 1, wherein the first radiating
conductor is positioned parallel to the inner surface of the window glass, and the
inequality

1<¢e< (_0097648 xf+ 17347) X t(0.000125185 x fxf-0.395272 x f + 311.375)

is satisfied at 0.5 mm <t <16 mm, where the relative permittivity of the dielectric layer is

er, the thickness of the dielectric layer is t [mm], and the first frequency is f [MHZ].

3. The vehicle antenna system according to claim 1 or 2, wherein the antenna element
further comprises a second radiating conductor positioned opposite the first radiating
conductor via the first dielectric substrate,

the grounding conductor is positioned opposite the first and second radiating conductors
via a second dielectric substrate, and

the second radiating conductor is able to receive circularly polarized waves of a second
frequency that is lower than the first frequency.
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4. The vehicle antenna system according to claim 3, wherein the first radiating
conductor is positioned parallel to the inner surface of the window glass, and the
inequality

1< <(-0.00197869 x 2 + 6.18143 x f + 4817.72) x 00001538 X x 0317206 x 1 + 247.206)

is satisfied at 0.5 mm <t < 16 mm, where the relative permittivity of the dielectric layer is
¢r, the thickness of the dielectric layer is t [mm], and the first frequency is f [MHz].

5. The vehicle antenna system according to claim 1, wherein the first radiating
conductor is positioned non-parallel to the inner surface of the window glass.

6. The vehicle antenna system according to claim 5, wherein the antenna element
further comprises a second radiating conductor positioned opposite the first radiating
conductor via the first dielectric substrate,

the grounding conductor is positioned opposite the first and second radiating conductors
via a second dielectric substrate, and

the second radiating conductor is able to receive circularly polarized waves of a second
frequency that is lower than the first frequency.

7. The vehicle antenna system according to claim 6, wherein the first radiating
conductor is positioned at an angle of 20° to 25° to the inner surface of the window
glass, and the inequality

1S & S 7.11882 X {in 385302

is satisfied at 0.5 mm < tmin < 16 mm, where the relative permittivity of the dielectric layer
is €r and the minimum thickness of the dielectric layer is tmin [mm].

8. The vehicle antenna system according to any one of claims 1 to 7, wherein the
dielectric layer includes an air layer.
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9. The vehicle antenna system according to claim 8, wherein the dielectric layer
includes an air layer adjacent to the inner surface of the window glass and a non-air
layer adjacent to the air layer that is different from air.

10. The vehicle antenna system according to any one of claims 1 to 9, wherein the first
radiating conductor is mounted with a plane of the first radiating conductor at an angle
of 0° to 30° to the horizontal plane.

11. The vehicle antenna system according to any one of claims 1 to 10, wherein the
window glass is mounted at an angle of 0° to 30° to the horizontal plane.

12. The vehicle antenna system according to any one of claims 1 to 11, wherein the
window glass includes a windshield.

13. The vehicle antenna system according to any one of claims 1 to 12, wherein the

window glass includes roof glass, and
a plane of the first radiating conductor is parallel to the horizontal plane.
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