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(57) Antenna device which is suitable for wireless
communications, remote sensing, and space/satellite
applications at millimeter or sub-millimeter wave frequen-
cies, wherein the antenna device comprises:
i) a primary layer having a top side and a bottom side,
the primary layer comprising a multitude of adjacent an-
tenna units wherein each antenna unit has a respective
electrically conductive antenna plate which is present at
the top side of the primary layer, and
ii) a dielectric resonator body which comprises a resona-
tor base layer having a top side and a bottom side, which
top side is provided with a multitude of adjacent resonator
units, wherein the resonator base layer and the resonator
units are made of dielectric material,
wherein the bottom side of the dielectric resonator body
is provided on the top side of the primary layer, and
wherein above the antenna plate of each antenna unit a
corresponding resonator unit is present,
wherein the adjacent resonator units are spaced apart
from each other, and each resonator unit has the form
of a stud projecting from the resonator base layer,
and wherein each stud is a solid structure which is pro-
vided with one or more excised sections, and/or has a
tapered outer circumference.
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Description

[0001] The present invention relates to an antenna device and the application of an antenna device in a wireless
communications system. The invention is developed for wireless communication protocols according to a 5G and 6G
network standard, and wireless communication protocols that will be developed in the future. In accordance therewith,
the invention is suitable for communications wherein millimeter or sub-millimeter wave frequency bands are used. Fur-
thermore, the invention may be used in remote sensing and space/satellite applications.
[0002] In the context of antennas which are useful for 5G and 6G applications, it is a prerequisite that the antenna has
a relatively broad field of view in regard of emitting and receiving electromagnetic waves.
[0003] In view thereof, antenna devices have been developed which are composed of multiple adjacent patch antenna
units which are positioned in a number of parallel arrays that form a grid-like pattern of antenna units. Such a grid of
antenna units is capable of creating a broad field of view, when a phase difference is applied over the respective input
signals that are led to the induvial patch antenna units. It is herein beneficial that the distance between the central points
of adjacent patch antennas is approximately half the value of the wavelength that is to be emitted. Furthermore, each
antenna unit is provided with a dielectric resonator unit,
[0004] With regard to a proper functioning of such an antenna device, each antenna unit is provided with a corresponding
resonator unit for achieving an adequate transmission of electromagnetic signals for its intended use, while in addition
thereto the resonator base layer further contributes to the optimization of the transmission from each antenna unit.
[0005] An example of such an antenna device is disclosed in an earlier patent application WO 2021/060974, which
relates to an antenna device which is suitable for wireless communications according to a 5G network standard, wherein
the antenna device comprises:

i) a primary layer having a top side and a bottom side, the primary layer comprising a multitude of adjacent antenna
units wherein each antenna unit has a respective electrically conductive antenna plate which is present at the top
side of the primary layer, and
ii) a dielectric resonator body which comprises a resonator base layer having a top side and a bottom side, which
top side is provided with a multitude of adjacent resonator units, wherein the resonator base layer and the resonator
units are made of dielectric material,

wherein the bottom side of the dielectric resonator body is provided on the top side of the primary layer, and wherein
above the antenna plate of each antenna unit a corresponding resonator unit is present.
[0006] An important issue when operating such an antenna device which is composed of multiple adjacent antenna
units and resonator units, is to avoid the occurrence of any overheating of the antenna device as a whole. Especially
when used for 5G applications, the antenna device typically produces a significant amount of heat when in operation.
[0007] In order to secure a proper functionality of the antenna device, its temperature should typically be kept well
below 150°C. A commonly applied solution in the prior art to address this issue, is to provide the antenna device with
additional heat sinks in order to secure that the heat produced by the antenna device is sufficiently exchanged with
surrounding air.
[0008] A property that is commonly used to express the aptitude of a system for exchanging heat, is its thermal
resistance, i.e. the resistance to conduct a heat flow through a system over a temperature difference that is present in
the system. The thermal resistance essentially determines what reduction of temperature can be achieved by heat
exchange with surrounding air when the antenna is operational.
[0009] An antenna device which is provided with heat sinks according to the prior art, improves the thermal resistance
of the device to an extent that the effective temperature of the device during operation is lowered significantly in comparison
to a reference antenna device that merely consists of a primary layer of multiple adjacent antenna units.
[0010] The provision of heat sinks is therefore an important basic requirement in antenna devices which are composed
of a grid of antenna units, especially when having a grid size of 8x8 antenna units or larger. A reduction of temperature
of the antenna device during operation is hereby achieved of about 9%, when a passive heat sink structure is integrated
in the antenna unit.
[0011] However, in view of antenna devices that have a large grid size of more than 100 antenna units, a further
reduction of temperature during operation than attainable by a passive heat sink has become a general need. Furthermore,
in order for the antenna device to achieve a reliable operation over a wide range of ambient temperatures that may occur
dependent on various climatic circumstances, an additional improvement of the heat exchanging capacities of the antenna
device is generally sought for.
[0012] In order to achieve the above goal, an active (liquid cooled) heat sink can be applied which has a larger thermal
conductivity than a passive heat sink. However, such an active heat sink has some substantial drawbacks, as it is more
costly and more voluminous than a passive heat sink.
[0013] In view of the above drawbacks of applying an active heat sink, a general need exists for a further reduction
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of temperature during operation of an antenna device which is provided with a passive heat sink. In that context, it is an
object of the invention to provide an antenna device which further promotes the exchange of heat with surrounding air
by virtue of its structural design.
[0014] The object of the invention is met by a first aspect of the invention which provides:

an antenna device which is suitable for wireless communications according to a 5G network standard, wherein the
antenna device comprises:

i) a primary layer having a top side and a bottom side, the primary layer comprising a multitude of adjacent
antenna units wherein each antenna unit has a respective electrically conductive antenna plate which is present
at the top side of the primary layer, and
ii) a dielectric resonator body which comprises a resonator base layer having a top side and a bottom side,
which top side is provided with a multitude of adjacent resonator units, wherein the resonator base layer and
the resonator units are made of dielectric material,

wherein the bottom side of the dielectric resonator body is provided on the top side of the primary layer, and wherein
above the antenna plate of each antenna unit a corresponding resonator unit is present,
wherein the adjacent resonator units are spaced apart from each other, and each resonator unit has the form of a
stud projecting from the resonator base layer,
and wherein each stud is a solid structure which is provided with one or more excised sections, and/or has a tapered
outer circumference.

[0015] Surprisingly, it has been found possible to achieve an additional and substantial exchange of heat from the
antenna device to the surrounding air, by virtue of a specific configuration of the solid structure of the studs that form
the resonator units, which configuration comprises the provision of one or more excised sections in the solid structure,
and/or the application of a solid structure which has a tapered outer circumference.
[0016] It has been found that an antenna device according to the invention improves the thermal resistance of the
device to an extent that the effective temperature of the device during operation is lowered by an overall amount of 15%
up to 25%, in comparison to a reference device that merely consists of a primary layer of multiple adjacent antenna units
and without passive heat sinks.
[0017] It is pointed out that when such a reference device of a primary layer of multiple adjacent antenna units is
provided with passive heat sinks, and is yet not provided with a resonator body according to the invention, an intermediate
temperature reduction of about 9% is achievable. The resonator body according to the invention thus achieves an
additional temperature reduction of about 6% to 16%, which is additional to the temperature reduction of 9% that is
accomplished by the passive heat sinks.
[0018] As a preferred option in the antenna device according to the invention, the one or more excised sections of the
solid body of the stud is a bore with preferably one open end and one closed end.
[0019] Particularly preferred in this context, is that the bore is oriented in the projecting direction of the stud, wherein
the bore is more preferably provided in a central zone of the stud.
[0020] It is further preferred in the antenna device, that the bore is elongated and is defined by a longitudinal axis and
a contour perpendicular to the longitudinal axis, wherein the contour defines an inner surface of the solid body that
delimits the bore, and wherein the contour is generally defined by an x and y coordinate which fulfils the following equations:

wherein:
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wherein the values for the parameters cx, cy, m1, m2, a1, a2, n1, n2 and b1 are selected from the group of real numbers
of positive value, and ϕ is an angular coordinate that covers the range from -π to π;
which contour includes the shapes of an oval, an ellipse, a circle, or a variant thereof.

[0021] It is generally preferred in the invention, that the size of the contour of the bore is constant over the whole length
of the bore.
[0022] Further preferably, in the antenna device according to the invention, the one or more excised sections of the
solid body of the stud is a planar incision which extends through at least one side of the outer circumference of the stud,
preferably through a multitude of sides of the outer circumference of the stud.
[0023] Particularly preferred in this context, is that the planar incision is oriented in the projecting direction of the stud,
and preferably extends through a central zone of the stud.
[0024] In the antenna device according to the invention, it is preferred that the tapered outer circumference of the solid
body of the stud is such, that the tapering of the outer circumference is oriented in the projecting direction of the stud.
[0025] Particularly preferred in the antenna device of the invention is that each stud, viewed in a cross-section per-
pendicular to its projecting direction, has a cross-sectional contour which is generally defined by an x and y coordinate
which fulfils the following equations:

wherein:

wherein the values for the parameters cx, cy, m1, m2, a1, a2, n1, n2 and b1 are selected from the group of real numbers
of positive value, and ϕ is an angular coordinate that covers the range from -π to π;
which contour includes the shapes of an oval, an ellipse, a circle, or a variant thereof.

[0026] It is further preferred in the antenna device according to the invention, that the cross-sectional contour of each
stud is substantially of the same form along its projecting direction.
[0027] Particularly preferred herein is that each stud has an axis of symmetry which extends in a direction that is equal
to the projecting direction of the stud.
[0028] Advantageously, in the antenna device according to the invention, each stud has a height that is equal to or
greater than its maximum width.
[0029] Such a dimensional design of the stud may be referred to as a pillar or a beam.
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[0030] In the antenna device according to the invention, it is preferred that the height of each stud is in the range of
2.7 to 4 mm, and the maximum width is in the range between 2 and 3 mm.
[0031] Furthermore, it is preferred in the antenna device according to the invention, that the thickness of the resonator
base layer is lower than 1.00 mm, preferably in the range of 0.35 to 0.65 mm.
[0032] It is particularly preferred in the antenna device according to the invention, that the thickness of the resonator
base layer is a fraction of the height of each stud, preferably a fraction between 30% and 10%.
[0033] In the antenna device according to the invention, it is preferred that the bottom side of the resonator base layer
is directly adhered onto the top side of the primary layer, thereby covering the top side area of the primary layer either
completely, or for a major part.
[0034] By covering the top side area of the primary layer, the resonator base layer efficiently contributes to the trans-
mission properties of each individual antenna unit, and also efficiently conducts heat that is produced in the primary
layer during the operation of the antenna device towards the ambient air that surrounds the upper surface of the resonator
body.
[0035] The bottom side of resonator base layer and top side of the primary layer are substantially planar, and may be
adhered onto each other by an adhesive or tape. Alternatively the resonator base layer and the primary layer may be
formed out of one piece, by a co-firing technique for ceramic material such as used for producing low temperature co-
fired ceramics (LTCC).
[0036] In particular it is preferred in the antenna device according to the invention, that the dielectric resonator body
is made as a single piece, and is preferably made from a single dielectric material.
[0037] In the dielectric resonator body made as a single piece, the resonator base layer and the resonator units together
form a continuous body of material. Any discontinuities in design or material of the resonator body are thus avoided,
which is advantageous because the presence of discontinuities is known to negatively affect the electromagnetic wave
conversion process supported by the combination of the resonator base layer and the resonator units. For the same
reasons, it is preferred that the resonator body is made from a single dielectric material.
[0038] Effectively, the dielectric properties of the dielectric resonator body according to the invention are virtually
isotropic over its whole volume.
[0039] In this context, it is further preferred that the resonator body is massive, i.e. devoid of cavities.
[0040] Furthermore, it is advantageous when the same dielectric resonator body is made as a single piece and from
a single dielectric material, because it allows for an expedient manner of production, such as 3D printing, casting,
compression-molding, and injection-molding, which allows for a one-step process.
[0041] It is generally preferred that in the antenna device according to the invention, the resonator units are substantially
identical, and the antenna units are substantially identical.
[0042] It is further preferred in the antenna device according to the invention, that the dielectric resonator body has a
relative permittivity in the range of 5 - 20, preferably in the range of 8- 14, more preferably 10.
[0043] Such values of relative permittivity have proven most suitable for the intended use. Suitable dielectric materials
that may be used for making the dielectric resonator body include low-loss dielectric materials based on glass, ceramics,
or polymers.
[0044] Also preferable in the antenna device according to the invention, is that the dielectric resonator body has a loss
tangent smaller than 0.0002 in the frequency band of operation.
[0045] In this context it is especially preferred that the dielectric resonator body is substantially made from alumina,
or suitable dielectric material featuring high thermal conductivity in combination with reduced loss tangent characteristics.
[0046] It has been found that alumina is an attractive material for the resonator body in terms of its electrical properties
(alumina has a relative permittivity of about 10 in combination with a reduced loss tangent of about 0.0001), as well as
in terms of its heat conducting properties.
[0047] It is furthermore attractive in the antenna device according to the invention, that the dielectric resonator body
has a thermal conductivity of at least 10 W/(m.K), in particular at least 20 W/(m.K).
[0048] It is advantageous when in the antenna device according to the invention, the multitude of adjacent antenna
units is provided in parallel arrays, thus forming a grid pattern, which results in a larger effective area of the antenna
device and, therefore, enhanced peak gain characteristics. The grid pattern is for instance made up of a number of rows
of antenna units that are aligned parallel to each other.
[0049] Analogously, it is preferred that in the antenna device according to the invention, the multitude of adjacent
resonator units are provided in parallel arrays, thus forming a grid pattern.
[0050] Such a formation of the antenna units is highly suitable for the intended application of the antenna device in
5G communication systems and networks.
[0051] Typically, all the parallel rows of the grid pattern contain the same number n of antenna (and resonator) units.
Furthermore, the number m of parallel rows in the grid structure may be the same as the number n of antenna (and
resonator units) in a single row, so that a grid pattern of n x m cells, that is the square of n, is formed.
[0052] A further preferred feature of the antenna device according to the invention, is that the antenna plate of each
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antenna unit is provided with an aperture or slot, preferably at a central position of the antenna plate. Said slot is used
to feed the dielectric resonator structure of the relevant antenna unit.
[0053] The use of an antenna slot feed was found to be effective in improving the overall circuital characteristics, such
as impedance matching bandwidth, and radiation properties, such as gain, of the individual dielectric resonator antenna
elements, as well as the antenna device as a whole.
[0054] Preferably, the antenna plate consists of a rectangular shaped electrically conductive plate in which the individual
feeding slot is realized, for instance at the central position of each antenna plate. The antenna feeding slots are typically
created in the conductive plate by etching.
[0055] With respect to the antenna units in the antenna device according to invention, each antenna unit preferably
features:

- a respective feed connector for an electrical input signal, which feed connector is present at the bottom side of the
primary layer and is connected by electrically conductive vias to the respective antenna plate, and

- a respective electrically conductive strip line which is present inside the primary layer and which is electrically isolated
from the antenna plate and the conductive vias by a respective dielectric spacer structure.

[0056] It is furthermore preferred when a distributed impedance matching network is integrated in the primary layer
for optimizing the input signal that is led to the antenna plate.
[0057] The isolated strip line functions as a ground for the antenna unit.
[0058] It is advantageous when in the antenna device according to the invention, the primary layer is a printed circuit
board which is composed from layers of a dielectric substrate onto which electrically conductive structures are printed.
[0059] As such, the printed circuit board allows to integrate the multiple antenna units into one layered structure, which
forms the primary layer, and such a structure can be manufactured at relatively low cost.
[0060] The antenna device according to the invention is advantageously configured to operate in a frequency range
of 24 to 29 GHz. Such a relatively broad range of frequency further enhances the suitability of the antenna device for
5G applications.
[0061] According to a second aspect, the invention also relates to a RF transceiver of a wireless communications
device comprising at least one antenna device according to the first aspect of the invention.
[0062] A further special embodiment of the invention relates to an electronic device comprising an RF transceiver
according to the above definition.
[0063] In a third aspect, the invention relates to the use in a wireless communication system, preferably conform a
5G network standard, of an antenna device according to the first aspect of the invention, comprising the step of connecting
a communication circuit to the antenna device.
[0064] The invention is developed for wireless communication protocols according to a 5G and 6G network standard,
and wireless communication protocols that will be developed in the future. In accordance therewith, the invention is
suitable for communications wherein millimeter or sub-millimeter waves are used. Furthermore, the invention may be
used in remote sensing and space/satellite interaction.

Examples

[0065] The invention will be further illustrated by preferred embodiments of the antenna device according to the
invention which are presented with reference to the attached figures, wherein:

- Fig. 1 shows a cross-section of a part of the antenna device according to the invention which is composed from a
primary layer and a resonator layer, wherein the resonator units are not yet provided with an excised section and/or
a tapered outer circumference according to the invention;

- Fig. 2 shows a perspective view of the basic dimensions of a single solid structure of a stud projecting from an
underlying part of the resonator layer which stud is not yet provided with an excised section and/or a tapered outer
circumference according to the invention;

- Fig. 3 shows the single basic solid structure of fig. 2, which is provided with a bore as a first type of an excised section;
- Fig. 4 shows the single basic solid structure of fig. 2, which is provided with two planar incisions as a second type

of an excised section;
- Fig. 5 shows the single basic solid structure of fig. 2, which is provided with a combination of two types of excised

sections, i.e. a bore and two planar incisions similar to resp. fig. 3 and 4;
- Fig. 6 shows a tapered version of the single basic solid structure of fig. 2;
- Fig. 7 shows the tapered version of fig. 6, which is additionally provided with a bore as a first type of an excised section.

[0066] Fig. 1 shows a cross-section of a part of an antenna device 1, which is constructed by adhering the bottom
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side of a dielectric resonator body 2 onto the top side of a primary layer 3.
[0067] The primary layer 3 is a printed circuit board which is composed from layers of a dielectric substrate onto which
electrically conductive structures are printed. Two adjacent and identical antenna units 5 are shown which are connected
to each other at the dotted line d.
[0068] Each antenna unit 5 contains:

- a top layer 20 that has an outer boundary that includes an electrically conductive antenna plate 7 which is provided
with a longitudinal rectangular slot 9.

- A bottom layer 30 containing a feed connector for an electrical input signal, which feed connector is connected by
an electrically conductive via 33 to the respective antenna plate 7 in top layer 20.

- An intermediate layer 32 containing a distributed impedance matching network printed on a dielectric layer and
electrically connected to a conductive via 33.

- A further intermediate layer 34 containing an electrically conductive strip line or ground plate which is electrically
isolated from the antenna plate and the conductive vias by a dielectric layer.

The resonator base layer 2 has a thickness T of 0.55 mm, the resonator units 22 projecting therefrom in the form of
studs, have a height H of about 3.5 mm and a width W of about 2.5 mm. It is noted that the studs 22 as shown in fig. 1
are not yet provided with an excised section and/or a tapered outer circumference according to the invention, which
configurations are instead shown in figs. 3-6.
[0069] Fig. 2 shows perspective view of the basic dimensions of a single solid structure of a stud 22 in the form of a
pillar projecting from an underlying part of the resonator layer 2, having a height H and width W. It is noted that the studs
22 as shown in fig. 2 are not yet provided with an excised section and/or a tapered outer circumference according to
the invention, which configurations are instead shown in figs. 3-6.
[0070] Fig. 3 shows a partially transparent view of the single basic solid structure 22 of fig. 2, which is provided with
a bore 40 as a first type of an excised section according to the invention. The bore 40 is elongated and extends over its
longitudinal axis into the solid structure 22 over a depth d measured from the top end of the structure 22. The depth d
is about 80% of the height H of the solid structure 22. The bore 40 has a bore width wb which is depicted in exaggerated
dimensions: the value of wb is in reality smaller and may vary between 0.1 mm and 0.5 mm. The contour of the bore
perpendicular to its longitudinal axis has the shape of a circle that has a diameter equal to the value of wb. The contour
defines the inner surface of the solid structure 22 that delimits the bore.
[0071] Fig. 4 shows in perspective the single basic solid structure of fig. 2, which is provided with two planar incisions
42 and 44 as a second type of an excised section according to the invention. The planar incisions 42, 44 have a
substantially constant incision width wi, the value of which may be between 0.1 mm and 0.3 mm. The planar incisions
42, 44 extend into the solid structure 22 over a depth d which is about 80% of the height H of the solid structure 22.
[0072] Fig. 5 shows in perspective the single basic solid structure of fig. 2, which is provided with two planar incisions
42 and 44 similar to the ones in fig. 4 having an incision width of about 0.3 mm, and a bore 40 similar to fig. 3 having a
bore width wb of about 0.5 mm.
[0073] Fig. 6 shows a tapered version of the single basic solid structure 22 of fig. 2, having a bottom width W and a
height H, and a tapered width wt at the top end of the solid structure 22. The tapering factor of the solid structure 22 is
expressed by the ratio wt/W and lies in the range of 0.5 and 0.9, preferably 0.6 to 0.8.
[0074] Fig. 7 shows a partially transparent view of the single basic solid structure 22 of fig. 6, which is additionally
provided with a bore 70 as a first type of an excised section according to the invention. The bore 70 extends into the
solid structure 22 over a depth d measured from the top end of the structure 22. The depth d is about 70% of the height
H of the solid structure 22. The bore 40 has a bore width wb which is depicted in exaggerated dimensions: the value of
wb is in reality smaller and may vary between 0.1 mm and 0.5 mm.

Results

[0075] Experimental results were obtained on the basis of a mathematical model of an antenna device according to
the invention having a grid of 4x4 adjacent antenna units, and a coinciding grid of 4x4 adjacent resonator units.
[0076] In this model, two main properties of the antenna device were calculated for the specific configurations of the
resonator units in the form of the solid structures as depicted in:

- fig. 3 (’single bore structure’)
- fig. 4 (’double incised structure’),
- fig. 5 (’double incised structure with single bore’),
- fig. 6 (’tapered structure’), and
- fig. 7 (’tapered structure with single bore’):
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The two main properties that were calculated are (i) the thermal resistance of the whole antenna device and (ii) the
estimated air velocity that is achievable over the upper surface of the antenna device that is in direct contact with
ambient air (i.e. the upper side of dielectric resonator body that is exposed to ambient air).

[0077] These two main properties largely determine the temperature reduction (iii) that is achievable for the antenna
device, and hence a value of the temperature reduction could be estimated for the antenna device when in operation.
[0078] The results of the mathematical modelling are presented in the table below:

[0079] The above table shows that the invention is capable of achieving a significant temperature reduction of the
antenna device during its operation, by virtue of an adequate heat exchange with surrounding air which is based on the
calculated thermal resistance of the antenna device and the air velocity on the upper side of the antenna device.
[0080] In addition to the appended claims that follow hereafter in a separate section, the present invention is defined
by the below clauses:

1. Antenna device which is suitable for wireless communications according to a 5G network standard, wherein the
antenna device comprises:

i) a primary layer having a top side and a bottom side, the primary layer comprising a multitude of adjacent
antenna units wherein each antenna unit has a respective electrically conductive antenna plate which is present
at the top side of the primary layer, and
ii) a dielectric resonator body which comprises a resonator base layer having a top side and a bottom side,
which top side is provided with a multitude of adjacent resonator units, wherein the resonator base layer and
the resonator units are made of dielectric material,

wherein the bottom side of the dielectric resonator body is provided on the top side of the primary layer, and wherein
above the antenna plate of each antenna unit a corresponding resonator unit is present,

wherein the adjacent resonator units are spaced apart from each other, and each resonator unit has the form
of a stud projecting from the resonator base layer,
characterized in that each stud is a solid structure which is provided with one or more excised sections, and/or
has a tapered outer circumference.

2. Antenna device according to clause 1, wherein the one or more excised sections of the solid body of the stud is
a bore with preferably one open end and one closed end.

3. Antenna device according to clause 2, wherein the bore is oriented in the projecting direction of the stud, and is
preferably provided in a central zone of the stud.

4. Antenna device according to clause 2 or 3, wherein the bore is elongated and is defined by a longitudinal axis
and a contour perpendicular to the longitudinal axis, wherein the contour defines an inner surface of the solid body
that delimits the bore, wherein the contour is generally defined by an x and y coordinate which fulfils the following
equations:

Configuration of resonator unit in a 4x4 
grid antenna device

(i) Thermal resistance 
(K/W)

(ii) Air Velocity 
(m/s)

(iii) Achievable 
Temperature Reduction

Single bore (fig. 3) 49-53 1.7-2.1 17 to 20%

Double incised (fig.4) 55-65 1.3-1.7 15 to 20%

Double incised + bore (fig.5) 55-65 1.4-1.6 15 to 20%

Tapered (fig. 6) 38-48 1.4-2.2 20 to 25%

Tapered + bore (fig. 7) 42-54 -- 20 to 25%
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wherein:

wherein the values for the parameters cx, cy, m1, m2, a1, a2, n1, n2 and b1 are selected from the group of real
numbers of positive value, and ϕ is an angular coordinate that covers the range from -π to π;
which contour includes the shapes of an oval, an ellipse, a circle, or a variant thereof.

5. Antenna device according to one of the preceding clauses, wherein the one or more excised sections of the solid
body of the stud is a planar incision which extends through at least one side of the outer circumference of the stud,
preferably through a multitude of sides of the outer circumference of the stud.

6. Antenna device according to clause 4, wherein the planar incision is oriented in the projecting direction of the
stud, and preferably extends through a central zone of the stud.

7. Antenna device according to one of the preceding clauses, wherein the tapered outer circumference of the solid
body of the stud is such, that the tapering of the outer circumference is oriented in the projecting direction of the stud.

8. Antenna device according to one of the preceding clauses, wherein each stud, viewed in a cross-section perpen-
dicular to its projecting direction, has a cross-sectional contour which is generally defined by an x and y coordinate
which fulfils the following equations:

wherein:

wherein the values for the parameters cx, cy, m1, m2, a1, a2, n1, n2 and b1 are selected from the group of real
numbers of positive value, and ϕ is an angular coordinate that covers the range from -π to π;
which contour includes the shapes of an oval, an ellipse, a circle, or a variant thereof.
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9. Antenna device according to one of the preceding clauses, wherein the cross-sectional contour of each stud is
substantially of the same form along its projecting direction.

10. Antenna device according to one of the preceding clauses, wherein each stud has a height that is equal to or
greater than its maximum width.

11. Antenna device according to any of the preceding clauses, wherein the height of each stud is in the range of 2
to 6 mm, preferably in the range of 2.7 to 4 mm, and the maximum width is in the range between 2.5 and 4.5 mm.

12. Antenna device according to any of the preceding clauses, wherein the thickness of the resonator base layer is
lower than 1.00 mm, preferably in the range of 0.35 to 0.65 mm.

13. Antenna device any of the preceding clauses, wherein the bottom side of the resonator base layer is directly
adhered onto the top side of the primary layer, thereby covering the top side area of the primary layer either completely,
or for a major part.

14. Antenna device according to any of the preceding clauses, wherein the dielectric resonator body is made as a
single piece, and is preferably made from a single dielectric material.

15. Antenna device according to one of the preceding clauses, wherein the dielectric resonator body has a relative
permittivity in the range of 5 - 20, preferably in the range of 8- 14, more preferably 10,

16. Antenna device according to one of the preceding clauses, wherein the dielectric resonator body has a loss
tangent preferably smaller than 0.0002 in the frequency band of operation.

17. Antenna device according to one of the preceding clauses, wherein the dielectric resonator body has a thermal
conductivity of at least 10 W/(m.K), in particular at least 20 W/(m.K).

18. Antenna device according to one of the preceding clauses, wherein the dielectric resonator body is substantially
made from alumina, or suitable dielectric material featuring high thermal conductivity in combination with reduced
loss tangent characteristics.

19. Antenna device according to any of the preceding clauses, wherein the multitude of adjacent resonator units
are provided in parallel arrays, thus forming a grid pattern, and/or wherein the multitude of adjacent antenna units
are provided in parallel arrays, thus forming a grid pattern.

20. Antenna device according to any of the preceding clauses, wherein the antenna plate of each antenna unit is
provided with an aperture or slot, preferably at a central position in the antenna plate.

21. Antenna device according to any of the preceding clauses, wherein each antenna unit has

- a respective feed connector for an electrical input signal, which feed connector is present at the bottom side of
the primary layer and is connected by electrically conductive vias to the respective antenna plate, and

- a respective electrically conductive strip line which is present inside the primary layer and which is electrically
isolated from the antenna plate and the conductive vias by a respective dielectric spacer structure.

22. Antenna device according to any of the preceding clauses, wherein the primary layer is a printed circuit board
which is composed from layers of a dielectric substrate onto which electrically conductive structures are printed.

23. Antenna device according to any of the preceding clauses, wherein the antenna device is configured to operate
in a frequency band between 24 and 29 GHz, or in any millimeter or sub-millimeter wave frequency range.

24. RF transceiver of a wireless communications device comprising at least one antenna device according to any
of the preceding clauses 1-23.

25. Use in a wireless communication system of an antenna device according to any of the preceding clauses 1-23,
comprising the step of connecting a communication circuit to the antenna device.
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Claims

1. Antenna device which is suitable for wireless communications according to a 5G network standard, wherein the
antenna device comprises:

i) a primary layer having a top side and a bottom side, the primary layer comprising a multitude of adjacent
antenna units wherein each antenna unit has a respective electrically conductive antenna plate which is present
at the top side of the primary layer, and
ii) a dielectric resonator body which comprises a resonator base layer having a top side and a bottom side,
which top side is provided with a multitude of adjacent resonator units, wherein the resonator base layer and
the resonator units are made of dielectric material,

wherein the bottom side of the dielectric resonator body is provided on the top side of the primary layer, and wherein
above the antenna plate of each antenna unit a corresponding resonator unit is present,

wherein the adjacent resonator units are spaced apart from each other, and each resonator unit has the form
of a stud projecting from the resonator base layer,
characterized in that each stud is a solid structure which is provided with one or more excised sections, and/or
has a tapered outer circumference.

2. Antenna device according to claim 1, wherein the one or more excised sections of the solid body of the stud is a
bore with preferably one open end and one closed end.

3. Antenna device according to claim 2, wherein the bore is oriented in the projecting direction of the stud, and is
preferably provided in a central zone of the stud.

4. Antenna device according to claim 2 or 3, wherein the bore is elongated and is defined by a longitudinal axis and
a contour perpendicular to the longitudinal axis, wherein the contour defines an inner surface of the solid body that
delimits the bore, wherein the contour is generally defined by an x and y coordinate which fulfils the following
equations:

wherein:

wherein the values for the parameters cx, cy, m1, m2, a1, a2, n1, n2 and b1 are selected from the group of real
numbers of positive value, and ϕ is an angular coordinate that covers the range from -π to π;
which contour includes the shapes of an oval, an ellipse, a circle, or a variant thereof.

5. Antenna device according to one of the preceding claims, wherein the one or more excised sections of the solid
body of the stud is a planar incision which extends through at least one side of the outer circumference of the stud,
preferably through a multitude of sides of the outer circumference of the stud.
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6. Antenna device according to claim 4, wherein the planar incision is oriented in the projecting direction of the stud,
and preferably extends through a central zone of the stud.

7. Antenna device according to one of the preceding claims, wherein the tapered outer circumference of the solid body
of the stud is such, that the tapering of the outer circumference is oriented in the projecting direction of the stud.

8. Antenna device according to one of the preceding claims, wherein each stud, viewed in a cross-section perpendicular
to its projecting direction, has a cross-sectional contour which is generally defined by an x and y coordinate which
fulfils the following equations:

wherein:

wherein the values for the parameters cx, cy, m1, m2, a1, a2, n1, n2 and b1 are selected from the group of real
numbers of positive value, and ϕ is an angular coordinate that covers the range from -π to π;
which contour includes the shapes of an oval, an ellipse, a circle, or a variant thereof.

9. Antenna device according to one of the preceding claims, wherein the cross-sectional contour of each stud is
substantially of the same form along its projecting direction.

10. Antenna device according to one of the preceding claims, wherein each stud has a height that is equal to or greater
than its maximum width.

11. Antenna device according to any of the preceding claims, wherein the height of each stud is in the range of 2 to 6
mm, preferably in the range of 2.7 to 4 mm, and the maximum width is in the range between 2.5 and 4.5 mm.

12. Antenna device according to any of the preceding claims, wherein the thickness of the resonator base layer is lower
than 1.00 mm, preferably in the range of 0.35 to 0.65 mm.

13. Antenna device any of the preceding claims, wherein the bottom side of the resonator base layer is directly adhered
onto the top side of the primary layer, thereby covering the top side area of the primary layer either completely, or
for a major part.

14. Antenna device according to any of the preceding claims, wherein the dielectric resonator body is made as a single
piece, and is preferably made from a single dielectric material.

15. Antenna device according to one of the preceding claims, wherein the dielectric resonator body has a relative
permittivity in the range of 5 - 20, preferably in the range of 8- 14, more preferably 10.
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