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A DIPOLE ANTENNA APPARATUS AND METHOD OF MANUFACTURE

BACKGROUND

The present technique relates to the design of a dipole antenna apparatus, and a
method of manufacturing such a dipole antenna apparatus.

In many applications, such as radio and telecommunications, a dipole antenna is a
very commonly used class of antenna. For example, a dipole antenna is one of the most
common elements used in base station antenna arrays. A dipole antenna is a balanced
structure in terms of input impedance, and does not require an additional feeding
network. Moreover, when placed above a metallic reflector, the antenna becomes
directional.

Whilst the above properties make dipole antennas very attractive for use in
applications such as base station antenna arrays, it is highly desirable for the dipole
antennas to be cheap and easy to manufacture. One common way to produce a dipole
antenna is using a printed circuit board (PCB) design, since such designs can be cheap to
manufacture and easy to tune. However, they can suffer from poor radiation efficiency
due to the losses in the dielectric materials.

It is also important in many applications to provide appropriate direct current
(DC) grounding, so as to enable the dipole antenna to be protected from events such as
lightning strikes, which can result in significant direct current passing through the dipole
antenna.

SUMMARY
Examples of the present technique are set out in the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The present technique will be described further, by way of illustration only,
with reference to examples thereof as illustrated in the accompanying drawings, in
which:

Figure 1 schematically illustrates the arrangement of a dual polarised dipole
antenna in accordance with one example arrangement;

Figure 2 provides an exploded view of the dual polarised dipole antenna of

Figure 1;
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Figures 3A and 3B illustrate the design of a pair of conductive elements used to
form a dipole antenna;

Figures 4A and 4B illustrate how a feedline cable can be connected to each
dipole antenna in the dual polarised dipole antenna design of Figure 1 in accordance
with one example arrangement;

Figures SA and 5B illustrate an alternative form of the pair of conductive

elements used to form a dipole antenna in accordance with one example arrangement;
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Figures 6A and 6B illustrate an implementation of a dual polarised dipole
antenna apparatus using the pair of conductive elements illustrated in Figures SA and
5B,

Figures 7 and 8 provide performance charts for a dual polarised dipole antenna
conforming to the design of Figure 1;

Figures 9A to 9F are diagrams illustrating a dipole antenna design according to
one example configuration; and

Figure 10 is a flow diagram illustrating steps taken during the manufacture of a

dipole antenna apparatus in accordance with the techniques described herein.

DESCRIPTION OF EXAMPLES

In accordance with one example configuration an antenna apparatus is
provided that has a conductive plate extending in a first plane, and a pair of conductive
elements that are arranged to form a dipole antenna, where the pair of conductive
elements are located in a second plane parallel to the first plane. By such an
arrangement, the conductive plate can act as a reflector for the dipole antenna, thereby
enabling the antenna to be used as a directional antenna.

In accordance with the techniques described herein, each conductive element
forms a conductive ring in the second plane that surrounds a non-conductive inner
area. The non-conductive inner area may be filled with a non-conductive solid
material, but in one example is a hollow area and hence may typically contain air.

A first conductive element in the pair of conductive elements is arranged to
have a conductive bridge extending across the conductive ring that divides the non-
conductive inner area into at least two portions. In one specific implementation the
bridge extends between opposing sides of the ring to sub-divide the non-conductive
area into two portions.

A conductive connection is then provided that extends from the conductive
bridge to the conductive plate. As a result, in normal use the conductive plate acts as a
reflector for the dipole antenna. However, in the event of a direct current event, such
as for example may be caused by a lightning strike, the presence of the conductive
bridge and the conductive connection causes the conductive plate to operate as a
ground plane for direct current within the first conductive element of the dipole

antenna.
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It has been found that such an approach provides a particularly efficient
mechanism for providing DC grounding functionality within an antenna apparatus by
allowing the conductive plate that is used as a reflector for the dipole antenna to also
be used to provide a DC grounding path. In accordance with the design, the first
conductive element in the pair of conductive elements is provided with a conductive
path to the reflector. However, by arranging the pair of conductive elements as
conductive rings, and providing the conductive connection from the conductive plate
to the first conductive element such that that connection is made on the conductive
bridge extending across the conductive ring, it has been found that a suitable radiation
pattern for the dipole antenna can be maintained despite the presence of the connecting
path between the conductive plate and the first conductive element.

It has been found that such an approach can lead to a very efficient antenna
design that is simple to manufacture, can provide directional behaviour, and can
provide robust DC grounding functionality.

Whilst the conductive plate, conductive elements and conductive connection
can be formed of a variety of materials, in one example implementation each of those
parts are provided by metallic components.

The conductive connection that extends from the conductive bridge of the first
conductive element to the conductive plate can be provided in a variety of ways.
However, in one example implementation the antenna apparatus has a separation
structure that is used to hold the pair of conductive elements apart from the conductive
plate, and thus ensure that the pair of conductive elements are maintained in a plane
parallel to the plane of the conductive plate. In one such implementation, the
separation structure itself can also be used to provide the conductive connection,
thereby avoiding the need to provide an additional structure to implement the
conductive connection.

For example, the separation structure may provide a metallic rod extending
from the conductive plate to the conductive bridge to provide the conductive
connection. It should be noted that in the implementations described herein no such
conductive connection is made with the second conductive element. In one example
implementation the separation structure may also include a rod extending from the

conductive plate to the second conductive element, but that rod can be formed of a
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non-metallic material so that an electrical connection is not made between the second
conductive element and the conductive plate.

In one example implementation, the pair of conductive plates are located on a
non-conductive support structure. This can simplify manufacture, with the non-
conductive support structure effectively being used to define the plane in which the
pair of conductive elements are located. However, in one such implementation it is
then necessary for the above-mentioned metallic rod to pass through the non-
conductive support structure so as to make an electrical connection with the
conductive bridge of the first conductive element. In one example implementation this
is achieved by shaping the metallic rod so as to clamp the non-conductive support
structure between an abutment surface of the metallic rod and the first conductive
element whilst a portion of the metallic rod extends through the non-conductive
support structure to connect to the conductive bridge of the first conductive element.
By such an approach, the metallic rod not only makes the required electrical
connection, but also serves to hold the first conductive element against the non-
conductive support structure.

The non-conductive support structure can be formed of a variety of different
materials, but in one example implementation a low cost plastic material is used.

It should be noted that by using a design of dipole antenna as discussed above,
where the pair of conductive elements used to form the dipole antenna are formed of
conductive rings that are either self-supported or supported on a non-conductive
support structure, this allows a low cost dipole antenna to be produced, whilst avoiding
the need to use PCB materials. Hence, the design avoids the losses that are typically
associated with dielectric materials, and hence improves the radiation efficiency
relative to equivalent PCB based dipole antennas.

In one example implementation, the second conductive element in the pair of
conductive elements could be constructed identically to the first conductive element,
and hence have a conductive bridge extending across the conductive ring. However,
there would be no conductive connection made between the conductive bridge of the
second conductive element and the conductive plate so as to ensure that the second
conductive element is electrically isolated from the first conductive element. Such an

approach could improve the radiation pattern due to the identical nature of the two
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conductive elements. However, in practice it has been found that a suitable radiation
pattern can be obtained even when the second conductive element is not provided with
the conductive bridge, and as will be discussed in more detail later, by avoiding the
need for a conductive bridge in the second conductive element, this can provide
routing benefits with regard to the feedline cable used to connect to the dipole antenna.

Hence, in one example implementation the second conductive element in the
pair of conductive elements is not provided with the conductive bridge. However, the
first and second conductive elements are shaped in the second plane such that the first
conductive element has an equivalent electrical length to the second conductive
element despite the provision of the conductive bridge in the first conductive element.
Electrical length refers to the length of an electrical conductor in terms of the phase
shift introduced by transmission over that conductor at some frequency. Whilst the
provision of a conductive bridge in one of the conductive elements and not in the other
has the potential to alter the electrical length of one conductor relative to the other, it
has been found that by appropriate shaping of the conductive elements the potential
effect of the conductive bridge can be removed. It will be appreciated by those skilled
in the art that there are a number of factors that will affect the electrical length, and in
one example implementation one or more of the width of the metal forming the
conductive ring, the width of the conductive bridge and/or the size of the holes
provided by the non-conductive inner area can be adjusted so that both the first and
second conductive elements have the same equivalent electrical length, thus ensuring
efficient operation of those conductive elements as a dipole antenna.

In one example implementation, during operation surface current flows through
the first and second conductive elements. Each of the first and second conductive
elements has a fundamental current mode defined by the conductive ring, and this
current mode can also be referred to as a surface current mode since the electrical
current exists only on the surface. The presence of the conductive bridge creates at
least one additional current mode (surface current mode) in the first conductive
element. However, the first conductive element is shaped so as to restrict an effect of
the at least one additional current mode on the electrical length of the first conductive

element, and hence it can be ensured that both the first and second conductive
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elements have an equivalent electrical length despite the provision of the conductive
bridge within the first conductive element.

In one example implementation, a feedline cable that is used to connect to both
of the conductive elements is routed into the non-conductive inner area of one of the
conductive elements in the pair of conductive elements. This can allow for an efficient
and slimline design by allowing a portion of the feedline cable to be accommodated
within the unused inner area of one of the conductive elements.

In one particular example implementation, the second conductive element is
not provided with the conductive bridge and the feedline cable is routed into the non-
conductive inner area of the second conductive element. Due to the absence of the
conductive bridge, this provides a very flexible space into which to accommodate the
feedline cable.

In one particular implementation, an end portion of the feedline cable that is
used to make electrical connections with both the first and second conductive elements
is arranged to extend parallel to the second plane. By enabling that end portion to
extend parallel to the second plane, this can avoid the presence of that end portion of
the feedline cable creating any electrical field components perpendicular to the second
plane in which the dipole antenna is provided, and hence further improves efficiency
of the design.

There are a number of ways in which the end portion of the feedline cable can
be accommodated so as to extend parallel to the second plane. In one example
implementation, the second conductive element has a channel provided therein to
accommodate a first part of the end portion of the feedline cable, and an electrical
connection is made between the second conductive element and the first part in the
channel. A second part of the end portion of the feedline cable then extends beyond
the channel to make an electrical connection to the first conductive element. This
provides a very simple and efficient mechanism for making the necessary connections
between the feedline cable and the two conductive elements forming the dipole
antenna.

In one example implementation, a mechanical fixing mechanism is used to
make the electrical connections of the feedline cable to the first and second conductive

elements. In particular, by arranging for the end portion of the feedline cable to be
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routed through a channel in the second conductive element and then on to the first
conductive element in a direction parallel to the surface of the first conductive
element, suitable mechanical fixings can be readily accommodated in the design
without affecting the dimensions of the overall design. For example, one or more
metallic screws can be used to clamp the first part of the end portion of the feedline
cable within the channel of the second conductive element, and the second part of the
end portion may then for example extend into a recess in the first conductive element,
where it can also be clamped using a metallic screw. Such an approach avoids the
need for a plating process or additional surface finishing process that may be required
if instead one were to seek to establish a solder connection between the feedline cable
and the conductive elements.

The feedline cable is in one example implementation a coaxial cable
comprising an inner conductor, and an outer conductor insulated from the inner
conductor. The inner conductor may be electrically connected to the first conductive
element, whilst the outer conductor is connected to the second conductive element.
Hence, it will be appreciated that the technique described herein provides a very
efficient and robust mechanism for providing DC grounding for the inner conductor of
a coaxial cable by making use of a connection to the conductive plate that is already
provided to act a reflector for the dipole antenna. Whilst a number of other techniques
can readily be used to provide grounding functionality for the outer conductor of the
coaxial cable, it has traditionally been difficult to provide a simple and effective
grounding for the inner conductor, but the use of the techniques described herein
allows for such a grounding of the inner conductor to be achieved in a simple and low
cost manner without affecting the overall dimensions of the antenna design.

The conductive rings can be formed in a variety of ways. In one example the
conductive rings are solid in a depth dimension of the first and second conductive
elements perpendicular to the second plane. Hence, the conductive rings can be made
of solid parts, for example made of conductive metal. Such parts can be made using a
variety of different processes, for example a diecast process or CNC (Computer
Numerically Controlled) machining. As discussed earlier, a coaxial cable used to
provide the feedline cable can then be connected to the rings using metallic screws to

ensure the electrical connection.
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However, in an alternative implementation the first and second conductive
elements are made of thinner conductive material, which can be produced using a cost
effective manufacturing process such as stamping or pressing technology. In
particular, due to the physical principle derived from Coulomb’s law, the electrical
field inside the metal is zero and thus it is possible to hollow out the dipole arms from
the inside without affecting the radiation characteristics. Hence, in one example
implementation, the first and second conductive elements have an edge defining an
element depth in a depth dimension perpendicular to the second plane, and the
conductive rings are provided by a surface region of the first and second conductive
elements, where the surface region has a depth less than the element depth. With such
an arrangement (referred to herein as a “stamped” implementation), due to the loss of
solid material in the depth dimension perpendicular to the second plane, it will
typically be necessary to solder the required feedline cable to the inner side of the
metallic parts forming the first and second conductive elements of the dipole antenna.

Whilst in one example implementation the antenna apparatus may include a
single dipole antenna, in an alternative implementation two dipole antennas can be
incorporated into the design so as to provide a dual polarised dipole antenna apparatus.
Hence, in such an arrangement the earlier-mentioned dipole antenna becomes a first
dipole antenna, and the antenna apparatus further comprises an additional dipole
antenna comprising a pair of conductive elements that are also located within the
second plane. The additional dipole antenna can be arranged to have a different
orientation within the second plane than the first dipole antenna so as to provide a dual
polarised antenna apparatus. Typically, the two different dipole antenna antennas will
be arranged at 90 degrees to each other so as to provide orthogonal polarisation.

In one example implementation, the pair of conductive elements forming the
additional dipole antenna are constructed identically to the pair of conductive elements
forming the first dipole antenna. It has been found that the above described
arrangement of each dipole antenna can lead to a very efficient design, offering wide
operational bandwidth performance, good antenna directivity, and strong isolation
between the different antenna ports of the dual polarised antenna. The antenna can be

accommodated in a small area and manufactured cheaply.
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As discussed earlier, it can be desirable for the end portion of the feedline cable
for a dipole antenna to be received parallel to the second plane in which the dipole
antenna is accommodated. When providing a dual polarised antenna design including
two dipole antennas, it is desirable to allow the feedline cable for each dipole antenna
to extend parallel to the second plane, but to ensure that the routing of one feedline
cable is not compromised by the presence of the other feedline cable. In one example
implementation, this is achieved by provision of a suitable feedline cable receiving
structure within the conductive elements and by inverting one or both conductive
elements of one dipole antenna relative to their equivalent conductive elements in the
other dipole antenna. In particular, in one example implementation the pair of
conductive elements have a depth dimension perpendicular to the second plane, and at
least one of the pair of conductive elements has a feedline cable receiving structure
offset from a central location in the depth dimension. The at least one of the pair of
conductive elements forming the additional dipole antenna is inverted with respect to
the corresponding at least one of the pair of conductive elements forming the first
dipole antenna to facilitate connection of a first feedline cable to the first dipole
antenna and connection of a second feedline cable to the additional dipole antenna
such that end portions of both the first and second feedline cables extend parallel to the
second plane but are separated with respect to each other by a determined distance
perpendicular to the second plane.

The feedline cable receiving structure can take the form of the earlier discussed
channel in one example implementation, and by offsetting the channel relative to the
central location in the depth dimension of the second conductive element this means
that when the second conductive element of one dipole antenna is inverted with respect
to the second conductive element of the other dipole antenna, the channels do not
occupy the same plane parallel to the second plane, but instead occupy different planes
in the depth dimension, hence allowing the feedline cables to pass over/under each
other, and thus allowing the end portion of both feedline cables to be maintained in a
parallel relationship to the second plane.

An offset receiving structure could also be provided in the first conductive
elements. However, in an alternative implementation, all that is required in the first

conductive element is a hole suitable to receive the inner conductor at one end of the
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feedline cable so that it can be clamped into the hole using the metallic screw. If
desired, two offset holes could be provided in the first conductive element, so that the
first conductive element does not need to be inverted, and instead the first conductive
element in one dipole antenna will have the feedline cable connected to the first one of
the two holes, whilst the equivalent first conductive element in the other dipole
antenna will have its feedline cable connected to the other of the two holes.

By arranging the pair of conductive elements as discussed above, it has been
found that this enables one single tool to be used to create the conductive elements
used for both dipole antennas, since the conductive elements of both dipole antennas
can be constructed identically, with the use of inversion of one or more of the
conductive elements enabling efficient connecting of the required feedline cables.

Whilst the above approach can be used for the implementations where each of
the dipole antenna arms is formed a solid ring of uniform depth, when using the earlier
discussed “stamped” implementation the first and second conductive elements forming
each dipole antenna will not be inverted, since it is only the upper surface of the first
and second conductive elements that provide the conductive rings. Instead, the routing
holes required to pass the feedline cables through the conductive elements to the point
at which they are soldered to those conductive elements can be altered in the depth
dimension between the conductive elements used for one dipole antenna and the
conductive elements used for the other dipole antenna. Alternatively, each conductive
element can be provided with two sets of holes separated in the depth dimension, such
that one of the holes can be used for the feedline cable of the first dipole antenna and
the other of the holes can be used for the feedline cable for the other dipole antenna.

Particular examples will now be described with reference to the figures.

Figure 1 illustrates a dipole antenna apparatus in accordance with one example
configuration. In particular, in this example configuration, the dipole antenna
apparatus includes a pair of dipole antennas used to provide a dual-polarised dipole
antenna arrangement. The top part of Figure 1 shows the apparatus from a topside
view, whilst the lower figure shows an underside view. In both views, a conductive
plate on which the apparatus shown in Figure 1 is mounted is omitted for clarity.

A first dipole antenna is formed by the two conductive elements 15, 20, whereas a

second dipole antenna is formed by the equivalent pair of conductive elements 25, 30.
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As shown in Figure 1, each conductive element is essentially ring shaped, and in
particular forms a conductive ring that surrounds a non-conductive inner area. In this
example, the non-conductive inner area is hollow, and in one example implementation
is filled with air (or optionally another gas if the antenna apparatus is placed within a
housing filled with a gas other than air).

As seen in Figure 1, the first conductive element 15, 25 of the pair of
conductive elements forming each dipole antenna has a conductive bridge 45, 50
extending across the gap formed by the non-conductive inner area of the conductive
ring.

In the example shown in Figure 1, the four conductive elements are metal and
may be formed for example from a diecast process or by CNC machining. In such
implementations, the conductive bridge 45, 50 is formed of the same metal as the
conductive rings, and produced during the process of manufacturing the conductive
rings. As also shown in Figure 1, the various conductive elements are supported on a
non-conductive support structure 35, which could for example be formed of a plastic
material.

As shown by the underside view in Figure 1, conductive rods 85, 90 can be
passed through the non-conductive support structure 35 to connect to the central
portion of the conductive bridges 45, 50 of the first conductive elements 15, 25.
Similarly, non-conductive rods 40, 95 can be used to pass through the non-conductive
support structure 35 to attach to the second conductive elements 20, 30 of each dipole
antenna. The four rods 85, 90, 40, 95 serve to hold the various conductive elements
above a conductive plate, in one example implementation the conductive plate being
formed as a metal plate. As a result, when considering the conductive plate as
extending in a first plane, the various conductive elements 15, 20, 25, 30 can be seen
as occupying a second plane parallel to the first plane.

The rods 85, 90, 40, 95 can also be shaped so that they include an abutment
surface that serves to clamp the non-conductive support structure 35 against the
overlying conductive elements 15, 20, 25, 30, hence serving to hold the various
conductive elements and support structure in place. If desired, a number of additional
screws such as the screws 82, 84 can also be used to clamp the non-conductive support

structure to the conductive elements.
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However, in addition to using the rods 85, 90, 40, 95 to provide a separation
structure to maintain a parallel separation between the conductive plate and the four
conductive elements forming the two dipole antennas, by arranging for the rods 85, 90
to be made of a conductive material, for example being formed as metal rods, this
establishes an electrical connection between the conductive bridges 45, 50 of the first
conductive elements 15, 25 and the conductive plate. During normal operation, there is
alternating current (AC) flowing around the conductive rings and the presence of the
electrical connecting path to the conductive plate can be arranged so that it does not
adversely affect operation of the dipole antenna elements. In particular, the first and
second conductive elements forming each dipole antenna can be shaped such that the
first conductive element has an equivalent electrical length to the second conductive
element despite the provision of the conductive bridge in the first conductive element.

It will be appreciated that various properties can affect the electrical length of
the conductive rings, and hence for example the width of the metallic ring in the
second plane can be altered, as can the width of the conductive bridge 45, 50, and
indeed the size of the holes provided within the ring, so as to vary the electrical length.
During normal operation there will be a fundamental current mode defined by the
conductive ring due to current flowing around the ring on the surface. The presence of
the conductive bridge will create at least one additional current mode in the first
conductive elements, but the first conductive elements can be shaped so as to restrict
an effect of the at least one additional current mode on the electrical length of the first
conductive elements so as to ensure that the first conductive elements have an
equivalent electrical length to the second conductive elements. As a result, the
presence of the conductive bridge 45, 50, and the conductive path to the underlying
conductive plate, will not cause an adverse effect on the operation of each dipole
antenna in normal use.

However, in the event of a direct current (DC) event, such as may occur during
a lightning strike, the presence of the conductive bridge 45, 50 and connected metallic
rods 85, 90 provide a DC path to the conductive plate, thus providing effective DC
grounding for the feedline connection made to the first conductive elements 15, 25 (as
will be discussed in more detail later), such a feedline connection typically being

formed by the inner conductor of a coaxial cable. This hence provides a very simple
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and effective mechanism for providing sufficient DC grounding without requiring
additional wiring and infrastructure within the antenna design.

As also shown in Figure 1, the second conductive element 20, 30 can be
formed with a channel therein to accommodate an end portion of the feedline cable
used to connect to each dipole antenna. Hence, considering the first dipole antenna
formed by the two conductive elements 15, 20, the feedline cable 55 can be routed
through the gap formed by the conductive ring of the second conductive element 20,
with the end portion of the feedline cable then being passed parallel to the second
plane (i.e. parallel with the plane accommodating the various conductive elements
forming the two dipole antennas). A first part of the end portion is then routed through
the channel provided by the second conductive element, and can be electrically
connected to the second conductive element by a screw 65. A second part of the end
portion of the feedline cable can then extend beyond the channel in order to be
received in a hole in the first conductive element, where it can also be clamped into
position using a metallic screw 70. In one example implementation the feedline cable
55 is a coaxial cable, with the outer conductor being connected to the second
conductive element 20, and the inner conductor being connected to the first conductive
element 15 of the dipole antenna.

As shown by the underside view in Figure 1, an equivalent routing can be made
for the feedline cable 60 associated with the second dipole antenna, with the screws
75, 80 providing the equivalent functionality to the screws 65, 70 discussed above, but
for the second dipole antenna.

The channel can be formed within the second conductive element so that it
exists off centre with respect to the depth dimension of the second conductive element.
As a result, the second conductive element 30 used for the second dipole antenna can
be inverted relative to the second conductive element 20 used for the first dipole
antenna so that the first feedline cable 55 can be routed across the top surface shown in
the topside view of Figure 1, whilst the second feedline cable 60 can be routed along
the bottom surface as shown by the underside view in Figure 1. The first conductive
elements 15, 25 can be formed with receiving holes for the feedline cable that are at
different positions in the depth dimension with respect to each other, or instead both of

those conductive elements can be constructed identically with two holes that are offset
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in the depth dimension, one near the upper surface and one near the bottom surface. As
a result, no inversion of the first conductive elements is required, and the feedline
cable can merely be received in the appropriate hole provided within those conductive
elements.

Figure 2 shows an exploded view of the apparatus of Figure 1, also showing
the underlying metallic plate 100. The exploded view helps to illustrate the assembly
process that can be used in order to form the antenna apparatus. Although not shown in
Figure 2, screws will typically be used to connect the bottom of each of the separation
rods 40, 85, 90, 95 to the metallic plate 100. It will be appreciated from Figure 2 that
assembly of the antenna apparatus can readily be achieved in a straight forward
manner by building up the various layers and screwing the components together, with
the coaxial cables forming the feedline cables being routed through the holes provided
in the second conductive elements of each dipole antenna.

Figures 3A and 3B illustrate the first and second conductive elements 15, 20
that may be used in one example implementation. Note these provide a slightly
different design for terminating the cables to the design shown in Figures 1 and 2.
Whilst they are essentially of the same form as those illustrated in Figures 1 and 2, in
this particular example a pair of screws 23, 24 are used to make the electrical
connection between the outer conductor of the coaxial cable and the channel 22 of the
second conductive element 20. Within the first conductive element 15, a hole 17 is
provided for receiving the inner conductor of the coaxial cable, with a screw being
received in the hole 18 in order to make an electrical connection between the inner
conductor of the coaxial cable and the first conductive element 15.

Figure 4A illustrates how the feedline coaxial cable 55 is routed into the hole
of the second conductive element 20, with the end portion then extending in a plane
parallel with the plane formed by the first and second conductive elements 15, 20. The
outer conductor of the coaxial cable is clamped to the second conductive element by
the screws 22, 24, and the inner conductor then extends into the hole 17 provided in
the first conductive element 15. Whilst not shown in Figure 4A, a screw can then be
inserted in the hole 18 to clamp the inner conductor of the coaxial cable in place.

Figure 4B shows how a pair of dipole antennas can be formed using the

arrangement of Figure 4A, but with the second dipole antenna rotated 90° with respect
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to the first. The first and second conductive elements 25, 30 of the second dipole
antenna can be inverted within the plane containing the four conductive elements, so
that the coaxial cables used as the feedline cables for the two dipole antennas can pass
over each other. Whilst in the example of Figures 3A to 4B, the first conductive
element 15 only includes a single hole 17 that is offset from the centre in the depth
dimension, in an alternative implementation two holes could be machined within the
end face of the first conductive element in the depth dimension, so that there is a
suitable hole that can be used to receive the inner conductor of the coaxial cable
without needing to invert the first conductive element. Hence, if the second conductive
element is not inverted, the first conductor of the coaxial cable could be received in the
upper hole in the first conductive element, whereas if the second conductive element is
inverted and the first conductive element remains uninverted, the inner conductor of
the coaxial cable can be received in the bottom hole.

In the examples discussed thus far, the conductive elements are formed as
conductive rings that are solid in the depth dimension, i.e. perpendicular to the second
plane containing the four conductive elements shown in Figure 1. Such conductive
elements will be referred to herein as a “solid” implementation, and can be formed by
a variety of different manufacturing processes, for example a diecast process or CNC
machining. Once a tool/mould has been made, the design becomes very cost effective
in mass production.

However, as shown in Figures SA and 5B, a functionally equivalent pair of
conductive elements 150, 155 can be formed where the conductive rings are not solid
in the depth dimension. The holes 152, 154 are provided to accommodate the routing
of the coaxial cable. Such a design lends itself to being manufactured using a
stamping or pressing technology. From a comparison with Figure 1, it will be seen
that these components adopt a very similar shape to the components shown in Figure
1, but with the interior of the conductive elements being hollowed out. Due to the
physical principle derived from Coulomb's law, the electrical field inside the metal 1s
zero, and hence the dipole arms 150, 155 may operate essentially identically to the
solid dipole arms shown in the earlier examples of Figures 1 to 4B, producing

essentially the same radiation pattern. By manufacturing these components using a
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stamping process, this can fusther reduce the cost since, for example, a standard
process used to make shielding cans can be employed.

Figures 6A and 6B illustrate how the dipole antenna arms of Figures 5SA and
5B can be deployed in order to form an equivalent dual polarised dipole antenna
apparatus to that shown in Figure 1. 1t should be noted however that the holes 152, 154
shown in Figures SA and SB are illustrated being centrally located in the depth
dimension, since it 1s envisaged that the specific exaruple shown n Figures SA and 5B
would be used when forming a single dipole antenna. When producing a dual polarised
dipole antenna as shown in Figures 0A and 6B, these boles can be offset from the
central position in the depth dimension, so that essentially two different variants are
produced, one for forming the first dipole antenna and one for forming the second
dipole antenna. In particular, it will be appreciated that it is not appropriate to invert
either one of the dipole antenna arms when using the stamped version, as the metallic
ring needs to face in the same direction for all four of the dipole antenna arms.

As shown in Figures 6A and 6B, a first dipole antenna is formed by the first
and second conductive elements 165, 170, and a second dipole antenna 18 formed by
the equivalent first and second conductive elements 175, 180. The four conductive
elernents are supported on a non-conductive base 185, which as before can be made of
plastic, and in turn that plastic support is separated from the metallic plate 190, As
with the Figure 1 example, a series of rods can be used to achieve the separation, and
metallic rods will be used to make the connection between the metallic plate 190 and
the conductive bridge provided in both of the first conductive elements 165, 175, In
the particular example shown in Figures 6A and 6B, the non-conductive inner area is
not empty, but instead 1s filled with non-conductive material, and if desired one of the
non-conductive separation structures used to separate the metallic plate 190 from the
plastic support base 185 can be holiowed so as to provide a route for the coaxial cable,
as showu in Figure 68,

it has been found that by adopting the dipoie antenna design described herein, a
wide operational bandwidth performance can be achieved. This is illustrated by the

performance charts shown 1 Figures 7 and &, which are based on the use of the design

shown in Figure 1. Figure 7 shows return losses {see line 200) and isolation (see line

205} between the antenna ports of the dual polarised dipole antenna versus frequency.
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Assuming an input impedance matching level beiter than -10dB 1s desired, the
hne 200 shows that the antenna can cover a wide frequency range between
approximately 2.3 and 4.2 GHz. Further, over this range, the tsolation is better than
37dB, as shown by the line 205 Hence, it can be seen that the relative bandwidth
approaches 58% tn one example when it s covering the range from 2.3 {0 4.2 GHz.
Further, this can be scaled for example to 1.7 to 2.7 GHz or any other RF frequencies.

In addition, the antenna directivity has been found to be equivalent to any
aperture with the same size. However, since the radiator includes only metallic parts,
the radiation efficiency is relatively high {greater than 90%) due to the absence of
dielectric losses. Further, it has been found that the isolation between both antenna
ports of the dual polarised antenna is better than 37dB across the operational frequency
band, and this is reflected with very good polarisation discrimination as shown in
Figure 8. In Figure 8, the solid lines 210, 215 represent co-polarisation at two different
operational frequencies and the dashed lines 220, 225 represent cross polarisation at
the same two frequencies. The cross polarisation discrimination is given by the
separation between the solid and dotted lines, and it can be seen that in this example
the cross polarisation discrimination (XPD) is better than 40dB across the operational
frequency band of 3.25t0 4.2 GH=.

Referring to the terms used in Figure 8, GainX is the antenna gain {(relative to
the directivity) in the X direction (horizontal), and GainY is the antenna gain inthe Y
direction {vertical}. The XPD is the ratic of both components. For example, the figure
shows the patterns of the horizontal polarised antenna, and hence XPD is equal to
GainX - Gainy.

Whilst in the above examples, a dual polarised dipele antenna design has been
considered, the same principles can be used for a single dipole antenna apparatus.
Figures 9A to 9F illustrate an example implementation of such a single dipole antenna
apparatus, when using conductive elements of the form shown in Figures 5A and SB.
Hence, a first conductive element 305 and a second conductive element 310 are
supported on a non-conductive base 315, for example a plastic base, which itself is
suspended above a metallic plate 335 by the rods 325, 330, The rod 325 is shightly
longer than the rod 330, since it extends through the plastic plate 315 in order to make

contact with the underside of the conductive bridge provided 1o the first conductive



10

15

20

25

30

19

element 305. A metaliic screw 340 is then used to make a solid connection between
the conductive bridge and the metallic rod 325 Similarly, a screw 345 is used to
connect the bottom surface of the metallic rod to the metallic plate 335, Screws 350,
385 can also be used to connect the non-conductive rod 330 between the plastic
support structure 315 and the metallic plate 335,

Whilst Figure 9A shows an exploded view, Figure 9B shows a view of the
antenna apparatus once all the parts have been assersbled. Figure 9C shows a view
from above, and in particular shows how the coaxial cable 320 s routed so that the end
portion lies in a parallel plane to the plane formed by the conductive elements 305,
310. This is shown in more detail in Figure 9D, and Figure 9F shows a close up view
of the portion D shown in Figure 9D, A soldering connection can be used to connect
the inner conductor of the coaxial cable to the ring forming the first conductive
elernent 305, Similarly a soldering connection can also be used to make an electrical
connection between the outer conductor of the coaxial cable and the second conductive
element 310, Figure 9E shows a side on view of the apparatus of Figure 9B for
completeness.

Figure 10 is a flow diagram ilustrating steps performed during the manufacture
of an antenna apparatus as described in the preceding figures. At step 400, a
conductive plate 1s provided in a first plane, and then at step 405 each dipole antenna is
formed from a pair of conductive clements, where each conductive element forms a
conductive ring and at least one counductive element in each dipole antenna has a
conductive bridge extending across the conductive ring.

At step 410, each dipole antenna is located in a second plane parallel to the first
plane, for example by mounting the conductive elements on a suitable base support.

At step 415, for each dipole antenva, a conductive connection 18 formed from
the conductive bridge to the conductive plate, and then at step 420 a feedline cable is
connected to each dipole antenna.

It has been found that by adopting the antenna design described with reference
to the examples illustrated herein, a dipole antenna topeology 1s provided that is
compact in terms of size compared to other existing antenna designs, and incorporates
DC grounding as part of the design without requiring additional components. In

particular, the conductive plate provided to act as a reflector during normal use of the
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antenna can also be used as a ground plane for direct current within the first
conductive element of the dipole antenna, by providing that fitst conductive element
with a conductive bridge that is then connected to the conductive plate via a
conductive connection. In order to reduce the number of parts, that conductive
connection can be provided by one of the components used to form a separation
structure between the dipole antenna arms and the conductive plate.

It has been found that the design provides a wide operational bandwidth
performance. Further, when adopting the dual polarised antenna design, it has been
found that very good polarisation discrimination can be obtained.

The illustrated design can be used in a wide wvariety of different
irnplementations, and can for example be used as an element of a bigger antenna array,
for example to facilitate beamforming operations. Depending on the implantation
technology, the proposed design may also provide a good power handling and passive
intermodulation products (PIM) which is a significant technical challenge for antenna
designers.

Although particular embodiments have been described herein, it will be
appreciated that the invention is not limited thereto and that many modifications and
additions thereto may be made within the scope of the invention. For example, various
combinations of the features of the following dependent claims could be made with the
features of the independent claims without departing from the scope of the present

invention.
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CLAIMS

1. An antenna apparatus comprising:

a conductive plate extending in a first plane;

a pair of conductive elements arranged to form a dipole antenna, the pair of
conductive elements located in a second plane parallel to the first plane, and each
conductive element forming a conductive ring in the second plane that surrounds a
non-conductive inner area;

a first conductive element in the pair of conductive elements having a
conductive bridge extending across the conductive ring to divide the non-conductive
inner area into at least two portions, wherein a second conductive element in the pair
of conductive elements is not provided with the conductive bridge; and

a conductive connection extending from the conductive bridge to the
conductive plate;

whereby in normal use the conductive plate acts as a reflector for the dipole
antenna, but in the event of a direct current event the presence of the conductive bridge
and the conductive connection causes the conductive plate to operate as a ground plane

for direct current within the first conductive element of the dipole antenna.

2. An antenna apparatus as claimed in Claim 1, further comprising:
a separation structure to hold the pair of conductive elements apart from the
conductive plate, and the conductive connection is provided by the separation

structure.

3. An antenna apparatus as claimed in Claim 2, where the separation structure
provides a metallic rod extending from the conductive plate to the conductive bridge to

provide the conductive connection.

4. An antenna apparatus as claimed in Claim 3, wherein:
the pair of conductive elements are located on a non-conductive support

structure; and
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the metallic rod is shaped so as to clamp the non-conductive support structure
between an abutment surface of the metallic rod and the first conductive element
whilst a portion of the metallic rod extends through the non-conductive support

structure to connect to the conductive bridge of the first conductive element.

5. An antenna apparatus as claimed in any preceding claim, wherein:

the first and second conductive elements are shaped in the second plane such
that the first conductive element has an equivalent electrical length to the second
conductive element despite the provision of the conductive bridge in the first

conductive element.

6. An antenna apparatus as claimed in Claim 5, wherein:

during operation surface current flows through the first and second conductive
elements;

the first and second conductive elements have a fundamental current mode
defined by the conductive ring;

the presence of the conductive bridge creates at least one additional current
mode in the first conductive element; and

the first conductive element is shaped so as to restrict an effect of the at least

one additional current mode on the electrical length of the first conductive element.

7. An antenna apparatus as claimed in any preceding claim, wherein:
a feedline cable is routed into the non-conductive inner area of one of the

conductive elements in the pair of conductive elements.
8. An antenna apparatus as claimed in Claim 7, wherein:
the feedline cable is routed into the non-conductive inner area of the second

conductive element.

9. An apparatus as claimed in Claim 7 or Claim 8, wherein:
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an end portion of the feedline cable that is used to make electrical connections
with both the first and second conductive elements is arranged to extend parallel to the

second plane.

10. An apparatus as claimed in Claim 9 when dependent on Claim 8, wherein:

the second conductive element has a channel provided therein to accommodate
a first part of the end portion of the feedline cable, and an electrical connection is made
between the second conductive element and the first part in the channel; and

a second part of the end portion of the feedline cable extends beyond the

channel to make an electrical connection to the first conductive element.

11.  An apparatus as claimed in Claim 10, wherein:
a mechanical fixing mechanism is used to make the electrical connections of

the feedline cable to the first and second conductive elements.

12.  An apparatus as claimed in any of claims 7 to 11, wherein the feedline cable is
a coaxial cable comprising an inner conductor and an outer conductor insulated from
the inner conductor, and the inner conductor is electrically connected to the first

conductive element.

13. An apparatus as claimed in any preceding claim, wherein the conductive rings
are solid in a depth dimension of the first and second conductive elements

perpendicular to the second plane.

14.  An apparatus as claimed in any of claims 1 to 12, wherein the first and second
conductive elements have an edge defining an element depth in a depth dimension
perpendicular to the second plane, and the conductive rings are provided by a surface
region of the first and second conductive elements, where the surface region has a

depth less than the element depth.

15. An antenna apparatus as claimed in any preceding claim, wherein the dipole

antenna is a first dipole antenna, and the antenna apparatus further comprises:
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an additional dipole antenna comprising a pair of conductive elements that are
also located within the second plane;

wherein the additional dipole antenna has a different orientation within the
second plane than the first dipole antenna so as to provide a dual-polarised antenna

apparatus.

16.  An antenna apparatus as claimed in Claim 15, wherein the pair of conductive
elements forming the additional dipole antenna are constructed identically to the pair

of conductive elements forming the first dipole antenna.

17. An antenna apparatus as claimed in Claim 16, wherein:

the pair of conductive elements have a depth dimension perpendicular to the
second plane, and at least one of the pair of conductive elements has a feedline cable
receiving structure offset from a central location in the depth dimension;

the at least one of the pair of conductive elements forming the additional dipole
antenna is inverted with respect to the corresponding at least one of the pair of
conductive elements forming the first dipole antenna to facilitate connection of a first
feedline cable to the first dipole antenna and connection of a second feedline cable to
the additional dipole antenna such that end portions of both the first and second
feedline cables extend parallel to the second plane but are separated with respect to

each other by a determined distance perpendicular to the second plane.

18. A method of constructing an antenna apparatus comprising:

providing a conductive plate extending in a first plane;

positioning a pair of conductive elements in a second plane parallel to the first
plane to form a dipole antenna, and shaping each conductive element so as to form a
conductive ring in the second plane that surrounds a non-conductive inner area;

providing a first conductive element in the pair of conductive elements with a
conductive bridge extending across the conductive ring to divide the non-conductive
inner area into at least two portions, wherein a second conductive element in the pair

of conductive elements is not provided with the conductive bridge; and
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forming a conductive connection extending from the conductive bridge to the
conductive plate, such that in normal use the conductive plate acts as a reflector for the
dipole antenna, but in the event of a direct current event the presence of the conductive
bridge and the conductive connection causes the conductive plate to operate as a
ground plane for direct current within the first conductive element of the dipole

antenna.
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