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(57) Abstract: An apparatus comprising: a first antenna having a first end configured to couple to a first port and a second end con-
figured to couple to a second port, the first antenna extending between the first end and the second end and having a mid-point sub -
stantially halfway between the first end and the second end, the first antenna being configured to have a first electrical length and
resonate in a first operational resonant frequency band; a second antenna extending from the first antenna at a position between one
of the first end and the second end and the mid-point of the first antenna, the second antenna being configured to have a second elec -
trical length and resonate in a second operational resonant frequency band; and a third antenna extending from the first antenna at
position between one of the first end and the second end and the mid-point of the first antenna, the third antenna being configured to
have a third electrical length and resonate in a third operational resonant frequency band.
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Apparatus and methods for wireless communication

TECHNOLOGICAL FIELD

Embodiments of the present invention relate to apparatus and methods for
wireless communication. In particular, they relate to apparatus for wireless

communication in an electronic communication device.

BACKGROUND

Apparatus, such as portable communication devices, usually include radio
circuitry and one or more antennas for enabling the apparatus to
communicate wirelessly with other apparatus. In recent years, users have
demanded that such apparatus be operable in a plurality of different
operational frequency bands. However, user demand has also led to such
apparatus being reduced in size and this reduction in size usually leads to a
decrease in performance and/or efficiency and/or bandwidth of the one or

more antennas.

It would therefore be desirable to provide alternative apparatus.

BRIEF SUMMARY

According to various, but not necessarily all, embodiments of the invention
there is provided an apparatus comprising: a first antenna having a first end
configured to couple to a first port and a second end configured to couple to a
second port, the first antenna extending between the first end and the second
end and having a mid-point substantially halfway between the first end and
the second end, the first antenna being configured to have a first electrical

length and resonate in a first operational resonant frequency band; a second
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antenna extending from the first antenna at a position between one of the first

end and the second end and the mid-point of the first antenna, the second
antenna being configured to have a second electrical length and resonate in a
second operational resonant frequency band; and a third antenna extending
from the first antenna at a position between one of the first end and the
second end and the mid-point of the first antenna, the third antenna being
configured to have a third electrical length and resonate in a third operational

resonant frequency band.

The apparatus may be for wireless communication.

The second antenna may be a monopole antenna and may be configured to
resonate in a 3AM4 mode to operate in the second operational resonant
frequency band.

The second electrical length may extend from one of the first end and the
second end of the first antenna to an open end of the second antenna.

The third antenna may be a monopole antenna and may be configured to
resonate in a 3M4 mode to operate in the third operational resonant frequency
band.

The third electrical length may extend from one of the first end and the second
end of the first antenna to an open end of the third antenna.

The first antenna may define a cavity and the second and third antennas may
be positioned within the cavity.

The first antenna may define a cavity and at least one of the second and third
antennas may be positioned external to the cavity.
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The midpoint may be positioned to overlie a first conductive portion of the first

antenna and a second conductive portion of the first antenna, the first and
second conductive portions may be configured to couple to the first and

second ports respectively.

The first antenna may be configured to operate in a fourth operational
resonant frequency band and in a fifth operational resonant frequency band,
the second, third, fourth and fifth operational resonant frequency bands may
be configured to provide a reflection coefficient of at least -6dB between
1.6GHz and 2.7 GHz.

The second port may be a ground point. The first port may be a feed point.

The second electrical length may be different to the third electrical length and
the second operational resonant frequency band may be different to the third

operational resonant frequency band.

The second electrical length may be substantially the same as the third
electrical length and the second operational resonant frequency band may

substantially overlap the third operational resonant frequency band.

The second antenna may be configured to have a first physical length and the
third antenna may be configured to have a second physical length, the first
physical length may be different to the second physical length.

According to various, but not necessarily all, embodiments of the invention
there is provided a module comprising an apparatus as described in any of

the preceding paragraphs.

According to various, but not necessarily all, embodiments of the invention
there is provided an electronic communication device comprising an

apparatus as described in any of the preceding paragraphs.
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According to various, but not necessarily all, embodiments of the invention
there is provided a method comprising: providing a first antenna having a first
end configured to couple to a first port and a second end configured to couple
to a second port, the first antenna extending between the first end and the
second end and having a mid-point substantially halfway between the first end
and the second end, the first antenna being configured to have a first
electrical length and resonate in a first operational resonant frequency band;
providing a second antenna extending from the first antenna at a position
between one of the first end and the second end and the mid-point of the first
antenna, the second antenna being configured to have a second electrical
length and resonate in a second operational resonant frequency band; and
providing a third antenna extending from the first antenna at a position
between one of the first end and the second end and the mid-point of the first
antenna, the third antenna being configured to have a third electrical length

and resonate in a third operational resonant frequency band.

The second antenna may be a monopole antenna and may be configured to
resonate in a 3AM4 mode to operate in the second operational resonant
frequency band.

The second electrical length may extend from one of the first end and the
second end of the first antenna to an open end of the second antenna.

The third antenna may be a monopole antenna and may be configured to
resonate in a 3M4 mode to operate in the third operational resonant frequency
band.

The third electrical length may extend from one of the first end and the second
end of the first antenna to an open end of the third antenna.
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The first antenna may define a cavity and the second and third antennas may

be positioned within the cavity.

The first antenna may define a cavity and at least one of the second and third
antennas may be positioned external to the cavity.

The midpoint may be positioned to overlie a first conductive portion of the first
antenna and a second conductive portion of the first antenna, the first and
second conductive portions may be configured to couple to the first and
second ports respectively.

The first antenna may be configured to operate in a fourth operational
resonant frequency band and in a fifth operational resonant frequency band,
the second, third, fourth and fifth operational resonant frequency bands may
be configured to provide a reflection coefficient of at least -6dB between
1.6GHz and 2.7 GHz.

The second port may be a ground point. The first port may be a feed point.

The second electrical length may be different to the third electrical length and
the second operational resonant frequency band may be different to the third
operational resonant frequency band.

The second electrical length may be substantially the same as the third
electrical length and the second operational resonant frequency band may
substantially overlap the third operational resonant frequency band.

The second antenna may be configured to have a first physical length and the
third antenna may be configured to have a second physical length, the first

physical length may be different to the second physical length.

BRIEF DESCRIPTION
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For a better understanding of various examples of embodiments of the
present invention reference will now be made by way of example only to the

accompanying drawings in which:

Fig 1 illustrates a schematic diagram of an electronic communication device

according to various embodiments of the invention;

Fig. 2 illustrates a plan view of an apparatus according to various

embodiments of the invention;

Figs. 3A and 3B illustrate perspective views of another apparatus according to

various embodiments of the invention;

Fig. 4 illustrates a graph of reflection coefficient versus frequency for the
apparatus illustrated in figs. 3A and 3B,;

Fig. 5 illustrates a first resonant mode of the apparatus illustrated in figs. 3A
and 3B;

Fig. 6A illustrates a second resonant mode of the apparatus illustrated in figs.
3A and 3B;

Fig. 6B illustrates a graph of current distribution versus position for the second
resonant mode illustrated in fig. 6A;

Fig. 7 illustrates a third resonant mode of the apparatus illustrated in figs. 3A
and 3B;

Fig. 8 illustrates a fourth resonant mode of the apparatus illustrated in figs. 3A
and 3B;
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Fig. 9 illustrates a fifth resonant mode of the apparatus illustrated in figs. 3A

and 3B; and

Fig. 10 illustrates a flow diagram of a method of manufacturing an apparatus

according to various embodiments of the invention.

DETAILED DESCRIPTION

In the following description, the wording ‘connect’ and ‘couple’ and their
derivatives mean operationally connected or coupled. It should be
appreciated that any number or combination of intervening components can
exist (including no intervening components). Additionally, it should be
appreciated that the connection or coupling may be a physical galvanic

connection and/or an electromagnetic connection.

Figures 2, 3A, 3B, 5, 6, 7, 8, 9 illustrate an apparatus 12 comprising: a first
antenna 20 having a first end 32 configured to couple to a first port and a
second end 34 configured to couple to a second port, the first antenna 20
extending between the first end 32 and the second end 34 and having a mid-
point 36 substantially halfway between the first end 32 and the second end
34, the first antenna 20 being configured to have a first electrical length 38
and resonate in a first operational resonant frequency band; a second
antenna 22 extending from the first antenna 20 at a position between one of
the first end 32 and the second end 34 and the mid-point 36 of the first
antenna 20, the second antenna 22 being configured to have a second
electrical length 42 and resonate in a second operational resonant frequency
band; and a third antenna 24 extending from the first antenna 20 at position
between one of the first end 32 and the second end 34 and the mid-point 36
of the first antenna 20, the third antenna 24 being configured to have a third
electrical length 46 and resonate in a third operational resonant frequency
band.
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In more detail, fig. 1 illustrates an electronic communication device 10 which

may be any apparatus such as a portable electronic communication device
(for example, a mobile cellular telephone, a tablet computer, a laptop
computer, a personal digital assistant or a hand held computer), a non-
portable electronic device (for example, a personal computer or a base station
for a cellular network), a portable multimedia device (for example, a music
player, a video player, a game console and so on) or a module for such
devices. As used here, ‘module’ refers to a unit or apparatus that excludes
certain parts or components that would be added by an end manufacturer or a

user.

The electronic communication device 10 comprises an apparatus 12, radio
circuitry 14, functional circuitry 16 and a ground member 18. The apparatus
12 is configured to transmit and receive, transmit only or receive only
electromagnetic signals. The radio circuitry 14 is connected between the
apparatus 12 and the functional circuitry 16 and may include a receiver and/or
a transmitter. The functional circuitry 16 is operable to provide signals to,
and/or receive signals from the radio circuitry 14.  The electronic
communication device 10 may optionally include one or more matching

circuits between the apparatus 12 and the radio circuitry 14.

In the embodiment where the electronic communication device 10 is a
portable electronic communication device (such as a mobile phone), the
functional circuitry 16 may include a processor, a memory and input/output
devices such as an audio input device (a microphone for example), an audio

output device (a loudspeaker for example) and a display.

The apparatus 12 and the electronic components that provide the radio
circuitry 14 and the functional circuitry 16 may be interconnected via the
ground member 18 (for example, a printed wiring board). The ground
member 18 may be used as a ground plane for the apparatus 12 by using one

or more layers of the printed wiring board 18. In other embodiments, some
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other conductive part of the electronic communication device 10 (a battery

cover for example) may be used as the ground member 18 for the apparatus
12. The ground member 18 may be formed from several conductive parts of
the electronic communication device 10, for example and not limited to the
printed wiring board, a conductive battery cover, and/or at least a portion of an
external conductive casing or housing of the electronic communication device

10. The ground member 18 may be planar or non-planar.

The apparatus 12 and the radio circuitry 14 are configured to operate in a
plurality of operational resonant frequency bands and via one or more
protocols. For example, the operational frequency bands and protocols may
include (but are not limited to) Long Term Evolution (LTE) 700 (US) (698.0 —
716.0 MHz, 728.0 -746.0 MHz), LTE 1500 (Japan) (1427.9 — 1452.9 MHz,
1475.9 — 1500.9 MHz), LTE 2600 (Europe) (2500 — 2570 MHz, 2620 — 2690
MHz), amplitude modulation (AM) radio (0.535-1.705 MHz); frequency
modulation (FM) radio (76-108 MHz); Bluetooth (2400-2483.5 MHz); wireless
local area network (WLAN) (2400-2483.5 MHz); hyper local area network
(HLAN) (5150-5850 MHz); global positioning system (GPS) (1570.42-1580.42
MHz); US — Global system for mobile communications (US-GSM) 850 (824-
894 MHz) and 1900 (1850 — 1990 MHz); European global system for mobile
communications (EGSM) 900 (880-960 MHz) and 1800 (1710 — 1880 MHz);
European wideband code division multiple access (EU-WCDMA) 900 (880-
960 MHz); personal communications network (PCN/DCS) 1800 (1710-1880
MHz); US wideband code division multiple access (US-WCDMA) 1700
(transmit: 1710 to 1755 MHz , receive: 2110 to 2155 MHz) and 1900 (1850-
1990 MHz); wideband code division multiple access (WCDMA) 2100
(transmit:  1920-1980 MHz, receive: 2110-2180 MHz); personal
communications service (PCS) 1900 (1850-1990 MHz); time division
synchronous code division multiple access (TD-SCDMA) (1900 MHz to 1920
MHz, 2010 MHz to 2025 MHz), ultra wideband (UWB) Lower (3100-4900
MHz); UWB Upper (6000-10600 MHz); digital video broadcasting - handheld
(DVB-H) (470-702 MHz); DVB-H US (1670-1675 MHz); digital radio mondiale
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(DRM) (0.15-30 MHz); worldwide interoperability for microwave access

(WiMax) (2300-2400 MHz, 2305-2360 MHz, 2496-2690 MHz, 3300-3400
MHz, 3400-3800 MHz, 5250-5875 MHz); digital audio broadcasting (DAB)
(174.928-239.2 MHz, 1452.96- 1490.62 MHz); radio frequency identification
low frequency (RFID LF) (0.125-0.134 MHz); radio frequency identification
high frequency (RFID HF) (13.56-13.56 MHz); radio frequency identification
ultra high frequency (RFID UHF) (433 MHz, 865-956 MHz, 2450 MHz).

A frequency band over which an apparatus can efficiently operate using a
protocol is a frequency range where the apparatus’ reflection coefficient is
less than an operational threshold. For example, efficient operation may
occur when the apparatus’ reflection coefficient is better than (that is, less
than) -6dB or -10dB.

Fig. 2 illustrates a plan view of an apparatus 12 according to various
embodiments of the invention. The apparatus 12 includes a first antenna 20,
a second antenna 22 and a third antenna 24. Fig. 2 also illustrates a
Cartesian co-ordinate axis 26 that includes an X axis 28 and a Y axis 30 that
are orthogonal to one another.

The first antenna 20 has a loop like structure and will consequently be
referred to as a first loop antenna in the detailed description. The first
antenna 20 may be considered to form a loop antenna or a folded dipole

antenna.

The first loop antenna 20 is substantially planar and has a first end 32, a
second end 34 and extends between the first end 32 and the second end 34
in a loop structure. The first loop antenna 20 defines a cavity 35 therein and
has a mid-point 36 which is substantially halfway between the first end 32 and

the second end 34.



WO 2012/160413 PCT/IB2011/052243

11
In more detail, the first loop antenna 20 is formed from a conductive track

which extends from the first end 32 in the +Y direction until position (a) and
then makes a right angled turn and extends in the +X direction until position
(b). The first loop antenna 20 then makes a right angled turn at position (b)
and extends in the +Y direction until position (c). The first loop antenna 20
then makes a right angled turn at position (c) and extends in the —X direction
until position (d). The first loop antenna 20 then makes a right angled turn at
position (d) and extends in the —Y direction until position (e). The first loop
antenna 20 then makes a right angled turn at position (e), extends in the +X
direction until position (f) and then makes a right angled turn and extends in
the =Y direction until the second end 34. It should be appreciated however
that the first loop antenna 20 may have any suitable loop structure, may be
non-planar in other embodiments and at least a portion of the loop structure
may be disposed overlying at least a portion of the ground member. In other
embodiments at least a portion of the loop structure may not be disposed
overlying at least a portion of the ground member.

The first end 32 is configured to couple to a first port such as a feed point and
the second end 34 is configured to couple to a second port such as a ground
point so that a single-ended feed is deployed. In some embodiments, the first
end 32 and the second end 34 may be specially configured to connect to the
first and second ports and may include connectors such as connector pins or
leaf springs. In other embodiments, the first end 32 and the second end 34
may not be specially configured to connect to the first and second ports and
are consequently, suitable for connection to the first port and the second port
(via solder for example).

The first loop antenna 20 has a first electrical length 38 that extends between
the first end 32 and the second end 34. It should be appreciated that the first
electrical length may also include one or more reactive components (such as
inductors and capacitors) that are connected between the first loop antenna
20 and the radio circuitry 14. The first electrical length 38 is configured so
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that the first loop antenna 20 may resonate in one or more resonant modes

and in at least a first operational resonant frequency band.

The second antenna 22 may be any suitable antenna and may be a monopole
antenna, a loop antenna, a meandering antenna or a T type antenna. In this
embodiment, the second antenna 22 is a monopole antenna and extends
from the first loop antenna 20 from a position between positions (b) and (c).
In more detail, the second antenna 22 extends from the first loop antenna 20
in the +X direction and then makes a right angled turn and extends in the =Y
direction until an open end 40 of the second antenna 22. Consequently, the
second antenna 22 extends out from the first loop antenna 20 and is not

positioned within the cavity 35.

In other embodiments, the second antenna 22 may extend from the first loop
antenna 20 at any position between one of the first end 32 and the second
end 34 and the mid-point 36 of the first loop antenna 20. In some
embodiments, the second antenna 22 may extend from the first loop antenna
20 at any position between 2/6L and 3/6L and between 3/6L and 4/6L (where
L is the physical length of the first loop antenna 20, the first end 32 being at
0/6L, the second end 34 being at 6/6L and the mid-point 36 being at 3/6L).
Additionally, the second antenna 22 may extend into, and be positioned
within, the cavity 35 in other embodiments.

The second antenna 22 may be integral with the first loop antenna 20. In
particular, the second antenna 22 and the first loop antenna 20 may be
formed from the same piece of material by cutting or punching out the shape
of the second antenna 22 and the first loop antenna 20. In other
embodiments, the second antenna 22 may be separate to the first loop
antenna 20 and are two or more pieces of material that are formed separately
and then joined together (for example, via solder).
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The second antenna 22 has a second electrical length 42 that extends

between the first end 32 of the first loop antenna 20 and the open end 40 of
the second antenna 22. It should be appreciated that the second electrical
length 42 may also include one or more reactive components (such as
inductors and capacitors) that are connected between the first loop antenna
20 and the radio circuitry 14. The second electrical length 42 is configured so
that the second antenna 22 may resonate in one or more resonant modes and

in at least a second operational resonant frequency band.

The third antenna 24 may be any suitable antenna and may be a monopole
antenna, a loop antenna, a meandering antenna or a T type antenna. In this
embodiment, the third antenna 24 is a monopole antenna and extends from
the first loop antenna 20 from a position between positions (d) and (e). In
more detail, the third antenna 24 extends from the first loop antenna 20 in the
+X direction until an open end 44 of the third antenna 24. Consequently, the
third antenna 24 extends into the loop structure of the first loop antenna 20

and is therefore positioned within the cavity 35.

In other embodiments, the third antenna 24 may extend from the first loop
antenna 20 at any position between one of the first end 32 and the second
end 34 and the mid-point 36 of the first loop antenna 20. In some
embodiments, the third antenna 24 may extend from the first loop antenna 20
at any position between 2/6L and 3/6L and between 3/6L and 4/6L.
Additionally, the third antenna 24 may extend out of the loop structure of the
first loop antenna 20 and may therefore not be positioned within the cavity 35.

The third antenna 24 may be integral with the first loop antenna 20. In
particular, the third antenna 24 and the first loop antenna 20 may be formed
from the same piece of material by cutting or punching out the shape of the
third antenna 24 and the first loop antenna 20. In other embodiments, the
third antenna 24 may be separate to the first loop antenna 20 and are two or
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more pieces of material that are formed separately and then joined together

(for example, via solder).

The third antenna 24 has a third electrical length 46 that extends between the
second end 34 of the first loop antenna 20 and the open end 44 of the third
antenna 24. In some embodiments, the third electrical length 46 is different to
the second electrical length 42 and may also include one or more reactive
components (such as inductors and capacitors) that are connected between
the first loop antenna 20 and the radio circuitry 14. The third electrical length
46 is configured so that the third antenna 24 may resonate in one or more
resonant modes and in at least a third operational resonant frequency band.
In other embodiments, the third electrical length 46 may be substantially the
same as the second electrical length 42 and this results in the second
antenna 22 and the third antenna 24 having the same operational resonant
frequency band.

The second antenna 22 is configured to have a first physical length and the
third antenna 24 is configured to have a second physical length. In some
embodiments, the first physical length of the second antenna 22 is different to
the second physical length of the third antenna 24 and in other embodiments,
the first physical length of the second antenna 22 is the same as the second
physical length of the third antenna 24.

The apparatus 12 provides an advantage in that since the second antenna 22
and the third antenna 24 are positioned between (but not at) one of the first
end 32 and the second end 34 and the mid-point 36 of the first loop antenna
20, the electrical lengths 42, 46 of the second antenna 22 and the third
antenna 24 are also within the first loop antenna 20. Consequently, the
second antenna 22 and the third antenna 24 may have physical lengths that
are relatively small in comparison to their electrical lengths 42, 46 and this
may result in the apparatus 12 being relatively small while being able to

operate in at least three different operational resonant frequency bands.
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Figs. 3A and 3B Illustrate perspective views of another apparatus 12
according to various embodiments of the invention. The apparatus 12
illustrated in figs. 3A and 3B is similar to the apparatus illustrated in fig. 2 and
where the features are similar, the same reference numerals are used. Figs.
3A and 3B also illustrates the Cartesian co-ordinate axis 26 which additionally
includes a Z axis 48 which is orthogonal to the X axis 28 and to the Y axis 30.

The apparatus 12 illustrated in figs. 3A and 3B differs from the apparatus
illustrated in fig. 2 in that the first loop antenna 20 is non-planar. In more
detail, the first loop antenna 20 extends from the first port 32 in the —Z
direction until position (a) and then extends in the +X direction until position
(b). At position (c), the first loop antenna 20 extends in the +Z direction and
then extends in the —X direction until a position (g). At position (g), the first
loop antenna 20 extends —Z direction and then extends in the —X direction
until position (h). At position (h), the first loop antenna 20 extends in the +Z
direction and then extends in the -X direction until position (d). At position (d),
the first loop antenna 20 extends in the —Z direction and then extends in the —
Y direction until position (e). Additionally, the first loop antenna 20 extends

from position (f) in the +Z direction until the second end 34.

In this embodiment, the second antenna 22 extends from position (g) in the
+X direction, then makes a right angled turn, extends in the —Y direction, then
makes a further right angled turn and extends in the —X direction until the
open end 40 of the second antenna 22. The third antenna 24 extends from
position (h) in the —X direction until the open end 44 of the third antenna 24.
Consequently, the second antenna 22 and the third antenna 24 are positioned

within the cavity 35 defined by the first loop antenna 20.

As illustrated in fig. 3A, the first end 32 is connected to a feed point 50 on the
ground member 18, and the second end 34 is connected to a ground point 52

on the ground member 18. In this embodiment, the apparatus 12 does not
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overlay the ground member 18 when viewed in plan (that is, the X-Z plane).

However in other embodiments, the apparatus 12 may fully overlay or partially
overlay the ground member 18 when viewed in plan. Additionally, in other
embodiments the feed point 50 may not be provided on the ground member
18 and may instead be provided on a non-conductive substrate for example.

The mid-point 36 of the first loop antenna 20 and at least a portion of the
second antenna 22 is positioned in an overlaying arrangement with a first
conductive portion of the first loop antenna 20 (the portion of the first loop
antenna 20 between the first end 32 and position (a)) and a second
conductive portion of the first loop antenna 20 (the portion of the first loop
antenna 20 between the second end 34 and position (f)).

Fig. 4 illustrates a graph of reflection coefficient versus frequency for the
apparatus 12 illustrated in figs. 3A and 3B. The graph includes a horizontal
axis 54 that represents frequency in GHz and a vertical axis 56 that
represents reflection coefficient in dB. The graph also includes a trace 58 that
represents the variation in the reflection coefficient of the apparatus 12 with
frequency.

The trace 58 has a first minima 60 at approximately 0.95GHz and -8dB, a
second minima 62 at approximately 1.75GHz and -20dB, a third minima 64 at
approximately 2.3GHz and -19.5dB, a fourth minima 66 at approximately
2.15GHz and -15dB and a fifth minima 68 at approximately 2.6GHz and -
10.6dB.

The first minima 60 corresponds to an unbalanced two 1/4\ (folded monopole)
mode of the first loop antenna 20 and provides the first operational resonant
frequency band. The second minima 62 corresponds to an unbalanced two
3/4\ asymmetric mode of the first loop antenna 20 and the second antenna 22
and provides the second operational resonant frequency band. The third

minima 64 corresponds to an unbalanced two 3/4\ asymmetric mode of the
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first loop antenna 20 and the third antenna 24 and provides the third

operational resonant frequency band. The fourth minima 66 corresponds to a
balanced two 1/2\ (folded dipole) mode of the first loop antenna 20 and
provides a fourth operational resonant frequency band. The fifth minima 68
corresponds to a balanced two A (folded dipole) asymmetric mode of the first
loop antenna 20 and provides a fifth operational resonant frequency band. As
illustrated in fig. 4, the second, third, fourth and fifth operational resonant
frequency bands provide a reflection coefficient of at least -6dB between
1.6GHz and 2.7 GHz. It should be appreciated that the word ‘mode’ may also
be referred to as a ‘resonance’, that an unbalanced mode may also be
referred to as a common mode and that a balanced mode may also be

referred to as a differential mode.

It should also be appreciated that the first electrical length 38 of the first loop
antenna 20, the second electrical length 42 of the second antenna 22 and the
third electrical length 46 of the third antenna 24 are selected or configured so
that the first loop antenna 20, the second antenna 22 and the third antenna 24
resonate in the operational resonant frequency bands mentioned in the
previous paragraphs. It should also be appreciated that the first, second and
third electrical lengths 38, 42, 46 may be different in other embodiments and
the apparatus 12 may consequently resonate in different operational resonant
frequency bands to those illustrated in fig. 4.

Fig. 5 illustrates the electric current flow of a first resonant mode 70 of the
apparatus 12 illustrated in figs. 3A and 3B. The apparatus 12 is illustrated as
planar in fig. 5 to aid in the illustration of the first resonant mode.

The first resonant mode 70 of the apparatus 12 is an unbalanced two 1/4A
(folded monopole) mode of the first loop antenna 20 and provides the first
minima 60 illustrated in fig. 4. The first resonant mode 70 extends between
the first end 32 and the second end 34 and passes through positions (a), (b),
(€), (9), (h), (d), (e) and (f) in the first loop antenna 20.
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Fig. 6A illustrates the electric current flow of a second resonant mode 72 of
the apparatus 12 illustrated in figs. 3A and 3B. The apparatus 12 is illustrated

as planar in fig. 6 to aid in the illustration of the second resonant mode.

The second resonant mode 72, 73 of the apparatus 12 is an unbalanced two
3/4N mode of the first loop antenna 20 and the second antenna 22 and
provides the second minima 62 illustrated in fig. 4. The electric current flow
72 extends between the second end 34 of the first loop antenna 20 and the
open end 40 of the second antenna 22 and passes through positions (f), (e),
(d) and (h). The electric current flow 73 extends between the first end 32 of
the first loop antenna 20 and position (g) and passes through positions (a), (b)
and (c).

The current distribution in the electric current flow 72 is greater than the
current distribution in the electric current flow 73 and the electric current flow
72 may therefore be considered as a dominant mode and as a 3/4A monopole

mode.

Fig. 6B illustrates a graph of current distribution versus position along the first
loop antenna 20 and the second antenna 22 for the electric current flow 72 of
the second resonant mode illustrated in fig. 6A. The horizontal axis
commences at the second end 34 on the left hand side of the graph and
finishes at the open end 40 on the right hand side of the graph and is equal to
3/4\ at the second resonant mode. At the second end 34, the current density
is at a maximum and is flowing away from the second end 34 and towards the
position (e). At position (e) and at the open end 40, the current density is
approximately zero. At a position substantially halfway between position (e)
and the open end 40, the magnitude of the current density is at a maximum.
The current between positions (e) and the open end 40 flows towards position

(e).
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Fig. 7 illustrates the electric current flow of a third resonant mode 74, 75 of the

apparatus 12 illustrated in figs. 3A and 3B. The apparatus 12 is illustrated as
planar in fig. 7 to aid in the illustration of the third resonant mode.

The third resonant mode 74, 75 of the apparatus 12 is an unbalanced two
3/4\ asymmetric mode of the third antenna 24 and provides the third minima
64 illustrated in fig. 4. The electric current flow 74 extends between the first
end 32 of the first loop antenna 20 and the open end 44 of the third antenna
24 and passes through positions (a), (b), (¢) and (g). The electric current flow
75 extends between the second end 34 of the first loop antenna 20 and
position (h) and passes through positions (f), (e), (d) and (h).

The current distribution in the electric current flow 74 is greater than the
current distribution in the electric current flow 75 and the electric current flow
74 may therefore be considered as a dominant mode and as a 3/4A monopole

mode.

Fig. 8 illustrates the electric current flow of a fourth resonant mode 76 of the
apparatus 12 illustrated in figs. 3A and 3B. The apparatus 12 is illustrated as

planar in fig. 8 to aid in the illustration of the fourth resonant mode.

The fourth resonant mode 76 of the apparatus 12 is a balanced two 1/2A
(folded dipole) mode of the first loop antenna 20 and provides the fourth
minima 66 illustrated in fig. 4. The fourth resonant mode 76 extends between
the first end 32 and the second end 34 and passes through positions (a), (b),
(€), (9), (h), (d), (e) and (f) in the first loop antenna 20.

Fig. 9 illustrates the electric current flow of a fifth resonant mode 78 of the
apparatus 12 illustrated in figs. 3A and 3B. The apparatus 12 is illustrated as
planar in fig. 9 to aid in the illustration of the fifth resonant mode.
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The fifth resonant mode 78 of the apparatus 12 is a balanced two A (folded

dipole) asymmetric mode of the first loop antenna 20 and provides the fifth
minima 68 illustrated in fig. 4. The fifth resonant mode 78 extends between
the first end 32 and the second end 34 and passes through positions (a), (b),
(c), (9), (h), (d), (e) and (f) in the first loop antenna 20.

The apparatus 12 illustrated in figs. 3A and 3B is therefore advantageously
configured to operate in five different operational resonant frequency bands
and is also relatively small since the second antenna 22 and the third antenna
24 are positioned within the cavity 35 of the first loop antenna 20. In one
exemplary embodiment, the apparatus 12 has a length of 50mm, a width of
13mm and a height of 5.2mm and the ground member 18 has a length of
108mm and a width of 50mm.

Fig. 10 illustrates a flow diagram of a method of manufacturing an apparatus

12 according to various embodiments of the invention.

At block 80, the method includes providing a first antenna 20 having a first
end 32 configured to couple to a first port and a second end 34 configured to
couple to a second port, the first loop antenna 20 extending between the first
end 32 and the second end 34 and having a mid-point 36 substantially
halfway between the first end 32 and the second end 34. The first loop
antenna 20 is configured to have a first electrical length 38 and resonate in a
first operational resonant frequency band.

At block 82, the method includes providing a second antenna 22 extending
from the first antenna 20 at a position between one of the first end 32 and the
second end 34 and the mid-point 36 of the first loop antenna 20. The second
antenna 22 is configured to have a second electrical length 42 and resonate
in a second operational resonant frequency band.
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At block 84, the method includes providing a third antenna 24 extending from

the first antenna 20 at a position between one of the first end 32 and the
second end 34 and the mid-point 36 of the first loop antenna 20. The third
antenna 24 is configured to have a third electrical length 46, different to the
second electrical length 42, and resonate in a third operational resonant
frequency band.

It should be appreciated that where the first antenna 20, the second antenna
22 and the third antenna 24 are formed integrally, the blocks 80, 82, 84 may
be performed simultaneously where the shape of the apparatus 12 is punched
out of a single piece of material.

The blocks illustrated in the Fig. 10 may represent steps in a method and/or
sections of code in the computer program. For example, a processor or a
controller may execute the computer program to control machinery to perform
the method blocks illustrated in fig. 10. The illustration of a particular order to
the blocks does not necessarily imply that there is a required or preferred
order for the blocks and the order and arrangement of the block may be
varied. Furthermore, it may be possible for some blocks to be omitted.

Although embodiments of the present invention have been described in the
preceding paragraphs with reference to various examples, it should be
appreciated that modifications to the examples given can be made without
departing from the scope of the invention as claimed. For example, the bends
in the antennas 20, 22, 24 of the apparatus 12 may define an angle that is
more or less than ninety degrees and may be curved.

Features described in the preceding description may be used in combinations
other than the combinations explicitly described.
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Although functions have been described with reference to certain features,

those functions may be performable by other features whether described or

not.

Although features have been described with reference to certain
embodiments, those features may also be present in other embodiments

whether described or not.

Whilst endeavoring in the foregoing specification to draw attention to those
features of the invention believed to be of particular importance it should be
understood that the Applicant claims protection in respect of any patentable
feature or combination of features hereinbefore referred to and/or shown in
the drawings whether or not particular emphasis has been placed thereon.

l/'we claim:
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CLAIMS

1. An apparatus comprising:

a first antenna having a first end configured to couple to a first port and
a second end configured to couple to a second port, the first antenna
extending between the first end and the second end and having a mid-point
substantially halfway between the first end and the second end, the first
antenna being configured to have a first electrical length and resonate in a
first operational resonant frequency band;

a second antenna extending from the first antenna at a position
between one of the first end and the second end and the mid-point of the first
antenna, the second antenna being configured to have a second electrical
length and resonate in a second operational resonant frequency band; and

a third antenna extending from the first antenna at a position between
one of the first end and the second end and the mid-point of the first antenna,
the third antenna being configured to have a third electrical length and
resonate in a third operational resonant frequency band.

2. An apparatus as claimed in claim 1, wherein the second antenna is a
monopole antenna and is configured to resonate in a 3\/4 mode to operate in

the second operational resonant frequency band.

3. An apparatus as claimed in claim 2, wherein the second electrical length
extends from one of the first end and the second end of the first antenna to an

open end of the second antenna.
4. An apparatus as claimed in any of the preceding claims, wherein the third

antenna is a monopole antenna and is configured to resonate in a 3\/4 mode

to operate in the third operational resonant frequency band.
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5. An apparatus as claimed in claim 4, wherein the third electrical length

extends from one of the first end and the second end of the first antenna to an
open end of the third antenna.

6. An apparatus as claimed in any of the preceding claims, wherein the first
antenna defines a cavity and the second and third antennas are positioned

within the cavity.

7. An apparatus as claimed in any of the preceding claims, wherein the first
antenna defines a cavity and at least one of the second and third antennas

are positioned external to the cavity.

8. An apparatus as claimed in any of the preceding claims, wherein the
midpoint is positioned to overlie a first conductive portion of the first antenna
and a second conductive portion of the first antenna, the first and second
conductive portions being configured to couple to the first and second ports
respectively.

9. An apparatus as claimed in any of the preceding claims, wherein the first
antenna is configured to operate in a fourth operational resonant frequency
band and in a fifth operational resonant frequency band, the second, third,
fourth and fifth operational resonant frequency bands being configured to
provide a reflection coefficient of at least -6dB between 1.6GHz and 2.7 GHz.

10. An apparatus as claimed in any of the preceding claims, wherein the

second port is a ground point.

11. An apparatus as claimed in any of the preceding claims, wherein the first

port is a feed point.

12. An apparatus as claimed in any of the preceding claims, wherein the
second electrical length is different to the third electrical length and the
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second operational resonant frequency band is different to the third

operational resonant frequency band.

13. An apparatus as claimed in any of claims 1 to 11, wherein the second
electrical length is substantially the same as the third electrical length and the
second operational resonant frequency band substantially overlaps the third

operational resonant frequency band.

14. An apparatus as claimed in any of the preceding claims, wherein the
second antenna is configured to have a first physical length and the third
antenna is configured to have a second physical length, the first physical
length being different to the second physical length.

15. A module comprising an apparatus as claimed in any of the preceding

claims.

16. An electronic communication device comprising an apparatus as claimed

in any of claims 1 to 15.

17. A method comprising:

providing a first antenna having a first end configured to couple to a
first port and a second end configured to couple to a second port, the first
antenna extending between the first end and the second end and having a
mid-point substantially haifway between the first end and the second end, the
first antenna being configured to have a first electrical length and resonate in
a first operational resonant frequency band;

providing a second antenna extending from the first antenna at a
position between one of the first end and the second end and the mid-point of
the first antenna, the second antenna being configured to have a second
electrical length and resonate in a second operational resonant frequency

band; and
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providing a third antenna extending from the first antenna at a position

between one of the first end and the second end and the mid-point of the first
antenna, the third antenna being configured to have a third electrical length
and resonate in a third operational resonant frequency band.

18. A method as claimed in claim 17, wherein the second antenna is a
monopole antenna and is configured to resonate in a 3A/4 mode to operate in

the second operational resonant frequency band.

19. A method as claimed in claim 17 or 18, wherein the second electrical
length extends from one of the first end and the second end of the first

antenna to an open end of the second antenna.

20. A method as claimed in any of claims 17 to 19, wherein the third antenna
is a monopole antenna and is configured to resonate in a 3M4 mode to
operate in the third operational resonant frequency band.

21. A method as claimed in claim 20, wherein the third electrical length
extends from one of the first end and the second end of the first antenna to an
open end of the third antenna.

22. A method as claimed in any of claims 17 to 21, wherein the first antenna
defines a cavity and the second and third antennas are positioned within the
cavity.

23. A method as claimed in any of claims 17 to 22, wherein the first antenna
defines a cavity and at least one of the second and third antennas are

positioned external to the cavity.

24. A method as claimed in any of claims 17 to 23, wherein the midpoint is
positioned to overlie a first conductive portion of the first antenna and a
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second conductive portion of the first antenna, the first and second conductive

portions being configured to couple to the first and second ports respectively.

25. A method as claimed in any of claims 17 to 24, wherein the first antenna
is configured to operate in a fourth operational resonant frequency band and
in a fifth operational resonant frequency band, the second, third, fourth and
fifth operational resonant frequency bands being configured to provide a
reflection coefficient of at least -6dB between 1.6GHz and 2.7 GHz.

26. A method as claimed in any of claims 17 to 25, wherein the second port is

a ground point.

27. A method as claimed in any of claims 17 to 26, wherein the first port is a
feed point.

28. A method as claimed in any of claims 17 to 27, wherein the second
electrical length is different to the third electrical length and the second
operational resonant frequency band is different to the third operational

resonant frequency band.

29. A method as claimed in any of claims 17 to 27, wherein the second
electrical length is substantially the same as the third electrical length and the
second operational resonant frequency band substantially overlaps the third

operational resonant frequency band.

30. A method as claimed in any of claims 17 to 29, wherein the second
antenna is configured to have a first physical length and the third antenna is
configured to have a second physical length, the first physical length being
different to the second physical length.
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PROVIDING A FIRST ANTENNA HAVING A FIRST END CONFIGURED TO
COUPLE TOAFIRST PORT AND A SECOND END CONFIGURED TO
COUPLE TO A SECOND PORT, THE FIRST ANTENNA EXTENDING
BETWEEN THE FIRST END AND THE SECOND END AND HAVING
A MID-POINT SUBSTANTIALLY HALFWAY BETWEEN THE FIRST END AND
THE SECOND END, THE FIRST ANTENNA BEING CONFIGURED TO
HAVE A FIRST ELECTRICAL LENGTH AND RESONATE IN A FIRST
OPERATIONAL RESONANT FREQUENCY BAND

82

PROVIDING A SECOND ANTENNA EXTENDING FROM THE FIRST ANTENNA
AT APOSITION BETWEEN ONE OF THE FIRST END AND THE SECOND
END AND THE MID-POINT OF THE FIRST ANTENNA, THE SECOND
ANTENNA BEING CONFIGURED TO HAVE A SECOND ELECTRICAL
LENGTH AND RESONATE IN A SECOND OPERATIONAL RESONANT

FREQUENCY BAND

84

h J

PROVIDING A THIRD ANTENNA EXTENDING FROM THE FIRST ANTENNA
AT A POSITION BETWEEN ONE OF THE FIRST END AND THE SECOND
END AND THE MID-POINT OF THE FIRST ANTENNA, THE THIRD ANTENNA
BEING CONFIGURED TO HAVE A THIRD ELECTRICAL LENGTH,

AND RESONATE IN A THIRD OPERATIONAL RESONANT FREQUENCY BAND

FIG. 10
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