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(54) Title: DISTRIBUTED ANTENNA SYSTEM ROBUST TO HUMAN BODY LOADING EFFECTS

(57) Abstract: One aspect of the invention relates to an antenna system comprising a ground-plane (1100) and at least two antenna
elements (1101) connected to a common input/output port (1106) for said antenna system. Each of said antenna elements (1101)
comprise one driven point (1102). The antenna system further comprises means (1103) for transmitting the signal from the antenna
elements (1101) towards said common input/output port (1106), and a combining means (1105) to interconnect the signals to said
common input/output port (1106). Further, the system comprises at least one phase shifting element (1104) placed between at least
one of said driven points (1102) and said combining means (1105) and arranged to provide a phase shift that minimizes the sum of
the reflection coefficients of said at least two antenna elements (1101) measured at said common input/output port (1106).
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Distributed antenna system robust to human body loading effects

Object of the invention

The present invention refers to an antenna system for wireless devices (that
is, devices for wireless communication, such as devices involving means for
radio frequency communication) and handset applications, that may feature a
wide bandwidth. The invention further relates to the corresponding portable
and/or handheld device including such an antenna system operating in, for
example, a frequency range selected between 400 MHz and 6GHz. It is an
object of the present invention to provide an antenna system for a wireless
device that substantially reduces the disadvantageous hand loading effects
and thereby increases its performance.

In some embodiments, the present invention will take the form of a wireless
handheld device, such as, for instance, a handset, a cell phone, a PDA, or a
smart phone. Such a handheld device sometimes will take the form of a
single-body compact device, while in other cases the device will include two
or more bodies and a mechanical arrangement to move at least one of those
bodies with respect to at least one of the other bodies through, for instance, a
substantially co-planar displacement, a rotation around one or more axes, or
a combination of both. Other embodiments of the present invention will take
the form of a component including said antenna system suitable for wireless

devices or an antenna system for a car.
In some embodiments, such a portable device will include hardware and/or
software for wireless and/or mobile or cellular services, enabling the portable

device to connect to a mobile or wireless network or device.

Background of the invention
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Antennas for wireless devices have to be small, which implies restrictions on
the bandwidth. There is a well known trade-off between antenna size and
bandwidth. The smaller the antenna, the smaller the bandwidth, and
particularly, typical prior-art internal antennas for a handheld device feature a
5-15% relative bandwidth at frequencies such as those of typical cellular,
mobile and wireless services (800 MHz-2200 MHz). When an internal
antenna is operated outside its operating bandwidth, the gain, the efficiency
and matching characteristics (VSWR, return-loss) of the antenna become
severely degraded to unacceptable levels.

There are antenna systems for wireless devices featuring a wide bandwidth.
Those antenna systems rely substantially on the radiating efficiency of the
ground-plane or on a large antenna element, and are very sensitive to hand

loading effects.

For instance, in an antenna system with a single large antenna element,
when the user is operating the wireless device, the proximity of the hand to
this large antenna element (in which the currents are high compared to the
currents in the ground plane) facilitates an electrical coupling between the
hand and the antenna element which may detune the antenna element, may

change its impedance, and may in addition cause radiation losses.

It has been observed that known prior art solutions feature antenna elements
typically located at the ends of the wireless handheld device. Thus, when the
wireless handheld device is being operated, the hand does not shield/cover
the antenna element and, therefore, the hand loading effects are minimized.
There is a very obvious trade-off, since when the antenna element is made
bigger to achieve a wide bandwidth, the hand loading effects increase as the
area used by the antenna system increases.

As stated earlier, there are also prior art antenna systems featuring a wide
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bandwidth which rely largely on the radiating efficiency of the ground-plane.
Since handheld devices feature a ground-plane which typically extends
throughout the whole device, the antenna system ideally featuring a wide
bandwidth becomes very sensitive to hand loading effects. As a result of the
hand loading effects, the bandwidth is reduced or the whole antenna system

may be detuned.

One of the challenges that antenna designers face is providing an antenna
system for a handset that features a wide bandwidth while not being
substantially influenced by hand loading. As previously stated, while reducing
the size might provide a solution to the problem involved with the hand
loading effects, the bandwidth and gain degradations introduced by the size

reduction are usually unacceptable.

A particular technique of balancing antennas that minimizes the effect of
hand loading is found in B S Collins, S P Kingsley, J M Ide, S A Saario, R W
Schlub, and S G O’Keefe, “A multi-band hybrid balanced antenna”, presented
at the 2006 IEEE International Workshop on Antenna Technology: Small
Antennas and Novel Metamaterials, White Plains, New York, March 6-8,
2006. The paper describes a multi-band antenna incorporating a balanced
feed network which shows substantial immunity to the usual ground-plane
hand loading effects. Said technique is not satisfactory though, since the
resulting antenna system has typically twice the size of the original antenna

system.

There are several prior-art antennas, as described in patent application publ.
no. WO-A-02/065583, entitled “Magnetic dipole and shielded spiral sheet
antennas structures and methods”, whose configuration and shape provide a
shield to block radio frequency energy from being absorbed in a body. An
antenna structure as disclosed in WO-A-02/065583 is designed so that radio

frequency energy tends to flow in the direction away from a person. Those
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prior-art antennas allegedly feature a robust behavior to hand proximity
influence, but their bandwidth appears to be insufficient for many practical

applications.

Antenna combinations or multiple antenna sets, that is, antenna systems
having at least two individual antenna elements whose output signals are
combined, are generally known (for instance, Multiple-Input Multiple-Output
MIMO and diversity systems).

Antenna diversity is a transmission technique wuseful in multipath
environments. A multipath environment is one where the information-carrying
signal is transmitted along different propagation paths. These propagation
paths may experience different channel conditions (e.g., different fading,
multipath, and interference effects) and may feature different signal-to-noise-
and-interference ratios (SNRs). Therefore, the information-carrying signal
can arrive through different paths and have different levels. Antenna
designers configure diversity antenna systems in such a way that the two or
more antenna elements are placed so that they are uncorrelated and,
therefore, the information-carrying signal arriving to each one of them will not
simultaneously feature minimum levels. A diversity combining circuit
combines or selects the signals from the receiver antenna elements to

constitute an improved quality signal.

Also, antenna arrays are used when the radiation characteristics required for
a certain application are not achievable by a single antenna element. The
arrangement of the antenna elements forming an array is normally so that the
antenna array features a directive radiation pattern that provides a radiation
maximum in a particular direction. Antenna arrays are typically used to
achieve directivity in one or more orthogonal polarizations. In such antenna
arrays, the distance between the antenna elements is usually larger than half
of a free space operating wavelength of the antenna elements, and quite
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often substantially close to one free space operating wavelength (such as in
the order of 0.8 or 0.9 wavelengths, or alike).

Summary of the invention

One aspect of the present invention relates to a portable or handheld device
comprising a reduced size distributed antenna system and/or a small size
distributed antenna system which allows for sufficient bandwidth to cover the
operating frequency band or bands while said antenna system is not

substantially influenced by hand loading effects.

This problem is solved with the antenna system and handheld/portable
device defined in the independent claims. Some embodiments of the
invention are further defined in the dependent claims.

The present invention refers to a distributed antenna system (and to a
handheld/portable device comprising it), said antenna system comprising a
ground-plane and at least two antenna elements connected to at least one
common input/output port (input and/or output port) for said antenna system,
each of said antenna elements comprising one or more driven points, said
antenna system further comprising means for routing and transmitting the
signal from said at least two antenna elements towards said common
input/output port, and a combining (and/or dividing) means to interconnect
the signals from(and/or separate the signals to) said at least two antenna
elements to(and/or from) said common input/output port, and at least one
phase shifting element, such as a for instance a transmission line (micro
coaxial cable, microstrip, stripline or coplanar transmission line, to name a
few examples), a reactive network (based on inductors and capacitors), an
active phase shifter (based on a combination of diodes and/or transistors) or
a combination of them, placed between at least one of said driven points and

the combining structure of the system.
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The phase shifting element features a phase shift or an equivalent electrical
length that cancels or at least minimizes the sum of the reflection coefficients

of said at least two antenna elements measured at said input/output port.

The operating bandwidth of one antenna element (or the bandwidth of two, or
three, or more individual antenna element, or even the combined bandwidth
of two, three or more antenna elements) can be substantially smaller than the
operating bandwidth of the antenna system.

Said phase shift can be arranged to minimize said sum of the reflection
coefficients so that,
- for any (i.e., for every) antenna element of the antenna system,

--the maximum value, within the entire operating bandwidth of the
antenna system, of the modulus of the reflection coefficient of the antenna
system (i.e., the sum of the reflection coefficients of said antenna elements of
the antenna system) measured at said common input/output port,

--is smaller than the maximum value, within the entire operating
bandwidth of the antenna system, of the modulus of reflection coefficient of
said antenna element measured at its driven point;
and/or
- for any (i.e., every) antenna element of the antenna system, and for a
given threshold value,

--the width of the frequency interval for which the modulus of the
reflection coefficient of the antenna system measured at said common
input/output port is smaller than said threshold value,

--is larger than the width of the frequency interval for which the
modulus of the reflection coefficient of said antenna element measured at its
driven point is smaller than said threshold value.

Suitable threshold values can be, for example, 1/3, 1/2, 3/5 or 2/3. In
this way, by means of the phase shift, the effective reflection coefficient of the
antenna system measured at the common input/output port can, at least for
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the frequencies within the operating bandwidth of the antenna system or of
the device in which the system is incorporated, be much smaller than what it
would have been had the corresponding phase shift or phase shifts not have
been imposed on the signals, by means of said at least one phase shift
element.

Thus, the at least one phase shift element enhances the performance of the
antenna system throughout said operating band of the antenna system, while
the use of several smaller antennas reduces the influence of the hand
loading effects.

In some examples it will be advantageous to have one or more antenna
elements built on, for instance, a substantially planar substrate. In the same
manner, in some embodiments one or more antenna elements will take the
form of a surface mount device (SMD) element. Advantageously, some
embodiments comprise at least one antenna element featuring a high
permittivity dielectric substrate (with a relative dielectric permittivity higher
than, for instance, 2, 3, 4, 5 or 6, such as, for instance, a ceramic or glass
material, to name a few examples) arranged in one or more layers and,
optionally, a shaped conductive trace upon one or more of the surfaces of
said substrate layer or layers.

In some embodiments of the present invention, the antenna elements for the
distributed antenna system are usually arranged such that the distance
between any pair of antenna elements is substantially shorter than an
operating wavelength of said elements, and in some cases, shorter than half
the wavelength.

As mentioned earlier, while in a directive array the multiple antenna elements
are designed to be substantially in-phase to provide such a directive pattern,
in the present invention one or more of the elements is substantially shifted in

phase with respect to one or more of the other elements to improve the
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bandwidth of the system. While in an array the bandwidth of each individual
element is usually adjusted to match the operating bandwidth of the array
system, in the present invention, the bandwidth of the individual antenna
elements might be substantially smaller than the operating bandwidth of the

antenna system.

In this text, the expression bandwidth preferably refers to a frequency region
over which an antenna element or an antenna system complies with certain
specifications, depending on the service for which the wireless device
including said antenna element or said antenna system is adapted. For
example, for a wireless device adapted to transmit and receive signals of
cellular, mobile or wireless services, an input return-loss of -3dB or better
(i.e., smaller), or equivalently a reflection coefficient having a modulus of 1/2
or better, within the corresponding frequency region can be preferred.

The means for routing the signals from the antenna elements to the
input/output port(s) may, for instance, comprise a transmission line (such as,
for instance, a microstrip, stripline or coplanar transmission line, to name a
few examples) or other analogous means for the transmission of radio
frequency (RF) signals. In fact, when using a transmission line for routing the
signals from one or more antenna elements, said transmission line may in
turn operate as a phase shifting element for the antenna system, provided
that the length of said transmission line is adjusted accordingly (for example,
with regard to the length of the transmission lines used for the other antenna
element(s)).

The reflection coefficient relates to the fraction of an incident signal that gets
reflected back from a load, said load being, for example, an antenna element.

Typically, when a phase shifting element is connected to an antenna
element, the reflection coefficient of the assembly comprising said phase
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shifting element plus antenna element (the assembly now being the load) is
the ratio between the signal reflected back from the assembly (or reflected

signal) and the signal originally injected into the assembly (or incident signal).

Said reflected signal is therefore the fraction of the incident signal originally
injected into the assembly that has traveled through the phase shifting
element towards the antenna element, has been then partially reflected by
the antenna element, and has finally traveled back through the phase shifting
element to reach the point at which the incident signal was injected into the
assembly. Thus, the phase shift introduced by the phase shifting element is

doubled, as it has to be considered over a round trip to the antenna element.

A difference in length corresponding to a one-way phase shift in the order of
/2 (90°) (plus any multiples of w), implying a round-trip phase shift of ©
(180°) can be appropriate.

The combining structure may be of any kind and many suitable structures are
well known in the art, ranging from, for instance, a simple junction of two or
more transmission lines, to a more sophisticated passive or active network
such as a power combiner, a hybrid circuit element, a directional coupler, a

signal processor, or alike.

The distributed antenna system according to the present invention is based
on combining two or more antenna elements. An antenna system of the
present invention features an effective electromagnetic volume which is
larger than the sum of the individual volumes of each antenna element within
the system. That is, the quality factor of an antenna system of the present
invention is lower than that of an antenna whose volume was the sum of the
individual volumes of each antenna element within the system. In some

embodiments, the effective antenna volume is substantially equivalent to that
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of the whole wireless device. The effective electromagnetic volume is the
volume utilized in terms of radiation. The distributed antenna system of the
invention comprises at least two small antenna elements that occupy a
relatively small area of the PCB. In fact, the area occupied by all of them can
be smaller than the area of a conventional single-element antenna system.
An advantage of the distributed antenna system is that while the occupied
area is smaller, the effective electromagnetic volume of radiation is in some
cases equal to or close to that of the whole wireless device. Thereby, while
the footprint of the distributed antenna elements on the printed circuit board
(PCB) of the wireless device may become smaller than that of a conventional
single element antenna system (for instance, smaller than 50%, 40%, 30%,
20%, 15% or 10% of the footprint of a rectangular PIFA antenna element
operating at the same lowest frequency band), the effective antenna volume
may become even larger than the one featured by the corresponding

conventional single element antenna system.

It is relevant to point out that the individual antenna elements may feature a
small bandwidth when compared to the bandwidth required to cover the
operating frequency band or bands of the wireless device. The reduced size
of the individual antenna elements constrains the bandwidth achieved by
each of them, for instance, to a bandwidth value below 80%, 60%, 50%,
40%, 30% of the required bandwidth. Through the combination of such
narrow bandwidth antenna elements according to the present invention, the

full required bandwidth for the system can be achieved.

As mentioned earlier, while in an array the bandwidth of each individual
element is usually adjusted to cover the operating frequency band or bands
of the array system, in the present invention, the bandwidth of the individual
antenna elements may be substantially smaller than the resulting bandwidth
of the antenna system. One of said antenna elements can be tuned to at
least one resonant frequency that is substantially different from a resonant
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frequency of another one of said antenna elements, for example, two of the
antenna elements can be tuned to substantially different resonant

frequencies within the same operating band of the antenna system.

It is therefore an advantage of the present invention that when said antenna
elements are combined in a distributed antenna system, a sufficient

bandwidth to cover the operating frequency band or bands is achieved.

By having at least a second antenna element, it is possible to change the
current distribution of the whole distributed antenna system in such a manner
that the currents are minimum in most of the PCB except for the area
occupied by the antenna elements. In other words, the antenna system of the
present invention increases the contribution (in terms of radiation) of the
antenna elements and reduces the contribution of the ground-plane. By doing
so, this solution relies less on the ground-plane radiation efficiency and is
thus less sensitive to hand loading, while still keeping a wide bandwidth and

maintaining a small size.

In accordance with an advantageous embodiment of the invention, the
signals reflected from each (or at least from two) of the individual antenna
elements are added substantially in phase opposition. The signals are added
by means of the phase shifting element, the means for routing and
transmitting the signal and the combining means. For example, the phase
shift element(s) can be arranged so that a signal received substantially
simultaneously at two of said at least two antenna elements gives rise to
respective received signals that are added substantially in phase opposition
at the combining means. Substantially in phase opposition can imply a phase
difference of, for example, 150-210 degrees, or 160-200 degrees.

In some embodiments, the individual antenna elements are advantageously

connected by way of a phase shifting element, preferably a quarter
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wavelength phase shifting element (whereby the phase shift equivalent to a
round trip through said phase shifting element will be in the order of 180
degrees), such as a transmission line, and in this way the reflected antenna
signals are added in phase opposition.

In some embodiments the antenna system comprises 2, 3, 4, 5 or more (‘N’)
antenna elements. Said antenna elements may be tuned at the same or
slightly different resonant frequencies (same resonant frequencies can
typically imply that one frequency is not more than 1% higher than the other,
while slightly different resonant frequencies can typically imply that one
frequency is more than 1% higher than the other frequency, but less than 5%
higher). In some embodiments, the two or more antenna elements will be
tuned to different frequencies (for example, the resonant frequency of one
antenna element can be 5% or more higher than the resonant frequency of
another antenna element) or even at frequencies corresponding to different

operating frequency bands of the resulting antenna system.

If the antenna elements are multiband antenna elements, what has been
stated above can apply to one or more of the frequency bands of these
antenna elements. Also, one or more of the frequency bands of an antenna
element can coincide with or overlap with one or more of the frequency

bands of another one of the antenna elements.

In some embodiments the antenna system according to the present invention
achieves the cancellation (or, at least, a substantial reduction) of the
reflection coefficient of at least two antenna elements. Said at least two
antenna elements are connected through, for instance, a transmission line.
The electrical length of said transmission line depends on the modulus and
phase of the input reflection coefficient (S,,) of each of the antenna elements
of the antenna system.
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In one embodiment, all the antenna elements are tuned to substantially the
same resonant frequency and feature substantially equal modulus and phase
of Syn at 1, and a quarter wavelength transmission line (that is, implying a
round trip delay of half a wavelength or 180 degrees) in about a half of the
antenna elements will cause the total I, (reflection coefficient of the
combined antenna elements as measured at the input/output port) to be null
or minimum at f1, where f1 is the resonant frequency of each of the antenna

elements.

In some embodiments the antenna elements will be placed at different
locations within the wireless system or device. In some embodiments said
elements will be tuned to slightly different resonant frequencies to provide a
customized input reflection coefficient (Spn) throughout the operating band.
Such a customized reflection coefficient will in some cases be tuned through
the electrical length and impedance of the transmission line and/or the phase
shifting element(s). By modifying the characteristic impedance and electrical
length of the transmission line, the reflection coefficient of the antenna
system as measured at the input/output port (I'in) can be minimized for f1 or
through an entire frequency range by using for instance a microwave network
optimization tool. For instance, the I3, response within the operating
frequency range can be adjusted in some embodiments to feature a
response substantially close to a maximally flat (Butterworth) response, a
constant ripple (Chebyshev) response, or other typical characteristic

responses of a distributed RF matching network or filter.

A particularly advantageous embodiment of the distributed antenna system in
accordance with the present invention resides in that at least two of the
individual antenna elements are part of a diversity antenna combination. In
such an embodiment, the combining structure takes the form of a diversity

processor.
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In some examples, a distributed antenna system according to the present
invention comprises at least one antenna element having a resonant
frequency outside the operating bandwidth, and preferably above the highest
frequency of the operating bandwidth, of said antenna system. That is, the
antenna system comprises at least one antenna element that is non-resonant

within the operating bandwidth of the antenna system.

In these examples, the antenna system preferably comprises a matching and
tuning circuit connected to the driven point of said at least one antenna
element. Said matching and tuning circuit modifies the impedance of the
antenna element so that the modulus of the reflection coefficient of said
antenna element presents a minimum within the operating band of the

antenna system.

An antenna element with a resonant frequency above the highest frequency
of the operating bandwidth of the antenna system can be advantageously
smaller than if it had its resonant frequency within said operating bandwidth,
facilitating even more the integration of the antenna elements of the antenna

system within a wireless device.

Two or more distributed antenna systems according to the invention can be

combined to form a higher level distributed antenna system.

For example, two or more distributed antenna systems, each operating in a
different frequency region of the electromagnetic spectrum, can be combined
through combining means to form a higher level distributed antenna system.
Said combining means may comprise a diplexer or a bank of filters to separate
the electrical signals of the different frequency regions of operation of the
distributed antenna system.

In some embodiments each of the antenna elements covers a certain portion
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of the required operating bandwidth, whereby the antenna elements

complement each other.

The combination of two or more small antenna elements according to the
present invention makes it possible to obtain the required gain that otherwise
had not been obtained by a single antenna. At the same time, the
contribution of the PCB (ground-plane) is kept small, which makes it possible
to reduce the overall influence of the hand loading effects.

In some preferred embodiments the wireless device is operating at one, two,
three, four, five or more of the following communication and connectivity
services. In some preferred embodiments a wireless (e. g. handheld or
portable) device including a distributed antenna system according to the
present invention is operating at one, two, three, four, five or more of the
following communication and connectivity services: Bluetooth, WiMAX,
ZigBee, ZigBee at 860 MHz, ZigBee at 915 MHz, GPS, GPS at 1.575 GHz,
GPS at 1.227 GHz, Galileo, GSM 450, GSM 850, GSM 900, GSM 1800,
American GSM, DCS-1800, 3G, 4G, HSDPA, UMTS, CDMA, DMB, DVB-H,
WLAN, WLAN at 2.4 GHz-6GHz, PCS 1900, KPCS, WCDMA, SDARs,
XDARS, DAB, WiFi, UWB, 2.4-2.483 GHz band, 2.471-2.497 GHz band,
IEEE802.11ba, IEEE802.11b, IEEE802.11g and FM.

In some preferred embodiments a wireless (e. g. handheld or portable)
device including a distributed antenna system according to the present
invention is operating at one, two, three, four, five or more frequency bands
corresponding to one, two, three, four, five or more communication standards
within the following regions of the electromagnetic spectrum: the 810 MHz —
960 MHz region, the 1710 — 1990 MHz region, and the 1900 — 2170 MHz

region.

One of the advantages of the present invention is that the device is able to
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keep its performance in normal operating conditions when the user is holding
the device with his hand and/or close to his body. The particular arrangement
of the antenna inside the device and with only a small contribution of the
ground-plane to the radiating efficiency of the whole antenna system makes it
possible to minimize the effect of the human body on the signal reception.

Another aspect of the present invention relates to the use of the antenna
system of the invention in a wireless device, for reducing hand loading effects
while preferably substantially achieving an adequate operating bandwidth.
Another aspect of the invention relates to a method of reducing the hand
loading effects related to a wireless device, comprising the step of providing
the wireless device with said antenna system.

List of figures

Fig. 1 — Example of how to calculate the box counting dimension.

Fig. 2 — Examples of space filling curves for antenna design.

Fig. 3 — Example of how to calculate the box counting dimension using a grid
of rectangular cells to divide the smallest possible rectangle enclosing the

curve.

Fig. 4 — Example of how to calculate the box counting dimension using a grid
of substantially square cells.

Fig. 5 — Example of a curve featuring a grid-dimension larger than 1, referred

to herein as a grid-dimension curve.

Fig. 6 — The curve of Fig. 5 in the 32-cell grid, wherein the curve crosses all
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32 cells and therefore N1 = 32.

Fig. 7 — The curve of Fig. 5 in a 128-cell grid, wherein the curve crosses all
128 cells and therefore N2 = 128.

Fig. 8 — The curve of Fig. 5 in a 512-cell grid, wherein the curve crosses at

least one point of 509 cells.

Fig. 9 — Prior art antenna system.

Fig. 10 — Antenna system according to an embodiment of the present

invention.

Fig. 11 — Diagram view of an antenna system according to an embodiment of

the present invention.

Fig. 12— Wireless device (here a PDA-like mobile telephone) in combination
with a distributed antenna system according to an embodiment of the

invention.

Fig. 13 — Wireless device (here a clam-shell type mobile telephone) in
combination with a distributed antenna system according to an embodiment

of the invention.

Fig. 14 - Schematic views of some distributed antenna system
configurations for a bar-type wireless handheld device, according to some

embodiments of the invention.

Fig. 15 — Schematic views of distributed antenna system configurations for a
clam-shell-type wireless handheld device, according to some embodiments

of the invention.
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Fig. 16 — Schematic views of distributed antenna system configurations,

according to some embodiments of the invention.

Fig. 17 — Voltage standing wave ratio graph as a function of frequency of a
distributed antenna system according to the present invention and of a prior

art antenna array system.

Description of preferred embodiments

Fig. 9 describes a prior art antenna system. The antenna system comprises a
ground-plane 900 and an antenna element 901. Usually such a ground-plane
900 is embedded in a multilayer printed circuit board (PCB) which hosts the
electronics and other components (such as integrated circuits, batteries,
handset-camera and speakers, LCD screens, vibrators) of the whole device.
Antenna designers often have to design and locate the antenna system at an
end of the wireless handheld device. The area and volume available are very
scarce and, typically, due to influence of other components and circuits, the
possibilities of positioning the antenna element 901 in relation to the PCB are
very limited. It can be seen in fig. 9 that the antenna element 901 uses a
considerable area on the PCB and that it is located at the top end thereof.

The figure also shows an effective electromagnetic volume 902 that such an
antenna system can typically utilize for its radiation.

Fig. 10 illustrates a distributed antenna system comprising a ground-plane
1000 and three antenna elements 1001. It can be seen in fig. 10 that the
distributed antenna system uses a smaller area on the PCB since the three
antenna elements 1001 use an area smaller than that of the antenna element
901 in fig. 9. The three antenna elements 1001 depicted are identical but it is
clear to the person skilled in the art that they could be different as well. The
antenna elements 1001 are close to the shorter ends of the PCB, two of them
at the top and one of them centered at the bottom of the PCB. They could be
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located elsewhere. It can be understood from fig. 10 that the distributed
antenna system provides great design flexibility. The three antenna elements
1001 use a smaller total area and each of them individually uses a
significantly small area increasing the possibilities of integrating other
electronics and other components (not depicted). Antenna designers have a
greater flexibility to design and locate their antenna system and the area and
volume available for integrating other electronics and other components is

increased.

Fig. 10 also shows an effective electromagnetic volume 1002 that such a
distributed antenna system can utilize for its radiation and as it can be seen it
becomes larger than that of the antenna system of fig. 9.

In fig. 11 a schematic diagram of a distributed antenna system according to
an embodiment of the present invention is shown. Two antenna elements
1101 are mounted at the top end of a PCB, which features a ground plane
1100 layer, of an antenna system for a wireless device. As it will be made
clear from the different embodiments shown in fig. 12, other configurations
are also possible and different numbers and types of antenna elements may
be used.

Fig. 11 shows two antenna elements 1101 driven by their respective driven
points 1102 and the antenna element placed at the left hand top of the PCB
(one layer of which corresponds to the ground plane layer 1100) is connected
at its driven point 1102 to a phase shifting element 1104. Both antenna
elements 1101 are connected through means for routing and transmitting the
signal 1103 to combining means 1105 that interconnect or combine the
signals from antenna elements 1101 to the input/output port 1106. The
input/output port 1106 of the distributed antenna system depicted in fig. 11
can, for example, interconnect the antenna system with an RF module (not

illustrated in fig. 11). The phase shifting element 1104 may for instance be a
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transmission line (such as a micro coaxial cable, a microstrip line, a stripline
or a coplanar transmission line, to name a few examples), a reactive network
(based on inductors and capacitors), an active phase shifter (based on a
combination of diodes and/or transistors) or a combination thereof. Generally,
the positions of the phase shifting element 1104 and the interconnection
means 1103 might be exchanged. Also, the use of one phase shifting
element in correspondence with more than one antenna elements is possible
within the scope of the present invention. In fig. 11, the entire antenna
elements 1101 are placed over the ground-plane 1100 layer of the PCB. In
other embodiments of the present invention, the at least two antenna
elements may be placed totally over, partially over or adjacent to the ground-
plane layer of the PCB.

Fig. 12 shows a typical PDA-like mobile telephone which comprises an
antenna system 1200 according to the present invention. It can be seen how
when operating the PDA-like mobile telephone, the hand 1201 does not
cover the antenna elements 1202, 1203 of the distributed antenna system
and therefore the hand loading effects are minimized. The antenna elements
1202 have been designed so that they have a small footprint on the PCB
leaving sufficient space for other components such as speakers, IR port, etc.
The small footprint of the two antenna elements 1202 makes it possible to
increase the size of the display without increasing the size of the wireless
device. The distributed antenna system of fig. 12 features a wide bandwidth
while being less influenced by hand loading effects. It achieves a wide
bandwidth since the effective electromagnetic volume is larger than the sum
of the individual volumes of the antenna elements 1202 and 1203.

Fig. 13 shows a typical clamshell-like mobile telephone which comprises an
antenna system 1300 according to the present invention. The antenna
elements 1302, 1303 have been designed so that they have a small footprint
on the PCB leaving sufficient space for other components. The distributed
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antenna system of fig. 13 features a wide bandwidth while not being
substantially influenced by hand loading. It achieves a wide bandwidth since
the effective electromagnetic volume is larger than the sum of the individual

volumes of the antenna elements 1302 and 1303.

In fig. 14, some possible distributed antenna system configurations are
shown. The examples shown are not limitative but indicative of some
possible arrangements of the distributed antenna system according to the
present invention. In particular, different combinations of the features of the

examples shown in fig.14 are possible within the scope of the invention.

In fig. 14 a) two antenna elements 1401, 1402 are placed at the top portion of
the PCB near the shorter edge of the PCB. Although top and bottom parts of
the device in the fig.14 correspond to top and bottom parts of the drawing
page as well, generally the positions of the elements might be changed from
the top to the bottom and vice versa. The antenna elements 1401, 1402 are
different and may have different (or slightly different) resonant frequencies
and are placed entirely over a ground-plane layer 1400 of the PCB, that is,
the orthogonal projections of these antenna elements on the plane housing
the ground-plane are entirely within the boundary of the ground-plane (in
other embodiments of the invention, the antenna elements may be only
partially placed over the ground-plane, or they may even be situated beyond
the edges of the ground-plane, that is, so that they do not feature any

footprint on the ground-plane layer).

In fig. 14 b) three antenna elements 1403 having identical or nearly identical
resonant frequencies are placed entirely (although they could also be
superimposed partially) over a ground-plane layer 1400 of the PCB. Two of
them are placed at the top portion of the PCB, near the shorter edge of the
PCB, and a third one is placed at the bottom portion of the PCB, near the
shorter edge of the PCB.
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In fig. 14 c) three antenna elements 1404, 1405, 1406 having different
resonant frequencies are placed entirely over a ground-plane layer 1400 of
the PCB. Two of them are placed at the top portion of the PCB, near the
shorter edge of the PCB, and a third one is placed at the bottom left corner of
the PCB. The antenna elements 1404, 1405 and/or 1406 may take the form

of a surface mount device (SMD) element.

One or more antenna elements may be integrated in an integrated circuit (IC)
package. In some embodiments, said package may comprise said antenna
element and at least one additional circuit element. In some embodiments,
said circuit element is a matching network. In some embodiments, said
element is a passive network, and in some cases, a reactive network. In
some embodiments, said IC package includes a phase shifting network. In
some embodiments, said IC package includes the combining means.

In fig. 14 d) two antenna elements 1407 are placed at the top portion of the
PCB, near the shorter edge of the PCB and protruding out of the ground
layer or ground-plane 1400 on the PCB. As can be seen from fig. 14 d), the
antenna elements 1407 actually protrude out of the PCB completely. The
antenna elements 1407 may however still be mounted as an internal antenna
as long as the required footprint and volume may be arranged inside the
housing of the wireless terminal. The antenna elements 1407 substantially
have the same electrical length and resonate at substantially the same

frequency.

In fig. 14 e) two antenna elements 1408, 1409 having different resonating
frequencies are placed near the shorter edge of the PCB and protruding out
of the PCB. As can be seen from fig. 14 e), the ground-plane layer 1400
extends as a continuous layer along the whole surface of the PCB and
therefore the antenna elements 1408, 1409 protrude out of the PCB and its

ground-plane layer 1400.
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In fig. 14 f) an antenna system comprising three antenna elements 1410,
1411, 1412 having different resonating frequencies is shown. Two antenna
elements 1410, 1411 are placed at the top portion of the PCB, near the
shorter edge of the PCB. As it can be seen from fig. 14 f), the antenna
elements 1410, 1411 do not strictly protrude out of the PCB but it is instead
the ground-plane layer 1400 of the PCB (not necessarily the PCB itself) that
is cut out to leave a clearance 1420 for the antenna elements 1410, 1411. In
some embodiments, two, three or more, or even every layer of said PCB
includes such a clearance 1420 in order not to block or disturb the antenna
operation. A third antenna element 1412 is placed at the bottom of the PCB

over its ground-plane layer 1400.

In fig. 14 g) two antenna elements 1413, 1414 are placed at the shorter edge
of the PCB and protruding out of the ground layer or ground-plane 1400 on
the PCB. As it can be seen from fig. 14 g), the antenna elements 1413, 1414
do not strictly protrude out of the PCB but it is instead the ground-plane layer
1400 of the PCB that is cut out to leave a clearance 1420 for the antenna
elements 1413, 1414. Each of the antenna elements 1413, 1414 is a
multifrequency antenna element resonating at two or more frequencies. Said
two or more frequencies may be the same or may be different for the
different antenna elements. In some embodiments, like for instance the one
depicted in fig. 14 g), such a multifrequency response on at least one of the
elements is achieved by a radiating structure comprising two or more
radiating arms of different lengths. The antenna elements could well be made
by shaping a conductive trace upon one or more of the surfaces of a
substrate layer or layers made of a high permittivity dielectric material (with a
relative dielectric permittivity higher than, for instance, 2, 3, 4, 5 or 6, such as
a for instance a ceramic or glass material, to name a few examples) of the
PCB.

In fig. 14 h) the antenna elements 1415, 1416 are PIFA antenna elements
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(radiating structures placed over a ground-plane for a substantial portion of
the footprint of the element, said element including at least one feeding point
and at least one shorting point). The antenna elements 1415, 1416 are
placed at the top and bottom portion over a ground-plane layer 1400, near
the shorter edge of the PCB.

In fig. 14 i) an antenna system comprising three antenna elements 1417,
1418, 1419 having different resonating frequencies is shown. Two antenna
elements 1417, 1418 are placed at respective corners of the top portion of
the PCB, near the shorter edge of said PCB. As it can be seen from fig. 14 i),
the antenna elements 1417, 1418 do not protrude out of the PCB but the
ground-plane layer of the PCB is cut out to leave a clearance 1420 for the
antenna elements 1417, 1418. A third antenna element 1419 is placed at the
bottom left corner of the PCB. It can be seen that the antenna element 1419
is superimposed partially over a ground-plane layer 1400 of the PCB. It can
be seen as well that the PCB and all its layers have been cut out in its bottom
left corner so that the antenna element 1419 is superimposed only partially
over a ground-plane layer 1400 of the PCB.

In fig. 15, some possible distributed antenna system configurations are

shown.

In fig. 15 a) three antenna elements 1501, 1502 having different resonant
frequencies are placed entirely over a ground-plane layer 1500 of a two-
piece PCB typical of a clamshell phone or wireless device. Two elements
1502 are placed at the bottom part near the shorter edge of the bottom PCB.
Antenna element 1501 is placed centered at the top part of the bottom PCB

near the hinge of a typical clamshell phone.

In fig. 15 b) two antenna elements 1503, 1504 having different resonant

frequencies are placed at the bottom part near the shorter edge of the bottom
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PCB. The PCB has been provided with a clearance so that the antenna
elements 1503, 1504 protrude out of the ground layer or ground-plane 1500
on the PCB.

In fig. 16 a) two antenna elements 1601, 1602 are placed at the top portion of
the PCB near the shorter edge of the PCB. The antenna elements 1601,
1602 feature different electrical lengths and protrude out the ground-plane
layer 1600 of the PCB. Both antenna elements 1601, 1602 are connected at
their respective driven points 1603 through a microstrip line 1604. The phase
shifting element and combining means are implemented in a single passive

network 1605 such as for instance a reactive LC network.

Fig. 16 b) shows a diversity system. Two distributed antenna systems 1609
comprising two different antenna elements 1607, 1608 are combined in a

diversity system.

Fig. 16 c) shows how two distributed antenna systems according to the
invention are combined to form a higher level distributed antenna system. In
fig. 16 c) two antenna elements 1610 are mounted at the top end of a PCB
totally over the ground-plane layer of said PCB. The antenna elements 1610
are driven by their respective driven points 1611 and the antenna element
placed at the left hand top of the PCB is connected at its driven point 1611 to
a phase shifting element 1612. Both antenna elements 1610 are connected
through means for routing and transmitting the signal 1613 to combining
means 1614 that interconnects the signals from antenna elements 1610 to
the input/output port 1615. As it can be seen in fig. 16 ¢), two more antenna
elements 1616, 1617 having different electrical lengths are mounted over the
PCB at the bottom end of said PCB. The antenna elements 1616, 1617 are
driven by their respective driven points 1618 and through their respective
driven points 1618 they are connected to their respective phase shifting
elements 1619. Both antenna elements 1616, 1617 are connected through
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means for routing and transmitting the signal 1620 to combining means 1621
that interconnects the signals from antenna elements 1616, 1617 to the
input/output port 1622.

The input/output ports 1615, 1622 of both the two distributed antenna
systems are combined through combining means 1623 to form a higher level
distributed antenna system. The higher level distributed antenna system
depicted in fig. 16 ¢) is interconnect to the RF module through input/output
port 1624. In some embodiments, additional phase shifting elements and
routing means are inserted between the combiner of each subsystem
(combiner 1621 and/or 1624 in this example) and the combiner of the overall
distributed system 1624.

Fig. 17 a) shows a VSWR (voltage standing wave ratio) graph as a function
of frequency of a distributed antenna system according to the present
invention. The vertical axis displays VSWR values. VSWR is a measurement
of the antenna’s impedance and matching to the transmission line, which is
related to the fraction of power that is effectively coupled to an antenna
element without being reflected by it. As it can be seen, the bandwidth of the
individual antenna elements (featuring the VSWR curve 1701) is substantially
smaller than the required operating bandwidth 1700. The required operating
bandwidth is the bandwidth defined by the upper (f2) and lower (f1) operating
frequencies of a certain communication system. It is shown in fig. 17 a) that
the distributed antenna system according to the invention (featuring the
VSWR curve 1702) achieves sufficient bandwidth (corresponding to the width
of the portion of the curve lying under the maximum VSWR limit established
for the communication system) to completely cover the required operating
bandwidth 1700 of a certain communications system, even when the
individual elements of the system (featuring the VSWR curve 1701) feature a
bandwidth below the required one (cf. the comparatively narrow portion of
curve 1701 that lies under the relevant maximum VSWR limit).
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In fig. 17a, the maximum value of the VSWR curve of the antenna element
1701 within the entire operating bandwidth of the antenna system (i.e., the
frequency range from 1 to 2) is above the maximum VSWR limit, while the
maximum value of the VSWR curve of the antenna system 1702 is below the
maximum VSWR limit. Therefore, the maximum value of the VSWR curve of
the antenna system 1702 within the entire operating bandwidth of the
antenna system is smaller than the maximum value of the VSWR curve of
the antenna element 1701 within the entire operating bandwidth. Although, in
this example, the VSWR levels are compared, the same conclusion holds for

the modulus of the reflection coefficient.

Still referring to fig. 17a, for a threshold value equal to the maximum VSWR
limit, the width of the frequency interval for which the VSWR curve of the
antenna system 1702 is smaller than the maximum VSWR limit is larger than
the entire operating bandwidth of the antenna system (i.e., the frequency
range from f1 to f2), while the width of the frequency interval for which the
VSWR curve of the antenna element 1701 is smaller than the maximum
VSWR limit is smaller than the entire operating bandwidth of the antenna
system. Therefore, for said threshold, the width of the frequency interval for
which the VSWR curve of the antenna system 1702 is smaller than said
threshold is larger than the width of the frequency interval for which the
VSWR curve of the antenna element 1701 is smaller than said threshold.

Fig. 17 b) shows an analogous VSWR graph of an array system as the ones
in the prior art. As it can be seen, the bandwidth of the individual antenna
elements (corresponding to VSWR curve 1703) is adjusted to match already
the required operating bandwidth 1700. It is shown in fig. 17 b) that the array
system (VSWR curve 1704) features as well a bandwidth that exceeds the
required operating bandwidth 1700 of a certain communications system. In
an array system, the combination effect is used to improve the VSWR level

(as low as possible) of the system, as opposed to achieving the required
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operating bandwidth.

Space Filling Curves

In some examples, one or more of the antenna elements may be
miniaturized by shaping at least a portion of the antenna element (e.g., a part
of an arm in a dipole or in a monopole, a perimeter of the patch of a patch
antenna, the slot in a slot antenna, the loop perimeter in a loop antenna or in
a gap-loop antenna, or other portions of the antenna) as a space-filling curve
(SFC). Examples of space filling curves (including for instance the Hilbert
curve or the Peano curve) are shown in Fig. 2 (see curves 201 to 214). A
SFC is a curve that is large in terms of physical length but small in terms of
the area in which the curve can be included. Space filling curves fill the
surface or volume where they are located in an efficient way while keeping
the linear properties of being curves. In general space filling curves may be
composed of straight, substantially straight and/or curved segments. More
precisely, for the purposes of this patent document, a SFC may be defined as
follows: a curve having at least a minimum number of segments that are
connected in such a way that each segment forms an angle (or bend) with
any adjacent segments, such that no pair of adjacent segments defines a
larger straight segment. The bends between adjacent segments increase the
degree of convolution of the SFC leading to a curve that is geometrically rich
in at least one of edges, angles, corners or discontinuities, when considered
at different levels of detail. In some cases, the corners formed by adjacent
segments of the SFC may be rounded or smoothed. Possible values for the
said minimum number of segments include 5, 6, 7, 8, 10, 12, 14, 16, 18, 20,
25, 30, 35, 40, 45 and 50. In addition, a SFC does not intersect with itself at
any point except possibly the initial and final point (that is, the whole curve
can be arranged as a closed curve or loop, but none of the lesser parts of the

curve form a closed curve or loop).
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A space-filling curve can be fitted over a flat surface, a curved surface, or
even over a surface that extends in more than one plane, and due to the
angles between segments, the physical length of the curve is larger than that
of any straight line that can be fitted in the same area (surface) as the space-
filling curve. Additionally, to shape the structure of a miniature antenna, the
segments of the SFCs should be shorter than at least one fifth of the free-
space operating wavelength, and possibly shorter than one tenth of the free-
space operating wavelength. Moreover, in some further examples the
segments of the SFCs should be shorter than at least one twentieth of the
free-space operating wavelength. The space-filling curve should include at
least five segments in order to provide some antenna size reduction;
however a larger number of segments may be used, such as for instance 10,
15, 20, 25 or more segments. In general, the larger the number of segments
and the narrower the angles between them, the smaller the size of the final
antenna. An antenna shaped as a SFC is small enough to fit within a radian
sphere (e.g., a sphere with a radius equal to the longest free-space operating
wavelength of the antenna divided by 2x). However, the antenna features a
resonance frequency lower than that of a straight line antenna substantially
similar in size.

A SFC may also be defined as a non-periodic curve including a number of
connected straight, substantially straight and/or curved segments smaller
than a fraction of the longest operating free-space wavelength, where the
segments are arranged in such a way that no adjacent and connected
segments form another longer straight segment and wherein none of said

segments intersect each other.

Alternatively, a SFC can be defined as a non-periodic curve comprising at
least a minimum number of bends, wherein the distance between each pair
of adjacent bends is shorter than a tenth of the longest free-space operating
wavelength. Possible values of said minimum number of bends include 5, 10,

15, 20 and 25. In some examples, the distances between pairs of
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consecutive bends of the SFC are different for at least two pairs of bends. In
some other examples, the radius of curvature of each bend is smaller than a

tenth of the longest operating free-space wavelength.

Yet another definition of a SFC is that of a non-periodic curve comprising at
least a minimum number of identifiable cascaded sections. Each section of
the SFC forms an angle with other adjacent sections, and each section has a
diameter smaller than a tenth of the longest free-space operating
wavelength. Possible values of said minimum number of identifiable

cascaded sections include 5, 10, 15, 20 and 25.

In one example, an antenna geometry forming a space-filling curve may
include at least five segments, each of the at least five segments forming an
angle with each adjacent segment in the curve, at least three of the
segments being shorter than one-tenth of the longest free-space operating
wavelength of the antenna. Preferably each angle between adjacent
segments is less than 180° and at least two of the angles between adjacent
sections are less than 115°, and at least two of the angles are not equal. The
example curve fits inside a rectangular area, the longest side of the
rectangular area being shorter than one-fifth of the longest free-space
operating wavelength of the antenna. Some space-filling curves might
approach a self-similar or self-affine curve, while some others would rather
become dissimilar, that is, not displaying self-similarity or self-affinity at all
(see for instance 210, 211, 212).

Box-Counting Curves

In other examples, one or more of the antenna elements may be miniaturized
by shaping at least a portion of the antenna element to have a selected box-
counting dimension. For a given geometry lying on a surface, the box-

counting dimension is computed as follows. First, a grid with rectangular or
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substantially squared identical boxes of size L1 is placed over the geometry,
such that the grid completely covers the geometry, that is, no part of the
curve is out of the grid. The number of boxes N1 that include at least a point
of the geometry are then counted. Second, a grid with boxes of size L2 (L2
being smaller than L1) is also placed over the geometry, such that the grid
completely covers the geometry, and the number of boxes N2 that include at
least a point of the geometry are counted. The box-counting dimension D is
then computed as:

_ log(N2)—log(N1)
"~ log(L2)—log(L)

For the purposes of this document, the box-counting dimension may be
computed by placing the first and second grids inside a minimum rectangular
area enclosing the conducting trace of the antenna and applying the above
algorithm. The first grid in general has n x n boxes and the second grid has
2n x 2n boxes matching the first grid. The first grid should be chosen such
that the rectangular area is meshed in an array of at least 5 x 5 boxes or
cells, and the second grid should be chosen such that L2 = 1/2 L1 and such
that the second grid includes at least 10 x 10 boxes. The minimum
rectangular area is an area in which there is not an entire row or column on
the perimeter of the grid that does not contain any piece of the curve. Further
the minimum rectangular area preferably refers to the smallest possible

rectangle that completely encloses the curve or the relevant portion thereof.

An example of how the relevant grid can be determined is shown in Fig. 3a to
3c. In Fig. 3a a box-counting curve is shown in it smallest possible rectangle
that encloses that curve. The rectangle is divided in an n x n (here as an
example 5 x 5) grid of identical rectangular cells, where each side of the cells
corresponds to 1/n of the length of the parallel side of the enclosing
rectangle. However, the length of any side of the rectangle (e.g., Lx or Ly in
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Fig. 3b) may be taken for the calculation of D since the boxes of the second
grid (see Fig. 3c) have the same reduction factor with respect to the first grid
along the sides of the rectangle in both directions (x and y direction) and
hence the value of D will be the same no matter whether the shorter (Lx) or
the longer (Ly) side of the rectangle is taken into account for the calculation
of D. In some rare cases there may be more than one smallest possible
rectangle. In this case the smallest possible rectangle giving the smaller
value of D is chosen.

Alternatively the grid may be constructed such that the longer side (see left
edge of rectangle in Fig. 3a) of the smallest possible rectangle is divided into
n equal parts (see L1 on left edge of grid in Fig. 4a) and the n x n grid of
squared boxes has this side in common with the smallest possible rectangle
such that it covers the curve or the relevant part of the curve. In Fig. 4a the
grid therefore extends to the right of the common side. Here there may be
some rows or columns which do not have any part of the curve inside (see
the ten boxes on the right hand edge of the grid in Fig. 4a). In Fig. 4b the
right edge of the smallest rectangle (see Fig. 3a) is taken to construct the n x
n grid of identical square boxes. Hence, there are two longer sides of the
rectangular based on which the n x n grid of identical square boxes may be
constructed and therefore preferably the grid of the two first grids giving the
smaller value of D has to be taken into account.

If the value of D calculated by a first n x n grid of identical rectangular boxes
(Fig. 3b) inside of the smallest possible rectangle enclosing the curve and a
second 2n x 2n grid of identical rectangular boxes (Fig. 3c) inside of the
smallest possible rectangle enclosing the curve and the value of D calculated
from a first n x n grid of squared identical boxes (see Fig. 4a or 4b) and a
second 2n x 2n grid of squared identical boxes where the grid has one side in
common with the smallest possible rectangle, differ, then preferably the first
and second grid giving the smaller value of D have to be taken into account.
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The desired box-counting dimension for the curve may be selected to
achieve a desired amount of miniaturization. The box-counting dimension
should be larger than 1.1 in order to achieve some antenna size reduction. If
a larger degree of miniaturization is desired, then a larger box-counting
dimension may be selected, such as a box-counting dimension ranging from
1.5 to 2 for surface structures, while ranging up to 3 for volumetric
geometries. For the purposes of this patent document, curves in which at
least a portion of the geometry of the curve or the entire curve has a box-
counting dimension larger than 1.1 may be referred to as box-counting

curves.

Alternatively a curve may be considered as a box counting curve if there
exists a first n x n grid of identical square or identical rectangular boxes and a
second 2n x 2n grid of identical square or identical rectangular boxes where
the value of D is larger than 1.1, 1.15, 1.2, 1.25, 1.3, 1.35, 1.4, 1.5, 1.6, 1.7,
18,1.9,20,21,22,23,24,25,2.6,2.7,2.8,0r2.9.

In any case, the value of n for the first grid should not be more than 5, 7, 10,
15, 20, 25, 30, 40 or 50.

For very small antennas, for example antennas that fit within a rectangle
having a maximum size equal to one-twentieth the longest free-space
operating wavelength of the antenna, the box-counting dimension may be
computed using a finer grid. In such a case, the first grid may include a mesh
of 10 x 10 equal cells, and the second grid may include a mesh of 20 x 20
equal cells. The grid-dimension (D) may then be calculated using the above

equation.

In general, for a given resonant frequency of the antenna, the larger the box-
counting dimension, the higher the degree of miniaturization that will be
achieved by the antenna.
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One way to enhance the miniaturization capabilities of the antenna (that is,
reducing size while maximizing bandwidth, efficiency and gain) is to arrange
the several segments of the curve of the antenna pattern in such a way that
the curve intersects at least one point of at least 14 boxes of the first grid with
5 x 5 boxes or cells enclosing the curve. If a higher degree of miniaturization
is desired, then the curve may be arranged to cross at least one of the boxes
twice within the 5 x § grid, that is, the curve may include two non-adjacent
portions inside at least one of the cells or boxes of the grid. The relevant grid
here may be any of the above mentioned constructed grids or may be any
grid. That means if any 5 x 5 grid exists with the curve crossing at least 14
boxes or crossing one or more boxes twice the curve may be said to be a

box counting curve.

Fig. 1 illustrates an example of how the box-counting dimension of a curve
(100) is calculated. The example curve (100) is placed under a 5 x 5 grid
(101) (Fig. 1 upper part) and under a 10 x 10 grid (102) (Fig. 1 lower part). As
illustrated, the curve (100) touches N1=25 boxes in the 5 x 5 grid (101) and
touches N2=78 boxes in the 10 x 10 grid (102). In this case, the size of the
boxes in the 5 x 5 grid 2 is twice the size of the boxes in the 10 x 10 grid
(102). By applying the above equation, the box-counting dimension of the
example curve (100) may be calculated as D=1.6415. In addition, further
miniaturization is achieved in this example because the curve (100) crosses
more than 14 of the 25 boxes in grid (101), and also crosses at least one box
twice, that is, at least one box contains two non-adjacent segments of the
curve. More specifically, the curve (100) in the illustrated example crosses
twice in 13 boxes out of the 25 boxes.

The terms explained above can be also applied to curves that extend in three
dimensions. If the extension in the third dimension is rather small the curve
will fit into an n x n x 1 arrangement of 3D-boxes (cubes of size L1 x L1 x L1)
in a plane. Then the calculations can be performed as described above. Here
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the second grid will be a 2n x 2n x 1 grid of cuboids of size L2 x L2 x L1.
If the extension in the third dimension is larger an n x n x n first grid and a 2n
x 2n x 2n second grid will be taken into account. The construction principles

for the relevant grids as explained above for two dimensions apply equally in

three dimensions.

Grid Dimension Curves

In yet other examples, one or more of the antenna elements may be
miniaturized by shaping at least a portion of the antenna element to include a
grid dimension curve. For a given geometry lying on a planar or curved
surface, the grid dimension of the curve may be calculated as follows. First, a
grid with substantially square identical cells of size L1 is placed over the
geometry of the curve, such that the grid completely covers the geometry,
and the number of cells N1 that include at least a point of the geometry are
counted. Second, a grid with cells of size L2 (L2 being smaller than L1) is
also placed over the geometry, such that the grid completely covers the
geometry, and the number of cells N2 that include at least a point of the
geometry are counted again. The grid dimension D is then computed as:

_ log(N2)—log(N1)
"~ log(L2)—log(L)

For the purposes of this document, the grid dimension may be calculated by
placing the first and second grids inside the minimum rectangular area
enclosing the curve of the antenna and applying the above algorithm. The
minimum rectangular area is an area in which there is not an entire row or
column on the perimeter of the grid that does not contain any piece of the

curve.
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The first grid may, for example, be chosen such that the rectangular area is
meshed in an array of at least 25 substantially equal preferably square cells.
The second grid may, for example, be chosen such that each cell of the first
grid is divided in 4 equal cells, such that the size of the new cells is L2 = 2
L1, and the second grid includes at least 100 cells.

Depending on the size and position of the squares of the grid the number of
squares of the smallest rectangular may vary. A preferred value of the
number of squares is the lowest number above or equal to the lower limit of
25 identical squares that arranged in a rectangular or square grid cover the
curve or the relevant portion of the curve. This defines the size of the
squares. Other preferred lower limits here are 50, 100, 200, 250, 300, 400 or
500. The grid corresponding to that number in general will be positioned such
that the curve touches the minimum rectangular at two opposite sides. The
grid may generally still be shifted with respect to the curve in a direction
parallel to the two sides that touch the curve. Of such different grids the one
with the lowest value of D is preferred. Also the grid whose minimum
rectangular is touched by the curve at three sides (see as an example Figs.
4a and 4b) is preferred. The one that gives the lower value of D is preferred
here.

The desired grid dimension for the curve may be selected to achieve a
desired amount of miniaturization. The grid dimension should be larger than
1 in order to achieve some antenna size reduction. If a larger degree of
miniaturization is desired, then a larger grid dimension may be selected, such
as a grid dimension ranging from 1.5 - 3 (e.g., in case of volumetric
structures). In some examples, a curve having a grid dimension of about 2
may be desired. For the purposes of this patent document, a curve or a curve
where at least a portion of that curve is having a grid dimension larger than 1
may be referred to as a grid dimension curve. In some cases, a grid
dimension curve will feature a grid dimension D larger than 1.1, 1.15, 1.2,
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125,13,135,14,15,16,1.7,18,19,20,21,2.2,23,24,25,26, 2.7,
28,0r2.9.

In general, for a given resonant frequency of the antenna, the larger the grid
dimension the higher the degree of miniaturization that will be achieved by

the antenna.

One example way of enhancing the miniaturization capabilities of the
antenna is to arrange the several segments of the curve of the antenna
pattern in such a way that the curve intersects at least one point of at least
50% of the cells of the first grid with at least 25 cells (preferably squares)
enclosing the curve. In another example, a high degree of miniaturization
may be achieved by arranging the antenna such that the curve crosses at
least one of the cells twice within the 25 cell grid (of preferably squares), that
is, the curve includes two non-adjacent portions inside at least one of the
cells or cells of the grid. In general the grid may have only a line of cells but
may also have at least 2 or 3 or 4 columns or rows of cells.

Fig. 5 shows an example two-dimensional antenna forming a grid dimension
curve with a grid dimension of approximately two. Fig. 6 shows the antenna
of Fig. 5 enclosed in a first grid having thirty-two (32) square cells, each with
a length L1. Fig. 7 shows the same antenna enclosed in a second grid having
one hundred twenty-eight (128) square cells, each with a length L2. The
length (L1) of each square cell in the first grid is twice the length (L2) of each
square cell in the second grid (L1 = 2 x L2). An examination of Fig. 6 and
Fig.7 reveals that at least a portion of the antenna is enclosed within every
square cell in both the first and second grids. Therefore, the value of N1 in
the above grid dimension (Dg) equation is thirty-two (32) (i.e., the total
number of cells in the first grid), and the value of N2 is one hundred twenty-
eight (128) (i.e., the total number of cells in the second grid). Using the above
equation, the grid dimension of the antenna may be calculated as follows:
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_ log(128)—log(32) _ 5
log(2xL1) —-log(L1)

For a more accurate calculation of the grid dimension, the number of square
cells may be increased up to a maximum amount. The maximum number of
cells in a grid is dependent upon the resolution of the curve. As the number
of cells approaches the maximum, the grid dimension calculation becomes
more accurate. If a grid having more than the maximum number of cells is
selected, however, then the accuracy of the grid dimension calculation
begins to decrease. Typically, the maximum number of cells in a grid is one
thousand (1000).

For example, Fig. 8 shows the same antenna as of Fig. 5 enclosed in a third
grid with five hundred twelve (512) square cells, each having a length L3.
The length (L3) of the cells in the third grid is one half the length (L2) of the
cells in the second grid, shown in Fig.7. As noted above, a portion of the
antenna is enclosed within every square cell in the second grid, thus the
value of N for the second grid is one hundred twenty-eight (128). An
examination of Fig. 8, however, reveals that the antenna is enclosed within
only five hundred nine (509) of the five hundred twelve (512) cells of the third
grid. Therefore, the value of N for the third grid is five hundred nine (509).
Using Fig.7 and Fig. 8, a more accurate value for the grid dimension (Dg) of

the antenna may be calculated as follows:

__ 1og(509) —log(128)
log(2xL2) —log(L2)

~1.9915

It should be understood that a grid-dimension curve does not need to include
any straight segments. Also, some grid-dimension curves might approach a
self-similar or self-affine curves, while some others would rather become

dissimilar, that is, not displaying self-similarity or self-affinity at all (see for
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instance Fig. 5).

The terms explained above can be also applied to curves that extend in three
dimensions. If the extension in the third dimension is rather small the curve
will fit into an arrangement of 3D-boxes (cubes) in a plane. Then the
calculations can be performed as described above. Here the second grid will

be composed in the same plane of boxes with the size L2 x L2 x L1.

If the extension in the third dimension is larger an m x n x o first grid and a
2m x 2n x 2o second grid will be taken into account. The construction
principles for the relevant grids as explained above for two dimensions apply
equally in three dimensions. Here the minimum number of cells preferably is
25, 50, 100, 125, 250, 400, 500, 1000, 1500, 2000, 3000, 4000 or 5000.

Multilevel Structures

In another example, at least a portion of one or more of the antenna
elements may be coupled, either through direct contact or electromagnetic
coupling, to a conducting surface, such as a conducting polygonal or
multilevel surface. Further, the antenna element may include the shape of a
multilevel structure. A multilevel structure is formed by gathering several
identifiable geometrical elements such as polygons or polyhedrons of the
same type or of different type (e.g., triangles, parallelepipeds, pentagons,
hexagons, circles or ellipses as special limiting cases of a polygon with a
large number of sides, as well as tetrahedral, hexahedra, prisms,
dodecahedra, etc.) and coupling these structures to each other
electromagnetically, whether by proximity or by direct contact between

elements.

At least two of the elements may have a different size. However, also all

elements may have the same or approximately the same size. The size of
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elements of a different type may be compared by comparing their largest
diameter. The polygons or polyhedrons of a multilevel structure may
comprise straight, flat and/or curved peripheral portions. Some polygons or
polyhedrons may have perimeter portions comprising portions of circles
and/or ellipses.

The majority of the component elements of a multilevel structure have more
than 50% of their perimeter (for polygons) or of their surface (for
polyhedrons) not in contact with any of the other elements of the structure. In
some examples, the said majority of component elements would comprise at
least the 50%, 55%, 60%, 65%, 70% or 75% of the geometric elements of
the multilevel structure. Thus, the component elements of a multilevel
structure may typically be identified and distinguished, presenting at least two
levels of detail: that of the overall structure and that of the polygon or
polyhedron elements which form it. Additionally, several multilevel structures
may be grouped and coupled electromagnetically to each other to form
higher level structures. In a single multilevel structure, all of the component
elements are polygons with the same number of sides or are polyhedrons
with the same number of faces. However, this characteristic may not be true
if several multilevel structures of different natures are grouped and

electromagnetically coupled to form meta-structures of a higher level.

A multilevel antenna includes at least two levels of detail in the body of the
antenna: that of the overall structure and that of the majority of the elements
(polygons or polyhedrons) which make it up. This may be achieved by
ensuring that the area of contact or intersection (if it exists) between the
majority of the elements forming the antenna is only a fraction of the
perimeter or surrounding area of said polygons or polyhedrons. The elements
(polygons or polyhedrons) are identifiable by their exposed edges and, when
there is contact or overlapping between elements, by the extension of their
exposed edges (such as for example through projection) into said region of
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contact or overlapping.

One example property of a multilevel antenna is that the radioelectric
behavior of the antenna can be similar in more than one frequency band.
Antenna input parameters (e.g., impedance) and radiation patterns remain
substantially similar for several frequency bands (i.e., the antenna has the
same level of impedance matching or standing wave relationship in each
different band), and often the antenna presents almost identical radiation
diagrams at different frequencies. Such a property allows the antenna to
operate simultaneously in several frequencies, thereby being able to be
shared by several communication devices. The number of frequency bands
is proportional to the number of scales or sizes of the polygonal elements or
similar sets in which they are grouped contained in the geometry of the main

radiating element.

In a multilevel antenna operating in several frequency bands, different
subsets of geometrical elements of the multilevel structure are associated
with the different frequency bands of the antenna. In some cases for
example, the overall structure can be responsible for one frequency, and
different subsets of geometrical elements within the structure be responsible
for other frequency bands. In some examples, a first subset of geometrical
elements can comprise at least some of the geometrical elements of a
second subset, while in other cases the first subset may comprise a majority
of the geometrical elements of the second subset (i.e., the second subset is
substantially within the first subset).

In addition to their multiband behavior, multilevel structure antennae may
have a smaller than usual size as compared to other antennae of a simpler
structure (such as those consisting of a single polygon or polyhedron)
operating at the same frequency. The empty spaces defined within the
multilevel structure provide a long and winding path for the electrical currents,
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making the antenna resonate at a lower frequency than that of a radiating
structure not including said empty spaces. Additionally, the edge-rich and
discontinuity-rich structure of a multilevel antenna may enhance the radiation
process, relatively increasing the radiation resistance of the antenna and/or
reducing the quality factor Q (i.e., increasing its bandwidth).

A multilevel antenna structure may be used in many antenna configurations,
such as dipoles, monopoles, patch or microstrip antennae, coplanar
antennae, reflector antennae, aperture antennae, antenna arrays, or other
antenna configurations. In addition, multilevel antenna structures may be
formed using many manufacturing techniques, such as printing on a dielectric
substrate by photolithography (printed circuit technique); dieing on metal
plate, repulsion on dielectric, or others.
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CLAIMS

1. Antenna system comprising a ground-plane (1100) and at least two
antenna elements (1101) connected to at least one common input/output port
(1106) for said antenna system, each of said antenna elements (1101)
comprising one driven point (1102), said antenna system further comprising
means (1103) for routing and transmitting the signal from said at least two
antenna elements (1101) towards said common input/output port (1106), and
a combining means (1105) to interconnect the signals from said at least two
antenna elements (1101) to said common input/output port (1106), and at
least one phase shifting element (1104) placed between at least one of said
driven points (1102) and said combining means (1105), wherein said at least
one phase shifting element (1104) is arranged to provide a phase shift that
minimizes the sum of the reflection coefficients of said at least two antenna

elements (1101) measured at said common input/output port (1106).

2.- Antenna system according to claim 1, wherein the operating bandwidth of
an individual antenna element is substantially smaller than the operating

bandwidth of the antenna system.

3.- Antenna system according to claim 1 or 2, wherein said phase shift
minimizes said sum of the reflection coefficients so that, for every antenna
element of the antenna system,

the maximum value, within the entire operating bandwidth of the
antenna system, of the modulus of the reflection coefficient of the antenna
system measured at said common input/output port (1106),

is smaller than the maximum value, within the entire operating
bandwidth of the antenna system, of the modulus of reflection coefficient of

the respective antenna element measured at its driven point.

4.- Antenna system according to any of claims 1-3, wherein said phase shift



10

15

20

25

30

WO 2007/141187 PCT/EP2007/055329

44

minimizes said sum of the reflection coefficients so that, for every antenna
element of the antenna system, and for a given threshold value,

the width of the frequency interval for which the modulus of the
reflection coefficient of the antenna system measured at said common
input/output port (1106) is smaller than said threshold value,

is larger than

the width of the frequency interval for which the modulus of the
reflection coefficient of the respective antenna element measured at its

driven point is smaller than said threshold value.

5.- Antenna system according to claim 4, wherein said threshold value is 1/3.

6.- Antenna system according to claim 4, wherein said threshold value is 1/2.

7.- Antenna system according to claim 4, wherein said threshold value is 3/5.

8.- Antenna system according to claim 4, wherein said threshold value is 2/3.

9.- Antenna system according to any of the preceding claims, wherein said at

least one phase shifting element comprises a transmission line.

10.- Antenna system according to any of the preceding claims, wherein said
at least one phase shifting element comprises a reactive network comprising

inductors and capacitors.

11.- Antenna system according to any of the preceding claims, wherein said
at least one phase shifting element comprises an active phase shifter

comprising a combination of diodes and/or transistors.

12.- Antenna system according to any of the preceding claims, wherein at

least one of the antenna elements is built on a substantially planar substrate.
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13.- Antenna system according to any of the preceding claims, wherein at
least one of the antenna elements is embodied in a surface mount device.

14.- Antenna system according to any of the preceding claims, wherein at
least one of said antenna elements features a dielectric substrate having a
relative dielectric permittivity higher than 2.

15.- Antenna system according to any of the preceding claims, wherein at
least one of said antenna elements is embodied as a shaped conductive
trace upon at least one surface of a dielectric substrate.

16.- Antenna system according to any of the preceding claims, wherein the
antenna elements are arranged such that the distance between any pair of
said antenna elements is substantially shorter than an operating wavelength

of said antenna elements.

17.- Antenna system according to claim 16, wherein the antenna elements
are arranged such that the distance between any pair of antenna elements is
substantially shorter than half of said operating wavelength of said antenna

elements.

18.- Antenna system according to any of the preceding claims, wherein the
bandwidth of each of the individual antenna elements is substantially smaller
than the operating bandwidth of the antenna system.

19.- Antenna system according to any of the preceding claims, wherein the
means for routing the signals from the antenna elements to the input/output
port comprise at least one transmission line (1103).

20.- Antenna system according to claim 19, wherein said transmission line is
arranged to make up a substantial part of said at least one phase shifting
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element.

21.- Antenna system according to any of the preceding claims, wherein the
combining means comprise a simple junction of two or more transmission

lines.

22.- Antenna system according to any of claims 1-20, wherein the combining

means comprise a power combiner.

23.- Antenna system according to any of claims 1-20, wherein the combining

means comprise a directional coupler.

24 .- Antenna system according to any of claims 1-20, wherein the combining

means comprise a signal processor.

25.- Antenna system according to any of claims 1-20, wherein the individual
antenna elements are part of a diversity antenna system and wherein the

combining means comprises a diversity processor.

26.- Antenna system according to any of the preceding claims, wherein said
at least one phase shift element is arranged so that a signal received
substantially simultaneously at two of said at least two antenna elements
gives rise to respective received signals that are added substantially in phase
opposition at the combining means.

27.- Antenna system according to any of the preceding claims, wherein said
at least one phase shifting element is a quarter wavelength phase shifting

element.

28.- Antenna system according to any of the preceding claims, comprising

only two antenna elements.



10

15

20

25

30

WO 2007/141187 PCT/EP2007/055329

47

29.- Antenna system according to any of claims 1-27, comprising only three

antenna elements.

30.- Antenna system according to any of claims 1-27, comprising at least four

of said antenna elements.

31.- Antenna system according to any of the preceding claims, wherein all

antenna elements are tuned to substantially the same resonant frequency.

32.- Antenna system according to any of claims 1-30, wherein at least one of
said antenna elements is tuned to at least one resonant frequency that is
slightly different from a resonant frequency of another one of said antenna

elements.

33.- Antenna system according to any of claims 1-30 or 32, wherein at least
one of said antenna elements is tuned to at least one resonant frequency that
is substantially different from a resonant frequency of another one of said

antenna elements.

34.- Antenna system according to claim 33, wherein at least one of said
antenna elements is tuned to a first resonant frequency and a second one of
said antenna elements is tuned to a second resonant frequency substantially
different from said first resonant frequency, said first and second resonant
frequencies being within the same operating band of the antenna system.

35.- Antenna system according to claim 33 or 34, wherein at least one of the
antenna elements is tuned to a resonant frequency substantially different

from any resonant frequency of another one of said antenna elements.

36.- Antenna system according to any of claims 1-30 and 32-35, wherein at

least one of the antenna elements is tuned to a resonant frequency within a
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first operating band of the antenna system, and wherein at least another of
said antenna elements is tuned to a resonant frequency within another

operating band of the antenna system.

37.- Antenna system according to any of the preceding claims, wherein said
at least one phase shifting element features a phase shift arranged to
substantially achieve the cancellation of the reflection coefficients of said at

least two antenna elements measured at said input/output port.

38.- Antenna system according to any of the preceding claims, featuring a
reflection coefficient as measured at the input/output port in accordance with
a Butterworth response, throughout an operating band of the antenna

system.

39.- Antenna system according to any of claims 1-37, featuring a reflection
coefficient as measured at the input/output port in accordance with a
Chebyshev response, throughout an operating band of the antenna system.

40.- Antenna system according to any of the preceding claims, wherein each
of the antenna elements covers a certain portion of a total bandwidth of the
antenna system, whereby the antenna elements are arranged to complement
each other in order to make the antenna system achieve said total
bandwidth.

41.- Antenna system according to any of the preceding claims, comprising at
least one antenna element having a resonant frequency outside the

operating bandwidth.

42.- Antenna system according to claim 41, further comprising a matching
circuit connected to the driven point of said at least one antenna element

having a resonant frequency outside the operating bandwidth, said matching
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circuit being arranged to modify the impedance of the antenna element so
that it features a modulus of the reflection coefficient that presents a

minimum within the operating band of the antenna system.

43.- Antenna system according to claim 41 or 42, wherein said resonant
frequency outside the operating bandwidth is a resonant frequency above the

highest frequency of the operating bandwidth of the antenna system.

44.- Antenna system according to any of the preceding claims, wherein all of
said antenna elements are situated over the ground-plane such that the
entire orthogonal projection of the antenna elements on the plane of the
ground-plane are within the boundary of the ground-plane.

45.- Antenna system according to any of claims 1-43, wherein at least one of
the antenna elements is arranged such that a portion of the orthogonal
projection of said antenna element on the plane of the ground-plane is within
the boundary of the ground-plane, whereas another portion of the orthogonal
projection of the antenna element on the plane of the ground-plane is outside

the boundary of the ground-plane.

46.- Antenna system according to any of claims 1-43 or 45, wherein at least
one of said antenna elements is situated with respect to the ground-plane
such that the entire orthogonal projection of the antenna element on the
plane of the ground-plane is outside the boundary of the ground-plane.

47.- Antenna system according to any of the preceding claims, wherein at
least one of said antenna elements features at least one portion shaped as a
space-filling curve.

48.- Antenna system according to any of the preceding claims, wherein at

least one of said antenna elements comprises at least one portion having a
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box-counting dimension larger than 1.1.

49.- Antenna system according to any of the preceding claims, wherein at
least one of said antenna elements comprises at least one portion having a

grid dimension larger than 1.1.

50.- Antenna system according to any of the preceding claims, wherein at

least one of said antenna elements comprises a multilevel structure.

51.- Combined system comprising at least two antenna systems according to
any of the preceding claims, combined so as to form a higher level distributed

antenna system.

52.- Combined system according to claim 51, each of said antenna systems
operating in a different frequency region of the electromagnetic spectrum,
combined through combining means to form said higher level distributed

antenna system.

53.- Combined system according to claim 52, said combining means
comprising a diplexer or a bank of filters.

54. Antenna system according to claim 1, wherein said at least two antenna
elements comprise two multiband antenna elements (1101) of which one is
tuned to at least one resonant frequency slightly different from at least one
resonant frequency of the other one of said two multiband antenna elements
(1101), said antenna elements being connected to said common input/output
port (1106).

55. Antenna system according to claim 1, wherein said at least two antenna
elements comprise two multiband antenna elements (1101) tuned to a same

resonant frequency.
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56.- A portable device for wireless communication, comprising an antenna

system according to any of the preceding claims.

57.- A handheld device for wireless communication, comprising an antenna

system according to any of claims 1-55.

58.- A device according to claim 57, said device being a cellular telephone.

59.- A device according to claim 56 or 57, said device being a portable

compulter.

60. A wireless handheld or portable device comprising an antenna system,
said antenna system comprising a ground-plane (1100), and at least two
antenna elements (1101) connected to at least one common input/output port
(1106) for said antenna system, each of said antenna elements (1101)
comprising one driven point (1102), and further comprising means (1103) for
routing and transmitting the signal from said at least two antenna elements
(1101) towards said common input/output port (1106), and a combining
means (1105) to interconnect the signals from said at least two antenna
elements (1101) to said common input/output port (1106), and at least one
phase shifting element (1104) placed between at least one of said driven
points (1102) and said combining means (1105), wherein said phase shifting
element (1104) features a phase shift that minimizes the sum of the reflection
coefficients of said at least two antenna elements (1101) measured at said
common input/output port (1106).

61. A wireless handheld or portable device comprising an antenna system,
said antenna system comprising a ground-plane (1100), and two multiband
antenna elements (1101) tuned at least at one slightly different resonating
frequency, said two multiband antenna elements (1101) being connected to
one common input/output port (1106) for said antenna system, each of said
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antenna elements (1101) comprising one driven point (1102), and further
comprising means (1103) for routing and transmitting the signal from said at
least two antenna elements (1101) towards said common input/output port
(1106), and a combining means (1105) to interconnect the signals from said
at least two antenna elements (1101) to said common input/output port
(1106), and at least one phase shifting element (1104), wherein said phase
shifting element (1104) features a phase shift that minimizes the sum of the
reflection coefficients of said at least two antenna elements (1101) measured
at said common input/output port (1106).

62. A wireless handheld or portable device comprising an antenna system,
said antenna system comprising a ground-plane (1100), and two multiband
antenna elements (1101) tuned at the same resonating frequency, said two
multiband antenna elements (1101) being connected to one common
input/output port (1106) for said antenna system, each of said antenna
elements (1101) comprising one driven point (1102), and further comprising
means (1103) for routing and transmitting the signal from said at least two
antenna elements (1101) towards said common input/output port (1106), and
a combining means (1105) to interconnect the signals from said at least two
antenna elements (1101) to said common input/output port (1106), and at
least one phase shifting element (1104), wherein said phase shifting element
(1104) features a phase shift that cancels the sum of the reflection
coefficients of said at least two antenna elements (1101) measured at said
common input/output port (1106).

63.- A device according to any of claims 56-61, arranged to operate at
accordance with at least one of the following communication and connectivity
services: Bluetooth, WIMAX, ZigBee, ZigBee at 860 MHz, ZigBee at 915
MHz, GPS, GPS at 1.575 GHz, GPS at 1.227 GHz, Galileo, GSM 450, GSM
850, GSM 900, GSM 1800, American GSM, DCS-1800, 3G, 4G, HSDPA,
UMTS, CDMA, DMB, DVB-H, WLAN, WLAN at 2.4 GHz-6GHz, PCS 1900,
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KPCS, WCDMA, SDARs, XDARS, DAB, WiFi, UWB, 2.4-2.483 GHz band,
2.471-2.497 GHz band, IEEE802.11ba, IEEE802.11b, IEEE802.11g and FM.

64.- A device according to any of claims 56-63, featuring at least one
operating band within, encompassing or overlapping with at least one of the
following regions of the electromagnetic spectrum: the 810 MHz — 960 MHz
region, the 1710 — 1990 MHz region, and the 1900 — 2170 MHz region.

65.- Use of a antenna system according to any of claims 1-55 in a wireless
device, for reducing hand loading effects.

66.- Method of reducing the hand loading effects related to a wireless device,
comprising the step of providing the wireless device with an antenna system
according to any of claims 1-55.
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