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(57) ABSTRACT

A multifunction wireless device having at least one of multi-
media functionality and smartphone functionality, the multi-
functionwireless device including an upper body and a lower
body, the upper body and the lower body being adapted to
moverelative to each other in at least one of a clamshell, a
slide, and a twist manner. The multifunction wireless device

further includes an antenna system disposed within at least
one ofthe upper body and the lower bodyand having a shape
witha level of complexity of an antenna contour defined by
complexity factors F,, having a value ofat least 1.05 and not
greater than 1.80 and F,, having a valueofat least 1.10 and
not greater than 1.90.
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MULTIPLE-BODY-CONFIGURATION
MULTIMEDIA AND SMARTPHONE

MULTIFUNCTION WIRELESS DEVICES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This patent application claimspriority from, and incorpo-
rates by reference the entire disclosure of U.S. Provisional
Patent Application No. 60/831,544, filed Jul. 18, 2006, and
US. Provisional Patent Application No. 60/856,410, filed
Nov.3, 2006. This patent application further claimspriority
from, and incorporates by reference the entire disclosure of
European Patent Application No. EP 06117352.2,filed Jul.
18, 2006.

TECHNICAL FIELD

The present invention relates to a multifunction wireless
device (MFWD), and, more particularly, but not by way of
limitation, to a multifunction wireless device and antenna
designs thereof combining into a single unit mobile data and
voice services with at least one of multimedia capabilities
(multimedia terminal (MMT) and personal computer capa-
bilities, (i.e., smartphone) or with both MMTand smartphone
(SMRT)capabilities (MMT+SMRT).

HISTORY OF RELATED ART

MFWDsare usually individually adapted to specific func-
tions or needs ofa certain type ofusers. In some cases, it may
be desirable that the MFWDiseither e.g. small while in other
casesthis is not of importance since e.g. a keyboard or screen
is provided by the MFWD whichalready requires a certainsize.

Manyofthe demands for modern MFWDsalsotranslate to
specific demandsfor the antennas thereof. For example, one
design demand for antennas of multifunctional wireless
devices is usually that the antenna be small in order to occupy
as little space as possible within the MFWD which then
allows for smaller MFWDsorfor more specific equipment to
provide certain function ofthe MFWD.At the sametime,it is
sometimesrequired for the antennatobeflat since this allows
for slim MFWDsorinparticular, for MFWDswhich have two
parts that can be shifted or twisted against each other.

In the context of the present application, a device is con-
sidered to be slim if it has a thickness of less than about 14

mm, 13 mm, 12 mm, 11 mm, 10 mm, 9 mm or 8 mm. A slim
MFWDshould be mechanically stable, mechanical stability
being more difficult to achieve in slim devices.

Additionally, antennas in some embodiments are required
to be multi-band antennas and to cover different frequency
bands and/or different communication system bands. Beyond
that, some of the bands haveto be particularly broad like the
UMTSband which has a bandwidth of 12.2%. For a good
wireless connection, high gain and efficiency are further
required. Other more common design demandsfor antennas
are the voltage standing wave ratio (VSWR) and the imped-
ance whichis typically about 50 ohms.

Furthermore of particular importance, is omni-directional
coverage which meansthat the antenna radiates with a sub-
stantially donut-shapedradiation pattern such that e.g. terres-
trial base stations of mobile telephone communication sys-
tems can be contacted within any direction in the horizontal
plane.

However, for satellite communication (for example, for
receiving GPS-signals), other radiation patterns are pre-
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ferred, in particular, those which radiate into the upper hemi-
sphere. Here radiation into the horizontalplane is usually less
desired. The polarization of the emitted or received radiation
also has to be taken into consideration. Other demands for

antennas for modern MFWDsare low cost and a low specific
absorption rate (SAR).

Furthermore, an antennahasto be integrated into a device
such as MFWDsuch that an appropriate antenna may be
integrated therein which puts constraints upon the mechani-
cal fit, the electrical fit and the assembly fit of the antenna
within the device. Of further importance, usually, is the
robustness of the antenna which meansthat the antenna does

not change antennaproperties in response to smaller shocks
to the device.

As can be imagined, a simultaneous improvementof all
features described above is a major challenge for persons
skilled in the art. A typical exemplary design problem is the
generally uniform line of thinking that due to the limits of
diffraction, a substantial increase in gain and directivity can
only be achieved through an increase in the antennasize.

Onthe other hand, a MFWDthat hasa highdirectivity and
hence, a high gain, has to be properly oriented towards a
transceiver-base station. This, however, is not always practi-
cal since portable device users need to have the freedom to
move and change direction with respect to a base station
without losing coverage and, therefore, losing the wireless
connection. Therefore, less gain is usually accepted in order
to obtain an omni-directional (donut-like) radiation pattern.

It has to be taken into account that a palmtop, laptop, or
desktop portable device might require a radiation pattern that
enhancesradiation in the upper hemisphere, i.e., pointing to
the ceiling and the walls rather than pointingto the floor, since
transceiver stations such as a hotspot antennaora basestation
are typically located above or on the side of the portable
device. If, however, such a device is used for a voice phone
call it will be held substantially upright close to the user’s
head in which case an omni-directional pattern is preferred
whichis oriented so that the donut-like shape ofthe radiation
pattern lies in the horizontal.

While it might appear desirable to provide an antenna with
a uniform radiation pattern (sphere-like) for voice calls such
a pattern turns out to have substantial drawbacks in terms of a
desired low specific absorption rate since it sometimes leads
to an increased absorption ofradiation within the hand and the
head of the user during a voice phonecall.

Inevery MFWD,the choice ofthe antenna,its placement in
the device andits interaction with the surrounding elements
of the device will have an impact on the overall wireless
connection performance making its selection non-trivial and
subject to constraints due to particular target use, user and
market segments for every device.

Asestablished by L. J. Chu in “Physical Limitations of
Omni-Directional Antennas”, Journal of Applied Physics,
Vol. 19, December, 1948, pg. 1163-1175, and Harold A.
Wheeler, in “Fundamental Limitations of Small Antennas”,
Proceedings ofthe LR.E., 1947, pgs. 1479-1488. small anten-
nas may not exceed a certain bandwidth. The bandwidth of
the antenna decreases in proportion to the volume of the
antenna. The bandwidth, however, is proportional to the
maximumdata rate the wireless connection can achieve and,
therefore, a reduction in the antenna size is additionally
linked to a reduction in the speed of data transmission.

Furthermore, a reduction of the antenna size can be
achieved, for example, by loading the antenna with high
dielectric materials for instance by stuffing, backing, coating,
filling, printing or over-molding a conductive antenna ele-
ment with a high dielectric material. Such materials tend to
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concentrate a high dielectric and magnetic field intensity into
a smaller volume. This concentration leads to a high quality
factor which, however, leads to a smaller bandwidth. Further,
such a high concentration of electromagnetic field in the
material leads to inherentelectrical losses. Those losses may
be compensated by a higher energy input into the antenna
whichthen leadsto a portable wireless device with a reduced
standbyor talk/connectivity time. In the design of MFWDs,
every micro Joule of energy available in the battery has to be
used in the mostefficient way.

Multi-band antennasrequire a certain space since for each
band a resonating physical structure is usually required. Such
additional resonating physical structures occupy additional
space which then increases the size of the antenna.It is
therefore particularly difficult to build antennas which are
both small and multi-band at the same time.

As already mentioned above, there exists a fundamental
limit established by Chu and Wheeler between the bandwidth
and antenna size. Therefore, many small antennas havegreat
difficulty in achieving a desired large bandwidth.

Broadband operation may be achieved by twoclosely
neighboring bands which then require additional space for the
resonating physical structure of each of the bands. Further,
those two antenna portions may not be provided too close
together since, due to electric coupling between the twoele-
ments, the merging of the two bandsinto a single band is not
achieved, but rathersplitting the resonant spectrum into inde-
pendent sub-bands which is not acceptable for meeting the
requirements of wireless communication standards.

Furthermore, for broadband operation the resonating
physical structure needsa certain width. This width, however,
requires additional space which further shows that small
broadband antennasare difficult to achieve.

Tt is knownto achieve a broadbandoperation with parasitic
elements which, however, require additional space. Such
parasitic elements mayalso not be placed too close to other
antenna portions since this will also lead to splitting the
resonant spectrum into multiple sub-bands.

An antenna type which may be particularly suitable for
slim multifunctional devices or those composed of two parts
which can be moved against each other (such as twist, clam-
shell or slide devices) is a patch antenna (andparticularly a
PIFA antenna). However patch antennas, are unfortunately
knownto have poor gain and narrow bandwidths,typically in
the range of 1% to 5% which is unsuitable for coverage of
certain bands such as the UMTSband.

Althoughit is knownthat the bandwidth may be increased
by changing the separation betweenthe patch andits ground
plane, this then destroys the advantage of patch antennas
being flat. This also leads to a distortion of the radiating
pattern, for instance, due to surface waveeffects.

For patch antennas it is known that by providing a high
dielectric material between the patch and the groundplane,it
is possible to reduce the antenna size. As mentioned above,
such high dielectric materials tend to reduce the bandwidth
whichis then disadvantageousforpatch antennas. Such mate-
rials also generally increase losses.

Further difficulties in antenna design occur whentrying to
build multi-band antennas. While it is possible to separate
different antenna portions from each other with appropriate
slots or the like, currents and charges in the respective parts
always interact with one another by strong and far-reaching
electromagneticfields. Those different antenna branchesare,
therefore, never completely independent of one another. Try-
ing to add a new branchto an existing antenna structure to
produce a new antenna frequency of resonance therefore
changesentirely the previous antenna frequencies. Therefore,
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it is difficult to simply take a working antenna andtry to add
one more band by just adding one more antenna portion. All
previously achieved optimizations for already established
frequency bandsare lost by such an approach.

Trying to design an antenna with three or more bandsgives
rise to a linearor, in the worst case an exponential, rise in the
numberofparameters to consider or problemsto resolve. For
each band, resonant frequency, bandwidth, and other above-
mentioned parameters such as impedance,polarization, gain,
and directivity must all be controlled simultaneously. Fur-
thermore, multi-band antennas may be coupled with two or
moreradio frequency devices. Such coupling raises the issue
of isolation between the different radio frequency devices,
which are both connected to the same antenna. Isolation of

this type is a very difficult task.
Physical changes intended to optimize one parameter of

one antenna band change other antenna parameters, most
likely in a counter-productive way.It is usually not obvious
how to control the counter-productive effects or how to com-
pensate for them withoutcreating still more problems.

Mechanical considerations must also be taken into account

in antenna design. For example, the antenna needs to be
firmly held in place within a device. However, the materials
that are in very close proximity to the metal piece or the
conductive portion which forms an antenna or antenna por-
tion, have a great impact on the antenna characteristics.
Sometimes extensions or small recesses in the metal piece are
providedto firmly hold the antenna in place, however such
meanswhich are intended for giving mechanical robustness
to the antennaalso interact with and changethe electric prop-
erties of the antenna.

All these different design problems of antennas may only
be solved in the design of the geometry of the antenna. All
parameters such as size, flatness, multi-band operation,
broadband operation, gain, efficiency, impedance, radiation
patterns, specific absorption rate, robustness and polarization
are highly dependent on the geometry of the antenna. Never-
theless, it is practically impossible to identify at least one or
two geometric features which affect only one or two ofthe
above-mentioned antenna characteristics. Thus, there is no
individual geometry feature which can be identified in order
to optimize one or two antenna characteristics, without also
influencing all other antenna characteristics.

Anychangeto the antenna geometry may harm more than
it helps without knowing in advance how and whyit happens
or how it can be avoided.

Additionally, every platform of a wireless deviceis differ-
ent in terms ofform factor, market and technical requirements
and functionality which requires different antennas for each
device.

Oneproblem is solved by providing the MFWD with an RF
system and an antenna system with the capability of fully
functioning in one, two, three or more communication stan-
dards (such as e.g. GSM 850, GSM 900, GSM 1800, GSM
1900, UMTS, CDMA, W-CDMA,etc.), and in particular
mobile or cellular communication standards, each standard
allocated in one or more frequency bands, each ofsaid fre-
quency bandsbeing fully contained within oneofthe follow-
ing regions of the electromagnetic spectrum:

the 810 MHz-960 MHzregion,
the 1710 MHz-1990 MHzregion,
and the 1900 MHz-2170 MHzregion

such that the MFWDis able to operate in three, four,five, six
or more ofsaid bands contained in at least said three regions.

Oneproblem to be solvedby the present inventionis there-
fore to provide an enhanced wireless connectivity. Another
effect ofthe inventionis to provide antenna design parameters
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that tend to optimizetheefficiency ofan antenna fora MFWD
device while observing the constraints of small device size
and enhanced performance characteristics.

SUMMARYOF THE INVENTION

A multifunction wireless device having at least one of
multimedia functionality and smartphone functionality, the
multifunction wireless device including an upper body and a
lower body, the upper body and the lower body being adapted
to moverelative to each other in at least one of a clamshell, a
slide, and a twist manner. The multifunction wireless device
further includes an antenna system disposed within at least
oneof the upper body and the lower body and having a shape
with a level of complexity of an antenna contour defined by
complexity factors F,, having a valueof at least 1.05 and not
greater than 1.80 and F,, having a value of at least 1.10 and
not greater than 1.90.

A multifunction wireless device having at least one of
multimedia and smartphone functionality, the multifunction
wireless device including a microprocessor and operating
system adapted to permit running of word-processing,
spreadsheet, and slide software applications, andat least one
memory interoperably coupled to the microprocessor, the at
least one memory having a total capacity ofat least 1 GB. The
multifunction wireless device further includes an antenna

system having a shape with a level of complexity of an
antenna contour defined by complexity factor F,, having a
value of at least 1.05 and not greater than 1.80 and by com-
plexity factor F,, having a value of at least 1.10 and not
greater than 1.90.

A multifunction wireless device having at least one of
multimedia and smartphone functionality, the multifunction
wireless device including a receiverof at least one of analog
and digital sound signals, an image recording system com-
prising at least one of an image sensor having at least 2
Megapixels in size, a flash light, an optical zoom, andadigital
zoom, and data storage means having a capacity ofat least 1
GB. The multifunction wireless device further includes an

antenna system having a shape with a level of complexity of
an antenna contour defined by complexity factor F,, having a
value of at least 1.05 and not greater than 1.80 and by com-
plexity factor F,, having a value of at least 1.10 and not
greater than 1.90.

Thepresent inventionis related to a portable multifunction
wireless device (MFWD) andin particular to a handheld
multifunction wireless device. In some embodiments, the
MFWDwill take the form ofa handheld multimedia terminal

(MMT)including wireless connectivity to mobile networks.
In some embodiments, the MFWDwill take the form of a
handheld device combining personal computer capabilities,
mobile data and voice servicesinto a single unit (smartphone,
SMRT), while in others the MFWD will combine both mul-
timedia and smartphone capabilities (MMT+SMRT).

It is an object of the present invention to provide wireless
connectivity to an MFWDthattakes the form of a handheld
multimedia terminal (MMT). In some embodiments, the
MMTwill include means to reproduce digital music and
sound signals, preferably in a data compressed format such as
for instance a MPEGstandard such as MP3 (MPEG3) or MP4
(MPEG4). In some embodiments, the MMT will include a
digital camera to record still (pictures, photos) and/or moving
images (video), combined with a microphone or microphone
system to record live sound and convert it to a digital com-
pressed format. The present invention will be particularly
suitable for those MMT embodiments combining both music
and image capabilities, by providing means to efficiently
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integrate music, images, live video and sound recording and
playing into a very small, compact and lightweight handheld
device.

It is an object of the present invention as well, to provide
wireless connectivity to an MFWDthat takes the form of a
smartphone (SMRT). In some embodiments, the smartphone
will consist ofa handheld electronic unit comprising a micro-
processor and operating system (such as for instance but not
limited to Pocket PC, Windows Mobile, Windows CE, Sym-
bian, Palm OS, Brew, Linux) with the capability of down-
loading and installing multiple software applications and
enhanced computing capabilities comparedto a typical state
of the art mobile phone. Typically, SMRT will comprise a
small, compact (handheld) computer device with the capabil-
ity of sharing, opening and editing typical word processing,
spreadsheets andslide files that are handled by a personal
computer (for instance a laptop or desktop). Although many
current mobile phones feature some very basic electronic
agenda functions (calendars, task lists and phonebooks) and
are even ableto install small Java or Brew games,they are not
considered here to be smartphones (SMRT).

It is one purpose of the present invention to provide
enhancedwireless capabilities to any of the MFWDdevices
described above. In some embodiments though, providing a
wide geographical coverage will be a priority rather than
enhanced multimedia or computing capabilities, while in oth-
ers the priority will becometo provide a high-speed connec-
tion and/or a seamless connection to multiple networks and
standards.

BRIEF DESCRIPTION OF THE DRAWINGS

Further characteristics and advantagesofthe invention will
become apparent in view of the detailed description which
follows of some preferred embodiments of the invention
given for purposesofillustration only and in no way meantas
a definition ofthe limits ofthe invention, made with reference
to the accompanying drawings:

FIG. 1A shows a block diagram of a MFWDofthe present
invention illustrating the basic functional blocks thereof;

FIG. 1B showsa perspective view of a MFWDincluding a
space for the integration of an antenna system, andits corre-
sponding antenna box and antennarectangle;

FIG. 2A shows an example MFWD comprising a ground
plane layer included in a PCB,andits corresponding ground
plane rectangle;

FIG. 2B showsthe groundplane rectangle ofthe MFWDof
FIG. 2a in combination with an antenna rectangle for an
antenna system;

FIG. 3 shows an example of an antenna contour of an
antenna system fora MFWD;

FIG.4 from top to down showsan example ofa process(for
instance a stamping process) followed to shape a rectangular
conducting plate to create the structure of an antenna system
for a MFWD;

FIGS. 5A-B show an example of MFWDbeingheld typi-
cally by a right-handeduserto originate a phonecall, and how
the feeding point corer of the antenna rectangle of said
MFWDmaybeselected;

FIG. 5C showsan exploded view of an exemplary clam-
shell-type MFWD;

FIG. 6A shows an example of a first grid to compute the
complexity factors of an antenna contour;

FIG. 6B showsan example ofa second grid to compute the
complexity factors of an antenna contour;

FIG. 6C shows an example ofa third grid to compute the
complexity factors of an antenna contour;
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FIG. 7 shows the two-dimensional representation of the
F,, vs. F,, space;

FIG. 8A showsan example of an antenna contour inspired
in a Hilbert curve undera first grid to compute the complexity
factors of said antenna contour;

FIG. 8B showsthe exampleofthe antenna contour of FIG.
8a under a second grid to compute the complexity factors of
said antenna contour;

FIG. 8C showsthe exampleofthe antenna contour of FIG.
8a undera third gridto compute the complexity factors ofsaid
antenna contour;

FIG. 9A showsan example of a quasi-rectangular antenna
contour featuring a great degree of convolution in its perim-
eter undera first grid to compute the complexity factors of
said antenna contour;

FIG. 9B shows the example of the quasi-rectangular
antenna contour featuring a great degree of convolution of
FIG. 9a under a second grid to compute the complexity fac-
tors of said antenna contour;

FIG. 9C shows the example of the quasi-rectangular
antenna contour featuring a great degree of convolution of
FIG.9a undera third grid to compute the complexity factors
of said antenna contour;

FIG. 10A shows an example of a triple branch antenna
contour undera first grid to compute the complexity factors of
said antenna contour;

FIG. 10B shows the example ofthe triple branch antenna
contour of FIG. 10a under a second grid to compute the
complexity factors of said antenna contour;

FIG. 10C shows the example ofthe triple branch antenna
contour of FIG. 10a undera third grid to compute the com-
plexity factors of said antenna contour;

FIG. 11 shows the mapping of the antenna contour of
FIGS.6, 8, 9 and 10 in the F;, vs. F,, space;

FIG. 12A shows an example of antenna contour of the
antenna system of a MFWDaccordingto the present inven-
tion;

FIG. 12B showsan example of a PCB of aMFWDinclud-
ing a layer that serves as the ground plane to the antenna
system of FIG. 12a;

FIG. 13A showsthe antenna contour of FIG. 12a placed
undera first grid to compute the complexity factors of said
antenna contour;

FIG. 13B shows the antenna contour of FIG. 12a placed
under a secondgrid to compute the complexity factors of said
antenna contour;

FIG. 13C shows the antenna contour of FIG. 12a placed
under a third grid to compute the complexity factors of said
antenna contour;

FIG. 14A shows an antenna contour according to the
present invention placed undera first grid to compute the
complexity factors of said antenna contour;

FIG. 14B shows the antenna contour according to the
present invention of FIG. 14a placed undera secondgrid to
compute the complexity factors of said antenna contour;

FIG. 14C shows the antenna contour according to the
present invention of FIG. 14a@ placed undera third grid to
compute the complexity factors of said antenna contour;

FIG. 15 shows the mapping of the antenna contour of
FIGS. 12 and 14 in the F;, vs. F,, space;

FIG.16 illustrates a flow diagram for optimizing the geom-
etry of an antenna system to obtain superior performance
within a wireless device;

FIGS. 17A-17Hillustrate the progressive modification of
an antenna system through the different steps of the optimi-
zation process in accordancewith the principles ofthe present
invention;
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FIG. 18 is acomplexity factor plain graphically illustrating
the complexity factors of FIGS. 18A-18H;

FIG. 19A is a graphical representation of the VSWRofthe
antenna system relative to frequency;

FIG. 19Bis a graphical representation oftheefficiency of
the antenna system as a function of the frequency; and

FIGS. 20A-20F illustrate cross-sectional views of exem-

plary MFWDscomprising three bodies.

DETAIL DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Referring first to FIG. 1A, a multifunction wireless device
(MFWD)ofthe present invention 100 advantageously com-
prises five functional blocks: display 11, processing module
12, memory module 13, communication module 14 and
power management module 15. The display 11 may be, for
example, a high resolution LCD or equivalent is an energy
consuming module and mostofthe energy drain comes from
the backlight use. The processing module 12, that is the
microprocessor or CPU and the associated memory module
13, are also major sources ofpower consumption. The fourth
module responsible of energy consumption is the communi-
cation module 14, an essential part of which is the antenna
system. The MFWD 100 has a single source of energy andit
is the power management module 15 mentioned above that
provides and manages the energy of the MFWD 10. Ina
preferred embodiment, the processing module 12 and the
memory module 13 have herein been listed as separate mod-
ules. However, in another embodiment, the processing mod-
ule 12 and the memory module 13 maybeseparate function-
alities within a single module ora plurality of modules. In a
further embodiment, two or more ofthe five functional blocks

of the MFWD 100 may be separate functionalities within a
single module or a plurality of modules.

The MFWD 100 generally comprises one, two, three or
more multilayer printed circuit boards (PCBs) on which to
carry and interconnect the electronics. At least one of the
PCBsincludes feeding means and/or grounding meansfor the
antenna system.

Atleast one of the PCBs, preferably the same oneas the at
least one PCB including feeding means and/or grounding
means, includes a layer that serves as a ground plane of the
antenna system.

The antenna system within the communication module 14
is an essential element of the MFWD10,as it provides the
MFWD 100 with wide geographical and range coverage,
high-speed connection and/or seamless connection to mul-
tiple networks and standards. Thus, a volumeof space within
the MFWD100 needsto be madeavailable to the integration
of the antenna system. However, the integration of the
antenna system is complicated by the fact that the MFWD 100
also includes one or more advancedfunctions provided by at
least one, two, three or more additional electronic subsystems
within and/or modulation to the various modules 11-15 such
as:

a receiver of analog and/or digital sound signals (e.g. for
FM, DAB, XDARS, SDARS,orthe like).

areceiverofdigital broadcast TV signals (such as DVB-H,
DMB)

a module to download and play streamed video,
an advanced imagerecording system (comprising e.g. one,

two, three or more of: optical or digital zoom;flash light;
one, two or more image sensors, one, two or more of
which maybe more than 2 Megapixelsin size),
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data storage meansin excess of 1 GB(fixed and/or remov-
able; hard disk drive; non volatile (e.g. magnetic, ferro-
electric or electronic) memory),

a high resolution image and/or character and graphic dis-
play (more than 100 times 100 pixels or more than 320
times 240 pixels (e.g. more than 75,000 pixels) and/or
65,000 color levels or more),

a full keyboard (e.g. numberkeys and character keys sepa-
rated therefrom and/oratleast 26, 30, 36, 40 or 50 keys;
the keyboard may be integrated within the MFWD or
may be connectable to the MFWDbya cable or a short
range wireless connectivity system),

a touch screen with a size of at least half of the overall
device

a geolocalization system (such as e.g. GPS or Galileo or a
mobile network related terrestrial system),

and/or a module to handle an internet access protocol and/
or messaging capabilities (such as email, instant mes-
saging, SMS, MMSorthelike).

In some examples, the integration of an antenna system
into the MFWD 100is further complicated by the presence in
the MFWD100of additional antennas, such as for example
antennas for reception ofbroadcast radio and/or TV, antennas
for geolocalization services, and/or antennas for wireless
connectivity systems.

The MFWD100 according to one embodimentachieves an
efficient integration of an antenna system alongside other
electronic modules and/or subsystemsthat provide sophisti-
cated functionality to the MFWD 100, (and possibly also in
conjunction with additional antennas), in a way that the
MFWDmeets size, weight and/or battery consumption con-
straints critical for a portable small-sized device.

The MFWD100 according to one embodimentis prefer-
ably able to provide both voice and high-speed data transmis-
sion and receive services through at least one or moreof said
frequency regions in the spectrum. For that purpose, a
MFWDwill include the RF capabilities, antenna system and
signal processing hardware to connect to a mobile network at
a speed of preferably at least 350 Kbits/s, while in some
embodiments the data transfer will be performed with at least
1 Mbit/s, 2 Mbit/s or 10 Mbit/s or beyond.For this purpose,a
MFWD will preferably include at least 3G (such as for
instance UMTS, UMTS-FDD, UMTS-TDD, W-CDMA,
cdma2000, TD-SCDMA, Wideband CDMA) and/or 3.5G
and/or 4G services (including for instance HSDPA, WiFi,
WiMax,WiBroand other advanced services) in one or more
of said frequency regions. In some embodiments a MFWD
will include also 2G and 2.5G services such as GSM, GPRS,
EDGE, TDMA, PCS, CDMA, cdmaOne. In some embodi-
ments a MFWDwill include 2G and or 2.5G services at one

or both ofthe first two frequency regions (810-960 MHz and
1710-1990 MHz) and a 3G or a 4G service in the upper
frequency region (1900-2170 MHz). In particular, some
MFWD devices will provide 3 GSM/GPRS services
(GSM900, GSM1800, GSM1900 or PCS) and UMTS/W-
CDMA,while some others will provide 4 GSM/GPRSser-
vices (GSM850, GSM900, GSM1800, GSM1900 or PCS)
and UMTSand/or W-CDMA to ensure seamless connectivity
to multiple networksin several geographical domains such as
for instance Europe and North America. In some embodi-
ments, a MFWDwill include 3G, 3.5G, 4G or a combination
of such services in said three frequency regions.

In some embodiments of the invention, the MFWD 100
includes wireless connectivity to other wireless devices or
networks through a wireless system such as for instance WiFi
(IEEE802.11 standards), Bluetooth, ZigBee, UWB in some
additional frequency regions such as for instance an ISM
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band (for instance around 430 MHz or 868 MHz,or within
902-928 MHzor in the 2400-2480 MHz range, or in the
5.1-5.9 GHz frequency range or a combination of them) and/
or within a ultra wide-band range (UWB)suchasthe 3-5 GHz
or 3-11 GHz frequency range.

In some embodiments of the invention, the MFWD 100
provides voice over IP services (VoIP) through a wireless
connection using one or more wireless standards such as
WiFi, WiMax and WiBro, within the 2-11 GHz frequency
region or in particular the 2.3-2.4 GHz frequency region.

The MFWD100 mayhaveabar shape, which meansthatit
is given by a single body. It may also have a two-bodystruc-
ture such as a clamshell,flip or slider structure. It may further
or additionally have a twist structure in which a body portion
e.g. with a screen can be twisted (rotated with two or more
axes of rotation which are preferably notparallel).

The MFWD100 mayoperate simultaneousin two or more
wireless services (e.g. a short range wireless connectivity
service and a mobile telephone service, a geolocalization
service and a mobile telephoneservice,etc.).

For any wireless service, more than one antenna (system)
maybe providedin orderto obtain a diversity system and/or
a multiple input/multiple output system.

InaMFWD100 according to an embodimentofthe present
invention, the structure of the antenna system is advanta-
geously shapedto efficiently use the volumeofphysical space
made available forits integration within the MFWD 100 in
order to obtain a superior RF performance of the antenna
system (such as for example, and without limitation, input
impedancelevel, impedance bandwidth,gain, efficiency, and/
or radiation pattern) and/or superior RF performance of the
MFWD 100 (such as for example and without limitation,
radiated power, received powerand/or sensitivity) in at least
one of the communication standards of operation in at least
one of the frequency regions. Alternatively, the antenna sys-
tem can be advantageously shaped to minimize the volume
required within the MFWD100yetstill achieve a certain RF
performance.

As aconsequence,the resulting MFWD 100 may exhibit in
some examples one, two, three or more of the following
features:

increased communication range,
improved quality of the communication or quality of ser-

vice (QoS),
extendedbattery life for higher autonomy ofthe device,
reduced device profile and/or the size (an aspect particu-

larly critical for slim phones and/or twist phones),
and/or reduced weight of the device (aspect particularly

critical for multimedia phones and/or smart phones),
all of which are qualities that translate into increased user
acceptance of the MFWD 100.

The antenna system also comprises at least one feeding
point and mayoptionally comprise one, two or more ground-
ing points. In some examples ofMFWDs,the antenna system
may comprise more than one feeding point, such as for
example two, three or more feeding points.

The MFWD 100 comprises one, two, three, four, five or
more contact terminals. A contact terminal couples the feed-
ing means included in a PCB of the MFWD 100 with a
feeding point ofthe antenna system. The feeding means com-
prise one, two, three or more RF transceivers coupled to the
antenna system through contact terminals.

Similarly, a contact terminal can also couple the grounding
meansincluded in a PCB ofthe MFWD 100 with a grounding
point of the antenna system. A contact terminal may take for
instance the form of a spring contact with a corresponding
landing area, or a pogo pin with a corresponding landing area,
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or a couple of pads held in electrical contact by fastening
means(such as a screw) or by pressure means.

A volumeof space within the MFWD100 of one embodi-
ment of the invention is dedicated to the integration of the
antenna system into the device. An antenna box for the
MFWD100 is herein defined as being the minimum-sized
parallelepiped of square or rectangular faces that completely
encloses the antenna volume of space and wherein each one
ofthe faces ofthe minimum-sizedparallelepiped is tangent to
at least one point of the volume. Moreover, each possible pair
of faces of the minimum-size parallelepiped shares an edge
forming an inner angle of 90°.

For example, the antenna box shown at 103 of FIG. 1B
delimits the volume of space within the MFWD 100 dedi-
cated to the antenna system in the sensethat, although other
elements of the MFWD 100 (such as for instance an elec-
tronic module or subsystem) can be within the antenna box,
no portion of the antenna system can extend outside the
antenna box.

Therefore, although the volume within the MFWD 100
dedicated to the integration of the antenna system will gen-
erally be irregularly shaped, the antenna box itself will have
the shape ofa right prism (i.e., a parallelepiped with square or
rectangular faces and with the inner angles between twofaces
sharing an edge being 90°).

An antenna system ofthe MFWD 100 of one embodiment
ofthe invention hasa structure able to support different radia-
tion modesso that the antenna system can operate with good
performance and reduced size in the communication stan-
dards allocated in multiple frequency bands within at least
three different regions ofthe electromagnetic spectrum. Such
an effect is achieved by appropriately shaping the structure of
the antenna system in a waythat different paths are provided
to the electric currents that flow on the conductive parts of
said structure of the antenna system, and/orto the equivalent
magnetic currents on slots, apertures or openings within said
structure, thereby exciting radiation modes for the multiple
frequency bandsofoperation. In somecasesthe structure of
an antenna system will compriseafirst portion that provides
a first path for the currents associated with a radiation mode in
a first frequency band withinafirst region of the electromag-
netic spectrum, a secondportion that provides a second path
for the currents associated with a radiation mode in a second

frequency band within a second region ofthe electromagnetic
spectrum anda third portion that providesa third path for the
currents associated with a radiation mode in a third frequency
band within a third region of the electromagnetic spectrum.

Some of these basic concepts of antenna design are set
forth in co-pending U.S. patent application Ser. No. 11/179,
257, filed Jul. 12, 2005 and entitled “Multi-Level Antenna”
and in co-pending U.S. patent application Ser. No. 11/179,
250,filed Jul. 12, 2005 andentitled “Space-Filing Miniature
Antenna”both ofwhich are hereby incorporated by reference
herein.

In some embodimentsofthe invention the first, second and
third portions are overlapping partially or completely with
each other, while in other embodiments the three portions are
essentially non-overlapping. In some embodiments only two
ofthe three portions overlap either partially or completely and
in somecases one portion of the three portions is the entire
antenna system.

In some examples,at least oneofthe paths hasanelectrical
length substantially close to one time,three times, five times
or a larger odd integer number of times a quarter of the
wavelength at a frequency ofthe associated radiation mode.
In other examples, at least one of the paths has an electrical
length approximately equal to one time, two times, three
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timesor a larger integer numberof times a half of the wave-
length at a frequency ofthe associated radiation mode.

A structure of an antenna system of the MFWD 100
accordingto the present invention is able to support different
radiation modes. Such an effect is advantageously achieved
by meansofoneof, or a combinationof, the following mecha-
nisms:

creating slots, apertures and/or openings within the struc-
ture,

bending and/or folding the structure,
because an edge-rich, angle-rich and/or discontinuity-rich
structure is obtained in which different portions of the struc-
ture offer longer and more winding paths for the electric
currents and/or the equivalent magnetic currents associated
with different frequency bands of operation than would the
path of a simplerstructure that uses neither one ofthe afore-
mentioned mechanisms.

The process of shaping the structure of the antenna system
into a configuration that supports different radiation modes
can be regardedas the process of lowering the frequency of a
first radiation mode associated with a first frequency band,
and/or subsequently including additional radiation modes
associated with additional frequency bands, to an antenna
formed of a substantially square or rectangular conducting
plate (or a substantially planar structure) that occupies the
largest face of the antenna box.

The geometry of a substantially square or rectangular con-
ducting plate occupying a largest face ofthe antenna box is an
advantageousstarting point for the design of the geometry of
the structure of the antenna system since such a structure
offers a priori the longest path for the currents of a radiation
mode corresponding to a lowest frequency band, together
with the maximum antenna surface. Antenna designers have
frequently encountered difficulty in maintaining the perfor-
mance of small antennas. There is a fundamental physical
limit between size and bandwidth in that the bandwidth of an

antennais generally directly related with the volumethat the
antenna occupies. Thus, in antenna design it may be prefer-
able to pursue maximization ofthe surface area ofan antenna
in order to achieve maximum bandwidth. The geometry of an
antenna comprised of a substantially square or rectangular
conducting plate can be modified by at least one of the fol-
lowing:

creating slots, gaps or apertures within the extension ofthe
plate,

removingperipheral parts of theplate,
folding or bending parts of said plate, so that the folded or

bent parts are no longer on the plane defined originally
bytheplate,

and/or including additional conducting parts in the antenna
boxthat are not contained on theplaneoriginally defined
bythe plate;

in order to adapt the antenna system to the frequency bands of
operation, to the space required by additional electronic mod-
ules or subsystems, and/or to other space constraints of the
MFWD100 (as for example those imposed by the ergonom-
ics, or the aesthetics of the MFWD).

In some examples within embodiments of the present
invention, one or several modifications of the structure of an
antenna system are aimed at lengthening the path of the
electric currents and/or the equivalent magnetic currents of a
particular radiation modeto decreaseits associated frequency
band.In other examples, one or several modifications of the
structure of an antenna system are aimedatsplitting, or par-
tially diverting, the electric currents and/or the equivalent
magnetic currents on different parts of the structure of the
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antenna system to enhance multimode radiation, which may
be advantageous for wideband behavior.

The resulting antenna structure (i.e., after modifying its
geometry) includes a plurality of portions that allow the
operation of the antenna system in multiple frequency bands.
Generally, the structure of the antenna system comprises one,
two, three, four or more antenna elements with each element
being formedby a single conducting geometric element, or by
a plurality of conducting geometric elementsthatare in elec-
trical contact with one another(i.e., there is electrical conti-
nuity for direct or continuous current flow). One antenna
element may comprise one or more portions of the structure
of the antenna system and oneportion of the antenna system
may comprise one, two, three or more antenna elements.
Different antenna elements may be electromagnetically
coupled(either capacitively coupled or inductively coupled).
Generally an antenna element of the antenna system is not
connected by direct contact to another antenna element of
said antenna system, unless such contact is optionally done
through the ground plane of the antenna system. In some
examples, an antenna system with a structure comprising
several antenna elements is advantageous to increase the
numberoffrequency bandsofoperation of said antenna sys-
tem and/or to enhance the RF performance of said antenna
system or that of a MFWD including said antenna system.

In some examples,slots, gaps or apertures created between
different antenna elements, or between parts of a same
antenna element, serve to decrease electromagnetic coupling
between the antenna elements, or the parts of the same
antenna element. In other examples, the structure of the
antenna system seeks to create proximity regions between
antenna elements, or between parts of a same antennaele-
ment, to enhance the coupling between the antenna elements,
or the parts of a same antenna element.

The design of the structure of the antenna system is
intendedto use efficiently as much ofthe volumeofthe space
within the antenna boxas possible in order to obtain a supe-
rior RF performance of the antenna system and/or superior
RFperformance of the MFWD 100 inat least one frequency
band. In particular, according to the present invention, the
structure of the antenna system comesinto contact with each
of the six (6) faces of the antenna boxinatleast one point of
each face to make better use of the available volume. How-

ever, it is generally advantageousto position the geometrical
complexity ofthe structure predominantly onalargest face of
the antenna box, and use the third dimension of the antenna
box (i.e., the dimension not included in said largest face) to
separate the antenna system from other elements of the
MFWD100 (such as for instance, and withoutlimitation, a
groundplane, a groundedshield can, a loudspeaker module,
a vibrating module, a memory card socket, a hard disk drive,
and/or a connector) that may degrade the RF performance of
the antenna system and/or the RF performance ofthe MFWD
100.

For one purpose of the design of the antenna system, an
antenna rectangle is defined as being the orthogonal projec-
tion of the antenna box along the normalto the face with
largest area of the antenna box.

In some exemplary MFWDs,one of the dimensionsofthe
antenna box can be substantially smaller than any ofthe other
two dimensions, or even be close to zero. In such cases, the
antenna boxcollapsesto a practically two-dimensional struc-
ture(i.e., the antenna box becomesapproximately the antenna
rectangle).

The antennarectangle has a longer side and a shorterside.
The length of the longerside is referred to as the width of the
antenna rectangle (W), and the length of the shorter side is
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referred to as the height of the antenna rectangle (H). The
aspect ratio of the antenna rectangle is defined as the ratio
between the width and the height of the antenna rectangle.

In addition to the antenna rectangle, a ground planerect-
angle is defined as being the minimum-sized rectangle that
encompasses the ground plane of the antenna system
included in the PCB of the MFWD 100 that comprises the
feeding meansresponsible for the operation of the antenna
system in its lowest frequency band. Thatis, the ground plane
rectangle is a rectangle whose edges are tangentto at least one
point of the groundplane.

Thearearatio is defined as the ratio between the area ofthe

antenna rectangle andthe area of the groundplanerectangle.
In some examples, the antenna system ofthe present inven-

tion advantageously places a feeding point of the antenna
system, preferably a feeding point responsible for the opera-
tion of the antenna system in its lowest frequency band, near
a corner of the antenna rectangle, because it may provide a
longer path on the structure of the antenna system for the
electric currents and/or the equivalent magnetic currents
coupled to the antenna system through the feeding point.

In other examples, the antenna system ofthe present inven-
tion advantageously places a feeding point of the antenna
system, preferably a feeding point responsible for the opera-
tion of the antenna system in its lowest frequency band, in
such a way that a contact terminal of the MFWD 100 is
located near an edge of a ground plane encompassed by the
groundplane rectangle. Preferably that edge is common with
aside ofthe ground plane rectangle, and preferablythe side is
a short side of the ground plane rectangle. Such placement of
the feeding point ofthe antenna system,andthat ofthe contact
terminal ofthe MFWD 100associated with the feeding point,
mayprovide a longer path for electric and/or magnetic cur-
rents flowing on the ground plane of the antenna system
enhancing the RF performanceofthe antenna system,or that
ofthe MFWD100,in at least the lowest frequency band. This
becomesparticularly relevant in those MFWD 100 having
form factors that require a small size of the ground plane
rectangle and, consequently, a small size of the whole device.

The structure of the antenna system becomes geometri-
cally more complex as the number of frequency bands in
which the MFWD 100 has to operate increases, and/or the
size ofthe antenna box decreases, and/or the RF performance
requirements are made more stringent in at least one fre-
quency band ofoperation. In a MFWD 100 according to the
present invention, the structure of the antenna system is geo-
metrically defined by its antenna contour. The antenna con-
tour of the antenna system is a set of joint and/or disjoint
segments comprising:

the perimeter ofone or more antenna elementsplacedinthe
antenna rectangle,

the perimeter of closed slots and/or closed apertures
defined within the antenna elements, and/or the orthogonal
projection onto the antenna rectangle of perimeters of
antenna elements, or perimeters of or parts of antenna ele-
ments that are placed in the antenna boxbut not in the antenna
rectangle.

The antenna contour, 1.e., its peripheral both internally and
externally, can comprise straight segments, curved segments
or a combination thereof. Notall the segments that form the
antenna contour need to be connected(i.e., to be joined). In
somecases, the antenna contour comprises two, three, four or
more disjointed subsets of segments. A subset of segmentsis
defined by one single segmentor by a plurality of connected
segments. In other cases, the entire set of segments that form
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the antenna contour are connected together defining a single
set ofjoined segments(i.e., the antenna contour has only one
subset of segments).

Along the contour different segments can be identified e.g.
by a corner between two segments, wherein the corner is
given by a point on the contour where no unique tangent can
be identified. At the corners the contour has an angle. The
segments next to a corner may bestraight or curved or one
straight and the other curved. Further, segments may be sepa-
rated by a point where the curvature changes from left to right
or from rightto left. In a sine curve, for example such points
are given where the curve intersects the horizontal axis
(x-axis, abscissa, sin(x)=0).

It is preferred that right and left curved segments are pro-
vided (when following the contour) and/or that at corners
angles to the left and to the right (when following the contour)
are provided. Preferably the numbersof left and right curved
segments respectively, (if provided) do not differ by more
than 80%, 70%, 60%, 50%, 40%, 30%, 20% or 10% of the
larger of the two numbers. Also the numberof corner angles
between adjacent segments which following the contour go to
the right andthosethat goto the left do notdiffer by more than
80%, 70%, 60%, 50%, 40%, 30%, 20% or 10% ofthe larger
of the two numbers. Further preferably the numberofthe left
curved segments plus the number of the corners where the
contour turns left and the numberofthe right curved segments
plus the numberof corners where the contour turns right do
not differ by more than 80%, 70%, 60%, 50%, 40%, 30%,
20% or 10% ofthe larger of the two numbers.

Generally, one, two, three or more subsets of segments of
the antenna contour advantageously each comprise at least a
certain minimum numberof segments that are connected in
such a way that each segment forms an angle with any adja-
cent segments or a curved segmentinterposed between such
segments, such that no pair of adjacent segments defines a
larger straight segment. The angles at corners or curved seg-
ments increase the degree ofconvolution ofthe curves formed
by the segments of each ofsaid subsets leading to an antenna
contour that is geometrically rich in at least one of edges,
angles, corners or discontinuities, when consideredat differ-
ent levels of detail. Possible values for the minimum number

of segments of a subset include 5, 6, 7, 8, 10, 12, 14, 16, 18,
20, 25, 30, 35, 40, 45 and 50. Also a maximum number of
segments of a subset may be given. Possible values of said
maximum numberare 10, 15, 20, 25, 30, 40, 50, 75, 100, 150,
200, 250 and 500.

Additionally, to shapethe structure ofan antenna system in
some embodiments the segments of the antenna contour
should be shorter than atleast one fifth of a free-space wave-
length corresponding to the lowest frequency band of opera-
tion, and possibly shorter than one tenth of said free-space
wavelength. Moreover, in some further examples the seg-
ments of the antenna contour should be shorter than at least

one twentieth of said free-space wavelength.
The antenna contour needs to makeefficient use ofthe area

ofthe antennarectangle in orderto attain enough geometrical
complexity to make the resulting structure of an antenna
system suitable for the MFWD 100.In particular, according
to the present invention, the antenna contour preferably
comes into contact with each of the four (4) sides of the
antenna rectangle in at least one point of each side of the
antenna rectangle. The antenna contour should include at
least ten segments in order to provide some multiple fre-
quency band behavior, and/or size reduction, and/or
enhanced RF performance to the resulting antenna system.
However, a larger number of segments may be used, such as
for instance 15, 20, 25, 30, 35, 40, 45, 50 or more segments.
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In general, the larger the numberof segments of the antenna
contour and the narrower the angles between connected seg-
ments, the more convoluted the structure of the antennasys-
tem becomes. The numberofsegments ofthe antenna contour
maybeless than 20, 25, 30, 40, 50, 75, 100, 150, 200, 250 or
500.

The length of the antenna contour of an antenna system is
defined as the sum ofthe lengths of each oneofthe disjointed
subsets that make up the antenna contour. The larger the
length of the antenna contour, the higher the richness of the
antenna contour in at least one of edges, angles, corners or
discontinuities, making the resulting structure of an antenna
system suitable fora MFWD.

In some examples the length of the antenna contour is
larger than 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 15, 20, 25, 30, 40, or
more timesthe length ofthe diagonalofthe antenna rectangle
or less than any of those values.

Eachofthe one or more antenna elements comprised in the
antenna system might be arranged according to different
antenna topologies, such as for instance any one ofthe topolo-
gies selected from the following list: monopole antenna,
dipole antenna, folded dipole antenna, loop antenna, patch
antenna (andits derivatives for instance PIFA antennas), IFA
antenna, slot antenna. Any of such antenna arrangements
might comprise a dielectric material with a high dielectric
constant(for instancelarger than 3) to influence the operating
frequency, impedanceor both aspects of the antenna system.

In accordance with embodimentsofthe invention, the level
of complexity of an antenna contour can be advantageously
parameterized by means of two complexity factors, hereinaf-
ter referred to as F,, and F;,, which capture and characterize
certain aspects of the geometrical details of the antenna con-
tour (such as for instance its edge-richness, angle-richness
and/or discontinuity-richness) when viewedat different lev-
els of scale.

For the computation ofF,, and F,, ofa particular antenna,
a first, a second, and a third grid (hereinafter called grid G,,
grid G, and grid G, respectively) of substantially square or
rectangular cells are placed on the antenna rectangle. The
three grids are adaptive to the antenna rectangle. Thatis, the
size and aspectratio ofthe cells ofeach one ofsaid three grids
is determined by the size and aspect ratio of the antenna
rectangle itself. The use of adaptive grids is advantageous
because it provides a sufficient number of cells within the
antenna rectangle to fully capture the geometrical features of
the antenna contourat differing levels of detail.

Moreover, the three grids are selected to span a range of
levels of scale corresponding to two octaves: A cell of grid
size G, is half the size of a cell of grid G, (ve., a 4 scaling
factor or an octave of scale); a cell of grid size G, is half the
size of a cell of grid G,, or one fourth the size of a cell of grid
G,(.e.,a “scaling factor or two octaves ofscale). A range of
scales oftwo octaves providesa sufficientvariation in the size
ofthe cells across the three grids as to capture gradually from
the coarser features of the antenna contour to thefiner ones.

Grids G, and G, are constructed from grid G,, which needs
to be definedin the first place.

Asfar as the secondgrid(or grid G,) is concerned, the size
of a cell and its aspect ratio (1.e., the ratio between the width
and the height ofthe cells) are first chosen so that the antenna
rectangle is perfectly tessellated with an odd numberofcol-
umns and an odd numberof rows.

In the present invention, columnsofcells are associated
with the longer side of an antenna rectangle, while rows of
cells are associated with a shorter side of the antenna rect-

angle. In other words, a longer side of the antenna rectangle
spans a numberof columns, with the columnsbeing parallel
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to the shorter side of the antenna rectangle. In the same way a
shorter side of the antenna rectangle spans a numberofrows,
with the rows being parallel to the longer side of the antenna
rectangle.

If the antenna rectangle is tessellated with an excessive
numberofcolumns, then the size ofthe resulting cells is much
smaller than the range of typical sizes of the features neces-
sary to shape the antenna contour. However, if the antenna
rectangle is tessellated with an insufficient number of col-
umns, then the size ofthe resulting cells is much larger than
the range oftypical sizes ofthe features necessary to shape the
antenna contour. It has been foundthat setting to nine (9) the
numberof columnsthat tessellate the antenna rectangle pro-
vides an advantageous compromise, for the preferred sizes of
an MFWD,andthe corresponding available volumesfor the
antenna system, according to the present invention. There-
fore, acell width (W.) is selected to be equal to a ninth (14) of
the length of the longer side of the antenna rectangle (W).

Moreover,it is also advantageousto use cells that have an
aspect ratio close to one. In other words, the number of
columnsand rowsofcells ofthe second grid that tessellate the
antenna rectangle are selected to produce a cell as square as
possible. A grid formedby cells having an aspect ratio close
to one is preferredin order to perceive features of the antenna
contour using approximately a samelevel of scale along two
orthogonal directions defined by the longer side and the
shorter side of the antenna rectangle. Therefore, preferably,
the cell height (H,) is obtained by dividing the length of the
shorter side of the antenna rectangle (H) by the odd integer
numberlarger than one (1) and smaller than, or equal to, nine
(9), that results in an aspect ratio W.,/H, closest to one.

In the particular case that two different combinationsof a
number of columns and rowsof cells of the second grid
produce a cell as square as possible, a secondgrid is selected
such that the aspect ratio is larger than 1.

Thus, the antennarectangle is tessellated perfectly with 9
by (2n+1) cells of grid G,, wherein n is an integer larger than
zero (0) and smaller than five (5).

A first grid (or grid G,) is obtained by combining four (4)
cells of the grid G,. Each cell of the grid G, consists of a
2-by-2 arrangementofcells ofgrid G,. Therefore, a cell ofthe
grid G, has a cell width equal to twice (2) the width ofa cell
of the second grid (W,) G.e., W,=2xW.,); and a cell height
(H,) equal to twice (2) the height of a cell of the second grid
(H.) (@.e., H,=2xH,).

Since grid G, tessellates perfectly the antenna rectangle
with an odd numberof columns and an odd numberofrows,
an additional row and an additional column ofcells of said

grid G, are necessary to have enoughcells ofthe grid G, as to
completely cover the antenna rectangle.

In order to uniquely define the tessellation of the antenna
rectangle with grid G, a comerof said antenna rectangle is
selected to start placing the cells of the grid G,.

A feeding point corneris defined as being the cornerofthe
antenna rectangle closest to a feeding point of the antenna
system responsible for the operation of the antenna system in
its lowest frequency band. In case that the feeding point is
placed at an equal distance from more than one corner of the
antenna box, then the corner closest to a perimeter of the
ground plane of the PCB of the MFWD 100 is selected,
preferably the comerclosest to a shorter edge of the ground-
plane rectangle. In case both corners are placed at the same
distance from the feeding point and from the shorter edge of
the ground-plane rectangle, the feeding point commer will be
chosen. For reasons of ergonomics and taking into account
the absorption ofradiation in the hand ofthe MFWDuser, and
considering that there is a predominanceofright hand users,
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it has been observed that in some embodiments it is conve-

nientto place a feeding point and/or to designate the feeding
point corner on the corner of the antenna rectangle whichis
closer to a left corner of the ground plane rectangle. Thatis,
the left side of the groundplanerectangle being the closest to
the left side of the MFWD 100 as seen by a right-handed user
typically holding the MFWD 100 with the right hand to
originate a phonecall, while facing a display of the MFWD
100. Also, the selection of the feeding point corner on the top
or bottom corner ontheleft side of the MFWD 100 depends
on the position ofthe antenna system with respect to a body of
the MFWD100. Thatis, an upper-left corner of the antenna
rectangle is preferred in those cases in which the antenna
system is placed substantially near the top part of the body of
the MFWD (usually, above and/or behind a display) and a
lower-left corner ofthe antenna rectangle is preferred in those
cases in which the antenna system is placed substantially near
the bottom part ofthe body ofthe MFWD100 (usually, below
and/or behind a keypad). Again, due to ergonomicsreasons, a
top and a bottom part of a body of a MFWDare defined as
seen by a right-handed user holding MFWDtypically with
the right hand to originate a phonecall, while facing a display
501 as seen in FIGS.5 (a) and 5 (8).

A first cell of the grid G, is then created by grouping four
(4) cells of grid G, in such a mannerthat a cornerofthefirst
cell is the feeding point corner, and the first cell is positioned
completely inside the antenna rectangle.

Oncethefirst cell ofthe grid G,is placed, other cells ofsaid
grid G, can be placed uniquely defining therelative position
of the grid G, with respect to the antenna rectangle. The
antenna rectangle spans 5 by (n+1) cells ofthe grid G,, (when
G, includes 9 columns) requiring the additional row and the
additional column of cells of the grid G, that meet at the
cornerofthe antenna rectangle that is opposite to the feeding
point corner, and that are not included in the antenna rect-
angle.

The complexity factor F,, is computed by counting the
numberof cells N, of the grid G, that are at least partially
inside the antenna rectangle and includeatleast a point ofthe
antenna contour(in the present invention the boundary of the
cell is also part of the cell), and the numberofcells N, of the
grid G, that are completely inside the antenna rectangle and
include at least a point of the antenna contour, and then
applying the following formula:

Par = ~—~To51 72)

Complexity factor F,, is predominantly characterized by
capturing the complexity and degree of convolution of fea-
tures of the antenna contour that appear when the contouris
viewed at coarser levels of scale. As it is illustrated in the

example of FIGS. 8A-C,the election of grid G, 801 and grid
G, 802, and the fact that with grid G, 802 the antennarect-
angle 800 is perfectly tessellated by an odd numberofcol-
umns and an odd numberof rows, results in a value of the
factor F,, equal to one for an antenna contour shapedas the
antenna rectangle 800. On the other hand, an antenna contour
whoseshapeis inspired in a Hilbert curvethatfills the antenna
rectangle 800 features a value of the factor F,, smaller than
two. Therefore the factor F,, is geared more towards assess-
ing an overall complexity ofan antenna contour (i.e., whether
the degree ofconvolution ofan antenna contourdistinguishes
sufficiently from a simple rectangular shape when lookedat
from a zoomed-out view), rather than estimating if the full
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complexity of an antenna contour(1.e., the complexity of the
antenna contour when looked at from a zoomed-in view)
approaches that of a highly-convoluted curve such as the
Hilbert curve.

Moreover, in some embodimentsthe factor F,, is related to
the numberof paths that a structure of the antenna system
provides to electric currents and/or the equivalent magnetic
currents to excite radiation modes (1.e., factor F,, tends to
increase with the numberofantenna portions within the struc-
ture of the antenna system and/or the number of antenna
elements that form the antenna system). In general, the more
frequency bands and/or radiation modesthat need to be sup-
ported by the antennastructure of the MFWD 100, the higher
the value of the factor F,, that needs to be attained by the
antenna contour of the antenna system of the MFWD 100.

A third grid (or grid G,) is readily obtained by subdividing
each cell of grid G, into four cells, with each of the cells
having a cell width (W,,) equalto one half (12) of the width of
a cell of the second grid (W,) (1.e., W,=!4xW,); and a cell
height (H) equal to one half (14) of the height ofa cell of the
second grid (H,) (.e., H;=/2xH,).

Therefore, since each cell of the grid G, is replaced with
2-by-2 cells of the grid G,, then 18 by (4n+2)cells of grid G,
are thus required to tessellate completely the antenna rect-
angle.

The complexity factor F;, is computed by counting the
numberofcells N, Of grid G, that are completely inside the
antenna rectangle and includeat least a point of the antenna
contour, and the numberof cells N, of the grid G, that are
completely inside the antennarectangle and includeatleast a
point of the antenna contour, and applying then the following
formula:

log(N3) — log(N2)
Fs = Toe)

Complexity factor F,, 1s predominantly characterized by
capturing the complexity and degree of convolution of fea-
tures of the antenna contour that appear when the contour is
viewed at finer levels of scale. As it is illustrated in the

example of FIGS. 8A-C,the election of grid G, 802 and grid
G, 803 is such that an antenna contour whose shape is
inspired in a Hilbert curve thatfills the antenna rectangle 800
features a value of the factor F,, equal to two. On the other
hand, an antenna contour shapedas the antennarectangle 800
features a value ofthe factor F, larger than one. Therefore the
factor F,, is geared more towards evaluating the full com-
plexity of an antenna contour (i.e., whether the degree of
convolution of an antenna contour tends to approach that ofa
highly-convoluted curve such as the Hilbert curve), rather
than discerning if said antenna contour is substantially differ-
ent from a rectangular shape.

Moreover, the factor F,, is in some embodimentsrelated to
the degree ofminiaturization achieved by the antenna system.
In general, the smaller the antenna box ofthe MFWD100,the
higher the valueofthe factor F, that needs to be attained by
the antenna contour ofthe antenna system ofthe MWFD 100.

The complexity factors F,, and F,, spana two-dimensional
space on which the antenna contourof the antenna system of
the MFWD100 is mappedasa single point with coordinates
(F3,, F;2). Such a mapping can be advantageously used to
guide the design ofthe antenna system bytailoring the degree
of convolution of the antenna contour until some preferred
values of the factors F,, and F,, are attained, so that the
resulting antenna system:(a) provides the required number of

25

35

40

45

50

55

60

65

20

frequency bands in which the MFWDoperates; (b) meets
MFWD size and/or integration constraints; and/or (c)
enhances the RF performance of the antenna system and/or
that of the MFWDinat least one of the frequency bands of
operation.

In a preferred embodiment of the present invention, the
MFWD 100 comprises an antenna system whose antenna
contour features a complexity factor F,, larger than one anda
complexity factor F,, larger than one. Ina preferred embodi-
ment, the MFWD 100 comprises an antenna system whose
antenna contour features a complexity factor F,, larger than
or equal to 1.1 andacomplexity factor F, larger than or equal
to 1.1.

In some examples the antenna contour features a complex-
ity factor F,, larger than a certain minimum valuein order to
achieve some degree of miniaturization.

An antenna contour with a complexity factor F,, approxi-
mately equal to two, despite achieving substantialsize reduc-
tion, may not be preferred for the MFWD 100 ofthe present
invention as the antenna system is likely to have reduced
capability to operate in multiple frequency bands and/or lim-
ited RF performance. Therefore in some examples ofembodi-
ments of the present invention the antenna contour features a
complexity factor F,, smaller than a certain maximum value
in order to achieve enhanced RF performance.

In somecases of embodiments of the present invention the
antenna contour features a complexity factor F,, larger than
said minimum value but smaller than said maximum value.

Said minimum and maximum values for the complexity
factor F,, can be selected from thelist of values comprising:
1.10, 1.15, 1.20, 1.25, 1.30, 1.35, 1.40, 1.45, 1.50, 1.55, 1.60,
1.65, 1.70, 1.75, 1.80, 1.85, and 1.90.

Similarly, in some examples an antenna contour advanta-
geously features a complexity factor F,, larger than a lower
bound and/or smaller than an upper bound. The lower and
upper bounds for the complexity factor F,, can be selected
from thelist of comprising: 1.05, 1.10, 1.15, 1.20, 1.25, 1.30,
1.35, 1.40, 1.45, 1.50, 1.55, 1.60, 1.65, 1.70, 1.75, and 1.80.

The complexity factors F,, and F;, have tured out to be
relevant parametersthatallow for an effective antenna design.
Evaluation of those parameters give good hints on possible
changes of antennas in order to obtain improved antennas.

In some cases the parameters F,, and F, allow for easy
identification of unsuitable antennas. Further those param-
eters may also be used in numerical optimization algorithms
as target valuesor to define target intervals in order to speed
up such algorithms.

In the following paragraphs some parameter rangesfor F,,
and F,, which have turnedoutto be particularly advantageous
or useful are summarized.

It has been found that for MFWDsit is particularly useful
to have a value of F,, larger than 1.43, 1.45, 1.47 or even
preferably greater than 1.50. Such values in this complexity
factor translate into a richer frequency response of the
antenna which allows for more possible resonant frequencies
and more frequency bands with better bandwidths or a com-
bination of those effects.

Furthermore, for SMRT or MMT, design demands may be
different since those devices are usually larger and a reduction
of the antenna size is not of such utmost importance, but
energy consumption may be important since those devices
have to operate to provide manydifferent functionalities. For
those devices a complexity factor F,, of only more than 1.39,
preferably 1.41 or most preferred more than 1.43 turns out to
be advantageous.

For clamshell, twist or slider devicesit has to be taken into
account that those phonesconsist of at least two parts which
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may be movedrelative to each other. As a result only a small
amountof spaceis available for the phones and hence, a value
ofF,, of more than 1.43, 1.45, 1.47, or even more preferably
greater than 1.50 is advantageous. The same applies to slim
devices. For those devices, where there is the requirement of
the antennato beflat, a value of F,, greater than the above-
mentioned limits provides sufficient possibilities for fringing
electromagnetic fields to escape from the area below a patch
such that the patch achieves a higher bandwidth and a higher
gain. The antennain case of clamshell, twist or slider devices
does not necessarily have to become a patch or patch-like
antenna.

For some MFWDsitis usually not possible to allocate a
certain volume of space which is only available for the
antenna. It may, for example, be necessary to fit an antenna
around one, two or more openings in which a camera, a
speaker, RF connectors, digital connectors, speaker connec-
tors, power connectors, infrared ports and/or mechanical ele-
ments such as screws, plastic insets, posts or clips have to be
provided. The respective opening(s) can be achieved by a
certain value F,, which is higher than 1.38, 1.40, or 1.42, or
more preferably greater than 1.45 or 1.50. It turns out that
with such values for F,, it is possible to provide sufficient
opening in orderto insert other components.

For those antennas whichintheir physical properties come
quite close to patch antennas namely those with an overlap
between the antenna and the ground-plane (patch-like anten-
nas), a value ofF,, being higher than 1.45, 1.47, 1.50, or 1.60
turns out to be a good measure for an antenna to provide an
expected improved bandwidth or gain with respect to a patch
antenna without any complexity in at least one of the fre-
quency bands. This region for F,, further turns out to be
useful for an MFWD with two or more RFtransceivers. With

a lowervalue it will be difficult to sufficiently isolate the two
RFtransceivers against each other. By the complexity factor
F,, being more than 1.45, 1.47 or 1.50 the two RFtransceivers
can beelectrically separated sufficiently, e.g. by connecting
them to two antenna portions whichare notin directelectrical
contact.

The last mentioned range is also equally suitable for a
MFWDwith two, three or more antenna elements. Those
elements may be convoluted into each other in order to
occupy less space whichtranslates into a high value of F,,.

A MFWDwith an antenna with a complexity factor ofF,,
being larger than 1.55, 1.57 or 1.60 is advantageous. Such a
high value ofF, provides an additional factor for tuning the
frequency of high frequency bands without changing the
gross geometry for low frequency bands.For this range ofF;,
it turnsout that the parameter F,, being lower than 1.41, 1.39,
1.37, or 1.35 is advantageous since for a high value of F;,
which provides some miniaturization, F,, may be low in
particular to avoid an antenna with too many separate por-
tions or antenna arms since such independent portions are
difficult to physically secure with a device in order to achieve
proper mechanical robustness.

For a SMRT or MMTdevice a value of F,, being larger
than 1.50, 1.52, 1.55 or 1.60 is desirable. The phones which
usually operate in high frequency bands such as UMTSand/
or a wireless connectivity at a frequency of around 2.4 GHza
higher value of F,, can be used to appropriately adapt the
antennato a desired resonance frequency and/or bandwidth in
those bands.

For slim devices (thickness less than 14 mm, 13 mm, 12
mm, 11 mm, 10 mm, 9 mm or 8 mm) it turns out that a
parameter of F;, being larger than 1.60, 1.62 or 1.65 may be
desired in order to achieve an edge rich structure that reduces
the problemsofcertain antennastructures, such as flat patch
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antennas. A high value ofF, may lead to an increased band-
width whichis useful in certain cases such as coverage of the
UMTSband.Forthe same reasons, in some embodiments of
MFWDandparticularly in slim devices, it is preferred that the
intersection of the projection of the antenna rectangle 110
onto the ground plane rectangle 202 is less than 90% of the
area of said antenna rectangle. In particular, such a intersec-
tion should be in some cases below 80%, 70%, 50%, 30%,
20% or 10% ofsaid area. Such valuesfor the intersection may
be given also for devices which are not considered slim.

For clamshell, twistor slider devices, even higher values of
F,;, such as higher than 1.63, 1.65, 1.68 or 1.70 may be
necessary since in those MFWDsthe antennashaveto be even
moreflat.

MFWDswhich have a camera or any other item such as a
connectorintegrated in the antenna boxit is desirable to have
a value of F,, being larger than 1.56, 1.58, 1.60 or 1.63. For
those devices it turns out that the mechanical fixing of the
antenna maybedifficult due to other items which are within
the antenna box. With a high value of F,, being more than
1.55, or the other values mentioned above, the antenna usu-
ally has an edgeorrecess rich structure that facilitates fixing
of the antenna at its border. Therefore, usually there is no
problem in mechanically securing an antenna with a high
value of F;, within a wireless device.

For antennas which are overlapping with the ground plane
of a PCB of the MFWDwith at least 50% or 100%, it is
possible to achieve appropriate antenna performance even if
the value ofF,, is smaller than e.g. 1.42, 1.40 or 1.38 in cases
that the complexity factor F,, is more than 1.55. Such edges,
curvesor steps in the border whichleadto a high value ofF,,,
increase efficiency and gain since they lead to strong reorien-
tations of current. This may compensate for lower values of
F,,, in particular for antennas of patch-like geometry (i.e.
those where the antenna overlaps 100% with the ground plane
of a PCB of the MFWD).

Equally for MFWDs with two or more RF transceivers,
efficient antennas are possible for values of F,, being lower
than 1.40, 1.38 or 1.35 in casesthat the complexity factor F,,
is larger than 1.50, 1.52, 1.53, 1.57 or 1.60. Appropriate
separation of the two RFtransceivers is difficult with a low
value of F,,. It may still be possible, however, with a high
complexity value of F,,, which enables some kind of com-
pensation for a low value of F,,.

In some embodiments, whena high level of complexity is
sought it might be necessary to design an antenna system
whosestructure comprises 2, 3 or more antenna elements.
Such complexity may be achieved at a coarser and/or finer
level of detail. When a high level of complexity is sought in a
coarserlevel of detail, a high value of F,, might be required,
namely more than 1.43, 1.45, 1.47, or 1.50. When a high level
of complexity is soughtin a finer level of detail, a high value
ofF, might be required, namely more than 1.61, 1.63, 1.65 or
1.70.

Furthermore,it turns out that for some MFWDswith three
or more antenna elements, a value of F,, lower than 1.36,
1.34, 1.32, 1.30, or even less than 1.25 is advantageous. In
these cases the use of an additional antenna element pursues
the enhancement of the radio electric performance of the
antenna system in at least one of the frequency bands rather
than introducing an additional frequency band disjoined from
those already supported by the antenna system. For the above
mentioned reason it may be advantageousto keep the value of
F,, below acertain maximum.That can be achieved by reduc-
ing the separation ofthe third or additional antenna elements
with respect to the antenna elements already present in the
structure of the antenna system, so that the gaps between
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those antenna elements are not fully observed at a coarser
level of detail. Therefore, for MFWDs with three or more
antenna elements, lower values of F,, may be preferred in
certain cases. Additionally, the separation of the antenna sys-
tem into three or more antenna elements allows for easier

adaptation of each antenna element to space requirements
within the MFWDsuch that miniaturization is not such an

issue. Therefore, it is possible to have antennas with larger
dimensions which then provide for improved radiation effi-
ciency, higher gain and also simply easier design and hence,
less costly antennas.

With MFWDs, in general, it turns out to be particularly
useful to have a value ofF,, greater than 1.42, 1.44, 1.46, 1.48
or 1.50 while at the same time having a value of F,, being
lower than 1.44, 1.42, 1.40 or 1.38. This is because for the
portion of the antenna that resonates at low frequencies
(which means long wavelengths, and hence, a long antenna
portion), higher miniaturization is required. This miniaturiza-
tion oflarge-scale portions translates into a high value ofF,,
and vice versa. For higher frequencies which have smaller
wavelengths, there is not such a strong requirement for min-
iaturization but, rather an enhanced bandwidth is desired.
Therefore lower values of F,, may be preferred. Low values
of F,, further allow for maximum efficiency since those
antennas do not need to be extremely miniaturized.

It is particularly useful to use a parameter range of F,,
being more than 1.32, 1.34 or 1.36 andless than 1.54, 1.52 or
1.50 while at the same timeF,, is less than 1.44, 1.42 or 1.40
and more than 1.22, 1.24 or 1.26. In this parameter range the
values ofF,, and F,., assume intermediate values which give
the possibility of having different design parameters such as
smallness, multi-band and broadbandoperation, as well as an
appropriate antenna gain and efficiency to be taken into
account equally. This parameter range is particularly useful
for MFWDswherethere is no single or no two design param-
eters which are of outstanding importance.

Anotheruseful parameter range is given by F,, being less
than 1.32, 1.30 or 1.28 witha value ofF,, being less than 1.54,
1.52 or 1.50 and at the same timebeing greater than 1.34, 1.36
or 1.38. This parameter range is useful for MFWDswhere the
robustness of the device is of outstanding importance since a
low value of F,, leads to devices with a particularly simple
geometry without having many highly diffracted portions
whichare difficult to mechanically secure individually within
a device. In order to achieve some miniaturization, however,
a value ofF,, in the indicated range is preferred when taking
into account the trade off between the disadvantages of too
high values of F,, (in terms of too strong miniaturization
which leads to a poor bandwidth) while on the other hand
wanting to have at least some kind of miniaturization corre-
sponding to F,, being above a lowerlimit.

For some MFWDsit maybe desirable to have the value of
F,, being less than 1.52, 1.50, 1.48, or 1.45. It was foundthat
antenna elements with highly complex borders are often quite
difficult to manufacture and assemble.For instance stamping
tools require more resolution and wear out more easily in case
of complex borders (which meanshigh value of F;,) which
translates into higher manufacturing costs (tooling manufac-
turing costs, tool maintenancecost, larger numberofhits per
piece of the stamping tool) and delivery lead times, particu-
larly for large volumeproduction.

This turns out to be important for large volume devices
such as slim phones where massproduction is common. High
volume puts extreme pressure on manufacturing costs, time
to market and production volumes.

Additionally, shapes with highfactors ofF;, are very com-
plicated to model with appropriate CAD tools as the very
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complicated shapes turn out to consumea lot of computing
time. This increases development costs which in turn
increases total costs of such an antenna design.

Equally, for clamshell, twist or slider phones (which may
have a major portion of the market share where mass manu-
facturing is carried out), it may be desirable to have a value of
F,, being less than 1.30, 1.28 or 1.26.

For relatively low cost and robust antenna design, it is
preferable to have the value of F,, being more than 1.15 or
1.17 and at the same time beingless than 1.40, 1.38 or 1.36
while the value of F, is less than 1.30, 1.28 and more than
1.15 or 1.17.

Additionally, it is advantageous to have a SMRT ora MMT
device whichis of the type twist, or clamshell.

For a MFWD whichis slim (which here meansit has a
thicknessofless than on the order of 14 mm) andis ofthe type
clamshell, twist or slider the flatness requirement is very
demanding because each of the parts forming the clamshell,
twist or slider may only have a maximum thicknessof5, 6, 7,
8 or 9mm.With the technology disclosed herein,itis possible
to design flat antennas even for such MFWDs.

AMFWDincorporating 3.5G or 4G features (i.e. compris-
ing 3G and other advanced services such as for instance
HSDPA, WiBro, WiFi, WiMAX, UWBorother high-speed
wireless standards, hereinafter 4G services) might require
operation in additional frequency bands corresponding to
said 4G standards (for instance, bands within the frequency
region 2-11 GHz and someof its sub-regions such as for
instance 2-11 GHz, 3-10 GHz, 2.4-2.5 GHz and 5-6 GHz or
some other bands). In some cases, to achieve a maximum
volume compactness it would be advantageousthat the same
antenna system is capable of supporting the radiation modes
corresponding to the additional frequency bands. Neverthe-
less, this approach can be inconvenient as it will increase
complexity to the RF circuitry of the MFWD 100, for
example by filters to separate the frequency bands of the 4G
services from the frequency bands of the rest of services.
Therefore it may be advantageousto have a dedicated antenna
for 4G services although inside the antenna box.

In other cases, achieving good isolation between the fre-
quency bandsof the 4G services and the frequency bands of
the rest of services (3G and below)is preferred to compact-
ness. In those cases the 4G antenna(i.e. the one or more
additional antenna covering one or more of the 4G services)
will preferably be separated as much as possible from the
antenna box. Generally the longer side of the antenna rect-
angle is placed alongside a short edge of the ground plane
rectangle. In some cases it would be advantageousto place the
4G antenna substantially close to the edge that is opposite to
the shorter edge. In other cases it would be advantageousto
place the 4G antenna substantially close to an edge that is
adjacent to the shorter edge. Therefore since the MFWDs
physical dimensions are usually predefined, the separation
between antennas can be further increased by reducing the
shorter side of the antenna rectangle and thusincreasing its
aspect ratio. As a consequence, for those devices, it may be
desirable to have a value of F;, higher than 1.35, 1.50, 1.60,
1.65 or 1.75. When the complexity factor F,, is in the lower
halfofthe typical range, for example when F,, is smaller than
1.40, it may be advantageous to have a value of F,, higher
than 1.35. On the other hand when the complexity factor F,,
is in the upperhalfof its typical range, for example whenF,,
is larger than 1.45, it may be advantageousto have a value of
F,, higher than a minimum value that can be selected from the
list of values comprising: 1.10, 1.15, 1.20, 1.25, 1.30, 1.35,
1.40, 1.45, 1.50, 1.55, 1.60, 1.65, 1.70, 1.75, 1.80, 1.85, and
1.90.
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Advantageously MFWDincluding 4G services may have
two or more dedicated antennas for the 4G services forming
an antenna diversity arrangement. In those cases not only is
goodisolation between the antenna system andthe antennas
for the 4G services required but also good isolation between
the two or more antennas forming the antenna diversity
arrangement.

One, two or more 4G antennas may be IFA-antennas and
they may be located outside of the ground plane rectangle.
They may be located next to the ground plane. One, two or
more 4G antennas maybe slot antennas, preferably within the
groundplane.

Typically the number of contacts in an antenna system is
proportional to the numberofRF transceivers coupled to the
antenna system and to the numberof antenna elements com-
prised in the structure of the antenna system. Each RFtrans-
ceiver drives an antenna element through typically one con-
tact. Additionally each of the antenna elements may have a
second contact for grounding purposes. Parasitic antennaele-
ments typically comprise a contact terminal used for ground-
ing purposes.

In some examples, the MFWDintegrates an antenna sys-
tem in such a way that the antenna rectangle of the antenna
system is at least partially (such as for instance atleast a 10%,
20%, 30%, 40%, 50% or even 60%) or completely on the
projection of the ground plane rectangle of said MFWD.In
some other examples, the antenna rectangle is completely
outside ofthe projection ofthe ground plane rectangle of said
MFWD.

In other examples in which the antenna rectangle of an
antenna system is in the projection of the groundplanerect-
angle ofa MFWDin an areaofless than 10%, 20% or 30% of
the antenna rectangle, the antenna contour of the antenna
system preferably features a complexity factor F,, larger than
1.20, 1.30, 1.40 or 1.50. In still other examples in which the
antenna rectangle of an antenna system is in the projection of
the groundplane rectangle of a MFWD in an area larger than
80%, 90% or 95% of said antenna rectangle, the antenna
contour of the antenna system preferably features a complex-
ity factor F,, smaller 1.30, 1.35, 1.40 or 1.45.

Another aspect of the integration of an antenna system
within a MFWDisthe positioning ofthe antenna system with
respect to the one or more bodies comprised in the MFWD.

An antenna system can be integrated either in the top part
of the body of a MFWD (usually, above and/or behind a
display), or in the bottom part of a body of the MFWD
(usually, below and/or behind a keypad).

In some examples, an antenna system integrated within the
bottom part of as body of a MFWDfeatures advantageously
an antenna contour with a complexity factor F,, smaller than
1.45 and a complexity factor F,, smaller than 1.50, since
generally there is quite a bit more space available in such a
part of the device. In some other examples, the antenna con-
tour preferably features a factor F,, larger than 1.45 and/or a
factor F,, larger than 1.75.

In some examples, an antenna system integrated on the top
part of the body of a MFWD advantageously features an
antenna contour with a complexity factor F,, smaller than
1.30, 1.25, or 1.20. In some other examples, the antenna
contour preferably features a factor F,, larger than 1.45, 1.50
or 1.55.

In somecases, a two-body MFWD(suchasfor instance a
clamshell or a flip-phone, a twist device, or a slider device)
integrates the antenna system in the vicinity of the hinge that
allowsrotation ofat least one ofthe two bodies. In such cases,
the antenna contourofthe antenna system preferably features
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acomplexity factor F,, larger than 1.20 and/or a complexity
factor F,, larger than or equal to 1.55.

Further of advantage for a general trade off between mul-
tiple parameters are values ofa complexity factor ofF,, being
more than 1.52 andless than 1.65 and/or a complexity factor
F,, being more than 1.55 andless than 1.70.
Tilustration Examples

Referring now to FIG. 1B, there is shown a perspective
view of aMFWD100 comprising,in this particular example,
only one body. A volumeofspace 101 within the MFWD 100
is madeavailable for the integration of an antenna system.
The MFWD 100 also comprises a multilayer PCB that
includes feeding means and/or grounding means. A layer 102
of the PCBserves as a ground plane of the antenna system.

An antenna box 103 is obtained as a minimum-sized par-
allelepiped that completely encloses the volume 101. In this
example, the antenna box 103 has rectangular faces 104-109.
According to the present invention as described above, the
structure of the antenna system comesinto contact with each
of the six (6) faces of the antenna box 104-109 in at least one
point of each face. Moreover, the antenna system of MFWD
100 has no portion that extends outside the antenna box 103.

An antenna rectangle 110 is obtained as the orthogonal
projection ofthe antenna box 103 along the normalto the face
with largest area, whichin this case is the direction normal to
faces 104 and 105.

Referring now to FIG. 2A,there is shown a top plan view
ofthe MFWD 100. Forthe sake ofclarity, the volume ofspace
101 has been omitted in FIG. 2A. A groundplane rectangle
200 is adjusted aroundthe layer 102 that serves as a ground
plane to the antenna system of the MFWD 100. The ground
plane rectangle 200 is the minimum-sized rectangle in which
each of its edges is tangentto at least one point of the perim-
eter of layer 102.

FIG. 2B depicts the relative position of the ground plane
rectangle 200 and the antenna rectangle 110 for the MFWD
100 ofFIG. 1A. The antenna rectangle 110 has a long side 203
and a short side 204. The ground plane rectangle 110 has a
long edge 202 and a short edge 201.

In this particular example, the antenna rectangle 110 and
the ground plane rectangle 200 lie substantially on a same
plane (1.e., the antenna rectangle 110 and the ground plane
rectangle 200 are substantially coplanar). Furthermore, a long
side 203 of the antenna rectangle 110 is substantially parallel
to a short edge 201 of the ground plane rectangle 200, while
in some other embodimentsit will be substantially parallel to
a long edge 202 of the ground plane rectangle 200.

In this example, the antenna rectangle 110 is partially over-
lapping the ground plane rectangle 200. Although in other
cases, they can be completely overlapping or completely
non-overlapping. Moreover,in this example the placementof
the antenna rectangle 110 is not symmetrical with respect to
an axis of symmetry thatis parallel to the long edge 202 ofthe
ground plane rectangle 200 and that passes by the middle
point of the short edge 201 of said ground plane rectangle
200. In other words, the antenna rectangle 110 is shifted
slightly to the left as seen in this view.

FIG. 3 shows an example of a structure of an antenna
system contained within an antenna box 301. In this particular
example, the structure comprises only one antenna element
300. The antenna element 300 has been shapedto be able to
support different radiation modes, in order that the resulting
antenna system can operate in multiple frequency bands. In
particular, two apertures 302 and 303 with closed perimeters
have been created in the antenna element 300. Additionally,
the antenna element 300 also features an opening 304 that
increases the number of segments that form the perimeter of
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the antenna element 300. The antenna element 300 also

includes twoparts 305 and 306 that are bent 90° with respect
to the rest of the antenna element 300, butare fully contained
in the antenna box 301.

The bottom part of FIG. 3 shows an antennarectangle 351
associated with the antenna box 301. The antenna rectangle
351 contains the antenna contour 350 associated with the
antenna element 300.

The antenna contour 350 comprises three disjointed sub-
sets of segments: (a) a first subset is formed by the segments
of the perimeter 357 (which includes both external segments
of the antenna element 300 and those segments addedto said
antenna element by the opening 304) and the group of seg-
ments 356 correspondingto the orthogonalprojection ofpart
306 ofthe antenna element 300; (b) a second subset is formed
by the segments 352 associated to the perimeter of aperture
302; and (c) a third subset is formed by the segments 353
associated to the perimeter of aperture 303.

Note that in this example, part 305 of the antenna element
300 has an orthogonal projection that completely matches a
segmentofthe perimeter 357, and therefore does not increase
the number of segments of the antenna contour 350.

Referring now to FIG.4 there is shown howthestructure of
an antenna system such as the one presented in FIG. 3 can be
obtained by appropriately shaping a rectangular conducting
plate 400. The structure in FIG. 4 can be seen to have been
formed in three steps (top to down) in a manufacturing pro-
cess of antenna system by meansof, for instance, a stamping
process.

Thetop part of FIG. 4 showsthe plate 400 occupying (and
extending beyond) the antenna rectangle 351 (represented as
a dash-dotline). The cut out lines that delimit those parts of
the conducting plate 400 that will be removedare depicted as
dashed lines. A peripheral part of the plate 400 will be
removed, as indicated by the outline 401. Additionally, two
closed apertures will be created as defined by outline 402 and
outline 403.

The middle part of FIG. 4 showsa planar structure 430
resulting after eliminating the parts of plate 400 that will not
be used to create the antenna system.In the planar structure
430, two closed apertures 302 and 303, and an opening 304
can be identified.

Theplanarstructure 430 hasafirst part 405, and a second
part 406, that extend beyondthe antenna rectangle 351. The
first and second parts 405 and 406 are bent or folded so that
their orthogonal projection does not extend outside the
antenna rectangle 351.

The bottom part of FIG. 4 shows the antenna element 300
obtained from the planar structure 430. The antenna element
300 is a three-dimensional structure that fits within the

antenna box 301 (also depicted as a dash-dotline). Thefirst
part of the planar structure 405 is bent 90 degrees downwards
(in the direction indicated by arrow 431) to becomepart 305
of the antenna element 300. The secondpart of the planar
structure 406 is folded twice to become part 306 of said
antenna element 300. The second part 406 is rotatedafirst
time 90 degrees downwards (as indicated by the arrow 432),
and then at another point along the secondpart 406 rotated a
second time 90 degrees leftwards (as indicated by the arrow
433).

Referring now to FIG. 5A-B there is shown a MFWD 500
consisting of a single body being typically held by a right-
handeduser to originate a phone call while facing a display
501 of the MFWD 500. The MFWD 500 comprises an
antenna system and a PCBthat includesa layer that serves as
a groundplaneofthe antenna system 502 (depicted in dashed
line). The antenna system is arranged inside an antenna box,
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whoseantenna rectangle 503, 504 is depicted also in dashed
line. The antenna rectangle 503, 504 is in the projection ofthe
ground plane layer 502. In the case of FIG. 5A, the antenna
rectangle 503 is placed substantially in the top part of the
body of the MFWD 500(.e., above and/or behind a display
501), while in FIG. 5B the antenna rectangle 504 is placed
substantially in the bottom part ofthe body ofthe MFWD 500
(i.e., below and/or behind a keypad).

For reasons of ergonomics, it is advantageous in the
examples of FIG.5 to select a cornerofthe antenna rectangle
close to the left edge ofthe MFWD 500. The upperleft corner
of the antenna rectangle 505 is selected as the feeding point
corner in the case of FIG. 5A, while the lowerleft corner of
the antenna rectangle 506 is selected as the feeding point
corner in the case of FIG. 5B. In these two examples the
corners designated as feeding point corners 505, 506 are also
substantially close to a short edge of a groundplane rectangle
(not depicted in FIG. 5) that encloses the ground plane layer
502.

FIG. 5C illustrates an alternate embodiment of a MFWD

500 having a clamshell-type configuration. The MFWD 500
includes a lowercircuit board 522, an uppercircuit board 524,
and an antenna system. The antenna system is arranged inside
an antenna box, whose antenna rectangle 523 is depicted also
in dashed line. The antenna rectangle 523 is secured to a
mounting structure 526. FIG. 5C further illustrates an upper
housing 528, a lower housing 530 that join to enclose the
circuit boards 522, 524 and the antenna rectangle 523. The
lower circuit board includes a ground plane 532, a feeding
point 534, and communications circuitry 536. The antenna
rectangle 523 is secured to a mounting structure 526 and
coupled to the lower circuit board 522. The lower circuit
board 522 is then connected to the upper circuit board 524
with a hinge 538, enabling the lowercircuit board 522 and the
upper circuit board 524 to be folded together in a manner
typical for clamshell-type phones. In some embodiments, the
hinge 538 maybe adapted to provide rotation of the upper
circuit board 524 with respect to the lowercircuit board 522
around two or more, preferably non-parallel, axes ofrotation,
resulting in a MFWD 500 having a twist-type configuration.
In order to reduce electromagnetic interference from the cir-
cuit boards 522, 524, the antenna rectangle 523 is preferably
mounted on the lowercircuit board 522 adjacentto the hinge
538.

FIG. 6A-6C represents, respectively examples ofa first
grid 601, a second grid 602 and a third grid 603 used for the
computation of the complexity factors F,, and F,, of an
antenna contour that fits in an antenna rectangle 600. The
antenna rectangle 600 has along side 603 anda short side 604.

In FIG. 6B, the second grid 602 has been adjusted to the
size ofthe antenna rectangle 600. The longside ofthe antenna
rectangle 603 is fitted with nine (9) columnsofcells of the
second grid 602. As far as the numberof rows is concerned,
the aspectratio ofthe antenna rectangle 600 in this particular
example is such that a cell aspect ratio closest to one is
obtained whenthe short side of the antenna rectangle 604 is
fitted with five (5) rows of cells of the second grid. Therefore,
the antenna rectangle 600 is perfectly tessellated with 9 by 5
cells of the second grid 602.

FIG. 6A shows a possible first grid 601 obtained from
grouping 2-by-2 cells ofthe secondgrid 602. In this example,
the upperleft corner of the antenna rectangle 600 is selected
as the feeding point corner 605. A first cell ofthefirst grid 606
is placed such thatthe cell 606 has a corner designated as the
feeding point corner 605 and is completely inside the antenna
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box 600. In the example ofFIG. 6A, the antennarectangle 600
spansfive (5) columnsandthree (3) rowsofcells of the first
grid 601.

Since the antenna rectangle 600 is tessellated with an odd
numberof columnsandrowsofcells of the second grid. An
additional column 608 and an additional row 609 ofcells of

the second grid 602 are necessary to have enough cells of the
first grid 601 to completely cover the antenna rectangle 600.
The additional column 608 and additional row 609 meetat the

lower right corner of the antenna rectangle 607 (1.e., the
corner opposite to the feeding point corner 605).

FIG. 6C showsthe third grid 603 obtained from dividing
each cell of the second grid 602 into four (4) cells. Each cell
ofthe third grid 603 has a cell width and cell height equal a
halfofthe cell width and cell height ofa cell ofthe second grid
602. Thus, in this example the antenna rectangle 600 is per-
fectly tessellated with eighteen (18) columns and ten (10)
rowsofcells of the third grid 603.

Referring now to FIG.7 there is shown a graphical repre-
sentation of the two-dimensional space 700 defined by the
complexity factors F,, and F,, for an illustrative antenna (not
shown). The antenna contourof the illustrative antenna sys-
tem ofa MFWDisrepresentedas a bullet 701 of coordinates
(F,,, F32) in the two-dimensional space 700.

FIGS. 8A-8C provide examplesto illustrate the complexity
factors that feature two radically different antennas: (1) A
solid planar rectangular antennathat occupies the entire area
of an antenna rectangle 800 for a MFWD (not specifically
shown); and (2) an antenna whose contour is inspired in a
Hilbert curve 810 that fills the available space within the
antenna rectangle 800 (the antenna structure shown in the
rectangle 800 of each of FIGS. 8A-8C). These two antenna
examples, although not advantageous to provide the multiple
frequency band behavior required for the antenna system of a
MFWD,help to show the relevance and characteristics of the
two complexity factors F,, and F,,.

FIGS. 8A-8C show antenna 810 inside the antenna rect-

angle 800 undera first grid 801, a second grid 802, andathird
grid 803. In this example, the antenna rectangle 800 is per-
fectly tessellated with nine (9) columnsandfive (5) rows of
cells of said second grid 802 (FIG. 85). The antenna 810 has
a feeding point 811, located substantially close to the lower
left corner of the antenna rectangle 805 (being thus the feed-
ing point corner).

In FIG.8A,there are fifteen (15) cells of the first grid 801
at least partially inside the antenna rectangle 800 and that
include atleast a point of the antenna contour of antenna 810
(i.e., N,=15). In FIG. 8B, there are forty-five (45) cells of the
second grid 802 completely inside the antenna rectangle 800
and that includeat least a point of the antenna contourof the
antenna 810 (i.e., N,=45). Finally in FIG. 8C, there are one
hundred eighty (180) cells of the third grid 803 completely
inside the antenna rectangle 800 andthat include at least a
point ofthe antenna contour ofthe antenna 810 (i.e., N,=180).
Therefore, in the present example, an antenna whose contour
is inspired in the Hilbert curve 810 shown within the antenna
space 800 of FIGS. 8A-8C features F,,=1.58 (i.e., smaller
than 2.00) and F,=2.00.

On the other hand if the process of counting the cells in
each of the three grids is repeated for a planar rectangular
antenna whosecontour fills the entire rectangular space ofthe
antenna rectangle 800 (not actually shown) then N,=12,
N,=24 and N,=52, which results in F,,=1.00 and F,,=1.12
(i.e., larger than 1.00).

These results illustrate that complexity factor F,, is geared
more towards discerning ifthe antenna contour ofa particular
antenna system distinguishes sufficiently from a simple pla-
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nar rectangular antenna rather than capturing the complete
intricacy of said antenna contour, while complexity factor F,,
is predominantly directed towards capturing whether the
degree of complexity of the antenna contour approaches to
that of a highly-convoluted curve such as a Hilbert curve.

FIGS. 9A-9C and 10A-10C provide two examplesillus-
trating the complexity factors that characterize a quasi-rect-
angular antenna 910 having a highly convoluted perimeter
and a triple branch antenna 1010, respectively. These two
exemplary antennas help to show the relevance of the two
complexity factors.

FIGS. 9A-9C show,respectively, the antenna 910 inside an
antenna rectangle 900 undera first grid 901, a second grid
902, and a third grid 903. In this example, the antennarect-
angle 900 is perfectly tessellated with nine (9) columns and
five (5) rows of cells of said second grid 902 (FIG. 96). The
antenna 910 has a feeding point 911, located substantially
close to the upper left corner of the antenna rectangle 905
(being thus the feeding point comer).

In FIG. 9A,there are twelve (12)cells of the first grid 901
at least partially inside the antenna rectangle 900 and that
include at least a point of the antenna contour of antenna 910
(i.e., N,=12). In FIG. 9B, there are twenty-four (24) cells of
the second grid 902 completely inside the antenna rectangle
900 andthat includeat least a point of the antenna contour of
the antenna 910 (i.e., N,=24). Finally in FIG. 9C,there are
ninety-six (96) cells of the third grid 903 completely inside
the antenna rectangle 900 andthat includeat least a point of
the antenna contourof the antenna 910 (i.e., N;=96). There-
fore, in the present example, a quasi-rectangular antenna 910
having a highly convoluted perimeter features F,,=1.00 and
F,,=2.00. This antenna example appears on a coarse scale (as
probed e.g. by a long wavelength resonance) quite similar to
a simple planar rectangular antenna which is also shown by
F,, being very low. On the other hand the edge is highly
convoluted which will have influence on small wavelength
resonances. This feature is characterized by a high value of
F535.

FIGS. 10A-C show,respectively, antenna 1010 inside the
antenna rectangle 1000 undera first grid 1001, a second grid
1002, and a third grid 1003. In this example, the antenna
rectangle 1000 is perfectly tessellated with nine (9) columns
and five (5) rowsofcells of said second grid 1002 (FIG. 108).
The antenna 1010 has a feeding point 1011, located substan-
tially close to the bottom left corner of the antenna rectangle
1005 (being thus the feeding point corner).

Asfor the antenna 1010 as shown in FIG. 104A,there are ten
(10) cells of the first grid 1001 at least partially inside the
antenna rectangle 1000 andthat includeatleast a pointofthe
antenna contour of antenna 1010 (.e., N,=10). In FIG. 10B,
there are thirty-four (34) cells of the second grid 1002 com-
pletely inside the antenna rectangle 1000 and that include at
least a point of the antenna contourof the antenna 1010(i.e.,
N,=34). Finally in FIG. 10C, there are seventy (70) cells of
the third grid 1003 completely inside the antenna rectangle
1000 and that include at least a pointofthe antenna contour of
the antenna 1010 (i.e., N;=70). Therefore, in the present
example, a triple branch antenna, similar to an asymmetric
fork, features F,,=1.77 and F,,=1.04. In this fork example the
antenna is not miniaturized since the three branches are

essentially straight. This configuration corresponds to a low
value ofF,,. The fork, however is substantially different from
a rectangle in that the three branchescan be identified clearly
and performance ofthe calculations in accordance with the
principles of the invention yields a high value of F,,.

FIG.11 is a graphical presentation that maps the values of
the complexity factors F,, and F;, ofthe exemplary antennas
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of FIGS. 6, 8, 9, and 10. In FIG. 11 the horizontal axis
represents increasing values of F,, while the vertical axis
represents increasing values of F;,. The exemplary simple
planar, rectangular antenna discussed above in connection
with FIG. 6, occupies the entire area of an antenna rectangle
800 and is characterized by a pair of complexity factors
F,,=1.00 and F,,=1112 that are mapped as bullet 1102 in
FIG. 11. The complexity factors for the antenna whose con-
tour is discussed above in connection with FIG.8, andthatis
inspired in a Hilbert curve 810 are F,,=1.58 and F,,=2.00 and
is mapped onto FIG. 11 as bullet 1101. The quasi-rectangular
antenna, discussed above in connection with FIG. 9, and
having a highly convoluted perimeter of 910 is characterized
by complexity factors F,,=1.00 and F,,=2.00 and is mapped
onto FIG. 11 as bullet 1103. Bullet 1104 representsthe pair of
complexity factors F,,=1.77 and F,,=1.04 for the exemplary
triple branch antenna 1010 discussed above in connection
with FIG. 10. These antenna examples help to show the value
and antenna characteristics represented by the two complex-
ity factors. F,, and F;, Further, FIG. 11 and the bullets 1001-
1004 illustrate how a two dimensional graphical space 700
might be used for antenna system design.

Referring to FIG. 11 and the bullet 1102 in connection with
the configuration and performance characteristics of the
sample planar rectangular antenna ofFIG.6 it can be seen that
such an antennahasa relatively low level of complexity on
both a gross as well as a finer level of detail. Thus, while the
antenna is relatively large and resonant at a relatively low
frequency, it is less likely to provide multiple frequencies of
resonance for multiband performance. As one moves up
along the vertical axis toward bullet 1103 in connection with
the configuration and performancecharacteristics of the gen-
erally rectangular antenna with a convoluted space-filling
perimeter of FIG. 9, it can be seen that while the complexity
of the antenna remains low at a gross level of detail, the
complexity increases at a finer level of detail. This, in turn,
enhances the miniaturization of the antenna to some degree
and causes the antennato resonate at lower harmonic frequen-
cies and behaveas a larger antenna than it actually is even
though this may not be enough of a change to render the
antenna suitable for successful use.

If one now moves from the origin of the graph of FIG. 11
along the horizontal axis toward bullet 1104 in connection
with the configuration and performance characteristics of the
forked antenna of FIG. 10 we see that the antenna has a

relatively high level of complexity on a gross level of detail
but a low level of complexity at a finer level of detail. These
characteristics tend to enrich the frequency ofresonance and,
thus, its, multiband capabilities as well as, in somerespects,
its miniaturization. Finally, in moving toward bullet 1101 of
FIG. 11 in connection with the configuration and perfor-
mance characteristics of the antenna discussed above in con-

nection with FIG.8, we see thatthe antenna is highly complex
on both gross and fine levels of detail. This produces an
antenna with a high degree of miniaturization which tends to
penalize the bandwidth of the antenna and renderit less than
ideal for antenna performance.

An antennadesignercan see that the complexity factors F,,
and F,,, as represented and characterized by the antennas on
FIGS.6, 8, 9 and 10 andthe illustrated graph of FIG. 11 are
very useful tools for modern antenna design for MFWD and
similar devices. Use of these tools in accordance with the

invention yields antenna designs, as well as MFWDdevices
having antennas, with enhanced performancecharacteristics.

FIG. 12A showsa top-plan view ofone illustrated embodi-
mentofthe structure 1200 of an antenna system fora MFWD
according to the present invention. The antenna rectangle
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1210 is depicted as a dashedline. The structure 1200 has been
shaped to attain the desired multiple frequency band opera-
tion as well as desired RF performance.In particular, periph-
eral parts of a substantially flat conducting plate have been
removed, and slots 1230-1233 have been created within the
structure 1200. Slot 1232 divides the structure 1200 into two
antenna elements 1201 and 1202. Antenna element 1201 and

antenna element 1202 are not in direct contact, although the
two antenna elements 1201 and 1202 are in contact through
the ground plane of the MFWD.

The resulting structure 1200 supports different radiation
modesso as to operate in accordance with two mobile com-
munication standards: GSM and UMTS. Morespecifically it
operates in accordance with the GSM standard in the 900
MHzband (completely within the 810 MHz-960 MHzregion
of the spectrum), in the 1800 MHz band (completely within
the 1710 MHz-1990 MHzregion ofthe spectrum), and in the
1900 MHzband(also completely within the 1710 MHz-1990
MHzregion ofthe spectrum). The UMTSstandard makes use
ofa band completely within the 1900 MHz-2170 MHzregion
ofthe radio spectrum. Therefore, the antenna system operates
in four (4) separate frequency bands within three (3) separate
regions of the electromagnetic spectrum.

In the example ofFIG. 12A, the MFWD comprisesfour(4)
contact terminals to couple the structure of said antenna sys-
tem 1200 with feeding means and grounding meansincluded
on a PCB of said MFWD.In FIG. 12A, the antenna element
1201 includes a feeding point 1204 and a grounding point
1203, while the antenna element 1202 includes another feed-
ing point 1205 and a grounding point 1206.

The feeding point 1204 is responsible for the operation of
the antenna system in its lowest frequency band(i.e., in accor-
dance with the 900 MHz band of the GSM standard). There-
fore, the lower left corner of the antenna rectangle 1211 is
chosen to be the feeding point comer.

FIG. 12B showsthe position of the antenna rectangle rela-
tive to the PCB that includes the layer 1220 that serves as a
ground plane of the antenna system. The layer 1220 is con-
fined in a minimum-sized rectangle 1221 (depicted in dash-
dotline), defining the ground plane rectangle for the MFWD.
In this example, the antenna rectangle 1210 is placed substan-
tially in the bottom part ofthe PCB ofsaid MFWD.Moreover,
the antenna rectangle 1210 is substantially parallel to the
ground plane rectangle 1221. The antenna rectangle 1210 in
this example is completely located in the projection of the
groundplane rectangle 1221; however, the antenna rectangle
1210 is not completely on the projection of the ground plane
layer 1220 that serves as a groundplane.

A long side of the antenna rectangle 1210 is substantially
parallel to a short edge of the ground plane rectangle. The
feeding corner 1211 is near a corner of the ground plane
rectangle, providing advantageously a longerpath to the elec-
tric and/or equivalent magnetic currents flowing on the
ground plane layer 1220 to potentially enhance the RF per-
formanceofthe antenna system or the RF performance ofthe
MFWDinatleast a lowest frequency band.

The antenna contour of the structure of antenna system
1200 of the example in FIG. 12A is formed by the combina-
tion oftwo disjoint subsets of segments. A first subset is given
by the perimeter of the antenna element 1201 and comprises
forty-eight (48) segments. A second subset is given by the
perimeter ofthe antenna element 1202 and comprises twenty-
six (26) segments. Additionally,all these segmentsare shorter
thanat least one tenth ofa free-space wavelength correspond-
ing to the lowest frequency bandofoperation of said antenna
system.
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Moreover, the length ofthe antenna contourofthe structure
1200 is more than six (6) times larger than the length of a
diagonalofthe antenna rectangle 1210 in which said antenna
contour is confined.

In FIGS. 13A-13B,the antenna contour ofthe structure of
the antenna system 1200 is placed underafirst grid 1301, a
second grid 1302, anda third grid 1303 for the computation of
the complexity factors of said structure 1200.

The antenna rectangle 1210 has been fitted with nine (9)
columnsandfive (5) rows ofcells of said second grid 1302 (in
FIG.13B), as the aspect ratio ofthe antenna rectangle 1210 is
such that fitting five (5) rows ofcells in the short side of the
antenna rectangle 1210 produces a cell of the second grid
1302 with an aspect ratio closest to one.

In FIG. 13A,there are thirteen (13) cells of the first grid
1301 that, while being at least partially inside the antenna
rectangle 1210 and including at least a point of the antenna
contour of the structure 1200 (i.e., N,=13).

In FIG. 13B, there are thirty-eight (38)cells of the second
grid 1302 completely inside the antenna rectangle 1210 and
that include at least a point of the antenna contour of the
structure 1200 (i.e., N,=38).

Finally in FIG. 13C, there are one hundred and fourteen
(114) cells of the third grid 1303 completely inside the
antenna rectangle 1210 andthat include atleast a point of the
antenna contourof the structure 1200 (1.e., N,=114).

The complexity factor F,, for the antenna shown in FIGS.
12A, 13A and 13B is computed as

log(38) — log(13) _
a Toe2) Bs

while the complexity factor F;, is obtained as

log(114) — log(38)32 = ->)
log(1 /2) = 158

Therefore, the exemplary structure of antenna system for a
MFWD1200 shown in 12A, 13A and 13B is characterized
advantageously by complexity factors F,,=1.55 and
F,,=1.58.

FIGS. 14A-14C show, respectively, another exemplary
antenna 1410 inside the antenna rectangle 1400 undera first
grid 1401, a second grid 1402, and a third grid 1403 for the
computation ofthe complexity factors ofthe antenna 1410. In
this example, the antenna rectangle 1400 maybetessellated
with nine (9) columnsandfive (5) rows of cells of the second
grid 1402 (FIG. 14B) as well as with nine (9) columns and
seven (7) rowsofcells of said second grid (not depicted) since
in both cases the aspectratio is at its closest to one. A second
grid 1402 with nine (9) columnsandfive (5) rows of cells has
been selected since the aspect ratio for grid 1402 is bigger
than 1. The antenna 1410 has a feeding point 1411, located
substantially close to the bottom left corner of the antenna
rectangle 1405 (being thus the feeding point corner).

In FIG. 14A,there are fifteen (15) cells ofthe first grid 1401
that, while being at least partially inside the antenna rectangle
1400 andthat includeat least a point of the antenna contour
1410 (1.e., N, =15). It should be notedthat the cells have been
shaded forming the group of cells 1412 to add clarity to the
discussion contained herein.

In FIG. 14B, there are forty-two (42) cells of the second
grid 1402 completely inside the antenna rectangle 1400 and
that include at least a point of the antenna contour 1410 (2.e.,
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N,=42). These cells are shaded forming the group ofcells
1413 for clarity as set forth above.

Finally in FIG. 14C, there are one hundred and forty-two
(142) cells of the third grid 1403 completely inside the
antenna rectangle 1400 andthat include atleast a pointofthe
antenna contour of the structure 1410 (.e., N,=142). These
cells are shaded forming the group of cells 1414 forclarity as
set forth above.

The complexity factor F,, is for the antenna shown in
FIGS. 14A-14C computed as

log(42) — log(15)

~~ Tog(1/2)
= = 149

while the complexity factor F,. is obtained as

log(142) — log(42)
Toa) = 1.76

Therefore, the example antenna 1410 fora MFWDfeatures
advantageously complexity factors F,,=1.49 and F;,=1.76.

The antenna complexity contour of the antenna structure
1200, FIGS. 12A, 13A and 13B is mappedin the graphical
representation of FIG. 15 as a bullet 1501 with coordinates
(F,,=1.55 or F,,=1.58). The antenna 1410 ofFIGS. 144-14C
is mapped on the graph of FIG. 15 as a bullet 1502 with
coordinates (F,,=1.49 or F,,=1.76). Those two examples
show cases where intermediate values ofF,, and F;, areused.
For intermediate values the value ofF,, of the structure 1200
is relatively high and in case ofthe structure 1400 the value of
F,, is relatively high.

Referring now to FIGS. 16-19, there is shown one example
of optimizing the geometry of an antenna system to obtain a
superior performance for MFWDs. In that sense, complexity
factors F,, and F,.,, as described above, are usefulin guiding
the optimization process ofthe structure ofan antenna system
to reach a target region of the (F21, F32) plane, as it is
depicted in the flowchart 1600 in FIG.16.

In one embodiment, the process to design an antenna sys-
tem starts with a set of specifications 1601. A set of specifi-
cations includes a list of heterogeneous requirements that
relate to mechanical and/or functional aspects of said antenna
system. A typical set of specifications may comprise:

Dimensional information ofthe MFWD,and moreparticu-
larly of the space available within the MFWDfor the
integration of an antenna system (data necessary to
define the antenna box andthe antennarectangle) and of
the ground-plane of the MFWD (data necessary to
define the ground planerectangle).

Communication standards operated by the MFWD, and
some requirements on RF performance of the antenna
system (such as for example, and without limitation,
input impedancelevel, impedance bandwidth,gain,effi-
ciency, and/or radiation pattern) and/or RF performance
of the MFWD(such as for example, and without limi-
tation, radiated power, received power and/or sensitiv-
ity).

Information on the functionality envisioned for a given
MFWD(i.e., MMT, SMRT, or both), number of bodies
the MFWDcomprises (for instance whether the MFWD
features a bar, clamshell, flip, slider or twist structure),
and presence of other electronic modules and/or sub-
systems in the vicinity of the antenna box, or even (at
least partially) within the antenna box.
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Asdescribed above, an aspect of the present invention is
the relation between functional properties of an antenna sys-
tem of a MFWD and the geometry of the structure of the
antenna system. According to the present invention, a set of
specifications for an antenna system can betranslated into a
certain level of geometrical complexity of the antenna con-
tour associatedto the structure of said antenna system, which
is advantageously parameterized by meansoffactors F,, and
F,, described above.

Therefore, once a set of specifications has been compiled,
one embodiment of the design methodofthe present inven-
tion translates the set of specifications into a target region of
the (F,,, F;,) plane 1602. In some examples,the target region
is defined by a minimum and/or a maximum value of factor
F,, (denoted by F,,”"” and F,,”"** in FIG. 16), and/or a mini-
mum and/or a maximum value of factor F;, (denoted by
F,,7"” F,,”"~ in FIG.16).

Tt will then be advantageous in order to benefit from a
superior RF performance of the antenna system and/or a
superior RF performance ofthe MFWDto shapethe structure
of the antenna system so that its antenna contour features
complexity factors within the target region of the (F,,, F;,)
plane.

Starting from an initial structure of an antenna system
1603, whose antenna contour features complexity factors
F,,° and F;,°), mostlikely outside the target region of the
(F3,, F3) plane, an antenna system designer may need to
gradually modify the structure of antenna system 1605 (such
as, for instance, creating slots, apertures and/or openings
within said structure; or bending and/or folding said struc-
ture) to adjust the complexity factors of its antenna contour.
This process can be performedin an iterative way, verifying
after each step whether factors F,,' and F;,* are within the
target region of the (F,,, F;,) plane 1604. Depending on the
current values of the complexity factors after step “1”of this
iterative process, an antenna system designer can apply
changesto the structure ofthe antenna system atstep “i+1” to
correct the value of one, or both, complexity factors in a
particular direction of the (F,,, F;,) plane.

The design process ends 1606 whenastructure of the
antenna system has an antenna contour featuring complexity
factors within the target region of the (F,,, F3,) plane (de-
noted by F,,* and F,,* in FIG. 16).

In further illustration ofthe above, an example ofdesigning
an antenna system ofaMFWDcan beillustrated by reference
to one processto obtain the antenna system of FIG. 12a.

In this particular example, the MFWDis intendedto pro-
vide advanced functionality typical of a MMT device and/or
a SMRTdevice. The MFWD mustoperate two mobile com-
munication standards: GSM and UMTS. Morespecifically it
operates the GSM standard in the 900 MHz band(completely
within the 810 MHz-960 MHzregionofthe spectrum), in the
1800 MHz band (completely within the 1710 MHz 1990
MHzregionofthe spectrum), and in the 1900 MHz band(also
completely within the 1710 MHz-1990 MHzregion of the
spectrum). The UMTSstandard makes use of a band com-
pletely within the 1900 MHz-2170 MHzregion ofthe spec-
trum. The MFWD comprises one RF transceiver to operate
each mobile communication standard(i.e., two RF transceiv-
ers).

The MFWDhasa bar-type form factor, comprisingasingle
PCB. The PCB includes a ground plane layer 1220, whose
shape is depicted in FIG. 12B. The antenna system is to be
integrated in the bottom part of the PCB, such integration
being complicated by the presence of a bus connector and a
microphone module.

20

25

30

40

50

65

36

In this example the groundplane rectangle 1221 is approxi-
mately 100 mmx43 mm. The antenna rectangle 1210 has a
long side approximately equalto the short side of the ground
plane rectangle 1221, and a short side approximately equal to
one fourth ofthe long side ofthe ground plane rectangle 1221.
Also in this example, the space provided within the MFWD
for the integration of said antenna system allowsplacing parts
of the structure of the antenna system at a maximum distance
of approximately 6 mm abovethe groundplanelayer 1220.

Furthermore, there are additional functional requirements
in terms of impedance, VSWRandefficiency levels in each
frequency band, and requirements on the mechanical struc-
ture of the antenna system and materials to be used. These
requirementsare listed in Table 1 below.

TABLE 1

TARGET

Parameter Condition Minimum Typical Maximum Unit

Impedance 50 Ohm
Frequency GSM900 800 960 MHz
Bands GSM1800 1710 1880

GSM1900 1850 1990
UMTS 1920 2170

VSWR GSM900 3.5:1
GSM1800 3.0:1
GSM1900 3.0:1
UMTS 2.5:1

Efficiency GSM900 20 %
GSM1800 30
GSM1900 30
UMTS 30

Antenna System Type Patch, PIFA, Monopole,
Structure IFA...

3
2

3
Antenna System Radiator Bronze, brass,
Materials stainless steel, nickel-silver.. .

(Thickness: 0.1, 0.15,
0.2, 0.3, 0.4, or 0.5 mm

Plating Nickel, gold...
(Thickness: between 0.1

and 10 microns)
Carrier ABS, PC-ABS, POM, LCP
Assembly Clips, screws,

adhesive, heat-stakes . . .

The PCBarea required by other electronic modules carried
by the MFWD makesit difficult to remove any additional
portions of the ground plane layer 1220 underneath the
antenna system. Since substantial overlapping of the antenna
rectangle 1210 and the groundplane rectangle 1221 occurs, a
patch antenna solution is preferred for the MFWDofthis
example.

In order to take full advantage of the dimensions of the
ground plane layer 1220 to potentially enhance the RF per-
formanceofthe antenna system or the RF performance ofthe
MFWDinatleast a lowest frequency band, a feeding point of
the antenna system will be placed substantially close to the
bottom left corner of the ground plane layer 1220, so that a
longer path is offered to the electric and/or equivalent mag-
netic currents flowing on said ground plane layer 1220.
Therefore, the bottom left corner of the antenna rectangle
1211 is selected to be the feeding corner.

The antenna rectangle 1210 is then fitted with nine (9)
columnsandfive (5) rows of cells of a second grid 1302 (in
FIG. 13B), as the aspect ratio of the antenna rectangle 1210 is
such thatfitting five (5) rows of cells in the short side of the
antenna rectangle 1210 produces a cell of the second grid
1302 with an aspectratio closest to one.
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Once a set of mechanical and/or functional specifications
has been compiled, they are translated into a level of geo-
metrical complexity that the antenna contour associated to the
structure of an antenna system needsto attain.

For those antennas in whichtheir physical properties come
quite close to patch antennas, a value ofF,, being higher than
1.45, 1.47, 1.50, or 1.60 turns out to be a good measure for an
expected improved bandwidth or gain with respect to a patch
antenna without any complexity in at least one of the fre-
quencybands. In the example ofFIG.12, a value ofF,, higher
than 1.50 is preferred.

For a SMRT or MMTdevice a value of F;, being larger
than 1.50, 1.52, 1.55 or 1.60 is desirable. The phones which
usually operate in high frequency bands such as UMTSand/
ora wireless connectivity ofaround 2.4 GHza highervalue of
F,, can be used to appropriately adapt the antennato a desired
resonance frequency and/or bandwidth in those bands. In the
example of FIG. 12, a value of F,, higher than 1.55 is pre-
ferred.

Moreover, for MFWDs which have e.g. a camera or any
other item such as a connector integrated in the antenna box,
it is desirable to have a value of F,, being larger than 1.56,
1.58, 1.60 or 1.63. Therefore, since in the example of FIG. 12
a connector and a microphone module are to be integrated in
the antenna box alongside the antenna system,it is preferred
to further increase the value of F32 to make it higher than
1.56.

In conclusion, it will be advantageous to shape the struc-
ture of the antenna 35 system in such a waythat its antenna
contour features complexity factor F,, higher than 1.50 and
F,, higher than 1.56, thus defining a target region 1800 in the
upperright part of the (F,,, F;,) plane in FIG.18.

Referring now to FIG. 17, there is shown the progressive
modification of the antenna contour as the structure of the

antenna system throughthe different steps ofthe optimization
process. As indicated by the designer ofthe MFWD,a feeding
point to couple the RF transceiver that operates the GSM
communication standard should be preferably located at
point 1722, while a feeding point to couple the RF transceiver
that operates the UMTS communication standard should be
preferably located at point 1724. Furthermore, grounding
points should be preferably located at points 1721 and 1723.

Table 2 lists for each step the numberofcells ofthefirst,
second and third grids considered for the computation of the
complexity factors of the antenna contour, 15 and the values
of said complexity factors F,,, F535.

TABLE 2

Cells Cells Cells
Counted Countedin countedin Complexity Complexity
in First Second Grid Third Grid Factor Factor

Step Grid (Nj) (No) (Ns) Fo F32

0 12 24 52 1.00 1.12
1 15 31 82 1.05 1.40
2 13 31 82 1.25 1.40
3 13 37 103 1.51 1.48
4 13 38 113 1.55 1.57
5 13 36 103 1.47 1.52
6 13 38 110 1.55 1.53
7 13 38 114 1.55 1.58

Asa starting point (step 0), the structure of the antenna
system is simply a rectangular plate 1701 occupying the
entire antenna rectangle 1210 and placed at the maximum
distance allowed abovethe groundplanelayer 1220 (see FIG.
17a). In this case the antenna contouris equal to the antenna
rectangle 1210, and features complexity factors F,,=1.00 and
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F,,=1.12 (represented as point 1801 in FIG. 18), obviously
outside the target region 1800.

In thefirst iteration (step 1), a slot 1702 is practiced in the
rectangular plate 1701, dividing said plate 1701 into two
separate geometric elements: a larger antenna element 1711
and a smaller antenna element 1712, as shownin FIG. 175.

The larger antenna element 1711 will be coupled to the RF
transceiver that operates the GSM communication standard,
while the smaller antenna element 1712 will be coupled to the
RFtransceiver that operates the UMTS communication stan-
dard.

The slot 1702 increases the geometrical complexity of the
antenna contour, mainly along the F,, axis, mapping as point
1802 with coordinates F,,=1.05 and F32=1.40 on the (F,,,
F,,) plane.

In order to offer a longer path to the electrical currents
flowing on the antenna element 1711, particularly those cur-
rents responsiblefor a radiation mode associated to the lowest
frequency bandofsaid antenna system,the nextiteration step
(step 2) is initiated. An upper right portion of the antenna
element 1711 is removed creating an opening 1703 (FIG.
17C). As it can be seen in Table 2, the effect sought when
creating opening 1703 in the structure of the antenna system
is directed towards enhancing the coarse complexity of the
antenna contour (F21 increases from 1.05 to 1.25), while
leaving its finer complexity unchanged. This modification
accounts in FIG. 18 for the jump from point 1802 to 1803, still
far from the target region 1800. A fringe benefit of creating
the opening 1703in the structure ofthe antenna system is that
additional space within the MFWD,andin particular within
the antenna box,is madeavailable forthe integration ofother
functional modules.

In the nextiteration (step 3) a secondslot is introduced in
the structure of the antenna system (FIG. 17D). Slot 1704is
practiced in antenna element 1711 with the main purpose of
creating different paths for the currents flowing on said
antenna element, so that it can support several radiation
modes. The slot 1704 intersects the perimeter of the antenna
element 1711 and has two closed ends:a first end 1730 near

the left side of the antenna rectangle, and a second end 1731.
Asa result, the antenna element 1711 comprises a first arm
1732, a second arm 1733, and a third arm 1734.

From Table 2 it can be seen that the complexity factor F,,
has been augmented to 1.51 in recognition of the improve-
mentin the multiple frequency band and/or multiple radiation
mode behavior of the structure shown in FIG. 17D. The

convoluted shape of slot 1704 contributes also to an increase
of complexity factor F,,, reaching the value of 1.48.

After step 3, the antenna contour correspondsto point 1804
on the (F,,, F;5) plane ofFIG. 18. It can be noticed that while
F,, is already above the minimum value of 1.50, F;, has not
reached the minimum valueof 1.56 yet.

In order to increase the value of F,, (step 4), three small
slots 1705, 1706, 1707, are created in the structure of the
antenna system, in particular in the antenna element 1711 (see
FIG. 17E). Slots 1706 and 1707 are connected to slot 1702,
introduced in the structure to separate the larger antenna
element 1711 from the 15 smaller antenna element 1712. The

slots 1705, 1706, 1707 are effective in providing a more
windingpath for the electrical currents flowing on the arms of
antenna element 1711, hence increasing the degree of minia-
turization of the resulting antenna system.

At this stage the antenna contour features complexity fac-
tors F,,=1.55 and F;,=1.57 and mapsinto point 1805 on the
(F,,, F32) plane of FIG. 18, clearly within the target region
1800.
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However, the design in FIG. 17E is to be modified for
mechanicalreasons(step 5). A portionin the lowerleft corner
of antenna element 1711 is to be removed (creating the open-
ing 1708) in order for the antenna system to fit in its housing
in the body of the MFVVD.Moreoverin order to accommo-
date a connector and a microphone module, portion 1740 on
the right side of the antenna element 1712 needs to be short-
ened and then bent 90 degrees downwards(i.e. towards the
ground plane layer 1220) forming a capacitive load. Such a
modification results in opening 1709.

Unfortunately, the changes introduced in step 5 lead to an
antenna system whose antenna contour is no longer within the
target region ofthe (F,,, F3,) plane 1800: F,, has dropped to
1.47 (1.e., below 1.50) and F,. to 1.52 (i.e., below 1.56), which
correspondsto point 1806.

The detuning of the antenna system in its upper frequency
band due mostly to the reduction in size of antenna element
1712 can be readily corrected by creating a slot 1760 in said
antenna element 1712 (step 6), to increase the electrical
length of said antenna element. With this modification, the
antenna contour of FIG. 17G hasfully restored the value of
F,, to 1.55, and partially that of F,, (point 1807 in FIG.18).

A final fine-tuning ofthe structure ofthe antenna system is
performedat step 7 (FIG. 17H) aimedatrestoring the level of
F,, to be within the target region 1800, in which small inden-
tations 1770, 1771, 1772, 1773, 1774 are created in the prox-
imity of the feeding points 1722, 1724 and grounding points
1721, 1723 of the antenna system. The final design of the
antenna system has a structure whose antenna contour fea-
tures F,,=1.55 and F,,=1.58 (represented as point 1808 in
FIG.18), well within the target region ofthe (F,,, F;,) plane
1800.

Thetypical performanceofthe antenna system ofFIG. 12a
(or FIG. 174)is presented in FIG. 19.

Referring specifically to FIG. 19A, there is shown the
VSWRofthe antenna system referred to an impedance of 50
Ohmsasa function of the frequency. Solid curve 1901 rep-
resents the VSWRofantenna element 1711 (i.e., the antenna
element coupled to the RF transceiver that operates the GSM
communication standard), while dashed curve 1902 repre-
sents the VSWRof antenna element 1712 (i.e., the antenna
element coupled to the RF transceiver that operates the
UMTS communication standard). The shaded regions 1903
and 1904 correspond to the mask of maximum VSWR
allowed constructed from the functional specifications pro-
vided in Table 1. As it can be observed in FIG. 19A,the
VSWRcurves 1901, 1902 are below the mask 1903, 1904 for
all frequencies within the frequency bandsofoperation of the
antenna system.

FIG. 19B showsthe efficiency of the antenna system as a
function of the frequency. Curve 1951 represents the effi-
ciency of antenna element 1711 in the 900 MHz band ofthe
GSM standard; curve 1952 represents the efficiency of
antenna element 1711 in the 1800 MHz and 1900 MHz bands

of the GSM standard; and curve 1953 represents the effi-
ciency of antenna, element 1712 in the frequency bandofthe
UMTSstandard. The dashed regions 1954 and 1955 corre-
spond to the mask of minimum efficiency required con-
structed from the functional specifications provided in Table
1. As it can be observed in FIG. 196, the efficiency curves
1951, 1952, 1953 are above the mask 1954, 1955 for all
frequencies within the frequency bands of operation of the
antenna system.

FIGS. 20A-20F illustrate cross-sectional views of exem-

plary MFWDscomprising three bodies in whichat least one
body is rotated with respect to another body around two
parallel axes.

20

25

30

35

40

45

50

55

60

65

40

FIGS. 20A-B illustrate a MFWD 2000 comprising a first
body 2001, a second body 2002, andathird body 2003.A first
connecting means 2004, such as, for example, a hinge, con-
nectsthe first body 2001 to the third body 2003 and provides
rotation of the first body 2001 arounda first axis. A second
connecting means 2005 connects the second body 2002 to the
third body 2003 and provides rotation of the second body
2002 around a second axis. The first and second axes of

rotation are parallel to each other and each of the axes is
perpendicular to the cross-sectional plane ofthe figure.In this
particular example, the third body 2003 is substantially
smallerin size than the first and second bodies 2001, 2002 of
the MFWD 2000.

FIG.20Aillustrates the three bodies 2001, 2002, 2003 of
the MFWD 2000 in a closed (or folded) state. The dashed
lines indicate the position occupied bythe centers of thefirst
body 2001 andthat ofthe second body 2002 whenthey are in
the closed state.

FIG. 20B illustrates the MFWD 2000 in a partially
extendedstate. Thefirst body 2001 and the second body 2002
are displaced with respect to a position they occupy in the
closed state. The possible directions of rotation of thefirst
body 2001 and the second body 2002 are indicated by thearrows.

FIGS.20C-20Dillustrate a MFWD 2030 comprising a first
body 2031, a second body 2032, and a third body 2033. The
MFWD 2030 further comprises a first connecting means
2034 connecting the first body 2031 to the third body 2033
and providesrotationofthe first body 2031 aroundafirst axis.
The MFWD 2030 further comprises a second connecting
means 2035 connecting the second body 2032 to the third
body 2033 and provides rotation of the second body 2032
around a second axis. As shown in FIGS. 20A-20B,the first
and secondaxesofrotation are parallel to each other.

In this particular example, the third body 2033 is substan-
tially larger than the first and second bodies 2031, 2032 ofthe
MFWD 2030, allowing the first body 2031 and the second
body 2032 to be folded on top of the third body 2033 (and
more generally on a sameside ofthe third body 2033) when
the MFWD2030is in its closed state, as illustrated in FIG.
20C. In somecases, thefirst body 2031 and the second body
2032 will be substantially equal in size, while in othercases,
the first body 2031 and the second body 2032 will have
substantially different dimensions.

FIG. 20D illustrates the MFWF 2030 in a partially
extendedstate. In the partially extended state, the first body
2031is rotated aroundthefirst rotation axis provided by the
first connecting means 2034, while the second body 2032 is
rotated around the secondrotation axis provided by the sec-
ond connecting means 2035.

A third example ofa MFWDis presented in FIG. 20E-F, in
which the MFWD 2060 comprisesa first body 2061, a second
body 2062, anda third body 2063. Accordingto this example,
the first, second, and third bodies 2061, 2062, 2063 can be
selectively folded and unfolded by meansofafirst connecting
means 2064 and a second connecting means 2065.

FIG. 20E illustrates the MFWD 2060 in a closedstate. In

this example, the first body 2061 is located on top ofthe third
body 2063 while the second body 2062 is located below the
third body 2063 (and more generally on an opposite side of
the third body 2063).

The MFWD 2060 can be extended to its maximum size

state by rotatingthefirst body 2061 arounda first rotation axis
providedbythefirst connecting means 2064 androtating the
second body 2062 arounda first rotation axis provided by the
second connecting means 2065. FIG. 20F represents the
MFWD2060 in a partially extended state. The directions of
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rotation of the first body 2061 and the second body 2062 are
indicated by meansof the arrows shownin FIG.20F.

Ascan be seen from the various examples and explanations
above the use of the complexity factor F,, and F;, in accor-
dance with the principles of the present invention are very
useful in the design of MFWD devices and, in particular,
multiband antennas for such devices. The choice of certain

complexity factor ranges to optimize both the miniaturization
of the antenna as well as the multiband and RF performance
characteristics, all in accordance with the principles of the
invention, should be clear to one of ordinary skill in the art
from the above explanations.

The previous Detailed Description is of embodiment(s) of
the invention. The scope of the invention should not neces-
sarily be limited by this Description. The scopeofthe inven-
tion is instead defined by the following claimsand the equiva-
lents thereof.

Whatis claimedis:

1. A handheld multifunction wireless device havingat least
one of multimedia functionality and smartphone functional-
ity, the handheld multifunction wireless device comprising:

a touch screen;

a geolocalization system; and

an antenna system comprising a ground plane layer and
three antenna elements within the handheld multifunc-

tion wireless device, the handheld multifunction wire-
less device being configured to transmit and receive
signals from at least four frequency bands,each ofthe at
least four frequency bands being used byat least one
communication standard, the antenna system compris-
ing:

a first antenna element having a conductive plate con-
figured to simultaneously support radiation modes for
at least first, second and third of the at least four
frequency bands; and

a second antenna element configured to receive signals
from a 4G communication standard, wherein a perim-
eter of the second antenna elementdefines an antenna

contour having a level of complexity defined by com-
plexity factor F,, having a value ofat least 1.20 and
complexity factor F,., having a value less than 1.75.

2. The handheld multifunction wireless device of claim 1,
whereinthefirst frequency band is contained within 810-960
MHz frequency range, the second frequency band is con-
tained within 1710-1990 MHzfrequencyrange, and thethird
frequency band is contained within 1900-2170 MHz fre-
quency range.

3. The handheld multifunction wireless device of claim 1,
whereinthe first antenna element is proximateto a short side
ofa groundplane rectangle defined by the groundplanelayer,
and the second antenna elementis proximateto a short side of
the groundplanerectangle.

4. The handheld multifunction wireless device of claim 1,
whereinthe first antenna element is proximateto a short side
ofa groundplane rectangle defined by the groundplanelayer,
and the second antenna elementis proximate to a long side of
the groundplanerectangle.

5. The handheld multifunction wireless device of claim 1,
wherein the third antenna elementis configured to operate in
a fifth frequency band within 2400-2480 MHz frequency
range.
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6. A handheld multifunction wireless device having at least
one of multimedia functionality and smartphone functional-
ity, the handheld multifunction wireless device comprising:

a touch screen;
a microprocessor and an operating system adapted to per-

mit running of word-processing, spreadsheet, and slide
software applications;

an image recording system comprising an at least two-
Megapixel image sensor;

an antenna system within the handheld multifunction wire-
less device and configured to operate in at least five
frequency bands, the antenna system comprising:
a ground planelayer;
a first antenna element having a conductive plate con-

figured to support first, second, and third radiation
modesrespectively providing first, second, and third
paths for current respectively associated withfirst,
second, and third frequencies bands, thefirst, the sec-
ond, and the third radiation modesoverlapping at least
partially with each other, the first frequency band
being contained within a first frequency region of an
electromagnetic spectrum, the second and the third
frequency bands being contained within a secondfre-
quencyregion ofthe electromagnetic spectrum thatis
higher in frequency than the first frequency region;
and

a second antenna element configured to operate in at
least one frequency band, the at least one frequency
band being used by a 4 G communication standard,
wherein:

a perimeter of the first antenna element defines a first
antenna contour having a level ofcomplexity defined by
first complexity factor F,, having a value ofat least 1.20
and first complexity factor F,, having a value less than
1.75; and

a perimeter ofthe second antenna elementdefines a second
antenna contour having a level ofcomplexity defined by
second complexity factor F,, having a value ofat least
1.20 and second complexity factor F,, having a value
less than 1.75.

7. The handheld multifunction wireless device of claim 6,
wherein the first antenna element is configured to transmit
and receive signals from a 4 G communication standard.

8. The handheld multifunction wireless device of claim 6,
wherein the first antenna contour comprisesatleast thirty-five
segments.

9. The handheld multifunction wireless device according
to claim 8, wherein the second antenna contour comprises at
least twenty segments.

10. The handheld multifunction wireless device according
to claim 6, wherein the first antenna contour comprises at
least two disjointed subsets of segments, each of the at least
two subsets of segments comprising at least ten segments.

11. The handheld multifunction wireless device according
to claim 6, wherein the handheld multifunction wireless
device comprises a third antenna configured to operate in a
frequency band within 2400-2480 MHz frequency range.

12. A handheld multifunction wireless device having at
least one of multimedia functionality and smartphone func-
tionality, the handheld multifunction wireless device com-
prising:

a touch screen;
a processing module;
a memory module;
a communication module;
a power management module;
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an antenna system within the handheld multifunction wire-
less device and comprising:
a ground planelayer;
a first antenna element configured to simultaneously

support radiation modesforfirst, second, and third
frequency bands, thefirst frequency band being con-
tained within a first frequency region of an electro-
magnetic spectrum, the second frequency band being
contained within a second frequency region of the
electromagnetic spectrum that is higher in frequency
than the first frequency region, the third frequency
bandofoperation being used by a 4 G communication
standard, wherein a perimeterofthe first antenna ele-
ment defines a first antenna contour comprising at
least thirty-five segments, the first antenna element
defining an antenna box, an orthogonalprojection of
the antenna box along a normalto a face with a largest
area ofthe antenna box defining an antennarectangle,
wherein a length ofthe first antenna contouris greater
than four times a diagonal of the antenna rectangle;
and

a second antenna element configured to operate in at
least one frequency band used by a 4 G communica-
tion standard, wherein a perimeter of the second
antenna element defines a second antenna contour

comprising at least twenty segments.
13. The handheld multifunction wireless device according

to claim 12, wherein the communication module is config-
ured to simultaneously transmit signals from a CDMA com-
munication standard, a WiFi communication standard, and a
4 G communication standard.

14. The handheld multifunction wireless device according
to claim 12, wherein each ofthe first frequency band and the
second frequency bandis used by at least one communication
standard selected from: GSM, UMTS, CDMA, and
W-CDMA.

15. The handheld multifunction wireless device according
to claim 12, wherein the groundplane layer defines a ground
planerectangle,the projection ofthe antenna rectangle on the
ground plane rectangle partially overlapping the ground
planerectangle.

16. A handheld multifunction wireless device having at
least one of multimedia functionality and smartphone func-
tionality, the handheld multifunction wireless device com-
prising:
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a touch screen;
a microprocessor;
at least one memory module; and
a communication module configured to operate in a first

frequency band used by at least one communication
standard and contained withina first frequency region of
an electromagnetic spectrum, in a second frequency
bandused by at least one communication standard and
contained within a second frequency region ofthe elec-
tromagnetic spectrum that is higher in frequency than
the first frequency region, and inathird frequency band
used by a 4 G communication standard;

the communication module comprising an antenna system
within the handheld multifunction wireless device hav-

ing at least a first and a second antenna elements and a
groundplanelayer, the first antenna element being con-
figured to transmit and receive signals from a 4 G com-
munication standard, and the second antenna element
being configured to receive signals from a 4 G commu-
nication standard, wherein:

the ground plane layer defines a ground plane rectangle;
the first antenna elementis proximatetoafirst short side of

the groundplanerectangle;
the second antenna element is proximate to a second short

side of the ground plane rectangle; and
a perimeter of the second antenna element defines an

antenna contour having a level ofcomplexity defined by
complexity factor F,, having a value ofat least 1.20 and
complexity factor F,, having a valueless than 1.75.

17. The handheld multifunction wireless device according
to claim 16, wherein an antenna box is defined by thefirst
antenna element, an antenna rectangle is defined by an
orthogonal projection of the antenna box along a normalto a
face with a largest area of the antenna box, and wherein a
longerside of said antenna rectangle is substantially parallel
to thefirst short side of the groundplanerectangle.

18. The handheld multifunction wireless device according
to claim 16, whereinthefirst frequency region is delimited by
810-960 MHz frequency range, and the second frequency
region is delimited by 1710-1990 MHz frequency range.

19. The handheld multifunction wireless device according
to claim 16, wherein the complexity factor F,, has a value less
than 1.45.

20. The handheld multifunction wireless device according
to claim 16, wherein the handheld multifunction wireless
device is configured to use the first antenna element and the
second antenna elementas a diversity system.

* * * * *
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