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(57) Abstract: Electronic devices may be
provided that contain wireless communica-
tions circuitry. The wireless communica-
tions circuitry may include radio-frequency
transceiver circuitry coupled to an ad-
justable antenna. The adjustable antenna
may contain conductive antenna structure
such as conductive electronic device hous-
ing structures. Electrical components such
as switches and resonant circuits may be
used in configuring the antenna to operate
in two or more different antenna modes at
different respective communications bands.
Control circuitry may be used in controlling
the switches. The antenna may be con-
figured to operate as an inverted-F antenna
in one mode of operation and a slot antenna
in a second mode of operation.
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Dynamically Adjustable Antenna
Supporting Multiple Antenna Modes

This application claims priority to United
States patent application No. 13/118,276, filed on May 27,
2011, which is hereby incorporated by reference herein in

its entirety.

Background

This relates generally to electronic devices,
and, more particularly, to wireless communications
circuitry and antennas for electronic devices.

Electronic devices such as portable computers
and cellular telephones are often provided with wireless
communications capabilities. For example, electronic
devices may use long-range wireless communications
circuitry such as cellular telephone circuitry and WiMax
(IEEE 802.16) circuitry. Electronic devices may also use
short-range wireless communications circuitry such as WiFi®
(IEEE 802.11) circuitry and Bluetooth® circuitry.

It can be challenging to implement antenna
structures in wireless electronic devices. For example,
portable electronic devices are often limited in size,
which may restrict the amount of space available for
implementing antenna structures. Some portable electronic

devices contain conductive structures such as conductive
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housing structures, display structures, and printed
circuit boards. There is often a desire to provide
antennas that cover a variety of communications bands, but
this can be difficult in environments where space is
limited and in which antenna structures are located in the
vicinity of conductive structures.

It would therefore be desirable to be able to
provide improved antenna structures for wireless

electronic devices.

summary

Electronic devices may be provided that contain
wireless communications circuitry. The wireless
communications circuitry may include radio-frequency
transceiver circuitry coupled to an adjustable antenna.
The radio-frequency transceiver circuitry may be used in
transmitting and receiving radio-fregquency signals through
the adjustable antenna.

A control circuit in the electronic device may
be used to make dynamic adjustments to the antenna to
support operation in different antenna modes. For
example, the control circuit may be used to selectively
open and close switches in the antenna to tune the antenna
as a function of which communications band is being used
by the radio-frequency transceiver circuitry. If desired,
antenna tuning arrangements may be implemented using
passive circuits. For example, an adjustable antenna may
include passive circuits such as resonant circuits that
change impedance at different operating frequencies and
thereby reconfigure the antenna to support different
antenna modes at different operating frequencies.

The adjustable antenna may contain conductive
antenna structures such as conductive electronic device

housing structures. The conductive antenna structures may
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include a peripheral conductive housing member, internal
housing structures, conductive portions of electrical
components such as connectors, displays, speakers,
microphones, parts of printed circuit boards, or other
conductive structures. Electrical components such as
switches and resonant circuits may be used in configuring
the conductive structures of the adjustable antenna so
that they operate as different types of antennas in
different antenna modes.

Further features of the invention, its nature
and various advantages will be more apparent from the
accompanying drawings and the following detailed

description of the preferred embodiments.

Brief Description of the Drawings

FIG. 1 is a perspective view of an illustrative
electronic device with wireless communications circuitry
having adjustable antenna structures in accordance with an
embodiment of the present invention.

FIG. 2 is a schematic diagram of a system that
includes an electronic device of the type that may be
provided with adjustable antenna structures in accordance
with an embodiment of the present invention.

FIG. 3 is a circuit diagram of storage and
processing circuitry in an electronic device that is
coupled to an adjustable antenna in accordance with an
embodiment of the present invention.

FIG. 4 is a perspective view of an interior
portion of an electronic device showing how an electrical
component such as a resonant circuit or a switch may be
used to bridge a dielectric-filled gap in a peripheral
conductive housing member so as to interconnect conductive
antenna structures in accordance with an embodiment of the

present invention.
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FIG. 5 is a diagram of an illustrative switch of
the type that may be opened and closed by control
circuitry to adjust an adjustable antenna so that the
antenna operates in different antenna modes in different
respective wireless communications bands in accordance
with an embodiment of the present invention.

FIG. 6 is a circuit diagram of an illustrative
resonant circuit of the type that may exhibit different
impedances at different operating fregquencies when used in
an adjustable antenna so that the so that the antenna
operates in different antenna modes in different
respective wireless communications bands in accordance
with an embodiment of the present invention.

FIG. 7 is a graph showing how the impedance of a
resonant circuit of the type shown in FIG. 6 may vary as a
function of frequency so that the circuit exhibits
different impedances at different operating fregquencies
when used in an adjustable antenna in accordance with an
embodiment of the present invention.

FIG. 8 is a diagram of an illustrative inverted-
F antenna of the type that may be used in forming part of
an adjustable antenna in accordance with an embodiment of
the present invention.

FIG. 9 is a diagram of another illustrative
inverted-F antenna of the type that may be used in forming
part of an adjustable antenna in accordance with an
embodiment of the present invention.

FIG. 10 is a diagram of an illustrative slot
antenna of the type that may be used in forming part of an
adjustable antenna in accordance with an embodiment of the
present invention.

FIG. 11 is a diagram of an illustrative
adjustable antenna having conductive antenna structures

and an electronic component with a frequency-dependent
4
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impedance such as an actively controlled switch or a
passive resonant circuit that allows the adjustable
antenna to operate as an inverted-F antenna at low
frequencies and as a slot antenna at high frequencies in
accordance with an embodiment of the present invention.

FIG. 12 is a graph showing how an adjustable
antenna of the type shown in FIG. 11 may be configured to
operate in a first communications band centered at a first
(lower) frequency and may be configured to operate in a
second communications band centered at a second (higher)
operating frequency.

FIG. 13 is a top view of an illustrative
electronic device that contains antennas such as an
adjustable antenna having inverted-F and slot antenna
operating modes in accordance with an embodiment of the
present invention.

FIG. 14 is a graph showing illustrative
communications bands that may be covered using an
adjustable antenna of the type shown in FIG. 13 in

accordance with an embodiment of the present invention.

Detailed Description

Electronic devices may be provided with wireless
communications circuitry. The wireless communications
circuitry may include adjustable antenna structures. The
adjustable antenna structures may be used to implement one
or more adjustable antennas. The adjustable antenna
structures may be used in any suitable electronic
equipment. The use of adjustable antennas in electronic
devices such as portable electronic devices is sometimes
described herein as an illustrative example. If desired,
the adjustable antenna structures may be implemented in
other electronic equipment.

The adjustable antenna structures may be
5
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adjusted using actively configured components such as
switches. With this type of arrangement, control
circuitry within the electronic device may issue control
signals depending on which mode of operation is desired.
If, for example, a baseband processor, microprocessor, oOr
other control circuitry within the electronic device
desires to place the device into a mode in which wireless
signals can be handled in a first frequency range, the
control circuitry may issue control commands that place
one or more switches into a first state. If it is desired
to transmit and receive wireless signals in a second
frequency range, the control circuitry may issue control
commands that place the one or more switches into a second
state. The states of the switches determine which
portions of the conductive antenna structures are
electrically connected to each other, thereby configuring
the conductive antenna structures to operate in different
antenna modes in different fregquency ranges.

If desired, some or all of the antenna structures in
the electronic device can be configured using circuitry
that exhibits a fregquency-dependent impedance. The
frequency-dependent-impedance circuitry, which is
sometimes referred to as resonant circuitry or filter
circuitry, may be coupled between one or more conductive
structures that form the antenna structures. When
operating at some frequencies, a resonant circuit may
exhibit a relatively low impedance and may couple certain
antenna structures together. When operating at other
frequencies, the resonant circuit may exhibit a relatively
high impedance and may electrically isolate those antenna
structures. The frequencies of operation at which the
resonant circuits exhibit high and low impedances can be
configured to allow the adjustable antenna to operate in

different antenna modes in different desired
6
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communications bands.

Combinations of these arrangements may also be
used. For example, antenna structures may be formed that
include actively adjusted switches and passively adjusted
resonant circuits. At different operating frequencies,
the resonant circuits will exhibit different impedances,
thereby selectively connecting and disconnecting
conductive antenna structures. At the same time, control
circuitry may be used to generate control signals for
switches that selectively connect and disconnect
conductive antenna structures from each other. The
antenna structures in device 10 may therefore be adjusted
to cover a desired set of frequency bands using passive
antenna adjustments (e.g., frequency-dependent adjustments
to an antenna by virtue of inclusion of frequency-
dependent-impedance circuitry among conductive antenna
structures) and/or by using active adjustments to
switching circuitry that is coupled between conductive
antenna structures.

An illustrative electronic device of the type
that may be provided with an antenna that is formed from
conductive antenna structures that are coupled together
using resonant circuits and/or actively controlled
switching circuitry is shown in FIG. 1. Electronic device
10 may be a portable electronic device or other suitable
electronic device. For example, electronic device 10 may
be a laptop computer, a tablet computer, a somewhat
smaller device such as a wrist-watch device, pendant
device, headphone device, earpiece device, or other
wearable or miniature device, a cellular telephone, a
media player, larger devices such as desktop computers,
computers integrated into computer monitors, or other
electronic devices.

Device 10 may include a housing such as housing
7
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12. Housing 12, which may sometimes be referred to as a
case, may be formed of plastic, glass, ceramics, fiber
composites, metal (e.g., stainless steel, aluminum, etc.),
other suitable materials, or a combination of these
materials. In some situations, parts of housing 12 may be
formed from dielectric or other low-conductivity material.
In other situations, housing 12 or at least some of the
structures that make up housing 12 may be formed from
metal elements.

Device 10 may, if desired, have a display such
as display 14. Display 14 may, for example, be a touch
screen that incorporates capacitive touch electrodes or
that incorporates a touch sensor formed using other types
of touch sensor technology (e.g., acoustic touch sensor
technology, light-based touch sensor technology, pressure-
sensor-based touch sensor technology, resistive touch
sensor technology, etc.). Display 14 may include image
pixels formed from light-emitting diodes (LEDs), organic
LEDs (OLEDs), plasma cells, electronic ink elements,
liquid crystal display (LCD) components, or other suitable
image pixel structures. A cover layer such as a layer of
cover glass may cover the surface of display 14. Portions
of display 14 such as peripheral regions 20I may be
inactive and may be devoid of image pixel structures.
Portions of display 14 such as rectangular central portion
20A (bounded by dashed line 20) may correspond to the
active part of display 14. 1In active display region 204,
an array of image pixels may be used to display images for
a user.

The cover glass layer that covers display 14 may
have openings such as a circular opening for button 16 and
a speaker port opening such as speaker port opening 18
(e.g., for an ear speaker for a user). Device 10 may also
have other openings (e.g., openings in display 14 and/or

8
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housing 12 for accommodating volume buttons, ringer
buttons, sleep buttons, and other buttons, openings for an
audio jack, data port connectors, removable media slots,
etc.).

Housing 12 may include a peripheral conductive
member such as peripheral conductive housing member 17.
Peripheral conductive member 17 may be a bezel that runs
around the upper edge of housing 12 around some or all of
the periphery of display 14 or may have other shapes. For
example, some or all of conductive member 17 may form
sidewalls for device 10. The sidewalls may have vertical
surfaces that are perpendicular to the surface of display
14 or may have curved or straight surfaces that are
oriented at non-perpendicular angles with respect to the
planar surface of display 14. With one suitable
arrangement, which is sometimes described herein as an
example, peripheral conductive member 17 may be formed
from a metal band-shaped member that surrounds
substantially all of the periphery of rectangular display
14. Peripheral conductive housing member 17 and other
conductive structures in device 10 may be formed from
conductive materials such as metal. For example,
conductive peripheral housing member 17 may be formed from
a metal such as aluminum or stainless steel (as examples).

As shown in FIG. 1, peripheral conductive member
17 may, if desired, contain one or more dielectric-filled
gaps 19 (e.g., one or more gaps such as gaps 19-1, 19-2,
19-3, and 19-4). Gaps 19 may be filled with dielectrics
such as air, plastic, ceramic, glass, or other dielectric
materials. In configurations in which one or more gaps 19
are present within peripheral conductive member 17,
peripheral conductive member 17 may be divided into
respective segments. For example, peripheral conductive

member 17 may be divided into a first segment that extends
9
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between gaps 19-1 and 19-2, a second segment that extends
between gaps 19-2 and 19-3, a third segment that extends
between gaps 19-3 and 19-4, and a fourth segment that
extends between gaps 19-4 and 19-1. 1In configurations
with additional dielectric-filled gaps, peripheral
conductive member 17 may be divided into additional
conductive segments. In configurations with fewer gaps
19, peripheral conductive member 17 may be divided into
fewer segments (e.g., three or fewer segments, two or
fewer segments, or a single segment divided by a single
gap). If desired, cosmetic gaps (i.e., structures that
contain some dielectric along the surface portions of
member 17 but that do not extend completely through member
17 and therefore that do not electrically isolate
respective portions of member 17) may be included in
peripheral conductive member 17 (e.g., in one or more of
the locations shown by gaps 19 of FIG. 2.).

Conductive antenna structures in device 10
(i.e., the conductive structures that are sometimes
referred to as forming an antenna or antennas in device
10) may be formed from conductive portions of housing 12
such as one or more portions of peripheral conductive
member 17, from one or more internal conductive housing
structures such as internal conductive frame members
and/or conductive planar structures such as patterned
conductive sheet metal structures and associated
conductive components (sometimes referred to as forming a
midplate member or midplate structures), from conductive
traces such as metal traces on rigid printed circuit
boards, from conductive traces such as metal traces on
flexible printed circuit boards (i.e., “flex circuits”
formed from patterned metal traces on flexible sheets of
polymer such as polyimide sheets), from conductive traces

on plastic carriers (e.g., metal traces on molded plastic
10
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carriers), from wires, from patterned metal foil, from
conductive structures on other substrates, from other
patterned metal members, from conductive portions of
electrical components (e.g., switches, display components,
connector components, microphones, speakers, cameras,
radio-frequency shielding cans, integrated circuits, or
other electrical components), from other suitable
conductive structures, or from combinations of one or more
such conductive structures. In some illustrative
arrangements for device 10, which are sometimes described
herein as an example, at least some of the conductive
structures that form the antenna structures include
conductive housing structures such as portions of
conductive peripheral housing member 17 and some of the
conductive structures that form the antenna structures
include ground plane structures such as a conductive
housing midplate member, printed circuit board ground
structures, and other conductive structures (e.qg.,
conductive portions of electronic components such as
connectors, microphones, speakers, displays, cameras,
etc.).

Antennas may be located along the edges of
device 10, on the rear or front of device 10, as extending
elements or attachable structures, or elsewhere in device
10. With one suitable arrangement, which is sometimes
described herein as an example, device 10 may be provided
with one or more antennas at lower end 24 of housing 12
and one or more antennas at upper end 22 of housing 12.
Locating antennas at opposing ends of device 10 (i.e., at
the narrower end regions of display 14 and device 10 when
device 10 has an elongated rectangular shape of the type
shown in FIG. 1) may allow these antennas to be formed at
an appropriate distance from ground structures that are

associated with the conductive portions of display 14
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(e.g., the pixel array and driver circuits in active
region 20A of display 14).

If desired, a first cellular telephone antenna
(first cellular telephone antenna structures) may be
located in region 24 and a second cellular telephone
antenna (second cellular telephone antenna structures) may
be located in region 22. Antenna structures for handling
satellite navigation signals such as Global Positioning
System signals or wireless local area network signals such
as IEEE 802.11 (WiFi®) signals or Bluetooth® signals may
also be provided in regions 22 and/or 24 (either as
separate additional antennas or as parts of the first and
second cellular telephone antennas). Antenna structures
may also be provided in regions 22 and/or 24 to handle
WiMax (IEEE 802.16) signals.

In regions 22 and 24, openings may be formed
between conductive housing structures and printed circuit
boards and other conductive electrical components that
make up device 10. These openings may be filled with air,
plastic, or other dielectrics. Conductive housing
structures and other conductive structures may serve as a
ground plane for the antennas in device 10. The openings
in regions 22 and 24 may serve as slots in open or closed
slot antennas, may serve as a central dielectric region
that is surrounded by a conductive path of materials in a
loop antenna, may serve as a space that separates an
antenna resonating element such as a strip antenna
resonating element or an inverted-F antenna resonating
element such as an inverted-F antenna resonating element
formed from part of conductive peripheral housing member
17 from the ground plane, may serve two or more of these
functions (e.g., in antenna structures that are configured
to operate in different configurations at different

frequencies), or may otherwise serve as part of antenna
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structures formed in regions 22 and 24.

Antennas may be formed in regions 22 and 24 that
are identical (i.e., antennas may be formed in regions 22
and 24 that each cover the same set of cellular telephone
bands or other communications bands of interest). Due to
layout constraints or other design constraints, it may not
be desirable to use identical antennas. Rather, it may be
desirable to implement the antennas in regions 22 and 24
using different designs. For example, the antennas in
regions 22 and 24 may be implemented using different
antennas types, may be implemented using designs that
exhibit different gaing, may be implemented so that one
end of device 10 houses a fixed antenna while the opposing
end of device 10 houses an adjustable antenna, and/or may
be implemented using designs that cover different
frequency ranges.

Device 10 may use any suitable number of
antennas. For example, device 10 may have one antenna,
two or more antennas, three or more antennas, four or more
antennas, or five or more antennas. Device 10 may, for
example, include at least a first antenna such as a
cellular telephone antenna in region 22 and a second
antenna such as a cellular telephone antenna in region 24.
Additional antennas (e.g., local area network antennas, a
satellite navigation antenna, etc.) may be formed in
region 22 and/or region 24 or other suitable portions of
device 10.

A schematic diagram of a system in which
electronic device 10 may operate is shown in FIG. 2. As
shown in FIG. 2, system 11 may include wireless network
egquipment such as base station 21. Base stations such as
base station 21 may be associated with a cellular
telephone network or other wireless networking equipment.

Device 10 may communicate with base station 21 over
13
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wireless link 23 (e.g., a cellular telephone link or other
wireless communications link).

Device 10 may include control circuitry such as
storage and processing circuitry 28. Storage and
processing circuitry 28 may include storage such as hard
disk drive storage, nonvolatile memory (e.g., flash memory
or other electrically-programmable-read-only memory
configured to form a solid state drive), volatile memory
(e.g., static or dynamic random-access-memory), etc.
Processing circuitry in storage and processing circuitry
28 and other control circuits such as control circuits in
wireless communications circuitry 34 may be used to
control the operation of device 10. This processing
circuitry may be based on one or more microprocessors,
microcontrollers, digital signal processors, baseband
processors, power management units, audio codec chips,
application specific integrated circuits, etc.

Storage and processing circuitry 28 may be used
to run software on device 10, such as internet browsing
applications, voice-over-internet-protocol (VoIP)
telephone call applications, email applications, media
playback applications, operating system functions, etc.
To support interactions with external equipment such as
base station 21, storage and processing circuitry 28 may
be used in implementing communications protocols.
Communications protocols that may be implemented using
storage and processing circuitry 28 include internet
protocols, wireless local area network protocols (e.g.,
IEEE 802.11 protocols -- sometimes referred to as WiFi®),
protocols for other short-range wireless communications
links such as the Bluetooth® protocol, IEEE 802.16 (WiMax)
protocols, cellular telephone protocols such as the Long
Term Evolution (LTE) protocol, Global System for Mobile

Communications (GSM) protocol, Code Division Multiple
14
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Access (CDMA) protocol, and Universal Mobile
Telecommunications System (UMTS) protocol, etc.

Circuitry 28 may be configured to implement
control algorithms for device 10. The control algorithms
may be used to control radio-frequency switching
circuitry, transceiver circuitry, and other device
resources. The control algorithms may also be used to
activate and deactivate transmitters and receivers, to
tune transmitters and receivers to desired frequencies, to
compare measured device operating parameters to
predetermined criteria, to adjust switching circuitry in
antenna structures, etc.

In some scenarios, circuitry 28 may be used in
gathering sensor signals and signals that reflect the
quality of received signals (e.g., received pilot signals,
received paging signals, received voice call traffic,
received control channel signals, received data traffic,
etc.). Examples of signal gquality measurements that may
be made in device 10 include bit error rate measurements,
signal-to-noise ratio measurements, measurements on the
amount of power associated with incoming wireless signals,
channel quality measurements based on received signal
strength indicator (RSSI) information (RSSI measurements),
channel quality measurements based on received signal code
power (RSCP) information (RSCP measurements), reference
symbol received power (RSRP measurements), channel quality
measurements based on signal-to-interference ratio (SINR)
and signal-to-noise ratio (SNR) information (SINR and SNR
measurements), channel quality measurements based on
signal quality data such as Ec/lo or Ec/No data (Ec/lo and
Ec/No measurements), etc. This information and other data
may be used in controlling how the wireless circuitry of
device 10 is configured and may be used in otherwise

controlling and configuring device 10. For example,
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signal quality information, information received from base
station 21, and other information may be used in
determining which communications bands are to be used in
handling wireless signals for device 10. As device 10
communicates at different frequencies, the antenna
structures in device 10 may be used to cover appropriate
communications bands. For example, the resonant circuits
in the antenna structures may exhibit different impedances
at different frequencies so that the configuration of the
antenna structures in device 10 changes as a function of
frequency and/or the control circuitry in device 10 may
generate control signals to adjust one or more switches
and thereby dynamically configure the antenna structures
to cover desired communications bands.

Input-output circuitry 30 may be used to allow
data to be supplied to device 10 and to allow data to be
provided from device 10 to external devices. Input-output
circuitry 30 may include input-output devices 32. Input-
output devices 32 may include touch screens, buttons,
joysticks, click wheels, scrolling wheels, touch pads, key
pads, keyboards, microphones, speakers, tone generators,
vibrators, cameras, sensors, light-emitting diodes and
other status indicators, data ports, etc. A user can
control the operation of device 10 by supplying commands
through input-output devices 32 and may receive status
information and other output from device 10 using the
output resources of input-output devices 32.

Wireless communications circuitry 34 may include
radio-frequency (RF) transceiver circuitry formed from one
or more integrated circuits, power amplifier circuitry,
low-noise input amplifiers, passive RF components, one or
more antennas, and other circuitry for handling RF
wireless signals.

Wireless communications circuitry 34 may include

16
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satellite navigation system receiver circuitry such as
Global Positioning System (GPS) receiver circuitry 35
(e.g., for receiving satellite navigation system signals
at 1575 MHz). Transceiver circuitry 36 may handle 2.4 GHz
and 5 GHz bands for WiFi® (IEEE 802.11) communications and
may handle the 2.4 GHz Bluetooth® communications band.
Circuitry 34 may use cellular telephone transceiver
circuitry 38 for handling wireless communications in
cellular telephone bands such as bands at 700 MHz, 850
MHz, 900 MHz, 1800 MHz, 1900 MHz, 2100 MHz, 2300 MHz, and
other cellular telephone bands of interest. Wireless
communications circuitry 34 can include circuitry for
other short-range and long-range wireless links if desired
(e.g., WiMax circuitry, etc.). Wireless communications
circuitry 34 may, for example, include, wireless circuitry
for receiving radio and television signals, paging
signals, etc. In WiFi® and Bluetooth® links and other
short-range wireless links, wireless signals are typically
used to convey data over tens or hundreds of feet. 1In
cellular telephone links and other long-range links,
wireless signals are typically used to convey data over
thousands of feet or miles.

Wireless communications circuitry 34 may include
antennas 40. Antennas 40 may be coupled to transceiver
circuitry such as receiver 35, transceiver 36, and
transceiver 38 using transmission lines 37. Transmission
lines 37 may include coaxial cables, microstrip
transmission lines, stripline transmission lines, and/or
other transmission line structures. Matching circuits may
be interposed within the transmission lines (e.g., to
match transmission line impedance to transceiver circuitry
impedance and/or antenna impedance). Antennas 40 may be
formed using any suitable types of antenna. For example,

antennas 40 may include antennas with resonating elements
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that are formed from loop antenna structures, patch
antenna structures, inverted-F antenna structures, closed
and open slot antenna structures, planar inverted-F
antenna structures, helical antenna structures, strip
antennas, monopoles, dipoles, hybrids of these designs,
etc. Different types of antennas may be used for
different bands and combinations of bands. For example,
one type of antenna may be used in forming a local
wireless link antenna (e.g., for handling WiFi® traffic or
other wireless local area network traffic) and antennas of
one or more other types may be used in forming a remote
wireless link antenna (e.g., for handling cellular network
traffic such as voice calls and data sessions). As
described in connection with FIG. 1, there may be one
cellular telephone antenna in region 24 of device 10 and
another cellular telephone antenna in region 22 of device
10. These antennas may be fixed or may be adjustable
(e.g., using resonant circuits that change impedance as a
function of frequency and/or using one or more switches
that can be opened and closed to adjust antenna
performance) .

As shown in FIG. 3, antenna structures 40 (e.g.,
a cellular telephone antenna or other suitable antenna
structures in region 22 and/or region 24) may include one
or more electrical components 42. Electrical components
42 may be passive circuits that change their impedance at
high and low frequencies such as resonant circuits and/or
dynamically adjustable components (switches). Components
42 may be coupled between respective portions of
conductive antenna structures 48 using paths such as paths
46. Antenna structures 48 may include patterned traces of
metal on substrates such as plastic carriers, flexible
printed circuit substrates, rigid printed circuit

substrates, patterned metal foil, conductive device
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structures such as conductive housing structures (e.g.,
all or part of conductive peripheral housing member 17 of
FIG. 1), wires, transmission line structures, or other
conductive structures.

Control signals may optionally be provided to
components 42 from control circuitry such as storage and
processing circuitry 28 using paths 44. Paths 44 and 46
may be formed from patterned traces on substrates such as
plastic carriers, flexible printed circuit substrates,
rigid printed circuit substrates, patterned metal foil,
conductive device structures such as conductive housing
structures (e.g., all or part of conductive peripheral
housing member 17 of FIG. 1), wires, transmission line
structures, or other conductive structures. Paths 44 and
46 and/or components 42 may sometimes be referred to as
antenna structures and may be used with antenna structures
48 to form antenna structures 40. Antenna structures 40
(sometimes referred to as antenna 40 or adjustable antenna
40) may be coupled to a radio-frequency transceiver
circuit in wireless circuitry 34 using transmission line
37. Transmission line 37 may be formed from transmission
line structures such as coaxial cables, microstrip
transmission linesg, stripline transmission lines, or other
suitable transmission line. If desired, filters,
impedance matching circuitry, switches, and other
circuitry may be interposed in the path between the radio-
frequency transceiver and antenna 40. There may be one or
more antennas such as antenna 40 in device 10. For
example, there may be a first antenna such as antenna 40
of FIG. 3 in region 22 of housing 12 and a second antenna
such as antenna 40 of FIG. 3 or a fixed antenna in region
24 of housing (as an example).

One or more electrical components such as

components 42 may be used in configuring antenna
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structures 40 to cover operating frequencies of interest.
Components 42 may be implemented using passive circuits
(i.e., resonant circuits) and/or switches. When
implemented using switches, control circuitry in device 10
such as storage and processing circuitry 28 (e.g., a
baseband processor or other processor) may be used in
issuing control commands for the switches on paths 44.

The control circuitry may, for example, issue a first set
of one or more control signals to open and/or close one or
more switches 42 for a first mode of operation, may issue
a second set of one or more control signals to open and/or
close one or more switches 42 for a second mode of
operation, and may issue additional sets of control
signals to place switches 42 in desired states for
supporting optional additional mode of operation. When
configured for the first mode of operation, antenna
structures 40 may cover a first set of frequencies (e.g.,
a first set of cellular telephone communications bands or
other desired frequency range(s)). When configured for
the second mode of operation, antenna structures 40 may
cover a second set of frequencies. Additional sets of
operating freguencies (i.e., one or more communications
bands) may be covered by configuring switches 42 for its
optional additional modes of operation.

When implementing components 42 using passive
circuitry (i.e., resonant circuits that do not include
switches), components 42 may reconfigure antenna
structures 40 by virtue of their frequency-dependent
impedance. Combinations of components 42 based on
switches and based on passive (non-switching) circuits may
be provided to configure antenna 40 across frequencies if
desired. Because antenna 40 can change its configuration
during operation, a potentially wider range of operating

frequencies can be covered than would be possible using a
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fixed (non-switching and frequency-independent) antenna
arrangement. This may allow antenna 40 to be implemented
in a relatively compact region of device 10 and may allow
antenna 40 to be implemented in the vicinity of conductive
device structures (e.g., adjacent to peripheral conductive
housing member 17, ground plane structures in device 10,
or other conductive structures). Antenna 40 may also be
formed using portions of member 17 or other conductive
device structures (e.g., ground plane structures,
electrical components, etc.).

FIG. 4 is a perspective view of a portion of the
interior of an illustrative device such as device 10 of
FIG. 1. As shown in FIG. 4, peripheral conductive housing
member 17 may be separated from ground structures G by
dielectric-filled region 78. Region 78 may include air,
plastic, glass, ceramic, or other dielectric. Although
the outline of region 78 is shown as being formed from the
inner shape of member 17 and the opposing edge of ground
plane G in the example of FIG. 4, any suitable conductive
structures may be used in defining the shape of region 78.
For example, conductive structures such parts of
electrical components that are connected to member 17
and/or ground plane G and/or that are mounted in the
device housing adjacent to member 17 and/or ground plane G
may effectively change the size and shape of the
conductive material that surrounds region 78 and may
therefore serve to define the inner perimeter of region
78.

The conductive structures of ground plane G may
be formed from sheet metal structures (e.g., a single-part
of multi-part planar midplate member with optional stamped
features that is welded between left and right portions of
member 17), from printed circuit board traces, from

housing frame members, from conductive display structures,
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from conductive structures associated with peripheral
conductive housing member 17 such as portion 17G, from
conductive materials in electronic components that are
coupled to ground plane G, or other conductive structures.

Dielectric gaps between respective conductive
antenna structures such as gap 19-1 in conductive member
17 of FIG. 4 may be filled with plastic or other
dielectric materials. Component 42 may be coupled between
respective portions of member 17 (or other conductive
antenna structures) to bridge gap 19-1 using paths 46.
Component 42 may be coupled within the structures of
antenna 40 using paths 46 that include welds, springs,
screws, solder, conductive lines, or other suitable
attachment structures. Path 44 may be used to apply
control signals to component 42 (e.g., when component 42
is implemented using a switch). If desired, path 44 may
be omitted (e.g., when component 42 is implemented using a
resonant circuit).

Dielectric-filled region (antenna opening) 78
may be filled with plastic (e.g., plastic that is insert
molded over patterned sheet metal structures in ground
plane G), air, glass, ceramic, or other dielectric
materials. There may be one or more components such as
component 42 of FIG. 4 in antenna 40 (see, e.g., FIG. 3).

A circuit diagram of an illustrative switch-
based configuration for component 42 is shown in FIG. 5.
As shown in FIG. 5, component (switch) 42 may be
responsive to control signals supplied on control input
44, Switch 42 may be implemented as two-terminal or
three-terminal devices such as diode-based switches,
transistor switches, microelectromechanical systems (MEMs)
switches, etc. In a two-terminal arrangement, control
path 44 may be omitted. In a three-terminal

configuration, path 44 may be used to supply signals such
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as digital (high/low) control signals to switch 42.

Switch 42 of FIG. 5 may be placed in an open configuration
in which terminals 50 and 52 are isolated from one another
or a closed position in which terminals 50 and 52 are
electrically connected to one another (i.e., a position in
which terminals 50 and 52 are shorted together).

As shown in FIG. 6, component 42 may be
implemented using a resonant circuit. The resonant
circuit may include electrical components such as
resistors, inductors, and capacitors. In the illustrative
arrangement of FIG. 6, component 42 has parallel-connected
components such as inductor 54 and capacitor 56. This is
merely illustrative. Resonant circuits for forming
components 42 may be formed using one or more series-
connected resistors, capacitors, and/or inductors, one or
more parallel-connected resistors, capacitors, or
inductors, or any other suitable network of electrical
components that exhibit impedance values that vary as a
function of frequency. The components of resonant circuit
42 may, as an example, be selected so that resonant
circuit 42 exhibits an impedance in one operating band
(e.g., a low-frequency communications band) that is at
least ten times its impedance in another operating band
(e.g., a high-frequency communications band).

A graph in which the impedance 72 for a resonant
circuit such as resonant circuit 42 of FIG. 6 has been
plotted as a function of operating frequency f is shown in
FIG. 7. As shown by line 58 of FIG. 7, the impedance of
the resonant circuit may be relatively low at higher
frequencies such as frequency fb and may be relatively
high at lower frequencies such as frequency fa that are at
or near the resonance frequency for the circuit (in this
example). Due to the frequency-dependent behavior of the

impedance Z of the resonant circuit, resonant-circuit-
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based components such as component 42 of FIG. 6 may be
used to form short circuits (or nearly short circuits) at
some fregquencies of antenna operation (e.g., one oOr more
bands of frequencies in the vicinity of frequency fb) and
may be used to form open circuits (or nearly open
circuits) at other frequencies of antenna operation (e.g.,
one or more bands of frequencies in the vicinity of
frequency fa). The open/closed behavior of resonant-
circuit-based components such as component 42 may be used
in implementing frequency-dependent antenna configuration
changes in antenna 40 instead of or in addition to using
the open/close behavior of switched based components such
as component 42 of FIG. 5 in antenna 40.

Antenna 40 may be based on antenna structures of
any suitable type such as structures for implementing a
patch antenna, an inverted-F antenna, a planar inverted-F
antenna, an open or closed slot antenna, a monopole
antenna, a dipole antennas, a coil antenna, an L-shaped
antenna, or other suitable antenna.

An illustrative inverted-F antenna is shown in
FIG. 8. As shown in FIG. 8, inverted-F antenna 60 may
include an antenna resonating element such as antenna
resonating element RE. Antenna resonating element RE may
have a main conductive branch such as branch 66 that is
separated from a ground plane element such as ground plane
G by dielectric-filled opening 78. The conductive segment
that forms branch 66 may be electrically coupled to ground
62 using short circuit branch 64 of resonating element RE.
Antenna 60 may be fed using an antenna feed in antenna
feed branch 68. The antenna feed may include antenna feed
terminals such as positive antenna feed terminal 70 and
ground antenna feed terminal 72.

Another illustrative configuration that may be

used for inverted-F antenna 60 is shown in FIG. 9. In the
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configuration of FIG. 9, the positions of short circuit
branch 64 and feed branch 68 have been reversed relative
to those of the inverted-F antenna configuration shown in
FIG. 8.

Antenna structures that form one or more
inverted-F antenna arrangements such as the antenna
structures of FIGS. 8 and 9 may be used in forming antenna
40.

If desired, antenna 40 may be formed using a
design that incorporates antenna structures associated
with multiple antennas. Antenna 40 may, for example, be
formed from a first antenna of a first design and a second
antenna of a second design that are coupled together using
one or more components 42 (e.g., one or more switches
and/or resonant circuits). The first and second antenna
designs may be selected from antenna designs such as patch
antenna designs, monopole designs, dipole designs,
inverted-F antenna designs, planar inverted-F antenna
designs, open slot designs, closed slot antenna designs,
loop antenna designs, or other suitable antenna designs.

As an illustrative example, antenna 40 may be
formed from at least a first antenna such as an inverted-F
antenna and at least a second antenna such as a slot
antenna.

An illustrative slot antenna is shown in FIG.
10. As shown in FIG. 10, slot antenna 74 may include a
conductive structure such as structure 76 that has been
provided with a dielectric opening such as dielectric
opening 78. Openings such as opening 78 of FIG. 10 are
sometimes referred to as slots. In the configuration of
FIG. 10, opening 78 is a closed slot, because portions of
conductor 76 completely surround and enclose opening 78.
Open slot antennas may also be formed in conductive

materials such as conductor 76 (e.g., by forming an
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opening in the right-hand or left-hand end of conductor 76
so that opening 78 protrudes through conductor 76).

An antenna feed for slot antenna 74 may be
formed using positive antenna feed terminal 70 and ground
antenna feed terminal 72.

The frequency response of an antenna is related
to the size and shapes of the conductive structures in the
antenna. Inverted-F antennas of the type shown in FIGS. 8
and 9 tend to exhibit frequency peaks (peak responses)
when length L of main resonating element branch 66 of
antenna resonating element RE is equal to a quarter of a
wavelength. Slot antennas of the type shown in FIG. 10
tend to exhibit response peaks when slot perimeter P is
equal to a wavelength.

As a result of this type of behavior, slot
antennas tend to be more compact than inverted-F antennas
for a given operating frequency. For a typical slot where
slot length SL >> slot width SW, the length of a slot
antenna will tend to be about half of the length of an
inverted-F antenna that is configured to handle signals at
the same frequency. When the size of inverted-F antenna
length L and slot length SL are equal, the slot antenna
will therefore be able to handle signals at approximately
twice the frequency of the inverted-F antenna.

These attributes of inverted-F and slot antennas
can be exploited to form a multi-band antenna such as an
antenna having both inverted-F and slot antenna portions
in which the inverted-F antenna portion of the antenna is
used in transmitting and receiving low-band signals at a
given frequency and in which the slot antenna portion of
the antenna is used in transmitting and receiving high-
band signals at approximately twice the given frequency
(or other appropriate higher frequency). Components 42

such as switches and/or resonant circuilts can be used to
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couple the conductive antenna structures that form the
inverted-F and slot antenna portions of the multi-band
antenna. The number of components 42 that are included in
the antenna may be selected to ensure that the antenna can
be operated in all desired frequency bands. If, for
example, the antenna is to be operated in a single low
band and a single high band, a single component 42 may
suffice to allow the antenna to transition between a low
band (inverted-F) operating regime and a high band (slot)
operating regime. More components 42 may be used in
scenarios in which the antenna is used to cover additional
communications bands of interest (e.g., multiple inverted-
F modes and/or multiple slot antenna modes).

An illustrative configuration for antenna 40
that includes inverted-F (e.g., planar inverted-F or non-
planar inverted-F) and slot antenna portions is shown in
FIG. 11. Antenna 40 may include a conductive structures
such as structure 84 (e.g., ground plane structures) and a
main branch such as branch 86. Branch 86 may run parallel
to conductive structure 84 for at least some of its length
and may be separated from conductive structure 84 by
dielectric-filled region 78. Short circuit branch
(segment) 64 of antenna 40 may be electrically connected
between branch (segment) 86 and structure (segment) 84.
Feed branch (segment) 68 may span opening 78. Antenna
segment 82 may be formed at the opposing end of opening 78
from short circuit path 64. Component 42 may be
implemented using a resonant circuit that exhibits low
impedance at high frequencies and high impedance at low
frequencies or using a switch such as a switch that
receives control signals from device control circuitry via
path 44.

The conductive structures (paths) in antenna 40

such as segments 64, 68, 86, 84, and 82 may be used in
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forming both inverted-F and slot antennas. The inverted-F
characteristic of antenna 40 can be exploited at low-band
operating fregquencies (i.e., frequencies where the length
of segment 86 is about a quarter of a wavelength). 1In
this operating frequency range, the control circuitry of
device 10 may actively open switch 42 to form an open
circuit at the right-hand end of opening 78 (placing
antenna 40 of FIG. 11 in an inverted-F operating mode) or
the high-impedance characteristics of a resonant-circuit
component 42 may form the open circuit. The slot antenna
characteristic can be exploited at high-band operating
frequencies (i.e., frequencies where the periphery of
opening (slot) 78 is about equal to a wavelength. In this
operating frequency range, the control circuitry of device
10 may be actively closed, so that paths 46 and component
42 convert segment 82 into a short circuit that
electrically connects path 86 and path 84 or a resonant-
circuit version of component 42 may form a low-impedance
(short circuit) element that couples paths 46 and causes
segment 82 to electrically connect path 86 to path 84.

FIG. 12 is a graph in which antenna performance
(standing wave ratio SWR) for an antenna such as antenna
40 of FIG. 11 has been plotted as a function of operating
frequency f. As shown in FIG. 12, antenna 40 may exhibit
a low-band frequency response in a communications band
that is centered at frequency fa and may exhibit a high-
frequency frequency response in a communications band that
is centered at frequency fb. The coverage provided at
frequency fa may arise due to the inverted-F antenna
characteristic of antenna 40, whereas the coverage
provided at frequency fb may be supported using the slot
antenna characteristic of antenna 40. When component 42
of FIG. 11 is implemented using a switch, the control

circuitry of device 10 may close the switch whenever using
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device 10 to handle wireless signals in the fb
communications band and may open the switch whenever using
device 10 to handle wireless signals in the fa
communications band. When component 42 of FIG. 11 is
implemented using a resonant circuit, the values of the
circuit components in the resonant circuit may be selected
to ensure that the resonant circuit exhibits a high
impedance at frequencies in the band at frequency fa and a
low frequency in the frequencies associated with the
communications band centered at frequency fb.

As shown in FIG. 13, device 10 may have multiple
antennas including a first antenna such as a lower antenna
in region 24 and an upper antenna in region 22 (as an
example). The antenna in region 24 may be a loop antenna
that is formed from portions of ground plane G and
peripheral conductive housing member 17 such as the lower
portions of housing member segment 17-2. The antenna in
region 24 may be fed using transmission line 37-2.

Antenna 40 in region 22 may include conductive structures
such as portions of peripheral conductive housing member
segment 17-1, conductive path 68, conductive path 64, and
optional conductive path 92. Conductive path 68 may form
an antenna feed branch for antenna 40. Transmission line
37-1 may have a positive conductor coupled to positive
antenna feed terminal 70 and a ground conductor coupled to
antenna ground terminal 72.

Antenna 40 may include conductive structures
that serve as one or more inverted-F antennas. For
example, portion LBl of peripheral conductive member 17-1
may serve as the main antenna resonating element branch of
a first inverted-F antenna, feed path 68 may serve as the
feed branch of the first inverted-F antenna, and path 64
may serve as a short circuit branch for the first

inverted-F antenna. Portion LB2 of peripheral conductive
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member 17-1 may serve as the main antenna resonating
element branch of a second inverted-F antenna, feed path
68 may serve as the feed branch of the second inverted-F
antenna, and path 64 may serve as a short circuit branch
for the second inverted-F antenna. In configurations in
which branch LBl is longer than branch LB2, the first
inverted-F antenna may resonate in a first communications
band (e.g. a first low band) and the second inverted-F
antenna may resonating in a second communications band
(e.g., a second low band). The second communications band
may cover frequencies that are higher than the first
communications band.

The structures of antenna 40 may include
components 42 such as resonant circuits that exhibit a
frequency-dependent impedance and/or components 42 such as
switches that are controlled by application of control
signals from the control circuitry within device 10. The
states of components 42 may be used in configuring the
structures of antenna 40 to operate as different types of
antennas at different operating modes. For example, in a
first range of frequencies (i.e., a lower frequency
range), one or more of components 42 may form open
circuits (i.e., because the impedance of one or more
resonant-circuit components is high and/or one or more
switch-type components have been placed in an open state).
In a second range of frequencies (i.e., a higher frequency
range), one or more of components 42 may form closed
circuits (i.e., because the impedance of one or more
resonant-circuit components is low and/or because one or
more switch-type components have been placed in a closed
state).

Antennas such as antenna 40 of FIG. 13 may have
one, two, three, four, or more than four components 42 and

may exhibit the characteristics of one or more inverted-F
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antennas and one or more slot antennas.

Consider, as an example, a configuration for
antenna 40 in which components 42-1, 42-2, and 42-4 are
open and component 42-3 is closed (or antenna 40 is using
an arrangement in which short circuit path 64 is devoid of
interposed components 42). In this configuration, gaps
19-1 and 19-2 in peripheral conductive housing member form
open circuits in peripheral conductive housing member 17
and electrically isolate peripheral conductive housing
member segment 17-1 from segments 17-2 and 17-3. The
upper portions of ground plane structures G are separated
from member 17-1 by dielectric-filled opening 78. Arm LBl
therefore forms the main branch of a first inverted-F
antenna and arm LB2 forms the main branch of a second
inverted-F antenna in antenna 40. The first and second
inverted-F portions of antenna 40 may each contribute to
antenna coverage in a different communications band.

Antenna 40 may operate in slot antenna modes of
operation at different operating freguencies. Consider,
as an example, a scenario in which component 42-1 is
closed (exhibits a low impedance) and bridges gap 19-1,
component 42-4 is closed (exhibits a low impedance) and
bridges gap 19-2, and component 42-3 is open (exhibits a
high impedance). Optional path 92 may, if desired, be
omitted or component 42-2 can be placed in an open state
(or operated at a frequency at which component 42-2
exhibits a high impedance). In this mode of operation, a
slot antenna with an inner periphery HB1 may be formed.

In a second slot antenna mode of operation,
components 42-1 and 42-3 may be closed (low impedance
state). Component 42-2 may be open or operating in a
high-impedance state due to the operating frequency of the
antenna. (Path 92 may also be omitted from antenna 40, if

desired.) 1In this second slot mode of operation, antenna
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40 functions as a slot antenna with inner perimeter HB2.
The size of perimeter HB2 is smaller than the size of
perimeter HB1l, so antenna 40 will resonate in a higher
frequency band in the second slot mode of operation than
in the first slot mode of operation.

If it is desired to operate antenna 40 in yet a
higher frequency band, switch 42-2 may be closed (actively
or passively by virtue of operating antenna 40 at a higher
frequency), thereby forming a third slot having inner
perimeter HB3. The size of inner perimeter HB3 is smaller
than that of perimeter HB2, causing the third slot to
resonate at a higher frequency band than the second slot.

If desired, an antenna of the type shown in FIG.
13 may exhibit more modes of operation (e.g., by adding
additional conductive paths with interposed components 42
that overlap opening 78 or by otherwise connecting
conductive structures in antenna 40 together using one or
more additional components 42). An antenna of the general
type shown in FIG. 13 may also be simplified by removing
one or more of its conductive paths. For example,
conductive path 92 may be omitted. Optional component 42-
3 in path 64 may be omitted, etc. The number of bands of
coverage and the number of components 42 that are used in
device 10 can be selected to cover desired communications
bands of interest while ensuring that the design of device
10 does not become overly costly or complex.

FIG. 14 is a graph in which antenna performance
(standing wave ratio or SWR) has been plotted as a
function of operating frequency f (curve 90). 1In the
example of FIG. 14, an antenna such as antenna 40 of FIG.
13 is exhibiting resonant peaks in five frequency bands
(i.e., communications bands centered at f1, f2, £3, f4,
and f5). The communications band at frequency fl may, for

example, be a first low band and may correspond to
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operation of antenna 40 in a mode in which a first
inverted-F antenna formed by main antenna branch LBl is
active. The communications band at frequency f2 may, for
example, be a second low band and may correspond to
operation of antenna 40 in a mode in which a second
inverted-F antenna formed by main antenna branch LB2 is
active. 1In covering the communications band centered on
frequency f£3, antenna 40 may be operating in a mode in
which a first slot antenna associated with slot perimeter
HB1 is active. 1In covering the communications band
centered on frequency f2, antenna 40 may be operating in a
mode in which a second slot antenna associated with slot
perimeter HB2 is active. The communications band
associated with fregquency f3 may be covered when antenna
40 operates in a mode in which a third slot antenna
associated with slot perimeter HB3 is active.

This example, in which two inverted-F antenna
operating modes and three slot antenna modes are supported
by the conductive structures and components 42 of antenna
40 is merely illustrative. Fewer antenna modes or more
antenna modes may be supported in antenna 40 if desired.
Moreover, the frequencies of coverage may be adjusted by
selecting appropriate lengths for the perimeter and main
branches of the antenna slots and antenna resonating
elements of antenna 40. Passive components such as
resonating element components may be used in forming low-
impedance and high-impedance paths at differing operating
frequencies and/or switch-based components may be actively
open and closed as appropriate by control circuitry in
device 10 (i.e., to actively place antenna 40 in desired
antenna modes depending on which frequency ranges are to
be covered during operation of device).

In accordance with an embodiment, antenna

structures are provided that include: conductive antenna
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structures; and at least one electrical component with a
frequency dependent impedance that is coupled between
portions of the conductive antenna structures, where the
conductive antenna structures and the at least one
electrical component are configured so that the at least
one electrical component exhibits a first impedance in a
first communications band so that the antenna structures
are operable in a first antenna mode covering the first
communications band and so that the at least one
electrical component exhibits a second impedance that is
higher than the first impedance in a second communications
band so that the antenna structures are operable in a
second antenna mode covering the second communications
band and where the second antenna mode is different than
the first antenna mode.

In accordance with another embodiment, where the
second antenna mode includes an inverted-F antenna mode
and where the conductive antenna structures and the at
least one electrical component are configured to form an
inverted-F antenna when the at least one electrical
component exhibits the second impedance.

In accordance with another embodiment, where the
first antenna mode includes a slot antenna mode and where
the conductive antenna structures and the at least one
electrical component are configured to form a slot antenna
when the at least one electrical component exhibits the
first impedance.

In accordance with another embodiment, where the
first antenna mode includes a slot antenna mode and where
the conductive antenna structures and the at least one
electrical component are configured to form a slot antenna
when the at least one electrical component exhibits the
first impedance.

In accordance with another embodiment, where the

34



10

15

20

25

30

WO 2012/166268 PCT/US2012/035309

at least one electrical component includes a resonant
circuit.

In accordance with another embodiment, where the
conductive antenna structures include a peripheral
conductive electronic device housing structure and where
the electrical component bridges a gap in the peripheral
conductive electronic device housing structure.

In accordance with another embodiment, where the
second antenna mode includes an inverted-F antenna mode,
where the conductive antenna structures and the at least
one electrical component are configured to form an
inverted-F antenna when the at least one electrical
component exhibits the second impedance, where the first
antenna mode comprises a slot antenna mode, where the
conductive antenna structures and the at least one
electrical component are configured to form a slot antenna
when the at least one component exhibits the first
impedance, and where the first impedance is lower than the
second impedance.

In accordance with another embodiment, where the
at least one electrical component includes a switch that
is closed in the first antenna mode and that is open in
the second antenna mode.

In accordance with another embodiment, where the
conductive antenna structures include a peripheral
conductive electronic device housing structure and where
the at least one electrical component bridges a gap in the
peripheral conductive electronic device housing structure.

In accordance with another embodiment, where the
second antenna mode includes an inverted-F antenna mode,
where the conductive antenna structures and the switch are
configured to form an inverted-F antenna when the switch
is open, where the first antenna mode includes a slot

antenna mode, and where the conductive antenna structures
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and the switch are configured to form a slot antenna when
the switch is closed.

In accordance with an embodiment, an electronic
device is provided that includes: radio-frequency
transceiver circuitry that transmits and receives radio-
frequency signals; antenna structures that are coupled to
the radio-frequency transceiver circuitry; and at least
one electrical component coupled to the antenna
structures, where the antenna structures and the at least
one electrical component are configured to operate in a
slot antenna mode at a first frequency of operation at
which the electrical component exhibits a first impedance
and are configured to operate in an inverted-F antenna
mode at a second frequency of operation at which the
electrical component exhibits a second impedance that is
larger than the first impedance.

In accordance with another embodiment, where the
at least one electrical component includes a switch.

In accordance with another embodiment, the
electronic device is also provided with control circuitry,
where the control circuitry is configured to close the
switch while the radio-frequency transceiver circuitry is
operated at the first frequency and is configured to open
the switch while the radio-frequency transceiver circuitry
is operated at the second frequency.

In accordance with another embodiment, where the
first frequency is higher than the second frequency and
where the radio-frequency transceiver includes a cellular
telephone transceiver.

In accordance with another embodiment, the
electronic devices is also provide with a housing in which
the radio-freguency transceiver circuitry is mounted,
where the housing includes at least one peripheral

conductive housing member, and where at least some of the
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antenna structures are formed from at least part of the
peripheral conductive housing member.

In accordance with another embodiment, the
electronic devices is also provide with conductive
internal structures that form at least part of a ground
plane for the inverted-F antenna, where the inverted-F
antenna includes a main antenna resonating element branch
formed at least partly from the peripheral conductive
housing member and where the switch forms an electrical
path between the conductive internal structures and the
main antenna resonating element branch when the switch is
closed.

In accordance with an embodiment, a method for
transmitting and receiving radio-fregquency signals using
radio-frequency transceiver circuitry coupled to an
adjustable antenna in an electronic device, where the
adjustable antenna includes conductive antenna structures
and at least one electrical component, the method
includes: transmitting and receiving radio-frequency
signals in a first communications band with the radio-
frequency transceiver circuitry and the adjustable antenna
while the at least one electrical component exhibits a
first impedance in the first communications band so that
the adjustable antenna operates in a slot antenna mode;
and transmitting and receiving radio-frequency signals in
a second communications band with the radio-frequency
transceiver circuitry and the adjustable antenna while the
at least one electrical component exhibits a second
impedance in the second communications band that is
greater than the first impedance so that the adjustable
antenna operates in an inverted-F antenna mode.

In accordance with another embodiment, where the
electronic device includes control circuitry and where the

at least one electrical component comprises a switch that
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is coupled to the control circuitry, the method also
includes: with the control circuitry, opening the switch
when transmitting and receiving the radio-frequency
signals in the second communications band and closing the
switch when transmitting and receiving the radio-frequency
signals in the first communications band.

In accordance with another embodiment, where the
at least one electrical component includes multiple
switches, the method includes: with the control circuitry,
placing the antenna in at least a first state in which one
of the switches is open and one of the switches is closed;
and with the control circuitry, placing the antenna in at
least a second state when at least two of the switches are
open.

In accordance with another embodiment, where the
at least one electrical component includes multiple
switches, the method includes: with the control circuitry,
controlling the switches to place the antenna in the slot
antenna mode and controlling the switches to place the
antenna in an additional slot antenna mode.

The foregoing is merely illustrative of the
principles of this invention and various modifications can
be made by those skilled in the art without departing from
the scope and spirit of the invention. The foregoing
embodiments may be implemented individually or in any

combination.
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What 1s Claimed is:

1. Antenna structures, comprising:

conductive antenna structures; and

at least one electrical component with a
frequency dependent impedance that is coupled between
portions of the conductive antenna structures, wherein the
conductive antenna structures and the at least one
electrical component are configured so that the at least
one electrical component exhibits a first impedance in a
first communications band so that the antenna structures
are operable in a first antenna mode covering the first
communications band and so that the at least one
electrical component exhibits a second impedance that is
higher than the first impedance in a second communications
band so that the antenna structures are operable in a
second antenna mode covering the second communications
band and wherein the second antenna mode is different than

the first antenna mode.

2. The antenna structures defined in claim 1
wherein the second antenna mode comprises an inverted-F
antenna mode and wherein the conductive antenna structures
and the at least one electrical component are configured
to form an inverted-F antenna when the at least one

electrical component exhibits the second impedance.

3. The antenna structures defined in claim 2
wherein the first antenna mode comprises a slot antenna
mode and wherein the conductive antenna structures and the
at least one electrical component are configured to form a
slot antenna when the at least one electrical component

exhibits the first impedance.

4., The antenna structures defined in claim 1
39



WO 2012/166268 PCT/US2012/035309

wherein the first antenna mode comprises a slot antenna
mode and wherein the conductive antenna structures and the
at least one electrical component are configured to form a
slot antenna when the at least one electrical component

exhibits the first impedance.

5. The antenna structures defined in claim 1
wherein the at least one electrical component comprises a

resonant circuit.

6. The antenna structures defined in claim 5
wherein the conductive antenna structures include a
peripheral conductive electronic device housing structure
and wherein the electrical component bridges a gap in the

peripheral conductive electronic device housing structure.

7. The antenna structures defined in claim 6
wherein the second antenna mode comprises an inverted-F
antenna mode, wherein the conductive antenna structures
and the at least one electrical component are configured
to form an inverted-F antenna when the at least one
electrical component exhibits the second impedance,
wherein the first antenna mode comprises a slot antenna
mode, wherein the conductive antenna structures and the at
least one electrical component are configured to form a
slot antenna when the at least one component exhibits the
first impedance, and wherein the first impedance is lower

than the second impedance.

8. The antenna structures defined in claim 1
wherein the at least one electrical component comprises a
switch that is closed in the first antenna mode and that

is open in the second antenna mode.
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9. The antenna structures defined in claim 8
wherein the conductive antenna structures include a
peripheral conductive electronic device housing structure
and wherein the at least one electrical component bridges
a gap in the peripheral conductive electronic device

housing structure.

10. The antenna structures defined in claim 9
wherein the second antenna mode comprises an inverted-F
antenna mode, wherein the conductive antenna structures
and the switch are configured to form an inverted-F
antenna when the switch is open, wherein the first antenna
mode comprises a slot antenna mode, and wherein the
conductive antenna structures and the switch are
configured to form a slot antenna when the switch is

closed.

11. An electronic device, comprising:

radio-frequency transceiver circuitry that
transmits and receives radio-frequency signals;

antenna structures that are coupled to the
radio-frequency transceiver circuitry; and

at least one electrical component coupled
to the antenna structures, wherein the antenna structures
and the at least one electrical component are configured
to operate in a slot antenna mode at a first frequency of
operation at which the electrical component exhibits a
first impedance and are configured to operate in an
inverted-F antenna mode at a second frequency of operation
at which the electrical component exhibits a second

impedance that is larger than the first impedance.

12. The electronic device defined in claim 11

wherein the at least one electrical component comprises a
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switch.

13. The electronic device defined in claim 11
further comprising control circuitry, wherein the control
circuitry is configured to close the switch while the
radio-frequency transceiver circuitry is operated at the
first frequency and is configured to open the switch while
the radio-frequency transceiver circuitry is operated at

the second frequency.

14. The electronic device defined in claim 13
wherein the first frequency is higher than the second
frequency and wherein the radio-frequency transceiver

comprises a cellular telephone transceiver.

15. The electronic device defined in claim 14
further comprising a housing in which the radio-frequency
transceiver circuitry is mounted, wherein the housing
includes at least one peripheral conductive housing
member, and wherein at least some of the antenna
structures are formed from at least part of the peripheral

conductive housing member.

16. The electronic device defined in claim 15
further comprising conductive internal structures that
form at least part of a ground plane for the inverted-F
antenna, wherein the inverted-F antenna includes a main
antenna resonating element branch formed at least partly
from the peripheral conductive housing member and wherein
the switch forms an electrical path between the conductive
internal structures and the main antenna resonating

element branch when the switch i1s closed.

17. A method for transmitting and receiving
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radio-frequency signals using radio-frequency transceiver
circuitry coupled to an adjustable antenna in an
electronic device, wherein the adjustable antenna includes
conductive antenna structures and at least one electrical
component, the method comprising:

transmitting and receiving radio-frequency
signals in a first communications band with the radio-
frequency transceiver circuitry and the adjustable antenna
while the at least one electrical component exhibits a
first impedance in the first communications band so that
the adjustable antenna operates in a slot antenna mode;
and

transmitting and receiving radio-frequency
signals in a second communications band with the radio-
frequency transceiver circuitry and the adjustable antenna
while the at least one electrical component exhibits a
second impedance in the second communications band that is
greater than the first impedance so that the adjustable

antenna operates in an inverted-F antenna mode.

18. The method defined in claim 17 wherein the
electronic device comprises control circuitry and wherein
the at least one electrical component comprises a switch
that is coupled to the control circuitry, the method
further comprising:

with the control circuitry, opening the
switch when transmitting and receiving the radio-frequency
signals in the second communications band and closing the
switch when transmitting and receiving the radio-frequency

signals in the first communications band.

19. The method defined in claim 17 wherein the
at least one electrical component comprises multiple

switches, the method comprising:
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with the control circuitry, placing the
antenna in at least a first state in which one of the
switches is open and one of the switches is closed; and

with the control circuitry, placing the
antenna in at least a second state when at least two of

the switches are open.

20. The method defined in claim 17 wherein the
at least one electrical component comprises multiple
switches, the method comprising:

with the control circuitry, controlling the
switches to place the antenna in the slot antenna mode and
controlling the switches to place the antenna in an

additional slot antenna mode.

44



WO 2012/166268 PCT/US2012/035309

1/12




WO 2012/166268

PCT/US2012/035309

2/12

A
4 N
r10
STORAGE AND PROCESSING ~J_
CIRCUITRY 28
[ N-30
INPUT-OUTPUT DEVICES N3,
i\
23 WIRELESS COMMUNIGATIONS  [TNJ_,,
BASE 5 CIRCUITRY
STATION
: GPS RECEIVER g
; ~—35
: WIFI AND BLUETOOTH g
; TRANSCEIVER CIRCUITS ~_35
] CELLULAR TELEPHONE g
i | TRANSCEIVER CIRCUITRY ~_38
37— : ANTENNAS g
~—40

FIG. 2



WO 2012/166268 PCT/US2012/035309

3/12

f28

STORAGE AND
PROCESSING
CIRCUITRY

44 44 44

42 42 42

46 46 16| (48

> 40
ANTENNA STRUCTURES,
TRANSMISSION LINE STRUCTURES,
MATCHING CIRCUITS, ETC.

37

FIG. 3



WO 2012/166268 PCT/US2012/035309

4712




WO 2012/166268

PCT/US2012/035309

5/12
46
50 42
44
52
46

FIG. 5



WO 2012/166268 PCT/US2012/035309

6/12

54

46

FIG. 6

Z A

58 58

Y

FIG. 7



00000000000000000000000000000

7712

> \t = I
AL A

FIG. 8

4 A N\ ~
68 L
|_—64 66 >RE
72~ &
!

TN

FIG. 9




00000000000000000000000000000

8/12

/74

o ///////

a4

//////////

FIG. 10




WO 2012/166268 PCT/US2012/035309

9/12
/40
78 86
/
J ! 16— 42
64/ 70 + 68 82
46 44

///////////////

FIG. 11



WO 2012/166268

SWR/

PCT/US2012/035309
10/ 12
‘ 88
Ve / e
fa fb f

FIG. 12



WO 2012/166268 PCT/US2012/035309

11/ 12 /10

> 22

FIG. 13



WO 2012/166268 PCT/US2012/035309

SWR

12/12




INTERNATIONAL SEARCH REPORT

International application No.
PCT/US 12/35309

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - HO1Q 9/00 (2012.01)
USPC - 343/745

According to Intemational Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

USPC - 343/745

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
USPC- 455/130, 296, 73, 550.1, 575.7, 850, 860, 861; 343/700R, 745

PubWEST, Google Scholar
Antenna, radio frequency, RF, multiple, dual band, slot, inverted-F

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 2010/0295737 A1 (Milosavljevic et al.) 25 November 2010 (25.11.2010), whole document 11 and 17

- especially abstract and Para [0026], [0030], [0024], and Fig. 3 B

Y 1-10,12-16,18-20

Y US 2010/0085260 A1 (McKinzie et al.) 08 April 2010 (08.04.2010), whole document especially 1-10
abstract and Para [0002]-[0003] and [0055]

Y US 2008/0238794 A1 (Pan et al.) 02 October 2008 (02.10.2008), whole document especially 8-10, 12-16, and 18-20
abstract and Para [0025]-[0026]

Y US 2010/0253538 A1 (Smith) 07 October 2010 (07.10.2010), whole document especially 6,7,9,10, 15and 16
abstract and Para [0054]

A US 2010/0238079 A1 (Ayatoliahi et al.) 23 September 2010 (23.09.2010), whole document 1-20
US 2005/0007291 A1 (Fabrega-Sanchez et al.) 13 January 2005 (13.01.2005) whole document

A 1-20

D Further documents are listed in the continuation of Box C.

[]

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y™ document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

24 July 2012 (24.07.2012)

Date of mailing of the international search report

30JUL 2012

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.0O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No.

571-273-3201

Authorized officer:
Lee W. Young

PCT Helpdesk: 57 1-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheef) (July 2009)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - claims
	Page 41 - claims
	Page 42 - claims
	Page 43 - claims
	Page 44 - claims
	Page 45 - claims
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - wo-search-report

