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(54) WIRELESS ELECTRONIC DEVICE WITH RADIO-FREQUENCY SENSORS

(57) An electronic device may be provided with wire-
less circuitry. The wireless circuitry may include one or
more antennas. The electronic device may have a hous-
ing in which control circuitry and radio-frequency trans-
ceiver circuitry is mounted. The transceiver circuitry may
be used to transmit and receive radio-frequency signals
using the antennas. The electronic device may have ra-
dio-frequency sensors (146, 146’). The radio-frequency
sensors may include current sensors, voltage sensors,

power sensors, sensors with taps and switching circuitry
that tap signals flowing in a signal path and that may
make measurements such as impedance measure-
ments, and radio-frequency sensors (146, 146’) with sen-
sor antennas (152) and associated sensor circuits (150)
that measure radio-frequency signals received using the
sensor antennas (152). The control circuitry may make
wireless circuit adjustments based on measured ra-
dio-frequency signals.
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Description

[0001] This application claims priority to U.S. patent
application No. 14/980,603, filed on December 28, 2015
which is hereby incorporated by reference herein its en-
tirety.

Background

[0002] This relates generally to electronic devices and,
more particularly, to electronic devices with wireless
communications circuitry.
[0003] Electronic devices often include wireless com-
munications circuitry. For example, cellular telephones,
computers, and other devices often contain antennas
and wireless transceivers for supporting wireless com-
munications.
[0004] It can be challenging to form electronic device
antenna structures with desired attributes. In some wire-
less devices, antennas are bulky. In other devices, an-
tennas are compact, but are sensitive to the position of
the antennas relative to external objects. If care is not
taken, antennas may become detuned, may emit wire-
less signals with a power that is more or less than desired,
or may otherwise not perform as expected.
[0005] It would therefore be desirable to be able to pro-
vide improved wireless circuitry for electronic devices.

Summary

[0006] An electronic device may be provided with wire-
less circuitry. The wireless circuitry may include one or
more antennas and radio-frequency transceiver circuitry.
The electronic device may have a housing in which con-
trol circuitry and the radio-frequency transceiver circuitry
and other wireless circuitry is mounted. The transceiver
circuitry may be used to transmit and receive radio-fre-
quency signals using the antennas.
[0007] The electronic device may have radio-frequen-
cy sensors that measure radio-frequency signals asso-
ciated with the operation of the antennas. The radio-fre-
quency sensors may include current sensors, voltage
sensors, power sensors, sensors with taps and switching
circuitry that tap signals flowing in a signal path in an
antenna or other portion of the wireless circuitry in the
electronic device to make impedance measurements
and other measurements, and may include radio-fre-
quency sensors with sensor antennas and associated
sensor circuits that measure radio-frequency signals re-
ceived using the sensor antennas.
[0008] The antennas may include inverted-F antennas
with resonating element arms, grounds, and feeds and
return paths coupled between the resonating element
arms and grounds. The radio-frequency sensors may
make measurements on signals flowing in the return
paths and other portions of the antennas, may make
measurements of signals flowing in parasitic antenna
resonating elements within antennas, and may make ra-

dio-frequency signal measurements on wirelessly re-
ceived radio-frequency signals produced during antenna
operation.
[0009] The radio-frequency sensors may be located
throughout the electronic device to allow the control cir-
cuitry to accurately assess wireless performance during
antenna operation. The control circuitry may make an-
tenna adjustments, may switch antennas into and out of
use, may adjust a phased antenna array to perform beam
steering operations, may adjust a maximum transmit
power level with which the transceiver circuitry transmits
radio-frequency signals through the antenna, and may
make other adjustments to the wireless circuitry in the
electronic device based on radio-frequency sensor sig-
nals such as signals measured with the radio-frequency
sensors.

Brief Description of the Drawings

[0010]

FIG. 1 is a perspective view of an illustrative elec-
tronic device with wireless communications circuitry
in accordance with an embodiment.

FIG. 2 is a schematic diagram of an illustrative elec-
tronic device with wireless communications circuitry
in accordance with an embodiment.

FIG. 3 is a diagram of illustrative wireless circuitry in
accordance with an embodiment.

FIG. 4 is a diagram of illustrative wireless circuitry in
which switching circuitry is used to switch antennas
into and out of use in accordance with an embodi-
ment.

FIG. 5 is a diagram of illustrative wireless circuitry in
which adjustable circuits are used to adjust the per-
formance of a phased antenna array in accordance
with an embodiment.

FIG. 6 is a diagram of an illustrative current sensor
in accordance with an embodiment.

FIG. 7 is a diagram of an illustrative voltage sensor
based on a directional coupler in accordance with
an embodiment.

FIG. 8 is a diagram of an illustrative power sensor in
accordance with an embodiment.

FIG. 9 is a diagram of an illustrative impedance sen-
sor or other sensor that gathers tapped radio-fre-
quency signals using a tap in a signal path in accord-
ance with an embodiment.

FIG. 10 is a diagram of an illustrative antenna-based
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radio-frequency signal sensor in accordance with an
embodiment.

FIG. 11 is a diagram of an illustrative antenna with
radio-frequency sensor circuitry in accordance with
an embodiment.

FIG. 12 is a perspective view of an illustrative elec-
tronic device with antenna structures and sensors in
accordance with an embodiment.

FIG. 13 is a graph in which total radiated power for
a wireless device has been correlated with sensor
output signals in accordance with an embodiment.

FIG. 14 is a table in which the information associated
with multiple radio-frequency sensors such as a sen-
sor pair output ratio has been associated with differ-
ent wireless operating conditions for an electronic
device in accordance with an embodiment.

FIG. 15 is a flow chart of illustrative steps involved
in operating an electronic device with sensors such
as radio-frequency sensors in accordance with an
embodiment.

Detailed Description

[0011] An electronic device such as electronic device
10 of FIG. 1 may contain wireless circuitry. The wireless
circuitry may include one or more antennas. Sensors may
be incorporated into the electronic device. The sensors
may be radio-frequency signal sensors that measure ra-
dio-frequency antenna signals. Information from the sen-
sors may be correlated with near-field and far-field radi-
ation patterns and wireless power levels and may be used
in monitoring the operating environment of a wireless de-
vice. Information from the sensors may be used in ad-
justing tunable circuits for antennas, may be used in de-
termining which antennas to switch in and out of use,
may be used in performing beam steering operations and
other operations with phased antenna arrays, may be
used in adjusting a maximum transmit power for a wire-
less transmitter, and may otherwise be used in operating
the wireless circuitry of electronic device 10.
[0012] The wireless circuitry of device 10 may include
a Global Position System (GPS) receiver that handles
GPS satellite navigation system signals at 1575 MHz or
a GLONASS receiver that handles GLONASS signals at
1609 MHz. Device 10 may also contain wireless commu-
nications circuitry that operates in communications
bands such as cellular telephone bands and wireless cir-
cuitry that operates in communications bands such as
the 2.4 GHz Bluetooth® band and the 2.4 GHz and 5
GHz WiFi® wireless local area network bands (some-
times referred to as IEEE 802.11 bands or wireless local
area network communications bands). If desired, device
10 may also contain wireless communications circuitry

for implementing near-field communications, light-based
wireless communications, or other wireless communica-
tions (e.g., millimeter wave communications at 60 GHz
or other extremely high frequencies, etc.).
[0013] Electronic device 10 may be a computing device
such as a laptop computer, a computer monitor contain-
ing an embedded computer, a tablet computer, a cellular
telephone, a media player, or other handheld or portable
electronic device, a smaller device such as a wrist-watch
device, a pendant device, a headphone or earpiece de-
vice, a device embedded in eyeglasses or other equip-
ment worn on a user’s head, or other wearable or mini-
ature device, a television, a computer display that does
not contain an embedded computer, a gaming device, a
navigation device, an embedded system such as a sys-
tem in which electronic equipment with a display is
mounted in a kiosk or automobile, equipment that imple-
ments the functionality of two or more of these devices,
or other electronic equipment. In the illustrative configu-
ration of FIG. 1, device 10 is a portable device such as
a cellular telephone, media player, tablet computer, or
other portable computing device. Other configurations
may be used for device 10 if desired. The example of
FIG. 1 is merely illustrative.
[0014] In the example of FIG. 1, device 10 includes a
display such as display 14. Display 14 has been mounted
in a housing such as housing 12. Housing 12, which may
sometimes be referred to as an enclosure or case, may
be formed of plastic, glass, ceramics, fiber composites,
metal (e.g., stainless steel, aluminum, etc.), other suita-
ble materials, or a combination of any two or more of
these materials. Housing 12 may be formed using a un-
ibody configuration in which some or all of housing 12 is
machined or molded as a single structure or may be
formed using multiple structures (e.g., an internal frame
structure, one or more structures that form exterior hous-
ing surfaces, etc.).
[0015] Display 14 may be a touch screen display that
incorporates a layer of conductive capacitive touch sen-
sor electrodes or other touch sensor components (e.g.,
resistive touch sensor components, acoustic touch sen-
sor components, force-based touch sensor components,
light-based touch sensor components, etc.) or may be a
display that is not touch-sensitive. Capacitive touch
screen electrodes may be formed from an array of indium
tin oxide pads or other transparent conductive structures.
[0016] Display 14 may include an array of display pix-
els formed from liquid crystal display (LCD) components,
an array of electrophoretic display pixels, an array of plas-
ma display pixels, an array of organic light-emitting diode
display pixels, an array of electrowetting display pixels,
or display pixels based on other display technologies.
[0017] Display 14 may be protected using a display
cover layer such as a layer of transparent glass or clear
plastic. Openings may be formed in the display cover
layer. For example, an opening may be formed in the
display cover layer to accommodate a button such as
button 16. An opening may also be formed in the display
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cover layer to accommodate ports such as a speaker
port. Openings may be formed in housing 12 to form com-
munications ports (e.g., an audio jack port, a digital data
port, etc.). Openings in housing 12 may also be formed
for audio components such as a speaker and/or a micro-
phone.
[0018] Antennas may be mounted in housing 12. For
example, housing 12 may have four peripheral edges as
shown in FIG. 1 and one or more antennas may be lo-
cated along one or more of these edges. As shown in
the illustrative configuration of FIG. 1, antennas may, if
desired, be mounted in regions 20 along opposing pe-
ripheral edges of housing 12 (as an example). Antennas
may also be mounted in other portions of device 10, if
desired. The configuration of FIG. 1 is merely illustrative.
[0019] A schematic diagram showing illustrative com-
ponents that may be used in device 10 is shown in FIG.
2. As shown in FIG. 2, device 10 may include control
circuitry such as storage and processing circuitry 30.
Storage and processing circuitry 30 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 30 may be used to control the oper-
ation of device 10. This processing circuitry may be based
on one or more microprocessors, microcontrollers, digital
signal processors, baseband processor integrated cir-
cuits, application specific integrated circuits, etc.
[0020] Storage and processing circuitry 30 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 func-
tions, etc. To support interactions with external equip-
ment, storage and processing circuitry 30 may be used
in implementing communications protocols. Communi-
cations protocols that may be implemented using storage
and processing circuitry 30 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, cellular telephone protocols,
MIMO protocols, antenna diversity protocols, satellite
navigation system protocols, etc. Circuitry 30 may control
a phased antenna array formed from multiple antennas
in device 10 (e.g., to implement beam steering functions).
If desired, circuitry 30 may be used in tuning antennas,
adjusting wireless transmit powers for transceivers in de-
vice 10 (e.g., transmit powers may be adjusted up and
down in response to transmit power commands from
wireless base stations while observing an established
overall maximum allowed transmit power), and/or in oth-
erwise controlling the wireless operation of device 10.
[0021] Device 10 may include input-output circuitry 44.
Input-output circuitry 44 may include input-output devic-
es 32. Input-output devices 32 may be used to allow data

to be supplied to device 10 and to allow data to be pro-
vided from device 10 to external devices. Input-output
devices 32 may include user interface devices, data port
devices, and other input-output components. For exam-
ple, input-output devices may include touch screens, dis-
plays without touch sensor capabilities, buttons, joy-
sticks, scrolling wheels, touch pads, key pads, key-
boards, microphones, cameras, speakers, status indica-
tors, light sources, audio jacks and other audio port com-
ponents, digital data port devices, light sensors, accel-
erometers or other components that can detect motion
and device orientation relative to the Earth, capacitance
sensors, proximity sensors (e.g., a capacitive proximity
sensor and/or an infrared proximity sensor), magnetic
sensors, a connector port sensor or other sensor that
determines whether device 10 is mounted in a dock, ra-
dio-frequency sensors, and other sensors and input-out-
put components.
[0022] Input-output circuitry 44 may include wireless
communications circuitry 34 for communicating wireless-
ly with external equipment. Wireless communications cir-
cuitry 34 may include radio-frequency (RF) transceiver
circuitry formed from one or more integrated circuits,
power amplifier circuitry, low-noise input amplifiers, pas-
sive RF components, one or more antennas 40, trans-
mission lines, and other circuitry for handling RF wireless
signals. Wireless signals can also be sent using light
(e.g., using infrared communications).
[0023] Wireless communications circuitry 34 may in-
clude radio-frequency transceiver circuitry 90 for han-
dling various radio-frequency communications bands.
For example, circuitry 90 may include wireless local area
network transceiver circuitry that may handle 2.4 GHz
and 5 GHz bands for WiFi® (IEEE 802.11) communica-
tions and that may handle the 2.4 GHz Bluetooth® com-
munications band, may include cellular telephone trans-
ceiver circuitry for handling wireless communications in
frequency ranges such as a low communications band
from 700 to 960 MHz, a midband from 1710 to 2170 MHz,
and a high band from 2300 to 2700 MHz or other com-
munications bands between 700 MHz and 2700 MHz or
other suitable frequencies (as examples), and may in-
clude circuitry for other short-range and long-range wire-
less links if desired. If desired, wireless transceiver cir-
cuitry 90 may include 60 GHz transceiver circuitry, cir-
cuitry for receiving television and radio signals, paging
system transceivers, near field communications (NFC)
circuitry, etc. Wireless transceiver circuitry 90 may also
include satellite navigation system circuitry such as glo-
bal positioning system (GPS) receiver circuitry for receiv-
ing GPS signals at 1575 MHz or for handling other sat-
ellite positioning data (e.g., GLONASS signals at 1609
MHz). 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. In cellular
telephone links and other long-range links, wireless sig-
nals are typically used to convey data over thousands of
feet or miles.
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[0024] Antennas 40 in wireless communications cir-
cuitry 34 may be formed using any suitable antenna
types. For example, antennas 40 may include antennas
with resonating elements that are formed from loop an-
tenna structures, patch antenna structures, inverted-F
antenna structures, slot antenna structures, planar in-
verted-F antenna structures, helical antenna structures,
hybrids of these designs, etc. If desired, one or more of
antennas 40 may be cavity-backed antennas. 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 and
another type of antenna may be used in forming a remote
wireless link antenna. Dedicated antennas may be used
for transmitting and/or receiving signals in a particular
band or, if desired, antennas 40 can be configured to
receive signals for multiple communications bands.
[0025] Device 10 may contain multiple antennas 40.
The antennas may be used together or one of the anten-
nas may be switched into use while the other antenna(s)
may be switched out of use. If desired, control circuitry
30 may be used to select an optimum antenna to use in
device 10 in real time and/or an optimum setting for tun-
able wireless circuitry associated with one or more of
antennas 40.
[0026] Storage and processing circuitry 30, input-out-
put circuitry 44, and other components of device 10 may
be mounted in device housing 12.
[0027] As shown in FIG. 3, transceiver circuitry 90 in
wireless circuitry 34 may be coupled to antenna struc-
tures 40 using paths such as path 92. Transmission line
paths in device 10 such as transmission line 92 may in-
clude coaxial cable paths, microstrip transmission lines,
stripline transmission lines, edge-coupled microstrip
transmission lines, edge-coupled stripline transmission
lines, transmission lines formed from combinations of
transmission lines of these types, etc. A separate respec-
tive transmission line 92 may be used in routing signals
between each antenna 40 in device 10 and transceiver
circuitry 90 (as an example).
[0028] Filter circuitry, switching circuitry, impedance
matching circuitry, and other circuitry may be interposed
within the transmission lines, if desired (see, e.g., imped-
ance matching and filter circuitry 120).
[0029] Wireless circuitry 34 may be coupled to control
circuitry 30. Control circuitry 30 may be coupled to input-
output devices 32. Input-output devices 32 may supply
output from device 10 and may receive input from sourc-
es that are external to device 10. Control circuitry 30 may
use wireless circuitry 34 to transmit and receive wireless
signals.
[0030] To provide antenna structures 40 with the ability
to cover communications frequencies of interest, anten-
na structures 40 may be provided with circuitry such as
filter circuitry (e.g., one or more passive filters and/or one
or more tunable circuits). If desired, antenna structures
40 may be provided with adjustable circuits such as tun-
able components 102 to tune antennas over communi-

cations bands of interest. Tunable components 102 may
include tunable inductors, tunable capacitors, or other
tunable components. Tunable components such as
these may be based on switches and networks of fixed
components, distributed metal structures that produce
associated distributed capacitances and inductances,
variable solid state devices for producing variable capac-
itance and inductance values, tunable filters, or other
suitable tunable structures. During operation of device
10, control circuitry 30 may issue control signals on one
or more paths such as path 88 that adjust inductance
values, capacitance values, or other parameters associ-
ated with tunable components 102, thereby tuning an-
tenna structures 40 to cover desired communications
bands. Configurations in which antennas 40 are fixed
(not tunable) and configurations in which tunable com-
ponents 102 are incorporated into circuits such as filter
and matching circuits (e.g., circuit 120, which may con-
tain tunable components controlled using signals on path
122), in which tunable components 102 are incorporated
into parasitic antenna elements (e.g., parasitics in struc-
tures 40), and other arrangements in which wireless cir-
cuitry 34 includes adjustable components may also be
used.
[0031] Path 92 may include one or more transmission
lines. As an example, signal path 92 of FIG. 3 may be a
transmission line having a positive signal conductor such
as line 94 and a ground signal conductor such as line 96.
Lines 94 and 96 may form parts of a coaxial cable or a
microstrip transmission line (as examples). An imped-
ance matching network (matching circuit) such as match-
ing circuit 120 that is formed from components such as
inductors, resistors, and capacitors may be used in
matching the impedance of antenna structures 40 to the
impedance of transmission line 92 and may, if desired,
incorporate a band pass filter, band stop filter, high pass
filter, and/or low pass filter. Matching network compo-
nents may be provided as discrete components (e.g.,
surface mount technology components) or may be
formed from housing structures, printed circuit board
structures, traces on plastic supports, etc. Components
such as these may also be used in forming filter circuitry
in antenna structures 40. As shown in FIG. 3, control
circuitry 30 may adjust circuitry such as circuitry 120 (e.g.,
tunable components in circuitry 120) by issuing control
signals on paths such as path 122.
[0032] Transmission line 92 may be coupled to anten-
na feed structures associated with antenna structures
40. As an example, antenna structures 40 may form an
inverted-F antenna, a slot antenna, a hybrid inverted-F
slot antenna or other antenna having an antenna feed
with a positive antenna feed terminal such as terminal
98 and a ground antenna feed terminal such as ground
antenna feed terminal 100. Positive transmission line
conductor 94 may be coupled to positive antenna feed
terminal 98 and ground transmission line conductor 96
may be coupled to ground antenna feed terminal 92. Oth-
er types of antenna feed arrangements may be used if
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desired. The illustrative feeding configuration of FIG. 3
is merely illustrative.
[0033] If desired, wireless circuitry 34 may contain mul-
tiple antennas 40. The antennas may be located at ends
20 of housing 12 in device 10 and/or in other locations
in device 10. As shown in FIG. 4, circuitry such as switch-
ing circuitry 124 may be used to switch desired antennas
among antennas 40 in and out of use. For example,
switching circuitry 124 may couple an antenna 40 that is
operating efficiently into use and may temporarily switch
an inefficient antenna out of use. As the operating envi-
ronment for device 10 changes, the efficiency of the in-
efficient antenna may improve while the efficiency of the
efficient antenna may drop. In this scenario or other sce-
narios in which the desirability of using different antennas
changes, switching circuitry 124 may be used to swap
antenna assignments so that the most efficient antenna
currently available or other desirable antenna is switched
into use. In scenarios in which there are multiple active
antennas, switching circuitry 124 may be used to select
which antennas are active and which antennas are inac-
tive.
[0034] FIG. 5 shows how antennas 40 may form part
of a phased antenna array. Transmission line paths 92
may couple radio-frequency transceiver circuitry 90 to
the antennas of the phased antenna array. Each path 92
may contain adjustable circuitry 126 such as an adjust-
able phase shifter and an adjustable amplifier or other
circuitry to adjust signal amplitude. Using adjustable cir-
cuits 126 to adjust the phase and magnitude of the signals
conveyed on paths 92, antennas 40 may form a phased
antenna array that is used for beam steering, null place-
ment, and other phased antenna array functions.
[0035] The wireless performance of device 10 may be
affected by the operating environment of device 10. For
example, the antennas in device 10 may be affected
when operated adjacent to external objects such as parts
of the body of a user (e.g., the user’s hand, head, etc.),
inanimate objects such as tables and chairs, conductive
structures such as metal structures in furniture or other
structures, dielectric structures, and/or other objects sur-
rounding device 10. The performance of antennas 40
may also be affected by the orientation of device 10 (e.g.,
the orientation of antennas 40 relative to remote wireless
equipment and/or structures in the environment of device
10).
[0036] With one suitable arrangement, control circuitry
30 of device 10 may use information from sensors in de-
vice 10 in controlling the operation of wireless circuitry
34. This information may include information from audio
sensors, accelerometers (which may supply motion data
and/or orientation data), temperature sensors, magnetic
sensors, force sensors, etc. Device 10 may also include
radio-frequency sensors. Radio-frequency sensors in
device 10 may be used to measure radio-frequency sig-
nals associated with the operation of antenna structures
40 in device 10. The radio-frequency sensors may in-
clude sensors that measure signals flowing in antennas

and associated circuits in device 10 (e.g., matching circuit
signals, transmission line signals, etc.) and/or may in-
clude sensors that measure radio-frequency radiation
(e.g., emitted wireless signals from antennas in device
10). Radio-frequency sensors may make radio-frequen-
cy signal measurements during the transmission of radio-
frequency signals with antenna(s) 40 and, if desired, dur-
ing the reception of radio-frequency signals with anten-
na(s) 40.
[0037] Illustrative radio-frequency sensors 146 are
shown in FIGS. 6, 7, 8, 9, and 10. As shown in FIG. 6,
radio-frequency sensor 146 may be formed from a cur-
rent sensing circuit (current sensor 132) that is interposed
within a signal path such as a portion of an antenna,
matching circuit, transmission line, or other conductive
structure in which radio-frequency antenna signals are
present. FIG. 7 shows how sensor 146 may be a radio-
frequency voltage sensor that makes voltage measure-
ments using voltage sensor circuit 132. FIG. 8 shows
how radio-frequency sensor 146 may be a radio-frequen-
cy signal power sensor that makes power measurements
using power measurement circuit 136. Sensor circuits
such as sensors 132, 134, and 136, may be incorporated
into a signal path such as a transmission line, may be
incorporated into a portion of a metal path in an antenna
(e.g., a portion of a feed, a portion of a return path, a
portion of an antenna resonating element arm, a portion
of an antenna ground structure, etc.), may be incorpo-
rated into a matching circuit (e.g., a circuit that incorpo-
rates impedance matching circuitry, tuning circuitry, filter
circuitry, etc.), may be incorporated into a signal path in
a parasitic antenna element in an antenna (as examples),
may be incorporated into a portion of a housing in which
induced radio-frequency signals are present during op-
eration, or any other suitable signal path in device 10.
[0038] If desired, radio-frequency sensors such as il-
lustrative sensor 146 of FIG. 9 may use a signal tap such
a tap 138 to make signal measurements. Tap 138 of FIG.
9 may be used to measure radio-frequency signals flow-
ing in signal path 140 without disrupting the signals flow-
ing in path 140 (i.e., tap 138 may extract a small amount
of the signals in path 140). Sensor circuit 148 may contain
switching circuitry and sensor circuitry to allow signals to
be measured in path 140 flowing in direction 142 and
144. Using this type of arrangement, sensor 146 may be
used to make current measurements, voltage measure-
ments, power measurements, and/or impedance meas-
urements (e.g., measurements of complex impedance
that include both phase and magnitude information, S-
parameter measurements, etc.).
[0039] As shown in FIG. 10, sensor 146 may include
a sensor antenna such as sensor antenna 152 and an
associated radio-frequency sensor circuit (circuit 150) for
measuring wireless signals received via antenna 152
(e.g., currents, voltages, power, complex antenna sig-
nals including phase and magnitude information so that
S-parameter measurements may be made, etc.), etc.
[0040] Sensors such as sensors 146 of FIGS. 6, 7, 8,
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9, and 10 and/or other radio-frequency sensors may be
embedded within device 10 at ends 20 of housing 12 or
elsewhere within device 10. During calibration opera-
tions, the output from sensors 146 may be measured
while the near-field and/or far-field performance of an-
tenna structures 40 are evaluated in various operating
conditions. Following characterizing measurements
such as these, calibration data may be stored in the stor-
age of circuitry 30. During operation, the calibration data
may be used by circuitry 30 to process sensor signals
from sensors 146. The processed sensor signals may
reveal information about the wireless operation of device
10 (e.g., total transmitted powers, near-field and/or far-
field radiation patterns and powers, information on the
current operating environment of device 10, etc.). Device
10 may then take suitable action. For example, transmit
powers can be adjusted (e.g., a maximum allows transmit
power may be reduced if need to ensure that regulatory
limits are satisfied), antennas may be switched into and
out of use, phased antenna array adjustments may be
make, tunable circuitry may be tuned, etc.
[0041] Sensors 146 may be incorporated into any suit-
able structures within device 10. Consider, as an exam-
ple, the illustrative antenna configuration of device 10
that is shown in FIG. 11. As shown in FIG. 11, transceiver
circuitry 90 may be coupled to antenna 40 using trans-
mission line 92. Storage and processing circuitry 30 may
be coupled to transceiver 90 and may transmit and re-
ceive signals using transceiver 90 and antenna struc-
tures such as one or more antennas (e.g., antenna 40 of
FIG. 11). As shown in FIG. 11, transmission line 92 may
have a positive signal path such as path 94 that is coupled
to positive antenna feed terminal 98 and may have a
ground signal path such as path 96 that is coupled to
ground antenna feed terminal 100.
[0042] Antenna 40 may have an antenna resonating
element such as inverted-F antenna resonating element
160 and antenna ground 162 (i.e., antenna 40 may be
an inverted-F antenna). Antenna resonating element 160
may have a main antenna resonating element arm such
as arm 168 and with one or more branches. In the ex-
ample of FIG. 11, arm 168 has a longer branch such as
low band branch LB (e.g., a branch that supports an an-
tenna resonance in a first communications band) and a
shorter branch such as midband branch MB that supports
an antenna resonance in a second communications band
at frequencies greater than those associated with the first
communications band). Antenna 40 of FIG. 11 also has
parasitic antenna resonating element 170 (e.g., a para-
sitic antenna resonating element that supports an anten-
na resonance in a third communications band at frequen-
cies greater than those associated with the first and sec-
ond communications bands).
[0043] Antenna 40 may have a return path such as
return path 166 that is coupled between arm 168 and
ground 162. Antenna feed 164 may include antenna feed
terminals 98 and 100 and may be coupled between arm
168 and ground 162 in parallel with return path 166. Sen-

sors 146 may be located within antenna 40 (e.g., within
portions of arm 168, within return path 166, in parasitic
element 170, etc.) and may, if desired, include antenna-
based sensors such as sensor 146’. Sensor 146’ may
include a sensor antenna such as antenna 152 and sen-
sor circuitry 150 and may be used in receiving wireless
radio-frequency signals that are produced while trans-
ceiver circuitry 90 is using antenna 40 to transmit wireless
signals. If desired, sensor antenna 152 may be used ex-
clusively for making sensor measurements and not for
transmitting wireless communications signals.
[0044] Signals from sensors 146 may be conveyed to
circuitry 30 using paths 180 and may be used to monitor
the operation of wireless circuitry 34 (e.g., antenna(s) 40)
in various operating scenarios. To ensure that emitted
radiation levels for antenna(s) 40 in device 10 are within
regulatory limits, it may be desirable to determine wheth-
er device 10 is adjacent to the body of a user (e.g., wheth-
er device 10 is adjacent to portions of a user’s head,
hand, or other body part). The presence of a user’s body
and other external objects can influence antenna per-
formance (e.g., antennas in device 10 can be blocked
and/or loaded by the presence of external objects in the
vicinity of the antennas). In situations in which an antenna
is being loaded by the presence of an external object, it
may be desirable to retune the antenna to ensure satis-
factory wireless performance. In situations in which an
antenna is being blocked, it may be desirable to switch
an unblocked antenna into use in place of the blocked
antenna and/or to use beam steering operations to max-
imize antenna performance. When device 10 is adjacent
to a user, beam steering of signals being emitted by a
phase antenna array, antenna transmit power limits (for
example, reducing the maximum allowed transmit power
for antenna(s) 40 regardless of requested power
amounts from received wireless transmit power com-
mands from remote base stations), and/or antenna se-
lection operations may be used to ensure that regulatory
limits on emitted radiation in the vicinity of a user are
satisfied. Control circuitry 30 preferably uses signals from
sensors 146 and calibration data that is gathered during
device characterization to determine which actions
should be taken in operating antennas 40 (tuning, beam
steering, antenna selection, maximum transmit power
adjustments, etc.).
[0045] As shown in FIG. 12, device 10 may have a front
such as front 10F on which display 14 is mounted and a
rear such as rear 10R. The front and rear faces of device
10 of FIG. 12 are planar and rectangular, but other
shapes may be used for the surfaces of housing 12 and
device 10 if desired. As the example of FIG. 12 illustrates,
antenna 40 may be located near to one of the faces of
device 10 such as front face 10F and a parasitic element
(e.g., a parasitic element that serves as part of antenna
40 and/or as a reflector) may be located near rear face
10R). If desired, parasitic element 170 may be located
adjacent to front face 10F and antenna resonating ele-
ment 160 of antenna 40 may be located near rear face
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10R or multiple parasitic elements may be used. The
example of FIG. 12 is merely illustrative. Wireless sen-
sors such as sensors 146’ that contain sensor circuits
150 and respective sensor antennas 152 may be located
near to the front and/or rear faces of device 10. Sensors
46 may be located in antenna 40 (e.g., in return path 166
or elsewhere, as described in connection with FIG. 11),
may be located in parasitic antenna resonating element
170 in antenna 40, and/or may be located elsewhere in
device 10. In arrangements in which device 10 has mul-
tiple antennas 40 (e.g., antennas at the upper and lower
ends of device 10), each antenna may be provide with
one or more respective sensors 146. Sensors 146 may
also be mounted in portions of device 10 that are not
directly associated with an antenna at the top or bottom
of device 10 (e.g., under a logo in the center of the rear
face of device housing 12, along an edge of device 10,
on edges or other portions of the front face, and/or on
the rear face of housing 12, etc.).
[0046] FIG. 13 is a graph showing how antenna oper-
ating characteristics such as total radiated power (which
may be correlated with specific absorption rate values
when device 10 is used by a user) may vary as a function
of measured sensor output (see, e.g., sensor output val-
ues S1, S2, S3, and S4) from one or more of sensors
146. During calibration measurements, sensor output
values may be correlated with antenna operating char-
acteristics (radiated power, direction of radiated power,
etc.). For example, it may be determined that the output
level from a sensor in the return path of an antenna may
scale directly with the amount of total radiated power from
the antenna. In this type of scenario, sensor readings
may be used to accurately assess total radiated power
to ensure that regulatory limits on emitted power are sat-
isfied. Different antennas or parts of antennas may also
emit signals in different directions, so sensor readings
may be used to help determine the pattern in which sig-
nals are emitted.
[0047] In some configurations, the ratio of the output
of a first sensor to the output of a second sensor may
provide information about the operating environment of
device 10. For example, the output of sensors 146 may
vary as a function of antenna loading due to the presence
of nearby external objects. As shown in FIG. 12, device
10 may be provided with some sensors 146 that are clos-
er to front face 10F and some sensors 146 that are closer
to rear face 10R. These two different types of sensors
may react differently to operating scenarios in which an
external object is placed in the vicinity of one of the faces
of device 10. For example, the sensor or sensors near
front face 10F may exhibit a different change in signal
than the sensor or sensors near rear face 10R when de-
vice 10 is held against the face of a user. Sensor signals
may also reflect changes that are dependent on the type
of object adjacent to device 10. The output of sensors
146 may, for example, be different when device 10 is
adjacent to a metal object than when device 10 is in free
space or when device 10 is adjacent to a dielectric object.

Sensor output may therefore be used to determine how
device 10 is operating and whether any action should be
taken to comply with regulatory limits and/or to enhance
communications performance.
[0048] As shown in the example of FIG. 14, the ratio
of the output from first and second sensors 146 (e.g.,
sensors located respectively on the front and rear faces
of device 10 or elsewhere in device 10) may vary de-
pending on the operating environment of device 10.
When the sensor output ratio has value R1, it can be
concluded that device 10 is resting on a table. When the
sensor output ratio has value R2, it can be concluded
that device 10 is adjacent to a user’s head. The sensor
output ratio will be R3 when device 10 is being held in a
user’s hand and will be R4 when device 10 is operating
in free space. If desired, the relative values of three or
more sensors, four or more sensors, or five or more sen-
sors may be used in identifying the current operating en-
vironment of device 10. The example of FIG. 2 in which
the outputs of a pair of sensors are compared using a
ratio of output values is merely illustrative. Moreover, dif-
ferent types of sensor measurements (e.g., impedance
amplitude, impedance phase, current measurements,
voltage measurements, power measurements, etc.) may
be used in characterizing the operating environment of
device 10. Aspects of device operation that may be meas-
ured using sensor signals from one or more sensors 146
include the current orientation of device 10, the location
of external objects relative to device 10, the type of ex-
ternal objects located near device 10 (e.g., human versus
inanimate), the total radiated power from the antenna(s)
in device 10, the direction of steered radio-frequency
beam in a phased antenna array beam steering scenario
or the direction-dependent antenna efficiency of one or
more antennas 40 that are not in a phased antenna array,
antenna detuning effects (e.g., shifts in the resonant fre-
quencies of antennas 40 due to environmental loading,
etc.), and other attributes of the wireless operation of
device 10. Sensors 146 may be used to make impedance
measurements, may be used to make S-parameter
measurements (e.g., S21 measurements may be made
by transmitting signals through one of antenna 40 while
making measurements using a sensor coupled to anoth-
er antenna 40 or using a sensor circuit coupled to a sen-
sor antenna 152, other S-parameter measurements may
be made, etc.), may be used to determine how much
current, voltage, or power flow is present at various lo-
cations within antennas 40 and/or other portions of the
conductive structures of device 10, or may be used to
make any other suitable radio-frequency signal meas-
urements during the operation of wireless circuitry 34.
[0049] A flow chart of illustrative steps involved in op-
erating device 10 is shown in FIG. 15.
[0050] At step 200, while device 10 is using antenna(s)
40 (e.g., while antenna(s) 40 are being used to transmit
radio-frequency signals), control circuitry 30 may gather
sensor data from one or more radio-frequency sensors
146. Device 10 may also gather data from an acceler-
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ometer, magnetic sensor, microphone, capacitive prox-
imity sensor, light-based proximity sensor, and/or other
sensors 32 in device 10. Information from the sensors
can be used by control circuitry 30 to determine the cur-
rent operating environment for device 10, to assess the
current behavior of antenna(s) 40 and other wireless cir-
cuitry 34, and to determine what actions should be taken
in response. Calibration data may be used in processing
the information from the sensors.
[0051] At step 202, in response to determining the cur-
rent operating environment for device 10 and/or deter-
mining how the wireless circuitry of device 10 is operat-
ing, control circuitry 30 can take suitable action. For ex-
ample, if antenna(s) 40 have been detuned due to the
presence of an external object, adjustable circuitry (e.g.,
tunable components 120 in antenna 40 of FIG. 3 and/or
tunable components in matching circuit 120) may be ad-
justed to retune the antenna(s) to cover desired antenna
frequencies. If it is determined that one or more of an-
tennas 40 have been blocked, switching circuitry 124
may be adjusted to switch unblocked replacement an-
tennas into use and to switch blocked antennas out of
use. Phased antenna array adjustment may be made
using adjustable circuitry 126 (e.g., to perform beam
steering operations, to reduce radiated power in the di-
rection of a user by placing an emitted power null at the
user’s location, etc.). If it is determined that a user’s head
or other body part is adjacent to one or more of antennas
40, the maximum transmit power associated with signals
being transmitted through that antenna or set of antennas
may be reduced to ensure that regulatory limits on emit-
ted radiation are satisfied even as control circuitry 30
makes power adjustments in response to received trans-
mit power commands (i.e., commands from remote
equipment requesting that control circuitry 30 increase
or decrease power to maximize performance while min-
imizing interference).
[0052] After taking action in response to the informa-
tion gathered by the sensors at step 202, device 10 may
use transceiver circuitry 90 and one or more antennas
40 to transmit and/or receive wireless signals. As indi-
cated by line 206, the operations of steps 200, 202, and
204 may be performed continuously while a user is using
device 10.
[0053] In accordance with an embodiment, an elec-
tronic device is provided that includes control circuitry,
radio-frequency transceiver circuitry coupled to the con-
trol circuitry, antennas coupled to the radio-frequency
transceiver circuitry, and at least one radio-frequency
sensor that is coupled to the control circuitry and that has
a sensor antenna and a sensor circuit coupled to the
sensor antenna that measures radio-frequency signals
while the control circuitry uses the radio-frequency trans-
ceiver circuitry to transmit wireless radio-frequency sig-
nals using at least one of the antennas.
[0054] In accordance with another embodiment, the at
least one radio-frequency sensor includes a pair of radio-
frequency sensors each of which has a respective sensor

antenna and sensor circuit.
[0055] In accordance with another embodiment, the
sensor antenna of the at least one radio-frequency sen-
sor receives radio-frequency signals and does not trans-
mit any radio-frequency signals and the control circuitry
is configured to take an action in response to the meas-
ured radio-frequency signals that is selected from the
group consisting of tuning at least one of the antennas,
switching one of the antennas out of use, adjusting a
phased antenna array formed from the antennas, and
adjusting a maximum transmit power associated with us-
ing the radio-frequency transceiver circuitry to transmit
the radio-frequency signals.
[0056] In accordance with another embodiment, the
electronic device includes a housing, a display mounted
in the housing, at least one additional radio-frequency
sensor that measures additional radio-frequency signals,
the at least one additional radio-frequency sensor is se-
lected from the group consisting of a current sensor, a
voltage sensor, and a power sensor.
[0057] In accordance with another embodiment, the
control circuitry is configured to take an action in re-
sponse the measured radio-frequency signals and addi-
tional radio-frequency signals and the action is selected
from the group consisting of tuning at least one of the
antennas, switching one of the antennas out of use, ad-
justing a phased antenna array formed from the anten-
nas, and adjusting a maximum transmit power associat-
ed with using the radio-frequency transceiver circuitry to
transmit the radio-frequency signals.
[0058] In accordance with another embodiment, the
antennas include at least one inverted-F antenna having
a return path, the at least one additional radio-frequency
sensor measures signals in the return path.
[0059] In accordance with another embodiment, the
antennas include at least one antenna having a parasitic
antenna resonating element, the electronic device in-
cludes at least one additional radio-frequency sensor that
measures additional radio-frequency signals in the par-
asitic antenna resonating element.
[0060] In accordance with another embodiment, the
electronic device includes an additional radio-frequency
sensor having a tap and associated switching and sensor
circuitry that is configured to make impedance measure-
ments.
[0061] In accordance with another embodiment, the
additional radio-frequency sensor is located in at least
one of the antennas.
[0062] In accordance with another embodiment, the at
least one of the antennas is an inverted-F antenna having
an inverted-F antenna resonating element, an antenna
ground, and a return path that is coupled between the
inverted-F antenna resonating element and ground and
the tap of the additional radio-frequency sensor taps sig-
nals in the return path.
[0063] In accordance with an embodiment, an elec-
tronic device is provided that includes control circuitry,
radio-frequency transceiver circuitry coupled to the con-

15 16 



EP 3 188 369 A1

10

5

10

15

20

25

30

35

40

45

50

55

trol circuitry, an inverted-F antenna coupled to the radio-
frequency transceiver circuitry, the radio-frequency
transceiver circuitry uses the inverted-F antenna to trans-
mit and receive antenna signals and the inverted-F an-
tenna has an inverted-F antenna resonating element, an
antenna ground, a feed coupled between the inverted-F
antenna resonating element and the ground, and a return
path coupled in parallel with the feed between the invert-
ed-F antenna resonating element and the ground and at
least one radio-frequency sensor that measures radio-
frequency signals in the return path.
[0064] In accordance with another embodiment, the at
least one radio-frequency sensor has a tap that taps sig-
nals in the return path and a sensor circuit that measures
the tapped signals.
[0065] In accordance with another embodiment, the
electronic device includes a housing in which the control
circuitry and the radio-frequency transceiver circuitry are
mounted, the control circuitry is configured to take action
based on the measured radio-frequency signals in the
return path.
[0066] In accordance with another embodiment, the
control circuitry is configured to take an action in re-
sponse the measured radio-frequency signals that is se-
lected from the group consisting of tuning the inverted-F
antenna, switching the inverted-F antenna out of use,
and adjusting a maximum transmit power associated with
using the radio-frequency transceiver circuitry to transmit
the radio-frequency signals.
[0067] In accordance with an embodiment, an elec-
tronic device is provided that includes a housing, control
circuitry in the housing, radio-frequency transceiver cir-
cuitry coupled to the control circuitry, antennas coupled
to the radio-frequency transceiver circuitry, and a plurality
of radio-frequency sensors that are coupled to the control
circuitry and that measure radio-frequency signals pro-
duced when the radio-frequency transceiver circuitry us-
es at least one of the antennas to transmit wireless radio-
frequency signals.
[0068] In accordance with another embodiment, the
electronic device includes switching circuitry coupled be-
tween the antennas and the radio-frequency transceiver
circuitry, the control circuitry adjusts the switching circuit-
ry to switch at least one of the antennas into use and at
least one other of the antennas out of use in response
to the measured radio-frequency signals.
[0069] In accordance with another embodiment, the
antennas include at least one inverted-F antenna having
a return path and the radio-frequency sensors include at
least one radio-frequency sensor that measures signals
in the return path and the control circuitry is configured
to adjust wireless transmit power levels associated with
the radio-frequency transceiver circuitry at least partly
based on the measured radio-frequency signals.
[0070] In accordance with another embodiment, the
antennas include at least one inverted-F antenna having
a return path and the plurality of radio-frequency sensors
includes at least one radio-frequency sensor that meas-

ures signals in the return path.
[0071] In accordance with another embodiment, the
electronic device includes a tunable component in at
least one of the antennas, the control circuitry is config-
ured to adjust the tunable component in response to the
signals measured in the return path.
[0072] In accordance with another embodiment, the
control circuitry is configured to adjust a maximum trans-
mit power level at which the radio-frequency transceiver
circuitry transmits signals through the antennas in re-
sponse to the measured radio-frequency signals.
[0073] In accordance with another embodiment, the
sensors include at least a first sensor that produces a
first sensor output and a second sensor that produces a
second sensor output and the control circuitry is config-
ured to control the transmission of the wireless radio-
frequency signals with the transceiver circuitry based at
least partly on a ratio between the first sensor output and
the second sensor output.
[0074] In accordance with another embodiment, the
antennas are arranged in a phased antenna array and
the control circuitry is configured to adjust the phased
antenna array in response to the measured radio-fre-
quency signals.
[0075] The foregoing is merely illustrative and various
modifications can be made by those skilled in the art with-
out departing from the scope and spirit of the described
embodiments. The foregoing embodiments may be im-
plemented individually or in any combination.

Claims

1. An electronic device, comprising:

control circuitry;
radio-frequency transceiver circuitry coupled to
the control circuitry;
antennas coupled to the radio-frequency trans-
ceiver circuitry; and
at least one radio-frequency sensor that is cou-
pled to the control circuitry and that has a sensor
antenna and a sensor circuit coupled to the sen-
sor antenna that measures radio-frequency sig-
nals while the control circuitry uses the radio-
frequency transceiver circuitry to transmit wire-
less radio-frequency signals using at least one
of the antennas.

2. The electronic device defined in claim 1 wherein the
at least one radio-frequency sensor comprises a pair
of radio-frequency sensors each of which has a re-
spective sensor antenna and sensor circuit.

3. The electronic device defined in claim 1 wherein the
sensor antenna of the at least one radio-frequency
sensor receives radio-frequency signals and does
not transmit any radio-frequency signals and where-
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in the control circuitry is configured to take an action
in response to the measured radio-frequency signals
that is selected from the group consisting of: tuning
at least one of the antennas, switching one of the
antennas out of use, adjusting a phased antenna
array formed from the antennas, and adjusting a
maximum transmit power associated with using the
radio-frequency transceiver circuitry to transmit the
radio-frequency signals.

4. The electronic device defined in claim 1 further com-
prising:

a housing;
a display mounted in the housing;
at least one additional radio-frequency sensor
that measures additional radio-frequency sig-
nals, wherein the at least one additional radio-
frequency sensor is selected from the group
consisting of: a current sensor, a voltage sensor,
and a power sensor.

5. The electronic device defined in claim 4 wherein the
control circuitry is configured to take an action in re-
sponse the measured radio-frequency signals and
additional radio-frequency signals and wherein the
action is selected from the group consisting of: tuning
at least one of the antennas, switching one of the
antennas out of use, adjusting a phased antenna
array formed from the antennas, and adjusting a
maximum transmit power associated with using the
radio-frequency transceiver circuitry to transmit the
radio-frequency signals.

6. The electronic device defined in claim 4 wherein the
antennas include at least one inverted-F antenna
having a return path, wherein the at least one addi-
tional radio-frequency sensor measures signals in
the return path.

7. The electronic device defined in claim 1 wherein the
antennas include at least one antenna having a par-
asitic antenna resonating element, the electronic de-
vice further comprising:

at least one additional radio-frequency sensor
that measures additional radio-frequency sig-
nals in the parasitic antenna resonating ele-
ment.

8. The electronic device defined in claim 1 further com-
prising:

an additional radio-frequency sensor having a
tap and associated switching and sensor circuit-
ry that is configured to make impedance meas-
urements, the additional radio-frequency sensor
is located in at least one of the antennas.

9. The electronic device defined in claim 8 wherein the
at least one of the antennas is an inverted-F antenna
having an inverted-F antenna resonating element,
an antenna ground, and a return path that is coupled
between the inverted-F antenna resonating element
and ground and wherein the tap of the additional
radio-frequency sensor taps signals in the return
path.

10. The electronic device defined in claim 1, wherein the
at least one of the antennas is an inverted-F antenna
having an inverted-F antenna resonating element,
an antenna ground, a feed coupled between the in-
verted-F antenna resonating element and the
ground, and a return path coupled in parallel with the
feed between the inverted-F antenna resonating el-
ement and the ground.

11. The electronic device defined in claim 10 wherein
the at least one radio-frequency sensor has a tap
that taps signals in the return path and the sensor
circuit measures the tapped signals.

12. The electronic device defined in claim 11 further
comprising:

a housing in which the control circuitry and the
radio-frequency transceiver circuitry are mount-
ed, wherein the control circuitry is configured to
take action based on the measured radio-fre-
quency signals in the return path.

13. The electronic device defined in claim 12 wherein
the control circuitry is configured to take an action in
response the measured radio-frequency signals that
is selected from the group consisting of: tuning the
inverted-F antenna, switching the inverted-F anten-
na out of use, and adjusting a maximum transmit
power associated with using the radio-frequency
transceiver circuitry to transmit the radio-frequency
signals.

14. The electronic device defined in claim 1 wherein the
at least one radio-frequency sensor includes at least
a first sensor that produces a first sensor output and
a second sensor that produces a second sensor out-
put and wherein the control circuitry is configured to
control the transmission of the wireless radio-fre-
quency signals with the transceiver circuitry based
at least partly on a ratio between the first sensor out-
put and the second sensor output.

15. The electronic device defined in claim 1 wherein the
antennas are arranged in a phased antenna array
and wherein the control circuitry is configured to ad-
just the phased antenna array in response to the
measured radio-frequency signals.
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