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Wireless Charging System With Object Detection

This application claims priority to the U.S. preiinal patent application No.
62/453,850, filed on February 2, 2017, and U.Svigronal patent application No.
62/526,285, filed on June 28, 2017, which are henetorporated by reference herein in
their entireties.

Field

[0001] This relates generally to wireless systems, anderparticularly, to systems in

which devices are wirelessly charged.

Backaround
[0002] In a wireless charging system, a wireless poweistratting device such as a device
with a charging surface wirelessly transmits poteea portable electronic device. The
portable electronic device receives the wirelessigsmitted power and uses this power to
charge an internal battery or to power the devloesome situations, foreign objects may be
accidentally place on a charging surface. Thispse challenges when performing wireless

power transmission operations.
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Summary

[0003] A wireless power transmitting device transmits Veiss power signals to a wireless
power receiving device. The wireless power trattamgi device has an inverter that supplies
signals to an output circuit that includes a wisslpower transmitting coil. The wireless
power transmitting coil may be part of an arrayvireless power transmitting coils that
cover a wireless charging surface associated Wwihwireless power transmitting device.
[0004] Signal measurement circuitry is coupled to the ougrcuit to help determine
whether the wireless power receiving device isgmeand ready to accept transmission of
wireless power. The measurement circuitry inclualeseasurement circuit that is coupled to
the output circuit and that measures signals wistallator circuitry supplies the output
circuit with signals at a probe frequency. Usingasurements from this measurement
circuitry at one or more probe frequencies, theelegs power transmitting device determines
whether an external object is present on the coils.

[0005] Impulse response circuitry in the measurement itixcis coupled to the output
circuit and used to measure the response of thpubaircuit to an impulse signal supplied by
an inverter in the wireless power transmitting devi The impulse response circuitry is used
to make inductance and Q factor measurements.

[0006] During operation, information from the impulse resgpe circuitry and
measurements at the probe frequency can be usitiermining whether a wireless
receiving device is present over particular cailsvireless charging surface and can therefore
be used in adjusting wireless power transmissidh thie wireless power transmitting device.
[0007] The measurement circuitry also includes a measureaneuit that is coupled to the
output circuit and that measures signals whileo@llator circuitry sweeps an alternating-
current output signal between a first frequency asdcond frequency. Measurements
resulting from frequency-sweeping operations aeslie detect sensitive devices such as
radio-frequency identification devices. If sengtievices are detected, potentially
damaging wireless power transmission operationsdeaavoided.

[0008] Switching circuitry is used to dynamically switoblected coils from the coil array
that overlaps the charging surface into the outpatit, so that appropriate coils in the coil
array can be probed for the presence of externattband sensitive devices such as radio-

frequency identification devices.
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Brief Description of the Drawings

[0009] FIG. 1is a schematic diagram of an illustrativeeldss charging system in
accordance with some embodiments.

[0010] FIG. 2 is a top view of an illustrative wirelessy®r transmitting device with an
array of coils that forms a wireless charging stefan accordance with an embodiment.
[0011] FIG. 3is a circuit diagram of illustrative wirefepower transmitting circuitry with
output circuit signal measurement circuitry in aeh@ss power transmitting device in
accordance with an embodiment.

[0012] FIG. 4 is a graph showing the response of varithustiative objects on the surface
of a wireless power transmitting device in accoogawith an embodiment.

[0013] FIG. 5is a graph of an illustrative impulse resgonf the type that may be used to
characterize objects on a wireless power transigitievice in accordance with an
embodiment.

[0014] FIG. 6 is a graph showing output signal tracedeftype that may be associated
with placing a sensitive object such as a radigdency identification device on the surface
of a wireless power transmitting device in accoogawith an embodiment.

[0015] FIG. 7 is a cross-sectional side view of an illaste portable electronic device that
has a wireless power receiving coil and an angilkail that forms a resonant circuit in
accordance with an embodiment.

[0016] FIG. 8 is a graph in which output circuit signalaserements as a function of
frequency have been plotted for multiple typedlosirative objects on the surface of a
wireless power transmitting device in accordandh awn embodiment.

[0017] FIG. 9is a flow chart of illustrative operatioms/olved in operating a wireless
power transfer system such as the wireless chasyistgm of FIG. 1 in accordance with an
embodiment.

[0018] FIG. 10 is a graph showing signals associated pétforming impulse response
measurements in a noisy wireless charging envirohimeaccordance with an embodiment.
[0019] FIG. 11 is a flow chart of illustrative operatiorssociated with making impulse

response measurements in accordance with embodiment
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Detailed Description

[0020] A wireless power system has a wireless power tratisgndevice that transmits

power wirelessly to a wireless power receiving devi The wireless power transmitting
device is a device such as a wireless chargingwiigless charging puck, wireless charging
stand, wireless charging table, or other wirelasggr transmitting equipment. The wireless
power transmitting device has one or more coils dn@ used in transmitting wireless power
to one or more wireless power receiving coils i wireless power receiving device. The
wireless power receiving device is a device such eallular telephone, watch, media player,
tablet computer, pair of earbuds, remote contapitdp computer, other portable electronic
device, or other wireless power receiving equipment

[0021] During operation, the wireless power transmittiegide supplies alternating-
current signals to one or more wireless power trattisig coils. This causes the coils to
transmit alternating-current electromagnetic sigrfgbmetimes referred to as wireless power
signals) to one or more corresponding coils iniireless power receiving device. Rectifier
circuitry in the wireless power receiving devicengerts received wireless power signals into
direct-current (DC) power for powering the wirelggsver receiving device.

[0022] An illustrative wireless power system (wirelessrgfirag system) is shown in FIG. 1.
As shown in FIG. 1, wireless power system 8 incéud@eless power transmitting device 12
and one or more wireless power receiving deviceb si8 wireless power receiving device
10. Device 12 may be a stand-alone device suahnaseless charging mat, may be built into
furniture, or may be other wireless charging equpm Device 10 is a portable electronic
device such as a wristwatch, a cellular telepharniablet computer, or other electronic
equipment. lllustrative configurations in whichveke 12 is a mat or other equipment that
forms a wireless charging surface and in which@e0 is a portable electronic device that
rests on the wireless charging surface during es&epower transfer operations may
sometimes be described herein as an example.

[0023] During operation of system 8, a user places omaare devices 10 on the charging
surface of device 12. Power transmitting devicéslébupled to a source of alternating-
current voltage such as alternating-current powarce 50 (e.g., a wall outlet that supplies
line power or other source of mains electricitygs fa battery such as battery 38 for supplying

power, and/or is coupled to another source of powepower converter such as AC-DC
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power converter 40 can convert power from a maovegp source or other AC power source

into DC power that is used to power control cingu#2 and other circuitry in device 12.
During operation, control circuitry 42 uses wiragmwer transmitting circuitry 34 and one
or more coils 36 coupled to circuitry 34 to transatiernating-current electromagnetic
signals 48 to device 10 and thereby convey wirgbesger to wireless power receiving
circuitry 46 of device 10.

[0024] Power transmitting circuitry 34 has switching citoy(e.g., transistors in an
inverter circuit) that are turned on and off basadontrol signals provided by control
circuitry 42 to create AC current signals througprapriate coils 36. As the AC currents
pass through a coil 36 that is being driven byiiverter circuit, alternating-current
electromagnetic fields (wireless power signalsa®)produced that are received by one or
more corresponding coils 14 coupled to wirelessgrawceiving circuitry 46 in receiving
device 10. When the alternating-current electigmeéc fields are received by coil 14,
corresponding alternating-current currents andagels are induced in coil 14. Rectifier
circuitry in circuitry 46 converts received AC sajs (received alternating-current currents
and voltages associated with wireless power siyfi@s one or more coils 14 into DC
voltage signals for powering device 10. The DQagés are used in powering components
in device 10 such as display 52, touch sensor caemts and other sensors 54 (e.g.,
accelerometers, force sensors, temperature sefightsensors, pressure sensors, gas
sensors, moisture sensors, magnetic sensors,vételgss communications circuits 56 for
communicating wirelessly with control circuitry 42 device 12 and/or other equipment,
audio components, and other components (e.qg.,-mytput devices 22 and/or control
circuitry 20) and are used in charging an intebatery in device 10 such as battery 18.
[0025] Devices 12 and 10 include control circuitry 42 &d Control circuitry 42 and 20
includes storage and processing circuitry suchiasoprocessors, power management units,
baseband processors, digital signal processorspcoictrollers, and/or application-specific
integrated circuits with processing circuits. Qohtircuitry 42 and 20 is configured to
execute instructions for implementing desired adrand communications features in system
8. For example, control circuitry 42 and/or 20 nbayused in determining power
transmission levels, processing sensor data, simgesser input, processing other
information such as information on wireless couplificiency from transmitting circuitry

34, processing information from receiving circui§y, using information from circuitry 34
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and/or 46 such as signal measurements on outpuitcyrin circuitry 34 and other

information from circuitry 34 and/or 46 to determiwhen to start and stop wireless charging
operations, adjusting charging parameters suchaging frequencies, coil assignments in a
multi-coil array, and wireless power transmissievels, and performing other control
functions. Control circuitry 42 and/or 20 may lmnfigured to perform these operations
using hardware (e.g., dedicated hardware or cisguaind/or software (e.g., code that runs on
the hardware of system 8). Software code for perifog these operations is stored on non-
transitory computer readable storage media (eggilble computer readable storage media).
The software code may sometimes be referred tofasase, data, program instructions,
instructions, or code. The non-transitory compuadable storage media may include non-
volatile memory such as non-volatile random-accessiory (NVRAM), one or more hard
drives (e.g., magnetic drives or solid state djivese or more removable flash drives or
other removable media, other computer readableanedicombinations of these computer
readable media or other storage. Software starddeonon-transitory computer readable
storage media may be executed on the processigtojrof control circuitry 42 and/or 20.
The processing circuitry may include applicatioedfic integrated circuits with processing
circuitry, one or more microprocessors, or othecpssing circuitry.

[0026] Device 12 and/or device 10 may communicate wirgled3evices 10 and 12 may,
for example, have wireless transceiver circuitrgamtrol circuitry 42 and 20 (and/or wireless
communications circuitry such as circuitry 56 oGF[1) that allows wireless transmission of
signals between devices 10 and 12 (e.g., usingnaasethat are separate from coils 36 and 14
to transmit and receive unidirectional or bidirenfil wireless signals, using coils 36 and 14
to transmit and receive unidirectional or bidirenal wireless signals, etc.).

[0027] With one illustrative configuration, wireless tram#ting device 12 is a wireless
charging mat or other wireless power transmittiggipment that has an array of coils 36 that
supply wireless power over a wireless chargingamerf This type of arrangement is shown
in FIG. 2. In the example of FIG. 2, device 12 aasarray of coils 36 that lie in the X-Y
plane. Coils 36 of device 12 are covered by aglarelectric structure such as a plastic
member or other structure forming charging suré@e The lateral dimensions (X and Y
dimensions) of the array of coils 36 in device 3®rbe 1-1000 cm, 5-50 cm, more than 5
cm, more than 20 cm, less than 200 cm, less tham/®r other suitable size. Coils 36 may

overlap or may be arranged in a non-overlappindigoration. Coils 36 can be placed in a
6
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rectangular array having rows and columns and/or Inegtiled using a hexagonal tile pattern

or other pattern.

[0028] During operation, a user places one or more devi®am charging surface 60.
Foreign objects such as coils, paper clips, savapsetal foil, and/or other foreign

conductive objects may be accidentally placed ofasa 60. System 8 automatically detects
whether conductive objects located on surface é@spond to devices 10 or incompatible
foreign objects and takes suitable action. With tnstrative arrangement, system 8 checks
whether objects located on surface 60 include seasiems such as radio-frequency
identification (RFID) devices or other potentiadlgnsitive electronic equipment that could be
potentially damaged upon exposure to large figldsifcoils 36 before system 8 allows
wireless power to be transmitted to those objects.

[0029] As shown in the example of FIG. 2, external objecish as external object 62 and
object 64 may overlap one or more coils 36. Inesaituations, objects 62 and 64 will be
portable electronic devices 10. In other situatjame or more of objects 62 and 64 will be
incompatible external objects (e.g., conductiveigm objects such as metallic coins,
sensitive devices such as RFID devices, etc.uagiins may also arise in which
incompatible external objects and portable ele@trdevices overlap the same coil or coils
36.

[0030] Illustrative wireless power transmitting circuitB¢ that includes circuitry to detect
and characterize external objects on surface §8awn in FIG. 3. As shown in FIG. 2,
circuitry 34 may include an inverter such as ineei2 or other drive circuit that produces
wireless power signals that are transmitted thramgbutput circuit that includes one or more
coils 36. A single coil 36 is shown in the exampld-1G. 2. In general, device 12 may have
any suitable number of coils 36 (1-100, more thamére than 10, fewer than 40, fewer than
30, 5-25, etc.). Switching circuitry MX (sometimesgerred to as multiplexer circuitry) that

is controlled by control circuitry 42 can be loghteefore and/or after each coil 36 and/or
before and/or after the other components of outpatit 71 and can be used to switch
desired sets of one or more coils 36 (desired owipeuits 71) into or out of use. For
example, if it is determined that object 62 of FR3s a wireless power receiving device 10
and object 64 is an incompatible foreign objechsas a coin, the coils overlapping object 62
may be activated during wireless power transmissfmrations and the coils under object 64

may be deactivated so that these coils do notriréingreless power. Other coils 36 (e.g.,
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coils not overlapped by object 64 in this exampha) also be turned off during wireless

power transmission operations, if desired.

[0031] With continued reference to FIG. 3, during wirelpssver transmission operations,
transistors 74 of inverter 72 are driven by AC colsignals from control circuitry 42.

Control circuitry 42 may also use transistors 74eérter 72 to apply square wave pulses or
other impulses to coil 36 (e.g., during impulsepmse measurements). Coil 36 (e.g., a coll
that has been selected using multiplexing circuM) has an inductance L. Capacitor 96
has a capacitance C1 that is coupled in seriesimdiiictance L in output circuit 90. When
supplied with alternating-current drive signalsiiroverter 72 while switch (transistor) TP is
closed, the output circuit formed from coil 36 arapacitor 96 produces alternating-current
electromagnetic fields that are received by onmare coils 14 in device 10. The inductance
L of each coil 36 is influenced by magnetic couglimith external objects, so measurements
of inductance L for one or more of coils 36 in devil2 at various frequencies can reveal
information on objects on charging surface 60.

[0032] To conserve power, device 12 may be operated tarmlsy mode while awaiting

use to supply wireless power to devices 10. Theadimeasurement circuitry of FIG. 3
(sometimes referred to as output circuit signalsaneament circuitry, external or foreign
object detection circuitry, etc.) monitors for {iesence of external objects during standby.
The power consumption of the measurement circuittyansmitter circuitry 34 during
standby operations may be less than 50 mW, less2®@ mW, more than 1 mW, or other
suitable value.

[0033] In standby mode, device 12 periodically scans @8lge.g., device 12 scans each of
coils 36) for the presence of external objects.(eevices 10, foreign objects such as coins,
etc.). To probe a selected coil for changes indtahce L due to external objects, a probe
signal is driven onto node N1 with oscillator citcyi84 while control circuitry 42 turns off
inverter 72 (e.g., transistors 74 are not usedit@ cgignals onto node N2). Control circuitry
42 may, for example, use oscillator circuitry 84y(gone or more voltage controlled
oscillators, one or more other adjustable osciltatand/or other oscillatory circuitry) to
produce an alternating-current probe signal (e.gine wave, square wave, etc.) at a probe
frequency fr (e.g., 4 MHz or other suitable frequesuch as a frequency of at least 500 kHz,
at least 1 MHz, at least 2 MHz, less than 10 MHgween 1 MHz and 10 MHz, or other

suitable frequency). The probe frequency fr thatsed during standby mode is a frequency
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that differs from RFID frequencies such as 13.562\iAd that differs from the normal

alternating-current frequency supplied to outprttwit 71 by inverter 72 during wireless
charging operations, which may be, for example;300 kHz, more than 50 kHz, more than
100 kHz, more than 200 kHz, less than 450 kHz, tless 400 kHz, less than 300 kHz, or
other suitable wireless power alternating-curreitedfrequency.

[0034] The signal at frequency fr is applied to node Nl capacitor 86 and coupled to coil
36 via capacitor 96 while inverter 72 is held incdhstate by control circuitry 42. Control
circuitry 42 controls multiplexer MX to select theil to which the signal at frequency fr is
applied (e.g., coil 36 of FIG. 3) from the arraycoils 36 of device 12 shown in FIG. 2.
Capacitance C1 may have a value of ilBQmore than 1QF, less than 1000F, or other
suitable value. Transistor TP may have a parasifp@citance Cp (e.g., a capacitance of 80
pF, more than 10 pF, less than 800 pF, or oth¢aitdei value) when open. For standby
operations, control circuitry 42 opens transistBrsb that so that probe signals are routed
through coil 36. When transistor TP is open, pgcasapacitance Cp is coupled in series
with capacitance C1. This effectively removes c#pace C1 from the series circuit formed
with inductance L, as the capacitance of capac#&ic (which is in the microfarad range)
and Cp (which is in the picofarad range) in sewndkbe approximately Cp.

[0035] With TP open, output circuit 71 (coil 36 in seresgh C1 and Cp) will be
characterized by a resonance at frequency freguzfton 1.

[0036]

[0037] fres = 1/(a(LCp)"?) 1)

[0038]

[0039] The expected measured signal at node N1 (outptagelOUT(N1)) as a function

of applied signal frequency f in the absence oémxl objects on coil 36 is given by curve
102 of FIG. 4. In the presence of an electronidgadesuch as device 10 that contains one or
more coils 14 overlapping coil 36, curve 102 mait $b lower frequencies as shown by
curve 100. In the presence of a coin or otherrmuatible foreign object overlapping coil 36,
curve 102 may shift to higher frequencies as shioyvourve 104. Changes in load can be
detected by monitoring the value of OUT(N1) usingasurement circuit 78 of FIG. 3 at one
or more probe frequencies. For example, oscillaitouitry 84 may be used to apply a probe

signal to node N1 at a frequency fr that has béesen to match resonant frequency fres of
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equation 1. If desired, multiple probe signals rhayapplied to output circuit 72 while using

measurement circuitry to evaluate the resultingaign node N1. For example, the
direction of change in curve 102 (shifting highetawer) can be detected by taking multiple
measurements of OUT(N1) at two or more frequenuées frequency fr of FIG. 4).

[0040] To make measurements of OUT(N1), measurement tif8uncludes peak detector
80 and analog-to-digital converter 82. Circuitr@8asures the signal at node N1 and supplies
a corresponding digital version of this signal emizol circuitry 42. In the presence of an
object overlapping coil 36 (whether from device 4&ensitive RFID device, or a coin or
other incompatible foreign object), signal OUT(Nii)l drop. For example, the signal on
node N1 may drop from a value of P1 (e.g., a pedikevassociated with curve 102) when
coil 36 is unloaded to a value of P2 (a reducedesaksociated with shifted curve 100) when
coil 36 is loaded due to the presence of an extelnjact.

[0041] During standby operations, control circuitry 42 caan through coils 36 by using
multiplexer circuitry MX or other switching circut in circuitry 34. In some embodiments,
this sequentially couples each of coils 36 to nddevhile circuitry 78 measures OUT(N1)
for each selected coil 36. If no changes in OUT)(Al® detected, control circuitry 42 can
conclude that no objects are present on device.t2 (0 objects are resting on charging
surface 60). If a change in OUT(N1) is detecteditiol circuitry 42 performs additional
operations to confirm that device 10 is presemteiathan an incompatible foreign object
such as a coin.

[0042] With one illustrative approach, control circuitr® dses impulse response
measurement circuitry 76 (sometimes referred todisctance measurement circuitry and/or
Q factor measurement circuitry) to perform low-ieqcy measurements of inductance L
and quality factor Q in response to detection loiaa on one or more coils 36 during
standby. During impulse response measurementsotaircuitry 42 directs inverter 72 to
supply one or more excitation pulses (impulse€pib36 while turning on transistor TP, so
that L and C1 in output circuit 71 form a resonaintuit. The impulses may be, for example,
square wave pulses ofus in duration. Longer or shorter pulses may bdiegpf desired.
The resonant circuit may resonate at a frequenay toethe normal wireless charging
frequency of coil 36 (e.g., about 320 kHz, 100-5B12, more than 50 kHz, more than 100
kHz, more than 200 kHz, less than 450 kHz, less #@0 kHz, less than 300 kHz, or other

10
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suitable wireless charging frequency).

[0043] The impulse response (signal OUT(N1)) of circuitt@the applied pulse(s) is as
shown in FIG. 5. The frequency of the impulse oese signal of FIG. 5 is proportional to
1/sgrt(LC), so L can be obtained from the knowrueadf C1 and the measured frequency of
the impulse response signal. Q may be derived frand the measured decay of the
impulse response signal. As shown in FIG. 5,ghal OUT(N1) decays slowly, Q is high
(e.g., HQ) and if signal OUT(N1) decays more rapi€] is low (e.g., SQ). Measurement of
the decay envelope of OUT(N1) and frequency of QU (of the impulse response signal of
FIG. 5 with circuitry 76 will therefore allow comtrcircuitry 42 to determine Q and L.

[0044] If the measured value of L for a given coil matctiesnormal L value expected for
each of coils 36 in the array of coils 36 overlagpsurface 60 (e.g., when the measured L
value is not influenced by the presence devicerifiteer external object on surface 60),
control circuitry 42 can conclude that no extemwigect suitable for wireless charging is
present. If a given measured value of L is lathan that expected for an unloaded coil,
control circuitry 42 can conclude that an exteoigect is present that is suitable for wireless
charging and can perform additional measurementatipas. For example, control circuitry
42 can perform a swept-frequency measurement (soeeteferred to as an RFID checking
measurement) on node N1 to check whether a semsiéivice such as an RFID device is
present on surface 60.

[0045] The measurements made by circuitry 76 are perfowneshe or more of coils 36
(e.g., these measurements may be performed oroéaolis 36 in the array of coils in device
12). Circuitry 42 uses these impulse response uneaents to identify spatial patterns in
measured L values (and/or Q factor values) acnadace 60. Analysis of a pattern of
measured inductance (L) change can help deterntie¢her a known type of device 10 is
present on coils 36. Analysis of the spatial pattef measured inductance L (and, if
desired, Q factor, which has an inverse relatignshih respect to L), as a function of coll
position in the X-Y plane of surface 60 may be usedetermining when to transit wireless
power from device 12 to device 10. If, for exampmies value of L for each of coils 36 is
unchanged from its nominal state, circuitry 42 canclude that no external device suitable
for wireless charging is present. If the valud dbr a given one of coils 36 is elevated or
other suitable pattern of measured L values isctiede circuitry 42 can conclude that an

external device that is suitable for wireless chaygs present on that coil and can prepare to
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transmit wireless power using that coil.

[0046] Before transmitting wireless power, it may be dasie to check whether a sensitive
device such as an RFID device is present on suf@cesensitive devices can potentially be
harmed by excessive wireless power levels, so chgdar sensitive devices helps avoid
damage to sensitive devices during subsequentessglower transfer operations. In some
scenarios, both portable device 10 and a sensiévice may be present over the same coil
36 in the array of coils 36 in device 12. A semsitevice may, as an example, be present
under a cellular telephone, watch, or other poetalelvice 10 that includes a wireless power
receiving coil 14. Even though the presence opibreable device 10 can be detected by
making inductance measurements with coils 36,desrable to check whether a sensitive
device is also present so as to avoid damagingehsitive device by exposure to wireless
power transmissions.

[0047] Radio-frequency identification (RFID) devices tyglig have RFID coil circuits that
resonate at relatively high frequencies such asquéncy of 13.56 MHz. In some
embodiments, to determine if an RFID is presersunface 60, RFID checking
measurements are performed by measuring signal RUTgn node N1 using measurement
circuit 94 (FIG. 3). During these checking meamegats, control circuitry 42 directs
oscillator circuitry 84 to sweep the frequencylad signal supplied to node N1 between a
first frequency f1 and a second frequency f2 caxethe expected resonant frequencies of
popular RFID coils. Transistor TP may remain operthat current from oscillator circuitry
84 flows through each coil 36 that has been selatitieing measurement operations. The
value of f1 may be, for example, 10 MHz, more tBaviHz, less than 11 MHz, less than 12
MHz, less than 15 MHz, or other suitable valuee Vhlue of f2 may be 30 MHz, more than
14 MHz, more than 15 MHz, more than 20 MHz, lessmith5 MHz, or other suitable value.
[0048] As shown in FIG. 3, swept-frequency measurementiti®4 includes a peak
detector such as peak detector 88 that measuresithge on node N1, band pass filter 90,
and analog-to-digital converter circuitry 92. Aogdto-digital converter circuitry 92 supplies
a digital version of its input to control circuitd?.

[0049] When no RFID device is present on charging suréfcef device 12, peak detector
88 will detect a signal such as the signal of cd®® in FIG. 6. When an RFID device
overlaps charging surface 60, signal OUT(N1) (seg, curve 110) will exhibit a resonance

signal such as signal 112 in as frequency f is sWwefween f1 and f2. Resonance signal 112
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may, for example, correspond to a resonance fragyugurch as an RFID resonant frequency

of 13.56 MHz.

[0050] Frequency fis swept between f1 and f2 at a prechied speed. For example,
control circuitry 42 may sweep frequency from ff2an an interval of 2 ms, at least 1 ms,
less than 3 ms, or other suitable time period. Jgdss frequency of band pass filter 90 is
selected so that resonance signal 112 will passigifrband pass filter 90 as band pass
filtered signal 112" of band pass output curve Wwihén frequency f is changed between f1
and f2 at the predetermined speed (e.g., wherutheWeep range is covered in an interval of
2 ms, etc.). The use of band pass filter 90 hedpwve non-resonant signal fluctuations
from curve 110 (e.g., signal tilt and slowly vanyimcreases and/or decreases of the type
shown by illustrative curve 110 of FIG. 6). Theuking band-pass-filtered signal (curve 114
and filtered signal resonance 112') can be proddsgeontrol circuitry 42 to confirm that an
RFID resonance at a particular frequency has betectbd. Control circuitry 42 can then
take appropriate action. For example, if no RRhature is detected, control circuitry 42
can conclude that the detected external objectidace 60 is likely a portable device (device
10 with coil 14) without any intervening (overlappg) sensitive RFID device. If an RFID
signature (e.g., resonant signal 112' at an RFQuency such as 13.56 MHz) is detected,
control circuitry 42 can reduce the level of wisdgower transmitted by coils 36 or can
prevent wireless power from being transmitted bijsc®6 (or at least the coils that are
overlapped by the sensitive RFID device) so asitigate damage to the RFID device.
Optionally, control circuit 42 can issue an aleratuser.

[0051] In some arrangements, it may be desirable to aenditive frequencies during the
frequency sweep operations of FIG. 6. For exanipiaay be desirable to skip a narrow
band of frequencies centered on an unpermittedi&ecy fnp such as band 113.
Unpermitted frequency fnp may be, as an exampieguency of 13.56 MHz. Band 113
may cover frequencies within +/- 20 kHz of 13.56 ¥ds an example). Skipping band 113
during the frequency sweep from f1 to f2 may enseageilatory compliance in jurisdictions

in which use of the frequencies of band 113 igictet. To facilitate skipping of band 113,
oscillator 84 may be implemented using a circuat frermits rapid skipping of undesired
frequencies during frequency sweeping such aseatdiligital sine wave generator. Other
types of oscillator may be used, if desired.

[0052] FIG. 7 is a cross-sectional side view of devicenlén illustrative configuration in
13
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which device 10 has a power receiving coil (coil Ibtated in the lower portion of device

housing 116. Device may also have one or moretiaddl coils such as coil PR. Each
optional coil PR may form part of a correspondieganant circuit (e.g., a passive resonant
circuit with a known frequency resonance at a fezmy between 10 MHz and 30 MHz or
other suitable frequency). The measurement cixcaitdevice 12 can detect the presence
and location of coils such as coil PR when scanfrieguency f for each coil 36 as described
in connection with FIG. 6. The incorporation ofokyn passive resonators into device 10
may help allow the location, orientation, and tgbeevice 10 to be accurately identified by
device 12.

[0053] Different devices may also have different knowmirency resonances when placed
on surface 60. Consider, for example, the scemdtdG. 8. In the absence of an external
object, coil 36 may exhibit a frequency responstheftype shown by curve FS. When a first
type of device 10 (e.qg., a cellular telephone)asg@d on surface 60, curve FS may shift to
curve D1. When a second type of device 10 (e.watah) is placed on surface 60, curve FS
may shift to curve D2. By measuring OUT(N1) by spimg across a predetermined
frequency range (e.g., from a low frequency of Z ki) kHz, more than 100 kHz, more than
1 MHz, more than 10 MHz, less than 100 MHz, less1thO MHz, less than 1 MHz, or other
suitable low frequency to a high frequency of 1&khhore than 100 kHz, more than 1 MHz,
more than 10 MHz, more than 10 MHz, less than 1 Gé$s than 100 MHz, less than 10
MHz, or other suitable high frequency), device a8 determine what type of power
receiving device 10 is present and can use thasrimdtion to take appropriate action (e.g., by
supplying wireless power to that device with devaggropriate settings, etc.). If desired,
circuitry 42 may also discriminate between curueshsas curves FS, D1, and D2 using
smaller sets of measurements (e.g., a set of Z&tEOpbints, more than 2 data points, fewer
than 5 data points, etc.).

[0054] FIG. 9 is a flow chart of illustrative operatiomsolved in using system 8. During
the operations of block 120, system 8 performsdiigmeasurements. For example, device
12 may use circuitry such as circuit 78 of FIGo3rtonitor one or more of coils 36 (e.qg.,
each coil 36 in the array of coils 36 in device fif?)the presence of an external object such
as one of devices 10 which is potentially compatfor wireless power transfer or an
incompatible object such as a coin or badge. #lsimeasurement at frequency fr may be

made to determine whether OUT(N1) is lower thareeigd for any coils 36 or, if desired,
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multiple measurements at different frequencies fraaay be made (e.g., to determine which

direction the coil resonance has shifted due texa@rnal object and thereby help determine
whether the object is an electronic device orgdsia or other incompatible foreign object).
The standby operations of block 120 consume a loauamt of power (e.g., 50 mW or less,
100 mW or less, more than 1 mW, or other suitableunt).

[0055] In response to detection of an external object wathirol circuitry 42 during the
operations of block 120, control circuitry 42 perfrs additional detection operations such as
low-frequency impulse response measurements (d22k During the operations of block
122, control circuitry 42 may, for example, usedrter 72 or other resonant circuit drive
circuitry to apply a stimulus (e.g., a square warether signal impulse) to the circuit
formed from one or more of coils 36 (e.g., to eacih 36 in the array of coils 36 in device
12, a subset of these coils such as those for vibrelign object presence has been detected
during the operations of block 120, and/or othdéable sets of one or more of coils 36),
thereby causing that circuit (and that coil 36)@sonate while using a measurement circuit
such as impulse response measurement circuitry FB50 3 to measure the response of the
resonant circuit. As described in connection WitB. 5, the characteristics of the resulting
circuit resonance may then be measured and analyz@dexample, control circuitry 42 may
use information on the measured resonant frequieneyeasure inductance and may use
information on the decay of the signal resonanadetermine resistance R and Q factor. If
desired, the measurements of blocks 120 and/ocd@®e mapped in dimensions X and Y
across surface 60 to help identify devices 10 aneign objects.

[0056] If the operations of block 122 reveal that no fgredbject is present and that an
electronic device 10 is present, additional chegkiperations may be performed during
block 124. In particular, frequency sweep measergmwith circuitry such as oscillator
circuitry 84 and swept-frequency measurement di@iiof FIG. 3 may be performed to
check for the presence of a sensitive RFID dewsealescribed in connection with FIG. 6.
[0057] Appropriate action are taken during the operatmfidock 126 based on the results
of measurements such as the measurements of dladk422, and/or 124. If, as an
example, a sensitive RFID device is detected duhiegoperations of block 124 or if a
foreign object is detected, wireless charging oyamna with all of coils 36 or an appropriate
subset of coils 36 can be blocked. In responsietection of an electronic device 10 having

a known characteristic L response (and/or Q resgaasd in response to determining that no
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RFID device is present after checking one or momoids 36, as appropriate, with circuit 94

(e.g., the coils 36 for which L and/or Q measuretsi@nd/or other measurements indicate
may be overlapped by an object or all of coils 86ptrol circuitry 42 can use wireless power
transmitting circuitry 34 to transmit wireless povte wireless power receiving circuitry 46.
[0058] In some operating environments, signhal measureawnitracy can be adversely
affected by noise. For example, in arrangementghich multiple power receiving devices
are located on a common wireless charging mapnbeess of transmitting wireless power to
one of the devices using coils in the mat thatarglapped by that device may create noise
when making measurements such as impulse respaesinements on another device that
overlaps different coils in the mat. With one slitative arrangement, potential interference
can be avoided by stopping the charging of a @iesice for a sufficient amount of time to
allow measurements such as impulse response mesuseto be made on a second device
in the absence of noise. With another illustraiw@ngement, noise can be removed from
measurements such as impulse response measurements.

[0059] FIG. 10 is a diagram showing how the measured kmmaode N1 (or other

suitable node) such as signal OUT may contain nefsn attempting to make
measurements on a coil overlapped by a wirelesgpmeeiving device. As shown by curve
150, signal OUT can initially be measured durimgetiperiod T1 by impulse response
measurement circuitry 76, in the absence of anjiegppnpulse by impulse response
measurement circuitry 76. There may be noise ptésehe signal OUT during time period
T1 due to the charging of one or more additionaéless power receiving devices elsewhere
on device 12 (e.qg., overlapping other coils besidesoil/coils 36 overlapped by the
wireless power receiving device). During time pdriT2, impulse response measurement
circuitry 76 applies an impulse to coil 36 and mueas the resulting ringing and exponential
decay of the resulting signal OUT. Noise is présethis measured signal due to the
wireless power transmission to one or more otheicds on device 12. As described in
connection with FIG. 5, the frequency and decag ddithe impulse response signal can
reveal information such as the value of coil indnce L. To enhance measurement
accuracy, the noise measured during period T1 earroved from the signal measured
during period T2 before processing the signal meaisduring period T2 to produce
measurement results such as inductance L.

[0060] A flow chart of illustrative operations involved imeasuring inductance L in a
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potentially noisy environment such as a chargingrenment in which multiple devices 10

are located on a common wireless power transmittengce 12 is shown in FIG. 11. As
shown in FIG. 11, power transmission from devicdd.a first device 10 may be initiated at
step 152.

[0061] With one illustrative approach, power transmisgimthe first device is momentarily
suspended to permit measurement of L for a caNs)lapped with a second device. This
approach is illustrated by the operations of bldt¥4, 156, and 158. During the operations
of block 154, device 12 stops power transmissiaiédfirst device. During the operations of
block 156, impulse response measurement circuing tised to make impulse response
measurements and thereby obtain L for the coillapeed by the second device (e.g., while
the first device is not receiving power). Duritng toperations of block 158, power
transmission from device 12 to the first devicaslfesumed. Power can also be wirelessly
transmitted to the second device 10.

[0062] With another illustrative approach, which is illiated in blocks 160, 162, and 164,
noise is removed from the measured signals withmetrupting power transmission to the
first device. During the operations of block 16asurement circuitry 76 or other
measurement circuitry measures noise in signal (3de, e.g., period T1 of FIG. 10) for the
coil(s) overlapped by the second device withowgrintpting power transmission to the first
device. During the operations of block 162, theullse response measurement circuitry 76
applies an impulse pulse to the coil(s) overlapgpethe second device and measures signal
OUT (see, e.g., period T2 of FIG. 10) while powentinues to be transmitted to the first
device using other coils in device 12 (therebyadtrcing noise into the signal measured
during time period T2). During the operations lafdk 164, impulse response measurement
circuitry 76 and/or control circuitry 42 removeg ttmeasured noise of period T2 from the
impulse response signal of period T2 (e.g., byats#ly subtracting the measured noise at
various different trial phase values until satigéag noise removal is achieved). If the noise
is satisfactorily removed in this way (e.g., if@xponential decay in signal OUT is obtained
and the measured value of L and/or other paramisténerefore obtained with satisfactory
accuracy), impulse response measurement are canguldtwireless power transmission
operations may proceed. As shown by line 166pi$eis not satisfactorily removed during
the operations of block 164, processing may loagka block 160 to make additional noise

and impulse response measurements.
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[0063] System 8 allows device 12 to forgo charging of deviO if a foreign object such as

a radio-frequency identification (RFID) device igdapped by device 10 and is therefore
interposed between device 10 and one or more 86ila device 12. Because coils 36 can be
controlled independently, if a RFID device or otBensitive device is detected on one
portion of device 12 (e.g., overlapping a firstalebne or more coils) while device 10 is
detected on another portion of device 12 (e.g.tlapping a second set of one or more coils
different from the first set of coils), device 12nctransmit power wirelessly using only the
second set of coils and not the first set of cdlitsthis way, power is not wirelessly
transmitted to the RFID device but is transmittatydo wireless power receiving device 10.
[0064] The foregoing is merely illustrative and variousdifications can be made to the
described embodiments. The foregoing embodimenisbe implemented individually or in

any combination.
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Claims
What is Claimed is:
1. A wireless power transmitting device with auing surface,

comprising:

a plurality of coils;

measurement circuitry coupled to the coils;

wireless power transmitting circuitry coupledcctals and configured
to transmit wireless power signals to a wirelessgrareceiving device with one or more of
the coils; and

control circuitry configured to control transisiisn of the wireless
power signals, wherein the control circuitry is figured to operate in:

a first mode in which the control circuitry sshe wireless
power transmitting circuitry and a first set of aremore of the coils to transmit the wireless
power signals to the wireless power receiving dewihout transmitting wireless power to a
radio-frequency identification device detected wite measurement circuitry that overlaps a
second set of one or more of the coils differeantthe first set of coils; and

a second mode in which the control circuitrsgfies using the
wireless power transmitting circuitry to transnmétwireless power signals to the wireless
power receiving device upon detecting with the raeament circuitry that the radio-

frequency identification device is overlapped by ireless power receiving device.

2. The wireless power transmitting device ofroldi, wherein the control
circuitry is further configured to detect foreighjects with the coils based at least partly on

coil inductance information from the measuremerdauiry.

3. The wireless power transmitting device ofroldi, wherein the
measurement circuitry comprises:
an output circuit that includes a selected airtbe coils;
oscillator circuitry coupled to the output ciit

a first measurement circuit configured to measignals in the
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output circuit while the oscillator circuitry prodes output at a probe frequency; and

a second measurement circuit configured to oreasgnals in
the output circuit while the oscillator circuitryquuces a frequency-swept output ranging

from a first frequency to a second frequency.

4. The wireless power transmitting device ofrol&@, wherein the
measurement circuitry further comprises an imprésponse measurement circuit configured
to measure a response of the output circuit tiehtides the selected one of the coils to an
impulse signal, wherein the wireless power transmgjtcircuitry comprises an inverter,
wherein the control circuitry is configured to siypghe impulse signal to the selected one of
the coils with the inverter, and wherein the conticuitry is configured to measure an
inductance associated with the selected one afdlte using the impulse response

measurement circuit.

5. The wireless power transmitting device ofraldi, wherein the control
circuitry is configured to measure a Q factor aiged with the selected of the coils using

the impulse response measurement circuit.

6. The wireless power transmitting device ofrol&, wherein a

frequency of 13.56 MHz lies between the first aadond frequencies.

7. The wireless power transmitting device ofrol&@, wherein the
measurement circuitry further comprises an imprésponse measurement circuit that is
coupled to the output circuit and that is configlte make inductance and Q factor
measurements, wherein the control circuitry is amed to control transmission of wireless
power to the wireless power receiving device whih Wireless power transmitting circuitry

based at least partly on information from the irspulesponse measurement circuit.

8. The wireless power transmitting device ofral&@, wherein the control
circuitry is configured to detect foreign objecteedapping the array of coils based at least

partly on information from the first measuremenmcuit.
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9. The wireless power transmitting device ofral&, wherein the control

circuitry is configured to detect the radio-freqogmdentification device overlapped by the
wireless power receiving device based at leastypamtinformation from the second

measurement circuit.

10. The wireless power transmitting device ofral&, wherein the
wireless power receiving device is configured tertap an area on the coils and wherein the
control circuitry is configured to identify the arbased at least partly on information from

the first measurement circuit.

11. The wireless power transmitting device ofmla0, wherein the first
measurement circuit includes a first peak detemarwherein the second measurement

circuit comprises a second peak detector and a phasslfilter.

12. The wireless power transmitting device ofrala1, wherein the
wireless power transmitting circuitry comprisesiaverter, wherein the control circuitry is
configured to apply an impulse signal to the outprduit that includes the selected one of
the coils with the inverter, wherein the wirelessvpr transmitting device further comprises
an impulse response measurement circuit, whereindhtrol circuitry is configured to use
the impulse response measurement circuit to meastggonant frequency associated with
the output circuit upon application of the imputsgnal, and wherein the control circuitry is
configured to control transmission of wireless poweethe wireless power receiving device
with the wireless power transmitting circuitry bdse least partly on the measured resonant

frequency.

13. A method of using a wireless power transmattievice having a
wireless power transmitting circuitry that transmitireless power signals to a wireless
power receiving device using coils, comprising:

operating the wireless power transmitting devica first mode in
which the wireless power transmitting device uséssaset of one or more of the coils to
transmit the wireless power signals to the wirefgsser receiving device without

transmitting wireless power to a radio-frequenanitification device that overlaps a second
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set of one or more of the coils different thanfilst set of coils; and

operating the wireless power transmitting devica second mode in
which the wireless power transmitting device foigtr@nsmitting the wireless power signals
to the wireless power receiving device upon datgdinat the radio-frequency identification

device is overlapped by the wireless power recgideavice.

14. The method of claim 13 further comprising:
detecting foreign objects on the wireless patrarsmitting device

based at least partly on coil inductance inforrmagathered from the coils.

15. The method of claim 14 further comprising:
measuring signals in the wireless power trarigigitdevice while
oscillator circuitry in the wireless power transtinigy device produces output at a probe
frequency; and
measuring signals in the wireless power trartsigitevice while the
oscillator circuitry produces a frequency-sweptpotitranging from a first frequency to a

second frequency.

16. The method of claim 15 further comprising:

measuring a response of the coils to an impsitgeal.

17. The method of claim 16, wherein the wireleeaer transmitting
device comprises an inverter, the method furthermesing:
supplying the impulse signal to a selected dribeocoils with the
inverter; and
measuring an inductance associated with theteel®ne of the coils

using an impulse response measurement circuit.

18. A non-transitory computer readable storagdinme, comprising
instructions for:
transmitting wireless power signals to a wirglpswer receiving

device with wireless power transmitting circuitigupled to coils;
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operating control circuitry in a first mode irhigh the control circuitry

uses the wireless power transmitting circuitry arfast set of one or more of the coils to
transmit the wireless power signals to the wirefesser receiving device without
transmitting wireless power to a radio-frequenanitification device that overlaps a second
set of one or more of the coils different thanfitst set of coils; and

operating the control circuitry in a second made/hich the control
circuitry forgoes using the wireless power transingt circuitry to transmit the wireless
power signals to the wireless power receiving devpon detecting that the radio-frequency

identification device is overlapped by the wirelpssver receiving device.

19. The non-transitory computer readable storagdium of claim 18
further comprising instructions for detecting fagmeiobjects based at least partly on coll

inductance information gathered from the coils.
20. The non-transitory computer readable storaggium of claim 18

further comprising instructions for measuring gpmsse of a selected one of the coils to an

impulse signal.
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