
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization

International Bureau
(10) International Publication Number

(43) International Publication Date WO 2017/062647 Al
13 April 2017 (13.04.2017) P O P C T

(51) International Patent Classification: (74) Agents: POULIN, Peter et al; Fish & Richardson P.C.,
H04B 5/00 (2006.01) H02J 50/60 (201 6.01) P.O. Box 1022, Minneapolis, Minnesota 55440-1022 (US).
H02J 50/12 (201 6.01)

(81) Designated States (unless otherwise indicated, for every
(21) International Application Number: kind of national protection available): AE, AG, AL, AM,

PCT/US2016/055790 AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM,

(22) International Filing Date: DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
6 October 2016 (06. 10.2016) HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,

(25) Filing Language: English KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,

(26) Publication Language: English OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,

(30) Priority Data: SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,

62/237,676 6 October 201 5 (06. 10.2015) US TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,

62/246,971 27 October 2015 (27. 10.2015) US ZW.

62/264,305 7 December 2015 (07. 12.2015) us (84) Designated States (unless otherwise indicated, for every
62/371,009 4 August 2016 (04.08.2016) us kind of regional protection available): ARIPO (BW, GH,

(71) Applicant: WITRICITY CORPORATION [US/US]; 57 GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,

Water Street, Watertown, Massachusetts 02472 (US). TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,

(72) Inventors: KESLER, Morris P.; 95 Hancock Street, Bed DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
ford, Massachusetts 01730 (US). ALINGER, Dustin J.; LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
68 Clarendon Street, Boston, Massachusetts 021 16 (US). SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
TWELKER, Karl; 16A Ivaloo Street, Somerville, Mas GW, KM, ML, MR, NE, SN, TD, TG).
sachusetts 02143 (US). ATASOY, Oguz; 303 Lowell
Street, Apt 34, Somerville, Massachusetts 02145 (US). Published:

VORA, Shrenik; 1930 Chestnut St., Apt 19E, Phil — with international search report (Art. 21(3))
adelphia, Pennsylvania 19103 (US). KATZ, Noam; 4 Car
riage Dr., Lincoln, Rhode Island 02865 (US).

(54) Title: RFID TAG AND TRANSPONDER DETECTION IN WIRELESS ENERGY TRANSFER SYSTEMS

f

o FIG. 37

(57) Abstract: The disclosure features wireless power transmitters configured to detect a radio frequency identification (RFID) tag,

o the transmitters including a transmitter resonator, a transmitter impedance matching network coupled to the transmitter resonator, an
amplifier coupled to the transmitter impedance matching network, a detection subsystem connected to the transmitter resonator, and

o a controller coupled to the amplifier and to the detection subsystem and configured so that during operation of the transmitter, the
controller is configured to control the transmitter resonator, the amplifier, and the impedance matching network to cycle the trans -
mitter between a power transmission mode and a RFID tag detection mode.



RFID TAG AND TRANSPONDER DETECTION IN
WIRELESS ENERGY TRANSFER SYSTEMS

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority to the following U.S. Provisional Patent Applications, the

entire contents of each of which are incorporated herein by reference: 62/237,676, filed on

October 6, 2015; 62/246,971, filed on October 27, 2015; 62/264,305, filed on December 7, 2015;

and 62/371,009, filed on August 4, 2016.

TECHNICAL FIELD

This disclosure relates to wireless energy transfer systems.

BACKGROUND

Radio frequency identification (RFID) tags are used for a variety of applications

including product tracking, identification, information storage and encryption, and

authentication. Passive RFID tags receive energy from electromagnetic waves generated by a

tag reader. Active RFID tags include a power source such as a battery that delivers power to

circuit elements within the tags. RFID tags are in ubiquitous use through a wide range of

industries and products.

SUMMARY

Resonators that generate magnetic fields in wireless power transfer systems can couple to

RFID tags. Because the magnetic fields generated in power transfer systems are large, even

relatively weak coupling to resonators in RFID tags can induce currents in a tag's circuit

elements that lead to heating of the elements and ultimately, possible damage to the tags. Given

the ubiquitous use of RFID tags, it is preferable to take measures to ensure that wireless power

transfer systems do not damage or inactivate tags attached to articles in proximity to such

systems.

The present disclosure features methods and systems for detecting RFID tags in the

vicinity of resonators used for wireless power transfer. A variety of different techniques can be

implemented for RFID tag detection. In some embodiments, for example, RFID tags can be



detected by generating oscillating magnetic fields within a band of frequencies, and detecting

changes in the reflected impedance to the field-generating resonator. Impedance changes of a

certain type - such as a relatively sharp peak in the real part of the reflected impedance - can be

indicative of the presence of a RFID tag to which the magnetic fields generated by the resonator

couple.

In a first aspect, the disclosure features wireless power transmitters configured to detect a

radio frequency identification (RFID) tag, the transmitters including a transmitter resonator, a

transmitter impedance matching network coupled to the transmitter resonator, an amplifier

coupled to the transmitter impedance matching network, a detection subsystem connected to the

transmitter resonator, and a controller coupled to the amplifier and to the detection subsystem

and configured so that during operation of the transmitter, the controller is configured to control

the transmitter resonator, the amplifier, and the impedance matching network to cycle the

transmitter between a power transmission mode and a RFID tag detection mode, where in the

power transmission mode the RFID tag detection mode is interrupted and the transmitter

resonator generates a power magnetic field at a frequency fp 0wer to transfer power to a wireless

power receiver, where in the RFID tag detection mode the power transmission mode is

interrupted, the transmitter resonator generates at least one detection magnetic field at a

frequency between fi and f2 to excite a RFID tag, the detection subsystem measures a reflected

impedance of the transmitter resonator at each frequency, and the controller determines whether

a RFID tag is present in proximity to the transmitter based on the reflected impedance of the

transmitter resonator, and where f i and f2 are greater than fpower.

Embodiments of the wireless power transmitters can include any one or more of the

following features.

The detection subsystem can measure a real part of the reflected impedance of the

transmitter resonator, and the controller can determine whether a RFID tag is present in

proximity to the transmitter based on the real part of the reflected impedance of the transmitter

resonator. The detection subsystem can measure an imaginary part of the reflected impedance of

the transmitter resonator, and the controller can determine whether a RFID tag is present in

proximity to the transmitter based on the imaginary part of the reflected impedance of the

transmitter resonator.



In the RFID detection mode, the transmitter resonator can generate detection magnetic

fields at frequencies of 11 MHz, 12.5 MHz, 14 MHz, 15.5 MHz, 17 MHz, and 18.5 MHz. The

transmitter resonator can first generate detection magnetic fields at frequencies of 12.5 MHz,

15.5 MHz, and 18.5 MHz, and then can generate detection magnetic fields at frequencies of 11

MHz, 14 MHz, and 17 MHz. Values of ft and f2 can each be between 8 MHz and 22 MHz.

The amplifier can provide one or more driving currents corresponding to the frequency of

the at least one detection magnetic field to generate the at least one detection magnetic field. The

transmitter resonator can include a resonator coil and the transmitters can include a first capacitor

Ci connected in series with the resonator coil and one or more capacitors each connected to Ci

through a different associated switch, where the controller is configured to activate the

transmitter resonator to generate each detection magnetic field by activating the amplifier to

provide a driving current corresponding to a frequency of the detection magnetic field to the

transmitter resonator, and closing one of the associated switches to connect one of the capacitors

to Ci through a continuous circuit pathway.

The transmitters can include a tunable capacitor connected to the controller, and the

controller can be configured to activate the transmitter resonator to generate each detection

magnetic field by activating the amplifier to provide a driving current corresponding to a

frequency of the detection magnetic field to the transmitter resonator, and adjusting a capacitance

value of the tunable capacitor based on the frequency of the detection magnetic field.

The transmitter resonator can include a resonator coil and the transmitters can include a

first capacitor Ci connected in series with the resonator coil, where the detection subsystem is

configured to measure a first voltage across a combination of the first capacitor and the resonator

coil and a second voltage across the first capacitor, and where the controller is configured to

determine the reflected impedance based on the measured first and second voltages. The

controller can be configured to determine a current through the resonator coil based on the

second voltage, and to determine the reflected impedance based on the first voltage and the

current through the resonator coil.

The controller can be configured to determine whether a RFID tag is present in proximity

to the transmitter by identifying one or more local maximum values in the reflected impedance

of the transmitter resonator at frequencies between fi and f2. The controller can be configured to

determine whether a RFID tag is present in proximity to the transmitter by determining



frequencies associated with the one or more local maximum values, and comparing the

determined frequencies to reference information that includes resonance frequencies associated

with RFID tags. The controller can be configured to determine whether a RFID tag is present in

proximity to the transmitter by comparing the determined frequencies to one or more threshold

frequency values corresponding to resonance frequency limits for RFID tags.

The controller can be configured to reduce an amplitude of the power magnetic field if a

RFID tag is determined to be present in proximity to the transmitter. In a single cycle, the

transmitters can operate for a first time period t i in the power transmission mode and for a

second time period t2 in the RFID tag detection mode, and wherein t2 is 500 microseconds or less

(e.g., 300 microseconds or less). A total cycle time corresponding to a sum of t i and t2 can be

between 0.5 seconds and 2 seconds.

In the RFID tag detection mode, the controller can be configured to adjust a bus voltage

in the amplifier to maintain a constant current in the transmitter resonator as each detection

magnetic field is generated.

Embodiments of the transmitters can also include any of the other features disclosed

herein, including any combination of features disclosed in connection with different

embodiments, unless stated otherwise.

In another aspect, the disclosure features methods for detecting a radio frequency

identification (RFID) tag, the methods including: operating a wireless power transmitter in a

power transmission mode, where the operating features using a transmitter resonator of the

transmitter to generate a power magnetic field at a frequency fp0wer to transfer power to a wireless

power receiver; operating the wireless power transmitter in a RFID tag detection mode, where

the operating includes using the transmitter resonator to generate at least one detection magnetic

field at a frequency between fi and f2 to excite a RFID tag; measuring a reflected impedance of

the transmitter resonator at each frequency; determining whether a RFID tag is present in

proximity to the transmitter based on the measured reflected impedance of the transmitter

resonator; and cycling the wireless power transmitter between the power transmission mode and

the RFID tag detection mode, where fi and f2 are greater than fp0Wer.

Embodiments of the methods can include any one or more of the following features.

The methods can include measuring a real part of the reflected impedance of the

transmitter resonator, and determining whether a RFID tag is present in proximity to the



transmitter based on the real part of the reflected impedance of the transmitter resonator. Values

of ft and f2 can each be between 8 MHz and 22 MHz.

The methods can include activating an amplifier of the wireless power transmitter to

provide one or more driving currents corresponding to the frequency of the at least one detection

magnetic field to generate the at least one detection magnetic field. The methods can include, for

each detection magnetic field, activating the amplifier to provide a driving current corresponding

to a frequency of the detection magnetic field to the transmitter resonator, and connecting at least

one capacitor with a capacitor Ci of the wireless power transmitter through a continuous circuit

pathway, where Ci is connected in series with a coil of the transmitter resonator.

The transmitter resonator can include a resonator coil and the transmitter can include a

first capacitor Ci connected in series with the resonator coil, and the methods can include

measuring a first voltage across a combination of the first capacitor and the resonator coil and a

second voltage across the first capacitor, and determining the reflected impedance based on the

measured first and second voltages.

The methods can include determining whether a RFID tag is present in proximity to the

transmitter by identifying one or more local maximum values in the reflected impedance of the

transmitter resonator at frequencies between fi and f2, determining frequencies associated with

the one or more local maximum values, and comparing the determined frequencies to reference

information that includes resonance frequencies associated with RFID tags.

Embodiments of the methods can also include any of the other features disclosed herein,

including any combination of features disclosed in connection with different embodiments,

unless stated otherwise.

Unless otherwise defined, all technical and scientific terms used herein have the same

meaning as commonly understood by one of ordinary skill in the art to which this disclosure

belongs. Although methods and materials similar or equivalent to those described herein can be

used in the practice or testing of the subject matter herein, suitable methods and materials are

described below. All publications, patent applications, patents, and other references mentioned

herein are incorporated by reference in their entirety. In case of conflict, the present

specification, including definitions, will control. In addition, the materials, methods, and

examples are illustrative only and not intended to be limiting.



The details of one or more embodiments are set forth in the accompanying drawings and

the description below. Other features and advantages will be apparent from the description,

drawings, and claims.

DESCRIPTION OF DRAWINGS

FIG. 1A is a schematic diagram of an example of a wireless power transfer system that

includes a wireless power transmitter and a wireless power receiver.

FIG. IB is a schematic diagram of an example of an array of pickup coils.

FIG. 1C is a schematic diagram of another example of an array of pickup coils.

FIG. 2 is a flowchart showing a series of steps that can be performed to detect the

presence of an RFID tag in a magnetic field.

FIG. 3 is a plot showing measured impedance as a function of time, where the measured

signals can be used to detect the presence of an RFID tag in a magnetic field.

FIG. 4 shows an enlarged view of the plot shown in FIG. 3.

FIG. 5 is a schematic diagram showing an example of a switchable resistor that is used to

modulate a wireless power transmitter signal.

FIG. 6 is a schematic diagram showing another showing an example of a switchable

resistor that is used to modulate a wireless power transmitter signal.

FIG. 7 is a schematic diagram showing an example of an amplifier state during

modulation of a transmitter signal.

FIG. 8 is a schematic diagram of an example of a wireless power transfer system that

includes a wireless power transmitter and an RFID reader.

FIG. 9A is a schematic diagram that shows an example of power and/or communication

signals at a transmitter.

FIG. 9B is a schematic diagram that shows an example of power and/or communication

signals at a receiver.

FIG. 10 is a schematic diagram that shows an example of a wireless power receiver

coupled to a mobile electronic device.

FIG. 11 is a schematic diagram that shows another example of a wireless power receiver

coupled to a mobile electronic device.



FIGS. 12A and 12B are schematic diagrams that show examples of a wireless power

transmitter that couples to a RFID reader system.

FIG. 13 is a schematic diagram that shows an example of a transmitter resonator coil.

FIGS. 14A and 14B are schematic diagrams that show examples of a wireless power

transmitter coupled to a RFID reader.

FIGS. 15A and 15B are schematic diagrams that show examples of a RFID reader circuit

and a transmitter resonator.

FIG. 16 is a flowchart showing a series of steps for detecting a RFID tag.

FIGS. 17A and 17B are schematic diagrams that show examples of portions of a wireless

power receiver.

FIG. 18 is a flowchart showing a series of steps of a receiver initiated RFID detection

scheme.

FIG. 19 is a schematic diagram of an example of a wireless power transmitter.

FIGS. 20A and 20B are plots showing measured reflected impedance as a function of

frequency for various RFID tags and wireless power receivers at a short distance from a wireless

transmitter.

FIGS. 2 1A and 21B are plots showing measured reflected impedance as a function of

frequency for various RFID tags and wireless power devices at a longer distance from a wireless

power transmitter.

FIGS. 22A and 22B are plots showing impedance as a function of frequency for various

RFID tags.

FIGS. 23A and 23B are schematic diagrams that show examples of receiver circuitry.

FIGS. 24A - 24B are schematic diagrams that show examples of portions of a wireless

power transmitter.

FIG. 25 is a plot of impedance as a function of frequency for a RFID tag.

FIG. 26 is a plot showing measurements of detection range as a function of antenna

radius for different RFID readers.

FIG. 27 is a schematic diagram of an example of a wireless power transmission system

for low frequency detection of RFID tags.



FIGS. 28A - 28C are plots of power as a function of frequency that show harmonic

content in response to exposure to a low frequency magnetic field for a wireless power

transmitter.

FIG. 29A is a flowchart that shows a series of steps for detecting RFID tags using low

frequency signals.

FIG. 29B is a schematic diagram of an example of a system that can be used to detect

harmonic signals generated by a RFID tag.

FIG. 30 is a schematic diagram of an example of a wireless power transmitter.

FIGS. 3 1A and 3IB are schematic diagrams showing additional examples of a wireless

power transmitter.

FIGS. 32A and 32B are schematic diagrams that show examples of a conductor used in a

wireless power transmitter.

FIG. 33 is a schematic diagram of an example of a wireless power transmitter, showing

voltage and current measurements that are used to determine the reflected impedance of a

transmitter resonator.

FIG. 34A is a schematic diagram of a portion of a wireless power transmitter that

includes a detection subsystem for determining the reflected impedance of a transmitter

resonator.

FIGS. 34B and 34C are schematic diagrams of portions of a wireless power transmitter

that includes switchable capacitors.

FIG. 35 is a schematic diagram of a portion of another wireless power transmitter that

includes switchable capacitors.

FIG. 36 is a schematic diagram of a portion of yet another wireless power transmitter that

includes a switchable capacitor.

FIG. 37 is a flow chart showing a series of steps for detecting RFID tags by measuring

the reflected impedance of a transmitter resonator.

DETAILED DESCRIPTION

I . Introduction to Wireless Energy Transfer Systems

Energy or power may be transferred wirelessly using a variety of known radiative, or far-

field, and non-radiative, or near-field, techniques as detailed, for example, in commonly owned



U.S. Patent Application No. 12/613,686, published on May 6, 2010 as US20 10/0 10909445 and

entitled "Wireless Energy Transfer Systems," U.S. Patent Application No. 12/860,375, published

on December 9, 2010 as US2010/0308939 and entitled "Integrated Resonator- Shield Structures,"

U.S. Patent Application No. 13/222,915, published on March 15, 2012 as US2012/0062345 and

entitled "Low Resistance Electrical Conductor," U.S. Patent Application No. 13/283,854,

published on October 4, 2012 as US2012/0248887 and entitled "Multi-Resonator Wireless

Energy Transfer for Sensors," and U.S. Patent Application No. 13/534,966, published on January

2, 2014 as US20 14/00020 12 and entitled "Wireless Energy Transfer for Rechargeable Batteries,"

the entire contents of each of which are incorporated herein by reference.

In exemplary embodiments, a wireless energy transfer system may be configured to

transfer energy directly to, or charge a battery of, a mobile electronic device. Mobile electronic

devices can include cell phones, smartphones, laptops, notebooks, tablets, watches,

smartwatches, Bluetooth headsets, activity trackers, and the like. A wireless energy transfer

system can include a wireless energy transmitter and receiver. The transmitter can include at

least one transmitter resonator and transmitter electronics, and the receiver can include at least

one receiver resonator and receiver electronics. In embodiments, the transmitter can transfer

power to one or more receivers via an oscillating magnetic field.

II. Radio Frequency Identification Tags

Radio frequency identification (RFID) technology has been used in many applications

and industries, including cards, packaging, and implanted microchips among others. In general,

an RFID system can include a reader that produces a magnetic field such that when a tag enters

the field, the field induces a current in the tag's circuitry that causes the tag to transmit

electronically stored information to the reader. The reader and/or tag can be active or passive.

The tag can include an antenna and circuitry including a rectifier coupled to a load. RFID-

equipped cards or tokens in many common applications are tuned to operate at frequencies from

8 MHz to 20 MHz, such as 13.56 MHz. However, they can absorb energy at many other

frequencies and field intensities, for example, at 6.78 MHz.

For wireless energy transfer systems with an operating frequency of 6.78 MHz, coupling

between the magnetic field generated by the power transmitter of such systems and an RFID tag

can occur, and may cause damage to the RFID tag via dissipated heat. For example, in a situation



where an RFID tag is placed in a magnetic field intended for power transfer, the relatively strong

magnetic field can induce a voltage high enough in the RFID tag antenna to cause the tag's

circuitry to overheat. Ultimately, this may lead to irreversible damage to the tag circuitry and

packaging.

In some embodiments, an RFID reader can be used with a wireless power transmitter to

detect the presence of RFID tags within an "impact zone". The "impact zone" can be defined as a

volume around the wireless power transmitter within which an RFID tag can experience

overheating. However, conventional RFID readers may not function properly in the presence of

a strong magnetic field (caused by a wireless power transmitter) since RFID tags may not be able

to interpret a request from the reader and thus, may not modulate their load in response. In other

words, the RFID tag circuitry may be saturated by the strong field and thus unable to produce a

suitable response.

While there are many RFID standards that are used globally, there are a handful that

appear commonly in everyday items such as transit passes, hotel key cards, credit cards, and toll

passes. One such standard is ISO 15693, which allows for magnetic fields up to 5 A/m rms at

13.56 MHz. Another standard, ISO 14443, allows for fields up to 7.5 A/m rms at 13.56 MHz.

However, typical magnetic fields for charging a consumer electronic device, such as a

smartphone, tablet, or laptop, are around 30 A/m or higher at 6.78 MHz. Note that some RFID

tags may operate around 13.56 MHz without strictly conforming to a particular standard.

If the magnetic field to which a RFID tag is exposed (i.e. within the "impact zone") is too

high (i.e., higher than the tag's specified limit according to a standard, for examples), a clamping

circuit in the RFID tag may prevent over-voltage in the tag's circuitry. This reaction in turn can

lower the quality factor QRFID and widen the frequency response of the RFID tag antenna. As the

frequency response widens, power can be absorbed not only at 13.56 MHz but also at 6.78 MHz.

The absorbed power may then be dissipated as heat which can damage the RFID tag.

This disclosure features systems and methods for detecting RFID tags in proximity to

wireless power transfer systems. The power from a wireless power transmitter of such a system

can be turned down or shut off in response to detecting an RFID tag in proximity to the system.

In some embodiments, the user of the wireless power system can be notified so that they may

remove the RFID tag from the "impact zone" and so that the wireless power transmitter can

proceed to transmit power.



In some embodiments, RFID tags are "queried" to detect and identify the tags. When

queried, a small amount of power is coupled to a tag to generate a response, which is then

measured and used for detection purposes. However, querying a tag in this manner is different

from transferring operating power to a receiver which is then used to perform useful work such

as powering an electronic device and/or charging a battery. When transmitting power to perform

useful work in an electronic device, the amount of power transferred is typically 2.5 W or more

(e.g., 5 W or more, 7.5 W or more, 10 W or more, 50 W or more, 100 W or more). Further,

when a wireless power transmitter couples to a receiver to transmit power to perform useful

work, the efficiency with which power is transferred between transmitter and receiver is

generally 65% or higher (e.g., 75% or higher, 80% or higher, 85% or higher, 90% or higher, 95%

or higher).

III. RFID Tag Detection by Modulation of a Power Transmission Field

FIG. 1A shows a schematic diagram of an exemplary embodiment of a wireless power

transmitter 102 with a receiver 116, a RFID tag 118, and a rogue object 120 in its vicinity. The

transmitter 102 is coupled to a power supply 104 such as a battery, AC mains, or solar cell. The

transmitter 102 includes an amplifier 106 providing current to a transmitter resonator 108 via an

impedance matching network 110. The amplifier 106 may be controlled by a controller 112. The

transmitter 102 can optionally include one or more pick-up coils 114. In some embodiments, a

transmitter resonator coil can be a planar coil with an active area on a surface of the planar coil.

The optional pick-up coil(s) can be positioned on or near the surface of the planar coil.

FIGS. IB - 1C show schematic diagrams of exemplary embodiments of pick-up coils arranged in

an array at a surface of a planar resonator coil of the transmitter resonator. FIG. IB shows pick

up coils arranged in an evenly distributed array at the surface of the transmitter resonator coil.

FIG. 1C shows pick-up coils arranged on the transmitter coil surface such that a larger pick-up

coil is positioned near the center of the transmitter coil surface and smaller pick-up coils are

positioned near the corners.

In general, a RFID tag can approach to within only a certain distance of a transmitter

before the amplitude of the field generated by the transmitter causes thermal damage to the tag.

Because the field at the center of the transmitter's resonator coil is larger than the field near the

edges of the resonator coil, a tag can approach the edges of the resonator coil more closely than



the center before damage occurs. The distribution of field amplitude above the surface of the

transmitter's resonator coil creates a three-dimensional "damage bubble" within which damage

to a tag can occur. As a result, detection of a tag occurs before the tag enters the damage bubble.

As an example, for a given duration of exposure, a RFID tag approaching the center of an

exemplary transmitter's resonator coil may only be able to approach to within about 7 cm before

damage occurs; accordingly, detection of the tag occurs at distances of 7 cm and larger to

prevent tag damage. A RFID tag approaching the edge of the same resonator coil may be able to

approach to within 5 cm before damage occurs, and therefore detection of the tag can occur at

distances of 5 cm and larger.

Different arrangements of pick-up coils as shown in FIGS. IB and 1C can be used to

implement RFID tag detection at different distances from a transmitter resonator coil. For

example, as shown in FIG. 1C, in some embodiments pick-up coils with higher sensitivity (e.g.,

due to a larger radius, larger effective size, and/or greater number of loops) can be positioned at

the center of the transmitter resonator coil to detect RFID tags at larger distances from the

resonator coil. Pick-coils with lower sensitivity (e.g., due to a smaller radius, smaller effective

size, and/or smaller number of loops) can be positioned nearer to the edges of the transmitter

resonator coil, since RFID tags can be closer to the resonator coil at these locations before

damage occurs.

In addition to having different radii, effective sizes, and numbers of loops, pick-up coils

can also be positioned in different orientations relative to one another and/or to the transmitter

resonator coil to provide for detection of RFID tags at different distances (e.g., with different

sensitivities).

Returning to FIG. 1A, transmitter 102 can wirelessly transmit power to one or more

receivers 116 to provide power to a load, such as the battery of a mobile phone, laptop, tablet,

etc. Other objects such as RFID tags 118 and rogue objects 120, for example, metal objects

including coins, cans, compact discs, etc. may be positioned near the transmitter 102. In certain

embodiments, to avoid damaging an RFID tag as discussed above, the transmitter can detect its

presence. In some embodiments, transmitter 102 is configured to detect and differentiate an

RFID tag 118 from a receiver 116 and/or a rogue object 120.

FIG. 2 is a flowchart 200 that shows a series of example steps for detecting a RFID tag in

proximity to a wireless power transmitter. In step 202, a transmitter is driven with an oscillating



current at approximately 6.78 MHz. In step 204, the transmitter queries an RFID tag by

modulating the magnetic field that it generates. For example, the transmitter can turn off,

decrease, or modulate the magnetic field for short periods of time and/or in a specific pattern to

query the RFID tag. The pattern of modulation to query the RFID tag can be specific to the RFID

standard that the tag employs. Examples of RFID standards are ISO 15693, ISO 14443 (Types A

and B), ISO 18000-3 (Modes 1, 2, 3), FeliCa, and the like.

To modulate the magnetic field of the transmitter, controller 112 can control the switches

of the transmitter amplifier 106 via, for example, pulse width modulated (PWM) signals. The

controller 112 can modulate the duty cycle and/or the phase of the switches. Alternatively, or in

addition, controller 112 can be coupled to IMN 110 and can tune elements of IMN 110 (such as

adjustable capacitors and/or inductors) to generate a modulated magnetic field at the transmitter

resonator 108.

Transmitter 102 can monitor any change or modulation in its magnetic field (step 206) in

response to the query. In some embodiments, for example, the RFID tag can modulate the

carrier frequency fc = 6.78 MHz of the power transmission field with a subcarrier field

component at a frequency of, for example, fsc = fc/16, fc/32, and/or fc/64. In certain

embodiments, the modulation may be in the 100-500 k z range.

To detect changes or modulation in the magnetic field, one or more sensors (e.g., sensors

113 in FIG. 1A) can be present in transmitter 102. For example, one or more current, voltage,

power, or impedance sensors can be coupled to the transmitter to monitor signals such as

transmitter resonator coil current, voltage on the resonator coil, voltage on a resonator capacitor,

and/or impedance shifts. Examples of such sensors are also shown in FIG. 19 (e.g., monitors M l

and M2), which is discussed in greater detail below.

Returning to FIG. 2, if a sensor detects a change or modulation in any of these signals,

the magnetic field may be turned off or decreased (step 208). The user of the system may

optionally be alerted to remove any RFID tags in the vicinity of the charging system (step 210).

The transmitter may then resume generating a magnetic field to power or charge electronic

devices.

IV. Querying for RFID Tags



FIG. 3 is a plot showing examples of measured signals corresponding to the magnetic

field generated by a transmitter resonator. In some embodiments, the signal can be a voltage on

the transmitter resonator coil and/or a probe or pick-up coil. The top waveform 302 corresponds

to a transmitter resonator coil with quality factor Q of approximately 200 while the bottom

waveform 304 corresponds to a transmitter resonator coil with a quality factor Q of

approximately 16.

There is a duration 308 of sustained field amplitude generated by the transmitter,

followed by a duration 306 in which the magnetic field is modulated to query an RFID tag. The

duration of sustained amplitude 308 can be, for example, approximately 1 millisecond or more

(e.g., approximately 2 milliseconds or more, approximately 5 milliseconds or more,

approximately 10 milliseconds or more). Duration 306 is followed by a duration 310 of sustained

field amplitude before a modulation of the field due to the response of the RFID tag is detected

in duration 312.

Note that the duration 306 of the modulation pattern in the waveform is extended in time

when using an approximate carrier frequency of 6.78 MHz as compared to the duration of the

modulation pattern at the normal operating frequency of 13.56 MHz. In this case, the duration

306 of the modulation pattern is approximately twice as long at 6.78 MHz as compared to a

modulation pattern at 13.56 MHz. This "slowing down" of the modulation pattern occurs to

properly generate a response from an RFID tag in the vicinity of the transmitter. A RFID tag may

respond to a modulation in a 6.78 MHz field at this "slowed down" rate due to the slowing down

of the clock of the RFID tag, which is usually generated from the carrier magnetic field. Further,

the dynamic range of field to which RFID tags may respond at 6.78 MHz is less than the

dynamic range of field to which RFID tags respond at 13.56 MHz. For example, at 13.56 MHz,

an RFID tag may respond in magnetic field levels of approximately 1.5 - 7.5 A/m, or a dynamic

range of 5 . At 6.78 MHz, an RFID tag may respond in magnetic field levels of approximately 2.5

- 5.0 A/m, or a dynamic range of 2 . To successfully detect multiple types of RFID tags at 6.78

MHz, each standard can be queried at several different field strengths.

To increase the probability that an RFID tag responds to the magnetic field created by a

transmitter resonator, the power level of the transmitter modulated signal can be configured to be

lower so that certain electronic protective components, such as the rectifier, converter, and/or

clamp circuitry, in the RFID tag does not engage. These protective components may prevent the



RFID tag from responding. The modulation response of the RFID tag may be reduced if a

voltage is present that is large enough to cause this circuitry to engage. As will be discussed in

greater detail subsequently, in some embodiments, detection of RFID tags can occur by

measuring changes in the complex impedance of the transmitter coil. Thus, the sensitivity of

detection is closely related to coupling between the detection coil (in some cases, the transmitter

coil) and the RFID tag. However, when the above circuit components engage, the extent to

which the RFID tag modulates the real part of the reflected impedance can be significantly

reduced. This is a natural consequence of the engagement of these components, as they function

to protect the RFID tag against over-voltage and/or over-current conditions that can damage the

tag. But because the engagement of these components can significantly reduce the modulation in

the real part of the reflected impedance by the RFID tag (and can also increase nonlinearities in

the modulation by the RFID tag), detecting RFID tags using techniques based on measurement

of the real part of the reflected impedance may become more challenging. For this reason, the

power level of the transmitter field can be maintained relatively low.

Due to the high quality factor QTX of the transmitter resonator coil, the magnetic field

may not be able to turn off quickly enough to create the distinct modulations seen in duration

306. For example, the fall time, rise time, and overshoot of the field transients during modulation

may be too large using a high QTX transmitter resonator coil. Thus, in certain embodiments, a

resistor can be switched in to temporarily lower the quality factor QTX of the resonator coil. The

resistor can be switched in for most or all of duration 306. This can lower the quality factor QTX

of the transmitter resonator and allow fast modulation of the transmitter current. In certain

embodiments, the transmitter can be configured to generate a magnetic field at low power to

prevent the RFID tag from saturating and to allow for fast modulation by the resistor.

In some embodiments, the transmitter can generate a magnetic field at a normal power

level (i.e. to transmit an expected amount of power to a device such as 1 W, 5 W, 10 W, 30 W or

more). In this case, the resistor can be configured to be switched in and out quickly in duration

306 to temporarily lower the quality factor while still allowing receiver to 'ride through' and

receive power uninterrupted.

Typically, during a modulation period, the magnetic field is only off or decreased for a

few microseconds at a time, for example, in the range of 1 microsecond to 10 microseconds (e.g.,

1 microsecond to 8 microseconds, 1 microsecond to 6 microseconds, 1 microsecond to 4



microseconds) per modulation. The specific durations for which the magnetic field is off or

decreased can be adjusted based on a RFID tag's standard and on the modulation sequences for

"waking up", "querying", "taking inventory" and the like of RFID tags. However, a receiver that

expects to receive uninterrupted power via an uninterrupted magnetic field may not be able to

continuously deliver power to its load during periods of modulated or "interrupted" magnetic

field. Accordingly, in certain embodiments, one or more capacitors is coupled to the receiver to

"carry" the electronic load through periods of reduced magnetic field without any effective

charging interruptions.

FIG. 4 shows an expanded view of waveform 304 from FIG. 3 . After an initial duration

308 of sustained amplitude, duration 306 of modulated transmission field amplitude is initiated

by switching a resistor R at time 402 into the circuitry of the power transmitter; at the same time,

the amplifier of the power transmitter is turned off. Depending upon the RFID tag standard, the

period during which the amplifier is off can be sustained for several microseconds, for example,

between 5 and 10 microseconds, before the amplifier is turned on again (at time 404). A short

time later, at time 406, the resistor is switched out of the transmitter circuitry. The foregoing

cycle can be repeated for each modulation in duration 306.

FIG. 5 is a schematic diagram that shows an example of a portion of transmitter circuitry

in which resistor R l is connected in parallel to capacitor CI in the resonator circuit of the

transmitter. L I is an inductive element that corresponds to the coil in the transmitter's resonator

that generates the magnetic field for wireless power transfer. Amplifier 504 is connected to and

drives L I to generate the magnetic field. Resistor R l is configured to be switched in and out of

the circuit via switch 502. Controller 112 can be configured to control the switch 502 and/or

amplifier 504. Switching R l in and out of the circuit may cause some transient behavior, which

can be corrected, for example, by using filtering techniques.

FIG. 6 is a schematic diagram that shows another example of a portion of transmitter

circuitry in which resistor R4 is connected in parallel with amplifier 602. In some embodiments,

resistor R4 is connected in parallel with lower switches or FETs 708, 710 (as shown in FIG. 7

and described below). When the amplifier 602 is turned off, current flows through R4 into L3,

thereby damping the current in the transmitting coil L I more quickly. Similarly, by activating

switch 604, R4 can be switched in and out from the transmitter circuitry. In certain

embodiments, resistor R4 can be switched out when the amplifier 602 is turned on as R4 does



not affect rise time (as R l does). Controller 112 can be configured to control switch 604 and/or

amplifier 602.

FIG. 7 shows a schematic diagram of an exemplary embodiment of a full-bridge Class-D

amplifier 702 that has been turned off. Top switches 704, 706 are open while bottom switches

708, 710 are closed, effectively shorting the path to ground and preventing voltage transients due

to interruption of L3 current. In embodiments utilizing R4 switching, as shown in FIG. 6, some

or all of the switches of the amplifier can be open-circuited to force current through resistor R4.

In certain embodiments, the values of resistor R l and/or R4 are selected according to the

transmitter circuitry's modes and decay constants. For example, in some embodiments, the

resistors are chosen so that the slowest decaying mode conforms to the decay times specified in

one or more RFID standards. Thus, the resistance value for R l can be in the approximate range

of 10 to 75 Ω or more. The resistance value for R4 can be in the approximate range of 5 to 25 Ω

or more.

In general, the resistance value can be dependent on the quality factor of the transmitter

resonator coil, the extent of modulation of the magnetic field, and/or the resonator coil

inductance. For certain configurations, the quality factor can be proportional to cycles of

magnetic field decay:

Tdecay
Q K - y-

cycle

where T eca is the time duration for 1/e reduction of current and Tcycie is the time duration of

each cycle of magnetic field oscillation.

In some embodiments, the charge rate or effective rate of energy delivery may decrease

with the duty cycle of the amplifier. For example, if the magnetic field generated by the

transmitter has zero amplitude for 25% of the modulation duration, then 75% of the expected

amount of power can be delivered to a receiving device.

IV. Power Transmission and RFID Reader Systems

FIG. 8 is a schematic diagram of an example of a wireless power transmitter 800 that

includes a RFID reader system. In FIG. 8, wireless power transmitter 800 includes a power

amplifier 802 selectively coupled to a transmitter impedance matching network 804 and

resonator coil 806. The transmitter controller 812 can control the activation of the RFID reader



electronics 808 and antenna coil 8 10 . In some embodiments, some or all of the RFID reader

system components can be contained within the transmitter packaging or housing. For instance,

the controller 8 12 can switch out (via switch 8 14) the transmitter IMN 804 and resonator coil

806 and activate the RFID reader electronics 808 and antenna coil 8 10 . This causes the power

transmission to be temporarily interrupted while the RFID reader queries for RFID tags.

FIG. 9 A shows a representation of a waveform at the transmitter resonator coil (e.g., a

magnetic field generated by the transmitter resonator coil) as a function of time. The power level

902 shown is a representation of the level of power transmitted to a receiver though current,

voltage, or output power or another operating parameter that can also be measured. During the

period of time ttransmit, the transmitter outputs a power level Ρτχ sufficient to power or charge the

load at the receiver. The load can be a battery of the receiver such as a laptop, tablet, or mobile

phone battery. For example, a power level Ρτχ sufficient to charge the battery of a mobile phone

may be at least 1 W (e.g., at least 2 W, at least 5 W, at least 10 W, or even more). In the example

of a laptop, a power level Ρτχ to charge its battery may be at least 5 W (e.g., at least 10 W, at

least 2 0 W, at least 4 0 W, at least 5 0 W, or even more). In general, the power level Ρτχ may be

any power level that keeps certain functions (e.g., core functions and/or essential functions) of

the receiver active, and/or a power level that charges the battery of the receiver (e.g., a mobile

phone or laptop battery). Control over the output power level can be determined by the

controller 1 12 adjusting any of the converters, amplifiers, impedance matching components, or

other components of the transmitter.

For period of time to, the power level at the transmitter is decreased to below the power

level Ρτχ to PRFID to allow the querying of one or more RFID protocols to check for RFID tags.

When the power level is decreased to PRFID allowing the RFID reader to operate, the power level

is typically not sufficient to power or charge the load. In some embodiments, PRFID may be zero

or near zero (e.g., 0 .1 W or less, 0.05 W or less, 0.0 1 W or less, 0.005 W or less, 0.00 1 W or less,

0.000 1 W or less, 0.0000 1 W or less, or even less). Time ai indicates a single cycle of ttransmit

and to.

In some embodiments, an RFID reader or the power transmitter itself (using techniques

described above) may query according to the RFID and/or near-field communication (NFC)

protocols 904, as shown in FIG. 9A. The number of protocols 904 may depend on the period of

time t o allowable by a power transmission standard and/or the amount of time a receiver's



charging electronics can remain on without receiving power. In certain embodiments, the number

of protocols 904 may depend on a chosen number of RFID read/interrogation protocols based on

popularity of particular type(s) of RFID tags. In certain embodiments, different sets of RFID

protocols can be queried at each time period to. In other words, a first set of RFID protocols can

be queried at the first instance of t o and a second set of RFID protocols can be queried at the

second instance of t o and so on.

In some embodiments, the period of time t o may be approximately 5 ms to approximately

100 ms (e.g., less than 9 0 ms, less than 80 ms, less than 7 0 ms, less than 6 0 ms, less than 50 ms,

less than 3 0 ms, less than 2 0 ms, less than 15 ms, less than 10 ms), though t o can be higher or

lower depending on the application. In certain embodiments, the duration ttotai may be

approximately 1 second long. In some embodiments, the duration ttotai may be approximately

0.25 seconds or more (e.g., 0 .5 seconds or more, 0.75 seconds or more , 1.0 second or more, 1.5

seconds or more, 2.0 seconds or more, 3 .0 seconds or more).

The length of time period ai may be selected reduce harm to an RFID tag that is within

an active area of power transmission, which is an area within which a receiver couples to a

transmitter to transmit power wirelessly from the transmitter to the receiver at an efficiency (as

measured by the ratio of power transmitted to the receiver to power supplied to the transmitter

resonator) of at least 5%. For example, it was found that it took approximately 1 second for some

RFID tags to reach a harmful temperature level. In other cases, it was found that it took less than

1 second for certain RFID tags to reach a harmful temperature level. A "harmful" level of

temperature is defined as a temperature reached by the RFID tag - due to the coupling of energy

into the RFID tag - such that the RFID tag electronics are irreversibly damaged or their expected

lifetime is reduced.

In some embodiments, a transmitter can initiate an RFID query period t o after the receiver

sends a value of a measured parameter, such as a measured current, voltage, or power value, to

the transmitter. Such a measurement may be sent from the receiver to the transmitter, for

example, approximately every 250 milliseconds. Below in Table 1 is a summary of a sample of

RFID standards and time needed for query cycle time, using the following formula:

reader query + wait + card response = query cycle time



Table 1. Summary of sample RFID standards that may be queried during power transmission.

i S a i Reader ii Wait i Card ii Query cycle t
i query (ms) i (ms) i response m s ii (ms)

i ISO 14443A i 0.094 ii 0.091 i 0.151 ii 0.337

i ISO 14443B i 0.708 ii 0.170 i 1.321 ii 2.199

i ISO 15693 i 2.275 ii 0.321 i 3.927 ii 6.523

i FeliCa i 0.604 ii 2.417 i 1.057 ii 4.078

Total* i 3.681 ii 13.137

* Sum of all of the query cycle times. Does not include delay between each standard query cycle.

** Total including a delay between each standard query cycle. Delay = 5 ms (set by ISO 14443

standards).

It should be noted that in Table 1 above, the query cycle time and other times are not

inflexible, and can be adjusted, for example, to account for communication speed between the

transmitter and receiver.

FIG. 9B shows a representative measurement 906 of power at the receiver resonator coil,

though a voltage, current, or another operating parameter value can be measured instead to

provide an indication of the received power level P Rx. Such a measurement 906 may also be

made at the matching network, rectifier, load, or battery of the receiver.

In some embodiments, the load may experience a drop in power below a power level PRX

needed to power its load or charge its battery, reflecting a drop in power Ρτχ at the transmitter

side. If power transmission drops or decreases, the receiver controller may signal to the user

interface of the mobile electronic device that power transmission has indeed dropped and a

notification can be delivered to the user (e.g., may appear to the user in the form of LED lights,

vibration, or a notification on the screen of the laptop, mobile phone, etc.).

However, to avoid notifying the user every time RFID query occurs (and cause an

undesirable user experience), a controller in the receiver can be configured to wait until the end

of duration t i after determining that PRx has decreased below a threshold level. After ti, if the

power level has not resumed to the expected P Rx level, the receiver controller can signal to the

user interface that power transmission has dropped. After ti, if the power level has resumed to



PTx, the user will not be notified of any power interruptions. This notification time duration t i

can be longer than time t o that is taken to query RFID protocols.

FIG. 10 shows a schematic diagram of an embodiment of a wireless power receiver

coupled to device electronics. The receiver includes a receiver resonator 1002, impedance

matching network 1004, rectifier 1006, communication circuit 1008, and a receiver controller

1010. The output of the rectifier 1006 is coupled to a load or battery 1012. Between the rectifier

1006 and load 1012 can be a DC-to-DC converter and/or a voltage clamp (not shown).

In certain embodiments, a parameter measurement sensor 1014 can be positioned at the

output of the rectifier 1006. The receiver controller 1010 can detect a change in a parameter

measured by sensor 1014, for example, due to the power decrease associated with interrupted

power transmission for RFID detection.

In some embodiments, receiver controller 1010 can communicate with the device

controller 1016 to indicate that the power has dropped and that notification to the user interface

1018 of the device should be delayed by time duration ti. In some embodiments, the device

controller 1016 can be configured to delay communicating with the user interface 1018 by time

duration t i once detecting that the power to the load 1012 has decreased.

FIG. 11 shows a schematic diagram of an embodiment of a wireless power receiver

coupled to device electronics. The device electronics include a battery manager 1102 that

manages the battery 1012. The receiver controller 1010 can optionally be coupled to the battery

manager 1102. The battery manager 1102 may signal to the receiver controller 1010 and/or to the

device controller 1016 that power has decreased. The receiver controller 1010 may then

communicate to the device controller 1016 to delay, by time duration ti, notifying the user

interface 1018 that power transmission has dropped. In some embodiments, the battery manager

1102 can be positioned in the power path between the rectifier 1006 and battery 1012. The

battery manager 1102 can control or regulate the amount of current delivered to the battery 1012.

In certain embodiments, the device controller 1016 itself can delay communicating with the user

interface 1018 by time duration t i once detecting that the power to the load 1012 has decreased

via the battery manager 1102.

FIG. 12A shows an embodiment of a wireless power transmitter coupled to a RFID

reader system. The RFID antenna 1202 is inductively coupled to the transmitter resonator coil

1204. This allows for the detection of RFID tags both above and below the transmitter resonator



coil (e.g., up to 16 cm above the top surface of the transmitter resonator coil 1204 and 1.5 cm

below the bottom surface of the transmitter resonator coil 1204). The transmitter resonator 1205,

including the transmitter resonator coil 1204, is configured to resonate at approximately 13.56

MHz. This configuration can be achieved, for example, by changing the capacitance value of the

transmitter resonator capacitor 1206. Thus, by inductively coupling to the transmitter resonator

1205, the RFID reader system 1207 can drive the transmitter resonator coil 1204 at

approximately 13.56 MHz to effectively detect RFID tags 1208 in its vicinity. This arrangement

can increase the detection range of the RFID reader and reduce undesirable interactions between

the RFID reader system and the transmitter. For example, if the transmitter system and the RFID

system are not inductively coupled, a current induced in the transmitter resonator can cancel

some or all of the magnetic field generated by the RFID reader antenna. In some embodiments,

the transmitter resonator can be a repeater resonator.

The magnetic field (generated at frequency 13.56 MHz) strength depends on the power

from the RFID reader integrated circuit (IC) 1210. In some embodiment, for example, RFID IC

1210 delivers 3 W or more (e.g., 4 W or more, 5 W or more, 6 W or more, 8 W or more, 10 W or

more) of power to the transmitter resonator coil 1204.

In certain embodiments, the RFID reader IC 1210 is coupled to the RFID antenna 1202

via the RFID reader impedance matching network (FMN) 1212. Note that, in some embodiments,

the transmitter amplifier is switched out from the transmitter circuit to avoid back-driving current

and damaging transmitter components.

FIG. 12B is a schematic diagram that shows an embodiment of a transmitter resonator

1205 coupled to an RFID reader IC 1210. The RFID reader IC 1210 can directly drive the

transmitter resonator 1205 at a frequency to detect RFID tags. For example, the frequency can be

13.56 MHz or any frequency between and including approximately 8 - 20 MHz or more. In

certain embodiments, the transmitter capacitor 1206 can be tuned so that the transmitter

resonator 1205 can resonate at 13.56 MHz (or at frequencies within the band 8 - 20 MHz). Note

that a receiver or another object may detune the transmitter resonator 1205 from transmitting

power or detecting RFID tags. In such a case, the transmitter capacitor 1206 can also be used to

retune the transmitter resonator in response to detuning. Transmitter capacitor 1206 can be

adjusted by controller 112, for example.



FIG. 13 shows a schematic diagram of a transmitter resonator coil 1302, shown in thicker

coil traces. Also shown are the loops belonging to a RFID antenna coil 1304 as thinner traces

1304A, 1304B positioned in between the thicker coil traces of the resonator coil 1302. Note that

the RFID antenna coil traces 1304A and 1304B closely follow the shape of the transmitter

resonator coil 1302 which allows for high coupling, for example k greater than 0.4, between the

two inductively coupled coils 1302 and 1304. In some embodiments, the number of turns of the

RFID antenna coil can be determined by the number of turns, Ntums, in the transmitter resonator

coil. For example, the RFID antenna coil can have 1 to Ntums. In certain embodiments, the

number of turns of the antenna coil affects the strength of coupling between the antenna coil and

the transmitter resonator coil.

In some embodiments, the resonant frequency RFID of the RFID detection system may

be approximately equal to the resonant frequency ωτχ of the tuned transmitter resonator coil. In

certain embodiments, the difference between CORFID and ωτχ may be maintained at 500 Hz or less

(e.g., 300 Hz or less, 100 Hz or less, 50 Hz or less, 25 Hz or less) to avoid additional resonances

at a frequency CORFID and C T X .

FIG. 14A shows a schematic diagram of an embodiment of a transmitter controller

coupled to a RFID reader. The controller 1402 controls switches 1408 to switch in and out the

RFID antenna 1410. In some embodiments, the transmitter controller 1402 is coupled to a RFID

reader electronics (including a reader integrated circuit (IC) 1404) via a universal asynchronous

receiver/transmitter (UART) connection. The switching mechanism may be a relay or transistors

(such as FETs) and may be employed to avoid loading the transmitter resonator and to avoid

damage to the RFID reader IC 1404 during power transmission. The RFID reader IC 1404 is

coupled to the RFID antenna 1410 via the RFID IMN 1412. In certain embodiments, there may a

power supply 1414 (5V, approximately 120 mA) is connected to the RFID reader IC 1404 via

the transmitter controller 1402. In some embodiments, a direct power supply is connected to the

RFID reader IC 1404. The power supplied may be 10 mW or more (e.g., 50 mW or more, 100

mW or more, 500 mW or more, 1 W or more, 2 W or more, 5 W or more, 10 W or more, or even

more).

FIG. 14B shows a schematic diagram of an example of a power transmitter 1416 and

RFID reader system 1418. Note that transmitter resonator coil 1420 and the RFID antennas

1422A, 1422B are inductively coupled (as shown in FIG. 13). Switches SI and S2 are used to



control which of the RFID antennas 1422A and 1422B are used to inductively drive the

transmitter resonator coil 1420. As shown in FIG. 14A, controller 1402 can control these

switches 1408 (SI, S2).

FIG. 15A shows a schematic diagram of an example of the transmitter 1205 and RFID

reader 1207 systems shown in FIG. 12A . In certain embodiments, the quality factor Q Tx of the

transmitter resonator 1205 may be too high to effectively query and detect RFID tags, as it may

be difficult to switch transmitter resonator 1205 quickly enough to properly modulate the power

transmission field to query the tags. The reduction of the Q of the overall system (and thus, the

transmitter resonator Q Tx) can be achieved by connecting in parallel a resistor 1502 to the RFID

antenna 1202.

For example, the detection system (including the RFID reader system and the transmitter

system) can detect a sample RFID tag at approximately 4.5 cm above the center of the

transmitter resonator coil. The magnetic field at 4.5 cm away from the center of the top surface

of the transmitter resonator coil is approximately 2.3 A/m. For comparison, the magnetic field

level at the top surface of the center of the transmitter resonator coil (e.g., at a spacing of zero

cm) is approximately 8.9 A/m. The field strength at the top surface may be too high for an RFID

tag to occupy without sustaining damage.

Near the edge of the surface of the transmitter resonator coil, the lowest field level is

approximately 1.5 A/m. Accordingly, closer to the edge of the transmitter resonator coil,

detection is possible to a spacing between the transmitter resonator coil and the RFID tag of

approximately 3.5 cm. In certain embodiments, RFID tags can respond to queries from the

system shown in FIG. 14 up to 7.5 cm from the transmitter resonator coil surface.

FIG. 15B is a schematic diagram showing the transmitter and RFID reader systems of

FIG. 12A. In FIG. 15B, to lower the overall system Q, resistor 1504 can be coupled to the

transmitter resonator 1205. The current in the transmitter resonator coil is also low enough

(approximately 106 mA) to prevent back-driving of transmitter power electronics. In certain

embodiments, the resistor can be switched out (e.g., by opening a switch connected to a

transmitter controller) when the transmitter returns to transmitting working power to a receiver.

FIG. 16 is a flow chart that includes a series of steps for implementing RFID tag

querying. In this example, the transmitter determines when to stop power transmission to query

for RFID tags. At first step 1602, the transmitter stops transmitting power, sometimes after



receiving a control signal from the transmitter controller 112. At step 1604, the rectified voltage

at the receiver "droops" (decreases) and the load disconnects due to the suspension of power

transmission. Next, at step 1606, the transmitter waits for a time period dT. The RFID reader

coil is switched in and the RFID standards are queried by the RFID reader IC, as discussed

previously.

During this time, at step 1608, the receiver electronics can optionally be powered from a

capacitor within or connected to the receiver. The capacitance value of this capacitor is typically

selected to be large enough to "ride" the receiver electronics through the drop in transmitted

power. At step 1610, if an RFID tag is detected, the system does not continue to transmit power

and warns the user. If an RFID tag is not detected, the RFID reader antenna is switched out and

power transmission is resumed. At step 1612, the rectified voltage returns to a range that is

expected for power transmission and the receiver load reconnects. In certain embodiments, the

load at the receiver may not be electrically disconnected.

FIGS. 17A and 17B are schematic diagrams of portions of the receiver circuitry in which

a capacitor is connected to the receiver to reduce or prevent "drooping" of the voltage powering

the receiver electronics. Components Di and C A represent the rectifier 1702 of the receiver. As

the voltage at capacitor C A drops below a threshold level, the receiver load (such as the battery of

a mobile device) is not able to draw power and stops charging. Meanwhile, C B provides a reserve

of voltage for certain electronics of the receiver, such as a wireless communication

transmission/receiving interface (examples include Bluetooth, WiFi, and radio) and controller.

Diode D2 prevents the back-driving of the rectifier 1702, and prevents the draining of energy

from capacitor CB, which is used to power the receiver electronics through power interruption.

FIG. 17B includes a converter positioned between the rectifier and the switchable load

connection. In embodiments, the transmission/receiving interface and/or controller, along with

D2 and C B, can be connected directly after Di.

In some embodiments, power interruptions to the receiver may be triggered by the

receiver. For example, the transmitter may monitor for an impedance shift or a change in power

draw to trigger an interruption to power transmission. During this time, an out-of-band signaling

connection (such as Bluetooth, WiFi, or a radio channel signaling between the transmitter and

receiver) can be maintained. FIG. 18 shows a flowchart that shows a series of steps for

implementing RFID tag querying in which the receiver determines when power transmission



should stop to query for RFID tags. At step 1802, the transmitter transmits power to the receiver.

At step 1804, the receiver controller disconnects its load. At this stage, the rectified voltage can

rise due to a lack of draw from the load. At step 1806, the transmitter detects a change in

impedance (∆Ζ) or a reduction in delivered power. In some embodiments, the transmission

system can be configured to query for RFID tags periodically, for example, every 500

milliseconds or more (e.g., every 750 milliseconds or more, every 1 second or more, every 2

seconds or more, every 5 seconds or, or even more).

If a change in impedance or a reduction in delivered power is detected, then the

transmitter can warn the user and cease transmitting any further power. If there is no such

detection, the transmitter can return to transmitting power. At step 1808, the receiver controller

waits for a predetermined time and then reconnects the load. If no power is available for

reception, then the voltage can droop. At this time, the load disengages. Note that if, as a part of

the above sequence, the receiver reports zero (or nearly zero) current at its output when the

transmitter stops transmitting power and/or the receiver disconnects the load, the transmitter can

be configured to treat this information as part of the routine of checking for RFID tags and not as

an indication of an error state or the receiver being removed away from the transmitter's vicinity.

In certain embodiments, RFID tags may be detected by RFID readers pre-installed on

mobile devices. For example, smartphones can have NFC or RFID readers installed on the back

side of the phone. Thus, an RFID tag positioned between the phone back and the transmitter

resonator can be detected. This includes scenarios where the RFID tags are positioned in phone

sleeves. In a situation where the mobile device detects an RFID tag, the device can send a signal

to the transmitter to prevent the start of power transmission (for example, using the method

shown in FIG. 18). In some embodiments, the mobile device can notify the user that an RFID tag

is present in the vicinity of power transmission. In certain embodiments, the transmitter, having

received an affirmative signal from the receiver, can notify the user that an RFID tag is present

by, for example, LED indicators, sounds, etc.

In certain embodiments, receivers can include RFID reader circuitry to detect RFID tags.

For example, a RFID reader integrated circuit, components such as capacitors, inductors, and

switches, and an antenna can be positioned at the back and inside the housing of a mobile

electronic device, such as a smartphone or laptop. The RFID reader circuitry may be co-located

with the receiver circuitry. In some embodiments, the RFID reader IC and components may be



switchably connected to the receiver coil to interrogate RFID tags. This can decrease the number

of components, such as antennae, in the mobile electronic device.

In some embodiments, mobile devices internally equipped with RFID or NFC tags may

be detected using any of the techniques described herein by either the transmitter or the RFID

reader system. For such mobile devices that are not expected to be damaged in strong magnetic

fields, the mobile device can communicate with the wireless power transmitter, indicating that

the mobile device is within the active area of the power transmitter and that it is equipped with

an RFID or NFC tag. This indication can allow the power transmitter to "white list" the mobile

device. In other words, the power transmitter can continue to transmit power in the presence of

such a mobile device. Note that, in some embodiments, the mobile device can also be equipped

with a wireless power receiver, and can be configured to receive operating and/or charging

power wirelessly from the transmitter while not sustaining damage to other components such as

the internal RFID or NFC tag.

V. Detecting and Identifying RFID Tag Signatures

Another method for detecting and identifying RFID tags in proximity to wireless power

transfer systems involves measuring reflected impedance at the transmitter, and determining

whether the reflected impedance has properties that match a signature of an RFID tag.

To detect RFID tags in this manner, the frequency of the transmitter resonator is varied to

excite the RFID tag's resonance. The measurement of one or more parameters (e.g., voltage,

current, power) of the transmitter resonator reflect the effect of exciting the tag's resonance, and

function effectively as a "signature" of the RFID tag.

To excite an RFID tag, the transmitter controller 112 can drive the transmitter resonator

from between approximately 12 - 16 MHz (or any other RFID tag resonant frequency, including

8 - 20 MHz). FIG. 19 shows a wireless power transmitter 1900 including an amplifier 1902

(with switches SI, S2, S3, and S4) driving a transmitter resonator and impedance matching

circuit 1904. The transmitter resonator and impedance matching circuit 1904 includes inductor

L I coupled in series to capacitor CI and in parallel to capacitor C2. The circuit 1904 includes in

series an inductor L3. The controller 1906 can be coupled to any or all of these components to

vary their values or switches. Further, current, voltage, or power can be monitored at various

points in the circuit. For example, the current monitor M l positioned near L I and CI and current



monitor M2 positioned between C2 and the amplifier. In some embodiments, switches of the

transmitter amplifier 1902 can be driven such that the operating frequency of the amplifier can

be varied.

In certain embodiments, the transmitter resonator may be driven by a switching amplifier

(either half-bridge or full-bridge), such as the amplifier 1902 shown in FIG. 19, including

transistors acting as switches. The controller can switch these transistors at frequencies such that

currents and/or voltages at harmonic frequencies are generated. For example, for a switching

amplifier that is designed to switch at 6.78 MHz, the switching frequency can be decreased to 6

MHz. The controller 1906 can control the switches of this amplifier 1902 at 6 MHz such that

some energy oscillates at its 2nd harmonic, 12 MHz. In another example, in order to drive the

transmitter resonator with 15 MHz of alternating current, the switching frequency may be

decreased to 5 MHz and the switching can be configured such that some energy oscillates at the

3rd harmonic, 15 MHz.

In certain embodiments, the transmitter can control the switches such that frequencies

from 6.78 MHz and lower are "scanned" to excite nearby objects. Note that the energy needed to

cause a detectable change in reflected impedance in the transmitter from an object in its vicinity

may be microwatts to milliwatts in magnitude. The reflected impedance can then be measured at

the transmitter; for example, currents I I at the resonator and 13 in the transmitter impedance

matching network can be measured. In some embodiments, impedance may be measured by

calculating the ratio of voltage at the output of the amplifier and the current at the output of the

amplifier. The measurement of the "signature" reflected impedance for a suspected RFID tag can

be compared against known signatures or determined to fall within a range indicative of or

associated with RFID tags. In certain embodiments, the transmitter controller 112 can determine

if the reflected impedance is the signature of an RFID tag, a receiver, a foreign object, etc. by

performing the above comparison to known reflected impedance signatures and/or reflected

impedance ranges.

FIGS. 20A and 20B show the reflected resistance R[Q] measurements of various RFID

tags and wireless power receivers at 5 mm distance from the transmitter and/or antenna coil

(example shown in FIG. 13) as a function of frequency (MHz). For example, FIG. 20A shows

that several RFID tags have resonances within a range of approximately 12 MHz to 17 MHz.

FIG. 20B shows a delineation between the resonance frequencies of receiver resonators and



RFID tag antennas. For example, the receiver resonances are within an approximate range of 8 to

1 MHz while the RFID tag resonances are in the approximate range of 12 to 22 MHz. Thus, by

scanning a band of resonant frequencies, the transmitter can differentiate a receiver from an

RFID tag.

FIGS. 2 1A and 2IB show the reflected resistance R[Q] measurements of various RFID

tags and wireless power receiver at 50 mm distance from the transmitter and/or antenna coil

(example shown in FIG. 13) as a function of frequency (MHz). For example, FIG. 2 1A shows

that several RFID tags have resonances within a range of approximately 12 MHz to 18 MHz.

FIG. 2IB shows a delineation between the resonances of receiver resonators and RFID tags. For

example, the device resonances are within an approximate range of 10 to 12 MHz while the

RFID tag resonances are in the approximate range of 12 to 17 MHz. Note that the measurements

of FIGS. 2 1A and 21B can be noisier than those shown in FIG. 20A - 20B due to the

measurements being made at 50 mm from the coil(s) as compared to 5 mm from the coil(s).

FIGS. 22A and 22B show resistance R[Q] measurements of stacks of RFID tags at a

distance of 5 mm from the transmitter and/or antenna coil. As shown in FIG. 22A (stack of ISO

14443A RFID cards) and FIG. 22B (stack of FeliCa RFID cards), the resonance frequencies of

the RFID tags are in the range of 7 to 20 MHz and 7 to 17 MHz, respectively. Note that these

ranges overlap with the receiver resonance frequencies given in FIGS. 20A and 20B and FIGS.

21A and 21B.

Certain types of impedance matching in the receiver may appear similar in "signature" as

RFID tags. For example, C2-C3 matching on the receiver may be such a case. As shown in FIG.

23A, C2-C3 matching includes a capacitor C2 coupled in parallel to resonator coil L I and a

capacitor C3 coupled in series between C2 and the rectifier. In order to differentiate this case

from an RFID tag, C2 of the receiver matching network may be assigned a minimal value or the

receiver may be series matched (as shown in FIG. 23B). In the series matched receiver example,

capacitor CI is coupled in series to the resonator coil LI. At low power, there is little to no

current induced in the receiver resonator. At higher power levels, resonance can be near 6.78

MHz. In some embodiments, it may be desirable to keep the receiver resonator resonance at a

frequency other than the RFID tag resonance. The below relationship sets a resonant frequency

R X for the receiver resonator below approximately 10 MHz:



where 0 = 2π x 6.78 MHz.

An advantage of this method is that extra components such as RFID reader IC and/or

antenna are not required to detect RFID tags. In other words, a wireless power transmitter

configured to scan multiple resonance frequencies can excite RFID tags without additional

circuitry and measure their resonance frequencies resulting in an affirmative detection. This

results in less cost and less overall bulk or footprint for detection capability in a wireless power

transmission system. Further, because specific RFID standards do not need to be queried, the

detection can be completed as quickly as 50 ms or less (e.g., 40 ms or less, 30 ms or less, 20 ms

or less, 10 ms or less). This additional benefit can reduce any negative impacts of RFID detection

to power transmission efficiency.

To ensure that the energy at the harmonic frequencies from the amplifier 1908 are not

attenuated, switches may be built into the transmitter to temporarily remove capacitors from the

power path. FIG. 24A shows switches 2402 and 2404 closed to allow the transmitter in a normal

operating state to transmit power to a receiver. In FIG. 24B, switches 2402 and 2404 are open

while switch 2406 closes to create a circuit of multiple inductors connected in series (effectively

one large inductor). This can allow for greater power transmission at the harmonic frequencies as

discussed above. In certain embodiments, it may be sufficient to open switch 2402 while closing

both 2404 and 2406 or to open switches 2402 and 2406 while closing switch 2404.

FIG. 25 shows an example of the real part of the reflected impedance R{Z} peak in the

frequency domain in which the width of the peak is determined by the quality factor QRFID of the

RFID tag centered at the resonant frequency fRFiD of the particular RFID tag. Note that the

resolution 2502 needed to resolve this peak is determined by the quality factor of the RFID tag

whereas the resolution 2502 achievable for the transmitter to detect this peak is determined by

the switching of the drivers in the amplifier 1908.

In some embodiments, detection of an RFID tag can be limited by the output power of

the RFID reader integrated circuit (IC). For example, the more power the reader IC can transmit,

the greater the range of detection. FIG. 26 shows the detection range as a function of RFID

antenna radius (RWire) and quality factor (Q). Table 2 below shows examples of plotted lines for



different wire radii and quality factors. In embodiments, for an output power level of 230 mW,

the reader may be able to detect in the range of 0 to 7 cm.

Table 2 . Reproduction of legend for plot in FIG. 26 of maximum range (in meters) as a function

of sensor coil radius (cm) for a magnetic field strength H = 1.5 A/m rms.

In some embodiments, RFID tags respond to reader queries at a transmitting frequency of

6.78MHz. However, the dynamic range of magnetic field that elicits the response is reduced as

compared to, for example, 13.56 MHz. Per the ISO 14443 specification, RFID tags can respond

to a magnetic field with strength 1.5 A/m - 7.5 A/m (dynamic range of 5:1) at 13.56 MHz. Thus

RFID tags can be queried at a single magnetic field level, with a response expected both close to

the RFID antenna (with a high field level) and far from the RFID antenna (with a low field

level). In some embodiments, however, at 6.78 MHz, the response dynamic range is reduced to

approximately 2.25:1. To compensate for the reduced dynamic range at 6.78 MHz, one can query

at several (greater than or equal to 3) different field levels (e.g., field amplitudes). For example, a

reader operating 6.78 MHz can first query for tags a first field level Bl. Next, the reader can

query at a second field level B2 (>B1). Then, the reader can query at a third field level B3 (> B2)

and so on to detect tags at different positions relative to the reader antenna and/or transmitter.

In some embodiments, an object may be placed on or near the wireless power transmitter

which detunes the transmitter resonator coil and/or the RFID antenna coil. The object may be a

non-charging object (such as a foreign object or an electronic device without wireless power

reception capabilities) or a wireless power receiver. Objects without wireless power reception

capabilities are referred to as "rogue" objects in FIG. 1.

To mitigate this detuning, the quality factor of the transmitter resonator coil, Q Tx, and/or

the RFID antenna coil, QRFID, can be reduced. For example, if the current in the transmitter



resonator coil is greater than the RFID antenna coil, then the quality factor of the transmitter

resonator coil Q Tx can be reduced, e.g., by switching in a resistor (see FIGS. 15A and 15B). If

the current in the RFID antenna coil is greater than the transmitter resonator coil, then the quality

factor of the RFID antenna coil QRFID is reduced. Note that the current discussed here is the

current in a coil that generates the detection magnetic field. In some embodiments, the

transmitter resonator and/or RFID antenna can employ tuning to compensate for the detuning.

For example, the transmitter resonator may include a tunable capacitor that can be tuned to

compensate for the inductance shift of the transmitter resonator coil.

In some embodiments, the transmitter can detect changes in the harmonics of the power

transmission frequency, 6.78 MHz. For example, second harmonics and higher (including even

and odd harmonics) of 6.78 MHz can be monitored by the transmitter to determine if an RFID

tag is present during a low power mode or during power transmission mode. For example, when

an RFID tag is placed on a transmitter during power transmission, voltage induced on the RFID

tag antenna can exceed the designed specifications of the RFID tag components. Some of these

components —the rectifier, clamp, and/or capacitor(s) —can cause an increase in higher

harmonics, including the 3rd, 5th and 7th harmonics of the 6.78 MHz. To detect the presence of

an RFID tag within the "impact zone", the transmitter can measure these harmonics and interrupt

power transmission to avoid harm to the RFID tag. In some embodiments, since the amplifier

may produce these higher harmonics out of phase with the harmonics generated by the RFID tag

(via destructive interference), the power at any given harmonic may decrease instead of

increasing. For comparison purposes, the fundamental can also be measured to determine

whether this effect is occurring.

In certain embodiments, the changes in the higher harmonic spectrum may be measured

using one or more pickup loops, or at the transmitter resonator coil voltage and/or current.

Transmitter resonator coil current and voltage measurements may be compared against current

and/or voltage measurements in the L3 inductor to ensure that increases in higher harmonics are

not attributed to the amplifier. For example, detection of a possible RFID tag in this case can

include the detection of a change in one or more harmonics, detection of a change in the ratio of

these harmonics, or detection of a change over time in these harmonics. The voltage across the

transmitter resonator coil or current through the resonator coil can be measured at any, some, or



all harmonics. Possible changes in harmonics over time could be due to changes in the nonlinear

properties of components as they heat.

In certain embodiments, filters can be used to suppress unnecessary or undesired

harmonics from the amplifier or at the detection circuitry for a cleaner processing of signals. This

eliminates potential sources of harmonic content that are independent from the presence of RFID

tags. In some embodiments, low pass or band pass filters can be added to the transmitter, for

example, between the amplifier and matching network, to eliminate unwanted harmonics from

the amplifier and/or converter. Trap filters configured to filter signals at, for example, 13.56

MHz and 20.34 MHz can be used at the output of the amplifier (operating at 6.78 MHz).

RFID tags typically have resonances in the range 8-20 MHz, which is roughly twice (or

sufficiently different from) the nominal 6.78 MHz wireless power transmission frequency that is

used for powering devices such as laptops, mobile phones, and other electronics. Thus, a

convenient method for detecting and identifying RFID tags involves the use of the existing

transmitter resonator and other components of the wireless transmitter to scan for RFID tags in

proximity to the resonator. This can be accomplished, as discussed above, by shifting the

frequency of the magnetic fields generated by the transmitter resonator into a frequency region

where RFID tags are typically resonant.

In embodiments, during RFID detection, power transmission to a power receiver is

interrupted so that RFID tag detection can occur. If power transmission is interrupted for too

long, receiver functions that depend on the flow of power from the transmitter will be interrupted

(e.g., charging of a battery, operating functions of a device or load connected to the receiver).

However, if the interruption in power transmission is relatively short, the receiver can weather

the brief interruptions in power delivery and continue to function normally.

One method of implementing RFID tag detection is therefore to cycle a transmitter

between two modes of operation: a power transmission mode in which operating power is

transmitted from the transmitter resonator (through generation of a power magnetic field), and a

RFID tag detection mode in which the frequency of the transmitter resonator is shifted, and a

plurality of detection magnetic fields are generated, each corresponding to a different frequency

within a band of frequencies that does not include the frequency corresponding to the power

magnetic field. Typically, for example, the band of frequencies is between 8-20 MHz, which

corresponds to RFID tag resonances.



The transmitter is continuously cycled between these two modes of operation. The power

transmission mode occurs for a time period ti and the RFID tag detection mode occurs for a time

period t2 within each cycle, for a total cycle period of t i + 2. In some embodiments, for example,

the total cycle period is 0.25 s or more (e.g., 0.5 s or more, 1 s or more, 2 s or more, 3 s or more,

5 s or more, 7 s or more, 8 s or more, 10 s or more). In certain embodiments, the total cycle

period is between 0.5 s and 2.0 s (e.g., between 0.5 s and 1.75 s, between 0.5 s and 1.5 s, between

0.5 s and 1.25 s, between 0.5 s and 1.0 s, between 0.75 s and 2 s, between 0.75 s and 1.5 s,

between 1.0 s and 2.0 s). In some embodiments, t2 is 500 microseconds or less (e.g., 400

microseconds or less, 300 microseconds or less, 200 microseconds or less, 100 microseconds or

less).

To assist the receiver to "ride through" periods where the transmitter is in RFID tag

detection mode, in some embodiments the receiver can include one or more capacitors connected

to the receiver's rectifier. When power transmission is not occurring, the capacitors connected to

the rectifier discharge, providing temporary operating power to loads and devices connected to

the receiver, thereby helping to bridge short periods where no power is received.

To detect the presence of RFID tags in proximity to the transmitter, the reflected

impedance at the transmitter resonator can be measured. This reflected impedance can be due to

RFID tags, power receivers, and/or other objects/devices. More specifically, the real part and/or

imaginary part of the reflected impedance can be used as a diagnostic to identify the "signatures"

of RFID tags. When the transmitter resonator generates a magnetic field within a frequency

range that typically corresponds to RFID tag resonances, if no RFID tag is present in proximity

to the transmitter resonator, no tag resonance is excited. Accordingly, the overall impedance of

the transmitter resonator - which can be referred to as the intrinsic impedance - has an imaginary

part (due to the reactance of the resonator components) and a small real part due to some small

resistance present, for example, in the resonator coil.

However, when an RFID tag is present in proximity to the transmitter resonator such that

the tag's resonance is excited by the field, the overall impedance of the transmitter resonator

includes both the intrinsic impedance and a reflected impedance, with the reflected impedance

due to the excited RFID tag resonance. The reflected impedance has both real and imaginary

parts, and to a good approximation, the real part of the reflected impedance is maximized when

the reactance of the tag is zero, which occurs at the resonance frequency of the tag. Thus, the



real part of the reflected impedance will have a local maximum or "peak" at the resonance

frequency of the excited RFID tag, as shown in FIGS. 20A and 20B. The peaks appear in a

portion of the frequency spectrum that is separate from the portion of the spectrum in which

peaks due to the receiver appear.

Thus, after the reflected impedance has been measured, a system controller (e.g.,

controller 112) can determine - based on the location of the peaks in the frequency spectrum -

whether an RFID tag is present in proximity to the transmitter. For example, in some

embodiments, the controller can compare the frequencies of the local maxima/peaks to reference

information for RFID tags that includes resonance frequencies for known tags. In this manner,

controller 112 can both detect the presence of RFID tags and, in certain embodiments, identify

specific tags based on their particular frequencies. In certain embodiments, the mere presence of

peaks in the RFID tag resonance region (e.g., 8-20 MHz) identified by controller 112 is sufficient

for the controller to determine that at least one RFID tag is present in proximity to the

transmitter.

In some embodiments, the controller compares the peak frequencies to threshold values

associated with RFID tags resonances to detect the tags. For example, if the peak frequencies are

larger than a particular threshold value associated with a lower limit for RFID tag resonances

and/or smaller than another threshold value associated with an upper limit for RFID tag

resonances, the controller can determine that one or more RFID tags are present. Finer threshold

values can also be defined for specific RFID tags and/or specific types of RFID tags, and the

controller can also perform tag identification based on suitably narrow ranges defined by

threshold values.

To measure the impedance of the transmitter resonator, three measurements are

performed. FIG. 33 is a schematic diagram of a portion of a transmitter that illustrates the

measurements. A capacitance CI (shown in FIG. 33 as two capacitances CIA and C1B) is

connected in series with inductance L I . To measure the real part of the reflected impedance of

transmitter resonator LI, the magnitude of the voltage vi across the CI + L I is measured, the

magnitude of the current through L I is measured, and the phase difference between the current

and voltage is measured. The real part of the reflected impedance of L I is then calculated as

|vi|/|ii| cos Θ, where Θis the measured phase difference.



FIG. 34A is a schematic diagram of a portion of a transmitter that illustrates the use of the

real part of the reflected impedance for detecting RFID tags. The transmitter shown in FIG. 34A

includes a transmitter coil (represented by inductance LI) in series with a capacitor CI. A

detection subsystem includes a first voltage detector Vci and a second voltage detector Vc. Both

voltage detectors are connected to controller 112.

The first voltage detector Vci measures the voltage across the combination of capacitor

CI and inductance LI. This measurement, which is communicated to controller 112, represents

voltage vi. The second voltage detector Vc measures the voltage across capacitor CI. This

measurement is then used to determine . In some embodiments, is determined by a separate

circuit and the result communicated to controller 112. In certain embodiments, is determined

by controller 112 directly from the voltage measured by detector Vc. In either implementation,

second voltage detector Vc effectively functions as a current measuring device for determining

the current through inductor LI. Alternatively, in some embodiments, other detectors (such as

resistors and current sense transformers) can be used to measure the current.

The phase difference between vi and can be determined by a phase detector that

receives the signals corresponding to vi and and calculates the phase difference. The phase

detector can be a separate component or circuit that calculates the phase difference and transmits

the result to controller 112. Alternatively, the phase detector can be implemented within

controller 112.

As discussed above, using second voltage detector Vc to measure the voltage across

capacitor CI and then calculating from the voltage measured by Vc effectively amounts to

using capacitor CI as a current sensor. Using CI in this manner can be advantageous because

typically, CI is a high Q capacitor, and will therefore introduce only very small phase error into

the phase measurement. Thus, the phase measurement can be determined with high sensitivity

and accuracy.

When the transmitter generates a magnetic field at a frequency that corresponds RFID

detection however is tuned to a power transmission frequency, if a RFID tag is present in the

vicinity of the transmitter, excitation of the tag's resonance may occur, producing a peak in the

real part of the reflected impedance of the transmitter resonator. In this situation, however, the

intrinsic impedance of transmitter resonator already has a much larger (in magnitude) imaginary

part. Detecting comparatively small peaks in the real part of the reflected impedance against a



large magnitude background signal due to the imaginary part of the reflected impedance can be

challenging.

Detection is made easier, however, by shifting the resonant frequency of the transmitter

resonator to a frequency band that does not encompass the power transmission frequency. By

shifting the resonance frequency to a band that typically includes RFID tag resonance

frequencies, peaks in the real part of the reflected impedance of the transmitter resonator can

more easily be measured. At the new resonance frequency, the imaginary part of the reflected

impedance is very small (i.e., zero), making the real part considerably easier to detect.

A variety of different circuit topologies and operating conditions can be used to shift the

resonance frequency of the transmitter resonator. FIG. 34B is a schematic diagram of a portion

of a transmitter that includes many of the sample components as the transmitter of FIG. 34A.

The transmitter shown in FIG. 34B can also include detectors Vci and Vc as well as controller

112, but these are not shown in FIG. 34B for clarity.

The transmitter in FIG. 34B includes an additional capacitor C A connected in series with

a switch SA. The combination of capacitor C A and switch SA is connected in parallel with

capacitor CI. Controller 112 is connected to switch SA and can open and close the switch. To

change the resonance frequency of the transmitter resonator, controller 112 closes switch SA,

coupling in capacitor C A and changing the resonance frequency of the resonator, which now

includes capacitances CI and C A. Controller 112 also adjusts the transmitter amplifier to deliver

a driving current to the transmitter resonator at a frequency that corresponds to the new

resonance frequency. As a result, the magnetic field generated by the transmitter resonator

oscillates at the new resonance frequency.

Adding a single switched capacitor C A to the transmitter provides a single switching "bit"

for purposes of frequency shifting. More generally, however, any number of additional switched

capacitors can be added to provide additional resonance frequencies to which the transmitter

resonator can be shifted. That is, the transmitter can include two or more (e.g., three or more,

four or more, five or more, six or more, eight or more, ten or more, or even more) switched

capacitors that can selectively be coupled into the transmitter resonator by controller 112 to shift

the resonance frequency of the transmitter resonator. Capacitors can be switched in individually

or in groups by controller 112. As discussed above, controller 112 also then adjusts the



transmitter amplifier to provide a driving current to the transmitter resonator at a frequency that

corresponds to the shifted frequency of the transmitter resonator.

FIG. 34C is a schematic diagram of a portion of a transmitter that includes four

switchable capacitors as part of the transmitter resonator. Capacitors CA, CB, C C, and C D can

each be selectively coupled into the transmitter resonator by closing switches SA, SB, S C, and SD,

respectively, each of which are connected to controller 112. The capacitance values of the four

capacitors are selected such that when each is individually coupled into the transmitter resonator,

the transmitter resonator frequency shifts to a different value. For example, to detect RFID tags

within the 8-20 MHz frequency band, the capacitance values of the four capacitors are selected

so that when coupled into the transmitter resonator, each shifts the resonance frequency of the

transmitter resonator to a different value within the 8-20 MHz band. The four switchable

capacitors represent four "bits" for frequency switching purposes.

In FIG. 34C, capacitors CA, CB, C C, and C D are connected in parallel across CI within the

transmitter resonator. However, switched capacitors can also be connected in series with CI to

perform the same frequency shifting objective. FIG. 35 is a schematic diagram of a portion of a

transmitter that includes switched capacitors C A and C B connected in series with CI

(implemented here as a combination of CIA and CIB). Capacitors C A and C B can be selectively

coupled into the transmitter resonator via switches SA and SB, which are each connected to and

activated by controller 112. As above, the transmitter shown in FIG. 35 can generally include

any number of switched capacitors in the transmitter resonator.

It should also be noted that parallel and/or serial switched capacitances can also be

implemented across or in-line with capacitor C2 as an alternative to, or in addition to,

implementing switched capacitances across and/or in-line with CI . Selectively coupling

capacitors across or in-line with C2 also shifts the resonance frequency of the transmitter

resonator, and such implementations can therefore be used for RFID tag detection in a similar

manner to the foregoing discussion.

In addition, switched capacitances can also be implemented for purposes of RFID tag

detection with more complex transmitter resonator topologies. FIG. 36 is a schematic diagram of

a portion of a transmitter in which the transmitter resonator coil is implemented as a divided

inductance, with inductance L I replaced by inductances L IA and LIB, and capacitor CI

connected between the two divided inductances. As shown in FIG. 36, a switchable capacitance



C A can be selectively coupled into the transmitter resonator to shift the resonance frequency via

switch SA, for purposes of RFID tag detection. As with the preceding implementations, any

number of switchable capacitors can be implemented, in parallel or in series with CI . The

switches are connected to controller 112 for selective activation, to provide the desired frequency

shifts.

In general, the number of "bits" of switchable capacitance determines the number of

discrete shifted transmitter resonator frequencies that can be used where the reactance of the

transmitter resonator is zero. For example, returning to the example of FIG. 35, when switches

SA and SB are both open, the transmitter resonator has a resonance frequency of 6.78 MHz with a

reactance X = 0 for Ll= 2.2 µΗ . With CIA = C1B = 501 pF, CA = 154 pF, and CB = 76 pF, then

with switch SA closed the resonance frequency of the transmitter resonator is 11 MHz at X = 0,

with switch SB closed the resonance frequency of the transmitter resonator is 14 MHz at X = 0,

and with both switches closed the resonance frequency of the transmitter resonator is 16.5 MHz

at X = 0 .

To maintain an approximately constant current (i.e., to within ± 10%) at each shifted

transmitter resonator frequency within the transmitter, the bus voltage of the amplifier of the

transmitter is adjusted by controller 112 at each frequency. In general, at frequencies far from

the resonance frequency, a higher bus voltage is needed to maintain a constant current (of about

10 mA) in the resonator coil. However, it is generally faster to reduce the bus voltage than to

increase the bus voltage. Thus, when performing RFID tag detection under time constraints,

frequency shifting and bus voltage adjustment are performed in consideration of the limited time

window available for tag detection.

Bus voltage adjustment can accompany the shift of the frequency of the magnetic field

generated by the transmitter resonator during RFID tag detection. When driving the transmitter

resonator at a resonance frequency, the bus voltage is typically low - and at a zero reactance

value - to maintain a constant resonator coil current. As the resonator is driven slightly off

resonance, i.e., at a frequency that no longer corresponds to a zero reactance resonant frequency,

the bus voltage is increased to maintain constant coil current.

Thus, bus voltage adjustment together with capacitor switching can be used to detect

RFID tags at many frequencies within the 8-20 MHz band. Continuing with the example of FIG.

35, in each of the three "bit states" (e.g., state 1 : SA closed, SB open; state 2 : SA open, SB closed;



state 3: SA and SB closed) the bus voltage can be adjusted to generate magnetic fields using the

transmitter resonator at different frequencies relatively close to the zero reactance frequency.

For example, in state 1, the zero reactance frequency is 11 MHz. By changing the excitation

frequency (e.g., by adjusting the bus voltage), reflected impedance measurements can be made at

several frequencies (e.g., 5 frequencies) within a band from 10-12 MHz. In state 2, the zero

reactance frequency is 14 MHz, and bus voltage adjustments permit reflected impedance

measurements to be made at several frequencies (e.g., 6 frequencies) within a band from 12.5-15

MHz. In state 3, the zero reactance frequency is 16.5 MHz, and bus voltage adjustments permit

reflected impedance measurements to be made at several frequencies (e.g., 8 frequencies) within

a band from 15.5-19 MHz.

In general, the number of different frequencies, and the increment between frequency

steps, can be selected as desired by appropriate adjustment of the bus voltage and switching of

appropriate capacitors into the transmitter resonator. In some embodiments, for example, the

number of frequencies within the RFID tag detection band (i.e., 8-20 MHz) at which reflected

impedance measurements are performed is 1 or more (e.g., 2 or more, 3 or more, 4 or more, 5 or

more, 10 or more, 15 or more, 20 or more, 25 or more, 30 or more, 40 or more, 50 or more, 75 or

more). In certain embodiments, the minimum difference between frequencies at which

impedance measurements are performed is 5 MHz or less (e.g., 2 MHz or less, 1 MHz or less,

750 kHz or less, 500 kHz or less, 250 kHz or less, 100 kHz or less).

As discussed above, reducing the bus voltage to actively change the excitation frequency

is generally faster than increasing the bus voltage. Thus, when both the transmitter resonance

frequency is adjusted (i.e., by switching capacitors into the transmitter resonator) and the bus

voltage is adjusted, controller 112 can cycle through bus voltage values only once - from higher

bus voltages to lower bus voltages - while repeatedly switching different capacitors into the

transmitter resonator, to reduce the total amount of time required to perform reflectance

impedance measurements.

Consider for example a transmitter as shown in FIG. 35, where the capacitance values of

C A and C B are selected to provide zero reactance transmitter resonator frequencies of 11 MHz

(state 1 : SA closed, SB open), 14 MHz (state 2 : SA open, SB closed), and 17 MHz (state 3 : SA

and SB closed) at a lower bus voltage Vi. Magnetic fields at frequencies of 12.5 MHz, 15.5

MHz, and 18.5 MHz can be generated by the transmitter resonator by driving the transmitter



resonator slightly away from these zero reactance states. To maintain constant current in the

resonator coil, the bus voltage is increased to a higher value Vh,. Thus, by driving the resonator

at selected frequencies (and adjusting the bus voltage to either Vh or Vi to maintain coil current

as the resonator is driven away from zero reactance states), reflected impedance measurements at

frequencies of 11, 12.5, 14, 15.5, 17, and 18.5 MHz can be performed.

To reduce or minimize the total time that the transmitter is in RFID tag detection mode,

controller 112 manages switching between Vh and Vi and switching capacitors into the

transmitter resonator. Specifically, because switching from Vi to Vh is relatively slow, controller

112 switches the bus voltage to Vh and then rotates through states 1-3 by selectively opening and

closing SA and SB to measure the reflected impedance at 12.5, 15.5, and 18.5 MHz. Controller

112 then switches the bus voltage to Vi and rotates through states 1-3 again, measuring the

reflected impedance at 11, 14, and 17 MHz. In this manner, the bus voltage is switched only

once, from a higher value to a lower value, eliminating additional delays that would arise from

lower-to-higher switching of the bus voltage.

Although the foregoing discussion has focused on the use of discrete, switchable

capacitors to shift the resonance frequency of the resonator transmitter, it should be appreciated

that capacitors CA, CB, C C, and C D shown in FIGS. 34B, 34C, 35 and 36 can be replaced by a

single adjustable capacitor. For example, referring to FIG. 34B, instead of having a fixed

capacitance value, C A can, in some embodiments, be a tunable capacitor. When C A is tunable,

the resonance frequency of the transmitter resonator can be shifted continuously by adjusting the

capacitance of C A via controller 112, which is connected to a tunable C A. Thus, controller 112

adjusts the capacitance of C A according to the frequency of the magnetic field that is generated

by the transmitter resonator to detect RFID tags (i.e., the frequency at which the reflected

impedance is measured).

C A can be switched in to the transmitter resonator via SA, or can be permanently

connected into the resonator (i.e., SA may not be present). When switched via SA, C A can be

connected in parallel or in series with CI, as discussed above. Further, as discussed above,

multiple adjustable capacitors - each connected to controller 112 - can be used in certain

embodiments to provide for specific control over the transmitter resonator' s resonance

frequency.



As discussed in previous sections, if a RFID tag is detected in proximity to the

transmitter, controller 112 can take one or more actions. In some embodiments, controller 112

reduces the amplitude of the power transmission magnetic field generated by the transmitter

resonator (i.e., by reducing the driving current supplied to the resonator) to prevent damage to

the detected tag. In certain embodiments, controller 112 displays a warning message to the user

and/or generates one or more visual and/or auditory warning signals to indicate the presence of

the tag to a user. In certain embodiments, controller 112 halts wireless power transfer to the

receiver, e.g., by discontinuing generation of the power transmission magnetic field by the

transmitter resonator.

FIG. 37 is a flow chart that summarizes a series of steps that can be performed to detect

and identify RFID tags based on the reflected impedance of the transmitter resonator in a

wireless power transmitter. In step 3702, RFID tag detection mode is interrupted by controller

112 if the transmitter is in that mode by discontinuing generation of detection magnetic fields

within the RFID detection band (i.e., 8-20 MHz) and returning the transmitter resonator to its

power transmission resonant frequency (e.g., approximately 6.78 MHz).

Then, in step 3704, controller 112 generates a power transmission magnetic field at the

power transmission resonant frequency fp 0wer by activating the transmitter amplifier to deliver a

driving current at that frequency to the transmitter resonator. Power transmission to a receiver

can than occur for a period t i .

After this period, in step 3706, controller 112 interrupts power transmission mode (by

discontinuing the generation of the power transmission magnetic field), and in step 3708,

initiates RFID tag detection mode by adjusting the frequency of the transmitter resonator to a

new resonant frequency value within a band (e.g., the RFID detection band from 8-20 MHz)

defined by lower and upper frequency limits f i and f2, by switching in additional capacitance, as

discussed above. For purposes of RFID tag detection, as explained previously, f i and f2 are both

greater than fpower.

Then, in step 3710, controller 112 generates a detection magnetic field at or near the new

resonance frequency, and in step 3712, measures the reflected impedance of the transmitter

resonator at or near the new resonance frequency. In some embodiments, as discussed above,

controller 112 specifically measures the real part of the reflected impedance for RFID tag

detection. In certain embodiments, RFID tag detection can also be performed based on a



measurement of the imaginary part of the reflected impedance of the transmitter resonator. The

imaginary part of the reflected impedance can be determined by controller 112 according to

|vi|/|ii| sin Θ, using the same nomenclature as for the real part of the reflected impedance

discussed previously.

Next, at step 3714, controller 112 determines whether impedance measurements have

been performed at all of the RFID detection frequencies that have been selected for interrogation.

If not, control returns to step 3708 where the resonant frequency of the transmitter resonator is

changed to a new frequency within the RFID detection band.

If impedance measurements at all of the frequencies selected for interrogation have been

made, then in the next step 3716, controller 112 determines whether RFID tag is in proximity to

the transmitter based on the reflected impedance measurements. As discussed above, this

determination can be based on measurements of the real part of the reflected impedance at one or

more RFID detection frequencies. Controller 112 can determine frequencies associated with

local maxima or "peaks" in the real part of the reflected impedance, and compare the frequencies

to reference information that includes peak frequencies for known RFID tags. In some

embodiments, identification of specific tags is also possible using this method. In certain

embodiments, peak frequencies are compared by controller 112 to threshold values that define

RFID tag resonance frequencies to detect and identify RFID tags.

Further, as noted in step 3712, in some embodiments the measured imaginary part of the

reflected impedance of the transmitter resonator can be used together with, or as an alternative

to, the measured real part of the reflected impedance to detect RFID tags. Controller 112 can use

information derived from the measured imaginary part - such as frequencies associated with

specific features in the measured imaginary part - and compare the information to reference

information for RFID tags and/or threshold values to detect RFID tags.

Next, in optional step 3718, controller 112 can deliver one or more alerts to a user of the

transmitter in the form of visual and/or auditory messages and signals if a RFID tag is detected in

proximity to the transmitter. The user can be given the option of taking some action, such as

checking for a RFID tag, or manually shutting down the transmitter. Control then returns to step

3702, and the transmitter cycles through the power transmission and RFID detection modes

again.



Optionally, the transmitter can also remain in RFID tag detection mode if a RFID tag is

detected. That is, in FIG. 37, after step 3716 or 3718, control can return to step 3708 and RFID

tag detection mode begins again as the transmitter cycles through measurement of reflected

impedance at all of the RFID tag detection frequencies. The transmitter can continue to remain

in the RFID tag detection mode (by repeatedly cycling back through step 3708) until a RFID tag

is no longer detected.

VI. Low Frequency Excitation of RFID Tags

In some embodiments, a magnetic field can be generated at a frequency lower than 6.78

MHz, for example, as low as 100 kHz or even lower. This low frequency magnetic field has very

low harmonic distortion due to the switching of the amplifier. It may be generated in addition to

the already present power transmission field at approximately 6.78 MHz, or the power

transmission field may be shut off for a short amount of time (on the order of microseconds)

during the time the low frequency field is temporarily activated. This low frequency field may be

generated by the transmitter resonator or by a separate, low frequency resonator which is in close

proximity to the transmitter resonator. With the low frequency field active, the presence of

harmonic content at integer multiples of the low frequency field can be indicative of the presence

of an RFID and/or NFC tag. The harmonic content may appear at even harmonics, odd

harmonics, or a combination of both.

RFID tag detection during power transfer may be accomplished by detecting harmonics

from the nonlinear behavior of components in an RFID tag. Due to the ubiquitous behavior of

RFID tags in terms of harmonic content, this technique can be useful to detect a majority of

RFID tags that may be negatively impacted by the relatively strong magnetic fields used for

wireless power transmission. These nonlinearities may be part of a clamping/protection circuit,

or a diode rectifier, or some other component in the RFID tag electronics. Because of differences

in matching network topologies of the receiver and the RFID tag, the receiver may not generate

significant harmonic content when exposed to the low frequency magnetic field.

FIG. 27 shows a diagram of a wireless power transmission system that includes a power

transmitter 2702 and power receiver 2704. Proximate to the system is an RFID tag 2706 that

includes RFID antenna and electronics. The transmitter includes a transmitter resonator 2708,

impedance matching network (IMN) 2710, inverter 2712, and converter 2714. Controlling the



IMN, inverter, and converter is a controller 2716 that also controls a low frequency resonator

2718 and a pick-up coil 2720. Further, the transmitter includes a communication module 2722 to

communicate with the receiver. The receiver has a receiver resonator 2724, impedance matching

network (IMN) 2726, rectifier 2728, and converter 2730 coupled to a load 2732. The receiver

controller 2734 is coupled to the receiver IMN, rectifier, and converter and to a receiver

communication module 2736 to communicate with the transmitter.

In embodiments, to generate the low frequency magnetic field, one or more coils can be

used. For example, these one or more coils can include a transmitter resonator coil, a low

frequency resonator coil, and/or a pick-up coil. In embodiments, the pick-up loop, primarily used

to detect harmonic content generated by an RFID tag, can be positioned in close proximity to the

transmitter resonator and the low frequency resonator, if it is present in the system. The one or

more coils can be connected to sensing circuitry. When the sensing circuit detects significant

harmonic content at some or any of the harmonic frequencies of the low frequency field, it can

send a signal to the power transmitter that an RFID tag is present, which can lead the transmitter

to decrease power level to prevent damage to the RFID tag. In some embodiments, the sensing

circuit can use any of the transmitter resonator coil, low frequency resonator coil, and/or a pick

up coil to detect harmonic content in the response from an RFID tag. For example, the current,

voltage, or impedance can be measured at any of the above coils to detect this harmonic content.

In certain embodiments, a lower frequency, such as 100 kHz to 500 kHz can be added to

the 6.78 MHz operating frequency of the power transmitter. Because the wireless power receiver

resonator coil has a high quality factor (Q Tx ~ 100 or greater), the receiver resonator coil can

filter out the lower frequency content generated by the transmitter. Because the RFID tag does

not have a high quality factor, this filtering effect does not hold for RFID tags. Further, the RFID

tag quality factor QRFID has been observed to decrease dramatically when exposed to strong

magnetic fields.

In some embodiments, the receiver does not generate harmonics in the lower-frequency

field due to its rectifier being "locked out" by the matching capacitors in series with the receiver

resonator coil, which could have a reactance of up to 10 kOhms. In other words, the harmonic

response resulting from the nonlinear behavior of the switches or diodes in the receiver's rectifier

is suppressed by the impedance matching capacitors of the receiver (see FIGS. 24A - 24B).



FIGS. 28A - 28C show plots of harmonic content in response to a 500 kHz magnetic

field (transmitted a current of 1.555 mA rms). FIG. 28A shows harmonic content measured at the

transmitter when the transmitter is alone in the system (without any response from a receiver,

RFID tag, or foreign object). Harmonic content in a standalone activated power transmitter may

be present due to the operation and nonlinear behavior of transmitter electronics, such as those of

the switches in the converter and/or amplifier or the components of the matching network. FIG.

28B shows harmonic content measured at the transmitter with a wireless power receiver

positioned at 5 mm away from the transmitter resonator coil. Harmonic content in a transmitter-

receiver system may be present due to the operation and nonlinear behavior of receiver

electronics, such as those of the switches in the rectifier and/or converter or components of the

matching network, in addition to the discussed transmitter behavior above. FIG. 28C shows

harmonic content measured at the transmitter with an RFID tag positioned at 5 mm away from

the transmitter resonator coil. The greatest energy is at the fundamental 500 kHz, as expected, in

the three peaks 2802, 2804, and 2806. At the second harmonic of 1 MHz, there is less energy in

each of the response as compared to the fundamental frequency of 500 kHz. However, there is

approximately equal energy between the peaks 2808, 2810, and 2812. At the third harmonic of

1.5 MHz, the most energy is produced by the response 2814 of the RFID tag, the second most

energy is by the response 2816 of the receiver, and the least energy is produced by "response"

2818 or isolated transmitter. Note the relatively large difference between the energy in the peaks

2814 and 2816. This harmonic is a good candidate for differentiating the responses between a

receiver and an RFID tag. At the fourth harmonic of 2 MHz, the greatest energy is produced at

the peak 2820 of the RFID tag while the receiver response 2822 and the isolated transmitter

response 2824 are not easily distinguishable from the noise of the measurements. From the

fourth harmonic 2 MHz (peak 2820) through harmonics 2.5 MHz (peak 2826), 3.5 MHz (peak

2828), and 4.5 MHz (peak 2830), the greatest energy is produced by the response of the RFID

tag (as shown in FIG. 28C compared to the responses in FIG. 28A and FIG. 28B). Thus, the 3 d,

4 d, 5th, 7th, and 9th harmonics can be monitored to detect an RFID tag and distinguish the RFID

tag from the receiver. Further, the matching capacitors in the receiver IMN can block this low-

frequency signal, preventing the rectifier on the receiver from producing harmonics. This can

also prevent false detection of a receiver as an RFID tag.



In some embodiments, one or more mixers (or multipliers) can be tuned to each harmonic

of interest to detect RFID tags. For example, mixers can be used to mix (or multiply) the

measured signal, such as current I I at the resonator coil or current 13 in the matching network,

with a sine wave at or near the harmonic of interest. The lower frequency beat can then be

measured and compared to a threshold for affirmative detection. Other techniques could be

employed to measure each harmonic of interest, for example, using bandpass filters coupled to

analog-to-digital converters (ADCs). This digitized signal can be compared to a threshold and

processed for detection.

In certain embodiments, more than one amplifier may be used in the transmitter to

accomplish the above detection technique. For example, a first amplifier (such as a linear

amplifier) can be used in concert with a second amplifier (such a class D or E) operating at

approximately 6.78 MHz to drive the transmitter resonator to transmit power to a receiver. The

first amplifier can be used to drive a detection coil at a lower frequency, such as 100 to 500 kHz.

For efficiency purposes, a switch (such as a relay or transistor) can be used to switch between the

two amplifiers depending on the operation (see examples of interrupting power to detect RFID

tags above). In some embodiments, for a low frequency magnetic field at approximately 500

kHz, 1 A of current is used to drive the appropriate coil in order to induce enough voltage to

engage nonlinear regime of rectifier diodes in the RFID tag. For a low frequency magnetic field

at approximately 100 kHz, 5 A of current is used to drive the appropriate coil to produce the

desired response in the RFID tag. The higher current when driving the coil at 100 kHz is needed

because the response of the RFID tag is a function of frequency and is weaker at this lower

frequency as compared to a higher frequency such as 500 kHz.

FIG. 29A is a flowchart that shows a series of steps for implementing low frequency

RFID tag detection. At step 2902, the transmitter outputs a low frequency magnetic field with

frequency fdetection. At step 2904, the RFID tag, if present, responds with harmonic content

relative to that low frequency. At step 2906, the response is detected by a coil designated for

detection in the transmitter. At step 2908, the response is filtered for a chosen harmonic (for

example, using the experimental results above). At step 2910, the filtered waveform is input to

an analog-to -digital converter (ADC) to produce a digitized waveform. At step 2912, this

waveform is compared to a threshold by a processor or controller. At step 2914, the output of the

comparison is processed to determine whether to transmit power. At step 2916, a control signal



is sent from the controller to the amplifier to either start or stop transmitting power, depending

on the result of the comparison made in step 2914.

FIG. 29B shows a schematic diagram of a system that can be used to detect harmonic

signals or features generated by the RFID tag. In some embodiments, some or all of the system

components can be part of a sensor configured to detect harmonic content. In other

embodiments, these components can have multiple purposes in the transmitter such as filtering

signals for use in tuning the transmitter matching network. The system components can include a

monitor 2918 to measure current, such as I I at the transmitter resonator coil 2920 or 13 at the

output of the amplifier 2922; voltage, such as that across the transmitter resonator coil, or power.

The monitor 2918 can be coupled to a filter 2924, such as a low pass filter (LPF) or band pass

filter (BPF) configured to pass the signal portions at frequencies fharmonic such as the 3rd, 4th, 5th,

7th, and 9th. In embodiments, there can be one or more filters at each, some, or all of these

harmonic frequencies of interest. The filter 2924 can be coupled to a comparator 2926 to

compare the filtered signal to a threshold. In certain embodiments, the threshold can be a

predetermined threshold for each of the peaks expected at the 3rd, 4th, 5th, 7th, and 9th. In some

embodiments, the threshold can be determined dynamically or "on-the-fly" based on the power,

voltage, or current levels used to transmit the detection magnetic field. The comparator 2926 can

be coupled to an analog-to -digital converter (ADC) 2928 to digitize the analog signal outputted

from the comparator 2926 so that it can be inputted to a controller, processor, or other integrated

circuit (IC) 2930 coupled to the amplifier 2922. The controller 2930 can then signal to the

amplifier to resume driving the transmitter (if no RFID tag detection occurs) or not to resume

driving the transmitter (if RFID tag detection occurs).

VII. Shielding of Wireless Power Transmission Systems

FIG. 30 shows a schematic diagram of an embodiment of a wireless power transmitter

including a transmitter resonator coil 3002 on a substrate 3004, a layer of magnetic material 3006

(for example, ferrite), and layer of conductor 3008. The layer of conductor can be a sheet of

copper, aluminum, copper-clad aluminum, a pattern of conductor on a substrate (such as PCB),

and the like. The overall height 3010 of the layers can be determined by the overall thickness of,

for example, a charging pad. The overall height can be approximately 3 mm, 5mm, 10 mm, 12

mm, 15 mm, or more. In embodiments, the magnetic material 3006 can be positioned away from



the plane of the resonator coil 3002. For example, for an overall height of approximately 12 mm,

the ferrite can be positioned 8 to 9 mm away from resonator coil 3002. This distance prevents the

detuning of a receiver coil inductance. For example, for a sample receiver resonator coil, the

inductance shifts from 1.93 microHenry (at a distance of 36 mm away from the surface of the

transmitter resonator coil) to 1.95 microHenry (at a distance of 6 mm away from the surface of

the transmitter resonator coil). If magnetic material was positioned closer to the transmitter

resonator coil (and hence closer to the receiver), the receiver resonator coil shifts to 2.05

microHenry. This distance away from the magnetic field generator (the transmitter resonator coil

2102) also prevents saturation at high field strengths. Saturation itself may be prevented with

thicker magnetic material, however, thicker magnetic material can add to the cost and weight of

the transmitter. In some embodiments, magnetic material thickness can be in the range of 0 .1 to

1.5 mm or more. The distance away from the transmitter resonator also prevents a drop in the

quality factor of the transmitter resonator.

FIG. 31A shows a cross-sectional view of the layers shown in FIG. 30. The top layer

contains the resonator coil 3102, the middle layer contains magnetic material 3104, and the

bottom layer contains a conductor 3106 with overhangs 3108. The overhang reduces the

magnetic field below the conductor where RFID tags may intrude. The height 3108 of the

overhang of the conductor shield may be less than the overall height 3010 of the layers. The

effectiveness of the conductor in this respect is increased as the distance from the magnetic

material is increased. The conductor can be a sheet of copper, aluminum, copper-clad aluminum,

and the like. FIG. 3 I B shows a cross-sectional view of another embodiment of the layers shown

in FIG. 30. In this embodiment, the magnetic material 3 110 also has overhangs 3 112 that can

help prevent any harmful effects that the conductor overhangs 3108 may have on the resonator

coil 3102.

An advantage to the configurations shown in FIG. 3 1A and FIG. 3 I B is the prevention of

eddy currents on the edges of the conductor sheet. These eddy currents can create a significant

magnetic fields at the edges of the conductor sheet, which can have harmful effects on RFID

tags. A representation of the eddy currents is shown in FIG. 32A in the form of arrows running

clockwise around the edge of the conductor sheet 3008. As shown in FIG. 32B, the magnetic

field strength at the edge (Bedge) of conductor sheet 3008 is greater compared to the field strength

at the center of the conductor (B center). Bedge is also greater than the threshold magnetic field BRFID



that an RFID tag may be able to withstand without damage. Both Bedge and Bcenter can be less

than the magnetic field strength generated by the transmitter at the top surface of the transmitter

resonator coil.

VIII. Combinations of RFID Detection Techniques

Any of the above detection techniques can be combined with one another, and with other

detection techniques for positive identification of RFID tags or transponders, such as capacitive,

infrared, or ultrasonic sensing.

In addition, various "warning" or alerting techniques can be combined with the methods

disclosed herein. For example, in some embodiments, systems that implement RFID tag

detection can also include sensors that detect movement of objects in proximity to wireless

power transmitters. A variety of detectors such as motion sensors and cameras can be used for

this purpose. Such detectors can be connected to a common controller (e.g., controller 112),

which can determine - based on the detector signals - whether an object in proximity to the

transmitter or receiver has moved. If such movement has occurred, the controller can reduce the

amplitude of the magnetic field generated by the transmitter resonator as a precautionary

measure. The system can then check for RFID tags that may have been introduced near the

transmitter or receiver (e.g., using any of the techniques disclosed herein) and either increase the

field amplitude (if no tags are identified) or maintain/further reduce the field amplitude (if one or

more tags are detected).

IX. Hardware and Software Implementation

The steps described above in connection with various methods for detecting RFID tags,

including measuring the impedance of transmitter resonators and

adjusting/activating/signaling/controlling various components of wireless power transmitters can

be implemented in computer programs using standard programming techniques. Such programs

are designed to execute on programmable computers, controllers (such as controller 112), and/or

specifically designed integrated circuits, each optionally featuring an electronic processor, a data

storage system (including memory and/or storage elements), at least one input device, and least

one output device, such as a display or printer. The program code is applied to input data (e.g.,

measured waveforms and data values from the detectors of a detection subsystem) to perform the



functions described herein and generate output information (e.g., control signals, alerts), which is

applied to one or more output devices. The code can also cause controllers and other circuits to

execute control functions to modify the operation of the various components of the transmitters,

as discussed above.

Each such computer program can be implemented in a high-level procedural or object-

oriented programming language, or an assembly or machine language. Furthermore, the

language can be a compiled or interpreted language. Each such computer program can be stored

on a computer readable storage medium (e.g., an optical, magnetic, or persistent medium) that

when read by a computer, controller, or circuit can cause the processor therein to perform the

functions described herein. Controller 112 can, in general, be configured through software

instructions to perform any of the control steps, measurement steps, adjustment steps, analysis

functions, and alerting steps disclosed herein.

OTHER EMBODIMENTS

While the disclosed techniques have been described in connection with certain

embodiments, other embodiments will be understood by one of ordinary skill in the art and are

intended to fall within the scope of this disclosure. For example, designs, methods,

configurations of components, etc. related to transmitting wireless power have been described

above along with various specific applications and examples thereof. Those skilled in the art will

appreciate where the designs, components, configurations or components described herein can be

used in combination, or interchangeably, and that the above description does not limit such

interchangeability or combination of components to only that which is described herein.

All documents referenced herein are hereby incorporated by reference.



WHAT IS CLAIMED IS:

1. A wireless power transmitter configured to detect a radio frequency identification (RFID)

tag, the transmitter comprising:

a transmitter resonator;

a transmitter impedance matching network coupled to the transmitter resonator;

an amplifier coupled to the transmitter impedance matching network;

a detection subsystem connected to the transmitter resonator; and

a controller coupled to the amplifier and to the detection subsystem and configured so

that during operation of the transmitter, the controller is configured to control the transmitter

resonator, the amplifier, and the impedance matching network to cycle the transmitter between a

power transmission mode and a RFID tag detection mode,

wherein in the power transmission mode:

the RFID tag detection mode is interrupted; and

the transmitter resonator generates a power magnetic field at a frequency fp0wer to

transfer power to a wireless power receiver;

wherein in the RFID tag detection mode:

the power transmission mode is interrupted;

the transmitter resonator generates at least one detection magnetic field at a

frequency between f and f2 to excite a RFID tag;

the detection subsystem measures a reflected impedance of the transmitter

resonator at each frequency; and

the controller determines whether a RFID tag is present in proximity to the

transmitter based on the reflected impedance of the transmitter resonator; and

wherein ft and f2 are greater than fpower.

2 . The transmitter of claim 1, wherein the detection subsystem measures a real part of the

reflected impedance of the transmitter resonator, and wherein the controller determines whether

a RFID tag is present in proximity to the transmitter based on the real part of the reflected

impedance of the transmitter resonator.



3 . The transmitter of claim 1, wherein the detection subsystem measures an imaginary part

of the reflected impedance of the transmitter resonator, and wherein the controller determines

whether a RFID tag is present in proximity to the transmitter based on the imaginary part of the

reflected impedance of the transmitter resonator.

4 . The transmitter of claim 1, wherein fi and f2 are each between 8 MHz and 22 MHz.

5 . The transmitter of claim 1, wherein the amplifier provides one or more driving currents

corresponding to the frequency of the at least one detection magnetic field to generate the at least

one detection magnetic field.

6 . The transmitter of claim 5, wherein the transmitter resonator comprises a resonator coil,

the transmitter further comprising:

a first capacitor Ci connected in series with the resonator coil; and

one or more capacitors each connected to Ci through a different associated switch,

wherein the controller is configured to activate the transmitter resonator to generate each

detection magnetic field by:

activating the amplifier to provide a driving current corresponding to a frequency

of the detection magnetic field to the transmitter resonator; and

closing one of the associated switches to connect one of the capacitors to Ci

through a continuous circuit pathway.

7 . The transmitter of claim 5, wherein the transmitter comprises a tunable capacitor

connected to the controller, and wherein the controller is configured to activate the transmitter

resonator to generate each detection magnetic field by:

activating the amplifier to provide a driving current corresponding to a frequency

of the detection magnetic field to the transmitter resonator; and

adjusting a capacitance value of the tunable capacitor based on the frequency of

the detection magnetic field.



8 . The transmitter of claim 1, wherein the transmitter resonator comprises a resonator coil

and the transmitter comprises a first capacitor Ci connected in series with the resonator coil,

wherein the detection subsystem is configured to measure a first voltage across a combination of

the first capacitor and the resonator coil and a second voltage across the first capacitor, and

wherein the controller is configured to determine the reflected impedance based on the measured

first and second voltages.

9 . The transmitter of claim 8, wherein the controller is configured to determine a current

through the resonator coil based on the second voltage, and to determine the reflected impedance

based on the first voltage and the current through the resonator coil.

10. The transmitter of claim 1, wherein the controller is configured to determine whether a

RFID tag is present in proximity to the transmitter by identifying one or more local maximum

values in the reflected impedance of the transmitter resonator at frequencies between fi and f2.

11 . The transmitter of claim 10, wherein the controller is configured to determine whether a

RFID tag is present in proximity to the transmitter by determining frequencies associated with

the one or more local maximum values, and comparing the determined frequencies to reference

information comprising resonance frequencies associated with RFID tags.

12. The transmitter of claim 10, wherein the controller is configured to determine whether a

RFID tag is present in proximity to the transmitter by comparing the determined frequencies to

one or more threshold frequency values corresponding to resonance frequency limits for RFID

tags.

13. The transmitter of claim 1, wherein the controller is configured to reduce an amplitude of

the power magnetic field if a RFID tag is determined to be present in proximity to the

transmitter.



14. The transmitter of claim 1, wherein in a single cycle, the transmitter operates for a first

time period t i in the power transmission mode and for a second time period t2 in the RFID tag

detection mode, and wherein t2 is 500 microseconds or less.

15. The transmitter of claim 14, wherein t2 is 300 microseconds or less.

16. The transmitter of claim 14, wherein a total cycle time corresponding to a sum of t i and t2

is between 0.5 seconds and 2 seconds.

17. The transmitter of claim 1, wherein in the RFID tag detection mode, the controller is

configured to adjust a bus voltage in the amplifier to maintain a constant current in the

transmitter resonator as each detection magnetic field is generated.

18. A method for detecting a radio frequency identification (RFID) tag, the method

comprising:

operating a wireless power transmitter in a power transmission mode, wherein the

operating comprises using a transmitter resonator of the transmitter to generate a power magnetic

field at a frequency fp 0wer to transfer power to a wireless power receiver;

operating the wireless power transmitter in a RFID tag detection mode, wherein the

operating comprises:

using the transmitter resonator to generate at least one detection magnetic field at

a frequency between ft and f2 to excite a RFID tag;

measuring a reflected impedance of the transmitter resonator at each frequency;

and

determining whether a RFID tag is present in proximity to the transmitter based

on the measured reflected impedance of the transmitter resonator; and

cycling the wireless power transmitter between the power transmission mode and the

RFID tag detection mode,

wherein ft and f2 are greater than fpower.



19. The method of claim 18, further comprising measuring a real part of the reflected

impedance of the transmitter resonator, and determining whether a RFID tag is present in

proximity to the transmitter based on the real part of the reflected impedance of the transmitter

resonator.

20. The method of claim 18, wherein fi and f2 are each between 8 MHz and 22 MHz.

21. The method of claim 18, further comprising activating an amplifier of the wireless power

transmitter to provide one or more driving currents corresponding to the frequency of the at least

one detection magnetic field to generate the at least one detection magnetic field.

22. The method of claim 21, further comprising, for each detection magnetic field:

activating the amplifier to provide a driving current corresponding to a frequency of the

detection magnetic field to the transmitter resonator; and

connecting at least one capacitor with a capacitor Ci of the wireless power transmitter

through a continuous circuit pathway,

wherein Ci is connected in series with a coil of the transmitter resonator.

23. The method of claim 18, wherein the transmitter resonator comprises a resonator coil and

the transmitter comprises a first capacitor Ci connected in series with the resonator coil, the

method further comprising:

measuring a first voltage across a combination of the first capacitor and the

resonator coil and a second voltage across the first capacitor; and

determining the reflected impedance based on the measured first and second

voltages.

24. The method of claim 18, further comprising determining whether a RFID tag is present in

proximity to the transmitter by:

identifying one or more local maximum values in the reflected impedance of the

transmitter resonator at frequencies between fi and f2;

determining frequencies associated with the one or more local maximum values; and



comparing the determined frequencies to reference information comprising resonance

frequencies associated with RFID tags.
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