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NOISE MITIGATION IN WIRELESS POWER SYSTEMS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This Patent Cooperation Treaty patent application claims priority to U.S.
Provisional Patent Application No. 62/445,202, filed January 11, 2017 and titled “Noise
Mitigation In Wireless Power Systems,” and U.S. Non-provisional Patent Application No.
15/474,569, filed March 30, 2017, and titled “Noise Mitigation in Wireless Power Systems,”

the disclosures of which are hereby incorporated herein in their entirety.

FIELD

[0002] Embodiments described herein generally relate to wireless power systems and, in

particular, to wireless power systems contemporaneously operable with capacitive sensors.

BACKGROUND

[0003] A mobile device can recharge an internal battery by wirelessly coupling to a power
converter that is connected to a power source. Collectively, the mobile device and power
converter be referred to as a “wireless power system” that transfers power from the power

source to the internal battery.

[0004] A conventional wireless power system includes a transmitter that magnetically
couples to a receiver within the mobile device to deliver power by electromagnetic induction.
However, the conventional wireless power system also introduces voltage noise to the
mobile device — via capacitive coupling — during transferring power. Voltage noise can affect
voltage-sensitive systems within the mobile device, such as capacitive user input systems,

capacitive fingerprint systems, capacitive proximity sensors, and so on.

[0005] As aresult, many conventional mobile devices disable or limit the operation of
voltage-sensitive systems when receiving wirelessly-transferred power, introducing
inconsistencies to the user experience of operating the mobile device. Other conventional
mobile devices incorporate grounded shields that reduce voltage noise, but also reduce the

efficiency of the wireless power system, thereby increasing battery charging time and cost.

SUMMARY

[0006] Embodiments described herein generally reference wireless power systems
including a transmitter and a receiver. The transmitter includes a substrate and an array or
distribution of transmitter coils on the substrate. In many cases, the transmitter coils are
formed onto the substrate, but this may not be required. Each of the transmitter coils are

formed with at least one crossover per turn. Typically, a crossover is formed with a
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corresponding, diametrically opposite, crossover although this may not be required of all

embodiments.

[0007] The wireless power system also includes a receiver configured to magnetically
couple to at least one transmitter coil of the array. The receiver includes a receiver coil that,
when magnetically coupled to a transmitter coil, can receive power by electromagnetic
induction. As with the transmitter coils of the transmitter, the receiver coil is also typically
formed with at least one crossover per turn. In some embodiments, coils of either or both the
array of transmitter coils or the receiver can include an in-line filter capacitor. In some cases,
the in-line filter capacitor bisects a coil, separating the coil into a first portion and a second
portion. In this configuration, the in-line filter capacitor is configured to operate as a high-

pass filter.

[0008] Other embodiments described herein generally reference method of forming an
inductor for a wireless power system. The method includes the operations of: selecting a
turn layer with a first turn trace and a second turn trace; positioning a crossover layer on the
turn layer, the crossover layer including a crossover trace positioned over the first turn trace
and over the second turn trace; and electrically connecting the crossover trace to the first

turn trace and the second turn trace.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Reference will now be made to representative embodiments illustrated in the
accompanying figures. It should be understood that the following descriptions are not
intended to limit this disclosure to one preferred embodiment. To the contrary, the disclosure
provided herein is intended to cover alternatives, modifications, and equivalents as may be
included within the spirit and scope of the described embodiments, and as defined by the

appended claims.
[0010] FIG. 1A depicts a wireless power system including a transmitter and a receiver.
[0011] FIG. 1B depicts a side view of the power converter of FIG. 1A.

[0012] FIG. 2A depicts one layer of a transmitter array of a wireless power system, such
as depicted in FIG. 1A.

[0013] FIG. 2B depicts a mobile device that can magnetically couple to — and receive

power from — the transmitter array depicted in FIG. 2A.

[0014] FIG. 3A depicts an inductor of a wireless power system.
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[0015] FIG. 3B depicts a simplified representation of capacitive coupling between

inductors of a wireless power system, such as those depicted in FIG. 3A.
[0016] FIG. 4A depicts an electrically-balanced inductor of a wireless power system.

[0017] FIG. 4B depicts a simplified representation of reduced capacitive coupling
between electrically-balanced inductors of a wireless power system, such as those depicted
in FIG. 4A.

[0018] FIG. 5 depicts a self-filtering electrically-balanced inductor of a wireless power

system, such as described herein.

[0019] FIG. 6A depicts a top view of one layer of a multi-layer implementation of an

electrically-balanced inductor of a wireless power system, such as described herein.
[0020] FIG. 6B depicts a cross-section of one layer of the inductor of FIG. 6A.
[0021] FIG. 6C depicts another cross-section of one layer of the inductor of FIG. 6A.

[0022] FIG. 6D depicts another cross-section of multiple layers of an inductor, such as
shown in FIG. 6A.

[0023] FIG. 6E depicts an example arrangement of electrically-balanced inductors, such
as shown in FIG. 6A.

[0024] FIG. 7 is a simplified flow chart corresponding to a method of manufacturing an

inductor.

[0025] FIG. 8is a simplified flow chart corresponding to another method of manufacturing

an inductor.

[0026] FIG. 9is a simplified flow chart corresponding to another method of manufacturing

an inductor.

[0027] The use of the same or similar reference numerals in different figures indicates

similar, related, or identical items.

[0028] The use of cross-hatching or shading in the accompanying figures is generally
provided to clarify the boundaries between adjacent elements and also to facilitate legibility
of the figures. Accordingly, neither the presence nor the absence of cross-hatching or
shading conveys or indicates any preference or requirement for particular materials, material
properties, element proportions, element dimensions, commonalities of similarly illustrated
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elements, or any other characteristic, attribute, or property for any element illustrated in the

accompanying figures.

[0029] Additionally, it should be understood that the proportions and dimensions (either
relative or absolute) of the various features and elements (and collections and groupings
thereof) and the boundaries, separations, and positional relationships presented
therebetween, are provided in the accompanying figures merely to facilitate an
understanding of the various embodiments described herein and, accordingly, may not
necessarily be presented or illustrated to scale, and are not intended to indicate any
preference or requirement for an illustrated embodiment to the exclusion of embodiments

described with reference thereto.

DETAILED DESCRIPTION

[0030] Embodiments described herein reference a wireless power system including a
transmitter device and a receiver device. A transmitter coil in the transmitter device
magnetically couples to a receiver coil in the receiver device to transfer electrical power to

the receiver device by electromagnetic induction.

[0031] In particular, embodiments described herein reference certain electrically-
balanced coil constructions of either or both the transmitter coil and the receiver coil that are
configured to reduce and/or eliminate common mode noise in the receiver device that can
result from an unbalanced capacitive coupling between a conventionally-constructed
transmitter coil and a conventionally-constructed receiver coil of a conventional wireless

power system.

[0032] More specifically, in a conventional wireless power system, a conventionally-
constructed transmitter coil is defined by a number turns that follow a spiral path from an
outer radius to an inner radius. As alternating electric current moves through the
conventionally-constructed transmitter coil, progressive impedance through the coil results in
a voltage gradient from the outer radius to the inner radius that varies with the input current.
The varying voltage gradient results in a varying electric field that influences reference
voltage levels (e.g., ground plane, supply lines, signal lines, and so on) in a conventionally-
constructed receiver device nearby. In other words, the conventionally-constructed
transmitter coil can introduce common mode noise into a conventionally-constructed receiver

device via capacitive coupling.

[0033] Inthese conventional cases, when the receiver device is touched by a user — or

otherwise electrically grounded — various reference voltage levels in the device can change



10

15

20

25

30

by an unknown amount. This uncontrollable variability can interfere with the operation of

certain systems in the receiver device, such as touch input systems or capacitive sensors.

[0034] More specifically, systems in the receiver device that depend on differential
voltage measurements can behave unpredictably when the receiver device is receiving
power, wirelessly, from a conventionally-constructed transmitter coil. For example, in the
case of a capacitive touch sensor, false touch events can be registered and/or actual touch
events may be rejected. Such unpredictable receiver device behavior negatively impacts the

user experience of operating the device.

[0035] Furthermore, in some cases, a conventional transmitter device can include
multiple conventionally-constructed transmitter coils, each configured to transfer power to a
respective one receiver device or receiver coil. In these examples, a single receiver device
can capacitively couple to multiple transmitter coils, which may or may not be in-phase with
one another. In other words, the receiver device can be subject to both differential mode

noise and to common mode noise.

[0036] To mitigate the negative effects of unpredictable receiver device behavior, many
conventional receiver devices disable or limit the operation of voltage-sensitive systems
when the device is receiving power from a conventionally-constructed transmitter coil. For
example, a conventional receiver device can disable or reduce the sensitivity a capacitive
touch screen when that device is receiving power.

[0037]  Other conventional receiver devices or transmitter devices include grounded
shields configured to protect voltage-sensitive systems in a receiver device from common
mode noise or differential mode noise that can result from capacitive coupling. However,
grounded shield are necessarily formed from electrically-conductive materials and, as such,
reduce the efficiency of power transfer from the transmitter device to the receiver device
(e.g., via thermal losses from eddy currents, flux redirection, and so on). Further, grounded

shields often add to manufacturing cost and thickness of a device.

[0038]  Accordingly, embodiments described herein reference various transmitter coil and
receiver coil constructions that reduce the variability of electric fields produced by a
transmitter coil and, alternatively, reduce the susceptibility of a receiver coil to capacitive
coupling. For the simplicity of the description provided herein, the general terms “inductor” or
“electrically-balanced inductor” are used for embodiments in which a particular coll

construction may be appropriate for either a transmitter coil or a receiver coil.

[0039] Wireless power systems incorporating electrically-balanced inductors, such as

described herein, whether in either or both the transmitter device or receiver device, can,
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without limitation: include a receiver device and/or a transmitter device manufactured without
a requirement for additional shields; transfer power from a transmitter device to a receiver
device at high efficiency; transfer power from a transmitter device to multiple receiver
devices simultaneously and at high efficiency; include a receiver device that incorporates
voltage-sensitive systems that can be operated while the receiver device receives power

from a transmitter device; and so on.

[0040] An electrically-balanced inductor, such as described herein, can be constructed by
introducing at least one crossover per turn of the inductor. The term “crossover,” as used
herein, broadly refers to an electrical connection between radially-adjacent portions of two
separate turns of an inductor. Typically, turns that are joined by a crossover are neighboring

turns (e.g., adjacent to one another), but this may not be required of all embodiments.

[0041] The crossovers in an electrically-balanced inductor, such as described herein,
balance electrical fields generated by a transmitter coil and electrical field effects
experienced by a receiver coil. More specifically, as alternating electric current moves
through an electrically-balanced transmitter coil, voltage drops from turn to turn are spatially
distributed such that the difference in electric field magnitude between adjacent turns is
substantially consistent, regardless of the polarity of current passing through the inductor. In
other words, when configured to operate as a transmitter coil of a wireless power system, an
electrically-balanced inductor produces an electric field that exhibits substantially reduced
variability, and, as such, does not strongly electrically couple to nearby conductors (e.g., a
receiver coil). Alternatively, when configured to operate as a receiver coil of a wireless power
system, the influence of a nearby electric field is distributed across alternating turns of the
inductor, thereby reducing differential mode and common mode noise received through

capacitive coupling.

[0042] Many embodiments described herein reference a wireless power system that
includes an electrically-balanced transmitter coil in a transmitter device and an electrically-
balanced receiver coil in a receiver device. Such a system exhibits substantially reduced
capacitive coupling between the transmitter device and the receiver device, enabling
operation of voltage-sensitive systems within the receiver device when wirelessly
transferring power. It is appreciated, however, that this system configuration may not be
required; a wireless power system such as described herein can include one of a transmitter
device with an electrically-balanced transmitter coil or a receiver device with an electrically-

balanced receiver coil.

[0043] Notwithstanding the foregoing, and for simplicity of description, many
embodiments that follow (including those discussed below with reference to FIGs. 1A — 10)
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refer to an example transmitter device as a “charging mat” and an example receiver device
as a "mobile device.” A charging mat such as described herein includes multiple electrically-
balanced transmitter coils, arranged or distributed on one or more layers of a substrate, but
this may not be required and in some embodiments, a single electrically-balanced
transmitter coil may be suitable. Similarly, a mobile device such as described herein includes
a single electrically-balanced receiver coil, but this may not be required; additional
electrically-balanced receiver coils can be included in other embodiments. As such, those
skilled in the art will readily appreciate that the detailed description given herein with respect
to the following figures is for explanation only and should not be construed as limiting.

[0044] Generally and broadly, FIGs. 1A — 1B depict a wireless power system 100
including a charging mat 102 and a mobile device 104. In particular, FIG. 1A depicts a plan
view the wireless power system 100 and FIG. 1B depicts a side view of the wireless power
system 100, specifically illustrating an example embodiment in which a charging mat 102 is
accommodated in a low-profile (e.g., thin) enclosure. The wireless power system 100 is
configured to transfer power — via electromagnetic induction — from the charging mat 102 to

one or more mobile devices, one of which may be the mobile device 104.

[0045]  The charging mat is accommodated in an enclosure. The enclosure can
accommodate: one or more electrically-balanced transmitter coils or transmitter coil arrays or
layers, a processor, memory, display, battery, network connections, sensors, input/output
ports, acoustic elements, haptic elements, digital and/or analog circuits for performing and/or
coordinating tasks of the wireless power system 100, and so on. For simplicity of illustration,
the enclosure is depicted in FIG. 1A without many of these elements, each of which may be
included, partially and/or entirely, within the enclosure and may be operationally or
functionally associated with the charging mat 102. In some embodiments, the charging mat
102 is fully-integrated; all components of the charging mat 102 are within the enclosure,

apart from an electrical connection (e.g., cable) to mains voltage, which is not depicted.

[0046] Like the charging mat 102, the mobile device 104 is accommodated within an
enclosure. Typically, the enclosure of the mobile device 104 is smaller than the enclosure of
the charging mat 102, but this may not be required. The enclosure of the mobile device 104
can accommodate: one or more electrically-balanced receiver coils, a processor, memory,
display, battery, voltage-sensitive systems, capacitive or other sensors, network
connections, input/output ports, acoustic elements, haptic elements, digital and/or analog
circuits for performing and/or coordinating tasks of the wireless power system 100 or another
electronic device, and so on. For simplicity of illustration, the enclosure of the mobile device
104 is depicted in FIG. 1A without many of these elements, each of which may be included,
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partially and/or entirely, within the enclosure and may be operationally or functionally

associated with the mobile device 104.

[0047] In some examples, the mobile device 104 is electronic device such as a cellular
phone, a tablet computer, a wearable electronic device (e.g., watch, pendant, bracelet,
necklace, anklet, ring, headphone, glasses, wearable display, and so on), a peripheral input
device (e.g., keyboard, mouse, trackpad, remote control, stylus, gaming device, gesture
input device, and so on), an authentication device or token (e.g., password token, vehicle
key, and so on), an access card, an anti-theft or loss prevention device, a home automation
device, a display, and so on.

[0048] Inthe illustrated embodiment, the enclosure of charging mat 102 defines an
interface surface for receiving the mobile device 104. The interface surface can be
substantially planar, although this is not required. For example, in some embodiments, the
interface surface may be concave, convex, or may take another shape.

[0049] In many examples, the charging mat 102 includes multiple electrically-balanced
transmitter coils distributed at different locations relative to the interface surface (see, e.g.,
FIG. 2A). Typically, as noted above, each transmitter coil of the charging mat 102 is an

electrically-balanced inductor (e.g., including at least one crossover per turn), but this may

not be required.

[0050] Inthese embodiments, individual transmitter coils can be associated with different
portions of the interface surface. In this manner, the wireless power system 100 can

selectively activate or deactivate transmitter coils of the charging mat 102 independently.

[0051]  Further, the wireless power system 100 can selectively control power output from
each transmitter coil. In many cases, the wireless power system 100 can selectively active a
transmitter coil (or more than one transmitter coil) based on the position and/or orientation of
the mobile device 104 relative to the interface surface and, in particular, relative to the
location of the nearest transmitter coil or coils. More specifically, the wireless power system
100 can selectively activate a transmitter coil based on a coupling factor k that corresponds
to the mutual coupling between that transmitter coil and a receiver coil disposed within the
mobile device 104; the higher the coupling factor, the more likely the wireless power system
100 is to activate that transmitter coil to effect power transfer from that transmitter coil of the
charging mat 102 to the receiver coil within the mobile device 104.

[0052] The foregoing embodiment depicted in FIGs. 1A — 1B and the various alternatives
thereof and variations thereto is presented, generally, for purposes of explanation, and to

facilitate an understanding of various possible electronic devices or accessory devices that
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can incorporate, or be otherwise associated with, a wireless power system, such as
described herein. However, it will be apparent to one skilled in the art that some of the
specific details presented herein may not be required in order to practice a particular
described embodiment, or an equivalent thereof.

[0053] Generally and broadly, FIGs. 2A — 2B depict a wireless power system, such as the
wireless power system shown in FIGs. 1A — 1B. In particular, FIG. 2A depicts a charging mat
200 with a layer of transmitter coils distributed below an interface surface 202. One
transmitter coil of the distribution of transmitter coils is labeled as the transmitter coil 204.
The transmitter coil 204, along with the other transmitter coils of the distribution of transmitter
coils, is depicted as a rounded rectangle, but this shape is not required. In some
embodiments, the transmitter coil 204 can be circular, polygonal, or may take another shape.

Similarly, it may not be required to arrange the transmitter coils in a grid such as shown.

[0054] FIG. 2B depicts a mobile device 206 with a receiver coil 208 and a capacitive
sensor 210 positioned proximate to the receiver coil 208. The capacitive sensor 210 can be
any suitable voltage-sensitive system or sensor such as, but not limited to: capacitive touch
input systems, capacitive force input systems, capacitive switches, capacitive buttons,
capacitive image sensors, capacitive biometric sensors, capacitive humidity sensors,
capacitive particle detectors, and so on. In some cases, the capacitive sensor 210 can be
positioned adjacent to (e.g., beside, above, below, and so on) the receiver coil 208, whereas
in others, the capacitive sensor 210 can be intentionally separated from the receiver coil 208

within the enclosure of the mobile device 206.

[0055]  As with other embodiments described herein, the receiver coil 208 of the mobile
device 206 can be aligned with one or more transmitter coils, such as the transmitter coil
204, when the mobile device 206 is placed on the interface surface 202 to achieve wireless
power transfer between the charging mat 200 and the mobile device 206, via
electromagnetic induction. More specifically, the transmitter coil 204 and the receiver coil
208 can be magnetically coupled when an alternating current passes through the transmitter
coil 204. The frequency of the alternating current passing through the transmitter coil 204
may be associated with an induction mode (e.g., on the order of kilohertz) or a resonance

mode (e.g., on the order of megahertz).

[0056]  Typically, each transmitter coil of the distribution of transmitter coils (including the
transmitter coil 204) is an electrically-balanced inductor, but this may not be required of all
embodiments. For example, a certain subset of transmitter coils of the distribution of
transmitter coils can be conventional inductors (e.g., spiral turns) whereas others may be
electrically-balanced inductors, such as described herein. In further embodiments, only a
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single transmitter coil may be required. Similarly, the receiver coil 208 can be an electrically-

balanced inductor, but this may not be required of all embodiments.

[0057] Generally and broadly, FIGs. 3A — 3B depict a vertically-aligned set of
magnetically coupled inductors of a wireless power system. The illustrated inductors are

constructed without crossovers and, as such, may be susceptible to capacitive coupling.

[0058] In this example, a transmitting inductor 300 is defined by a number turns that
follow a spiral path from an outer radius to an inner radius. An electric current circulates
through the transmitting inductor 300 when a voltage is applied across its terminals. As the
electric current moves through the transmitting inductor 300, it encounters impedance that
progressively reduces the applied voltage from the positive terminal to the negative terminal.
In other words, different portions of the transmitting inductor 300 experience different

voltages.

[0059] Generally, a voltage difference between separated portions of a circuit or circuit
element can be alternatively expressed as an electric field having a magnitude

proportionately related to that voltage and to the distance between those separated portions.

[0060] As may be appreciated, an electric field — especially a changing electric field — has
the capacity to influence electric charge (e.g., current) in a nearby conductor. More
specifically, if an electric field changes (e.qg., in position or magnitude), a voltage measured
between the electric field source and a nearby conductor correspondingly changes, and a
current is exhibited within the conductor that resists that change in voltage. This relationship
between the electric field source and the conductor is typically modeled as a capacitance,
and represented in a circuit diagram as a capacitor, or as a set of capacitors. Such
capacitors can be referred to as capacitive couplings between circuits, or circuit portions.

[0061] Returning to FIG. 3A, the transmitting inductor 300 includes a first terminal 302
and a second terminal 304. If a positive voltage is applied from the first terminal 302 to the
second terminal 304, a voltage at any point along the outer turn of the transmitting inductor
300 (referenced to ground or to the second terminal 304) is higher than a voltage at any
point along the inner turn of the transmitting inductor 300. In this example, the voltage from
the outer radius to the inner radius generally decreases.

[0062] Inthe alternative, if a positive voltage is applied from the second terminal 304 to
the first terminal 302, a voltage at any point along the outer turn of the transmitting inductor
300 is lower (referenced to ground or to the first terminal 302) than a voltage at any point
along the inner turn of the transmitting inductor 300. In this example, the voltage from the

outer radius to the inner radius generally increases.
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[0063] More specifically, and with reference to FIG. 3B, when a positive voltage is applied
across the first terminal 302 and the second terminal 304, a voltage measured between an
outer turn 306a and the second terminal 304 is greater than a voltage measured between a
first interior turn 300b and the second terminal 304 which is greater than a voltage measured
between a second interior turn 300c and the second terminal 304 which, in turn, is greater
than a voltage measured between an inner turn 306d and the second terminal 304. In this
example, the voltage drop (e.g., voltage difference) from the outer turn 300a to the inner turn
300d can be represented as an electric field directed from the outer turn 300a to the inner
turn 300d and having a generally decreasing magnitude.

[0064] Alternatively, if a negative voltage is applied from the first terminal 302 to the
second terminal 304, a voltage at any point along the outer radius of the transmitting
inductor 300 is lower than a voltage at any point along the inner radius of the transmitting
inductor 300. More specifically, a voltage measured between the outer turn 306a and the
first terminal 302 is less than a voltage measured between the first interior turn 300b and the
first terminal 302 which is less than a voltage measured between the second interior turn
300c and the first terminal 302 which in turn is less than a voltage measured between the
inner turn 306d and the first terminal 302. In this example, the voltage gradient from the
outer turn 300a to the inner turn 300d can be represented as an electric field directed from
the inner turn 300d to the outer turn 300a and having a generally increasing magnitude.

[0065] As such, when an alternating current is applied the transmitting inductor 300, the
electric field generated by the voltage differentials between different turns of the transmitting
inductor 300 changes in both direction and magnitude with the alternating current applied to
the inductor. The varying electric field can couple to a receiving inductor 306, contributing
common mode noise to one or more systems associated with, or connected to, the receiving
inductor 306. In the illustrated example, the receiving inductor 306 is aligned with the
transmitting inductor 300. Capacitive coupling between the receiving inductor 306 and the

transmitting inductor 300 is modeled with the coupling capacitors Cy, C,, C5, and C,.

[0066] In particular, an outer turn 300a of the transmitting inductor 300 is depicted as
capacitive coupled — via the coupling capacitor C;—to an outer turn 306a of the receiving
inductor 306. Similar coupling relationships are depicted in FIG. 3B for: the first interior turn
300b of the transmitting inductor 300 and the first interior turn 306b of the receiving inductor
306 via the coupling capacitor C,, the second interior turn 300c of the transmitting inductor
300 and the second interior turn 306¢ of the receiving inductor 306 via the coupling capacitor
C3, and the inner turn 300d of the transmitting inductor 300 and the inner turn 306d of the

receiving inductor 306 via the coupling capacitor C,.
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[0067] Inthis configuration, when the transmitting inductor 300 is magnetically coupled to
the receiver inductor 306 to transfer power wirelessly, the electric field generated by the
voltage differentials correspond to different voltages across each of the coupling

capacitors €y, C,, C3, and C,. As a result of the changing voltage across the coupling
capacitors C;, C,, C3, and C,, alternating current is transferred to the receiving inductor 306

as common mode noise via capacitive coupling.

[0068] Generally and broadly, FIGs. 4A — 4B depict a vertically-aligned set of
magnetically coupled inductors of a wireless power system. The illustrated inductors are
constructed with crossovers and, as such, experience reduced capacitive coupling. In this
example, a transmitting inductor 400 is defined by a number turns that cross over each other
to connect to radially-adjacent sections of another turn. As the electric current moves
through the transmitting inductor 400, it encounters impedance that progressively reduces
the applied voltage. As such, different portions of the transmitting inductor 400 experience
different voltage. However, as a result of the crossovers, the voltage differential between
adjacent turns is increased, as compared against the voltage differential between adjacent
turns of the inductor depicted in FIGs. 3A — 3B which generally follows a gradient from an
outer turn to an inner turn. As a result of the increased voltage differential between adjacent
turns, the net electric field generated by the transmitting inductor 400 — independent of the
polarity of voltage applied to the leads of the inductor —spatially averages from the outer turn
to the inner turn. As such, the transmitting inductor 400 is an electrically-balanced inductor.

[0069] In particular, the transmitting inductor 400 includes a first terminal 402 and a
second terminal 404. The transmitting inductor 400 includes four turns (e.g., an inductor
having turns of N = 4) which are identified in the figure, through line B-B, as the outer turn
4004, the first interior turn 400b, the second interior turn 400c, and the inner turn 400d. It
may be appreciated that this is merely one example coil construction; coils or inductors can
be constructed using the techniques described herein with any number of suitable turns
and/or layers. Similarly, although the transmitting inductor 400 is depicted as a rounded
rectangle, such a shape is not required and other shapes are possible.

[0070]  The transmitting inductor 400 also includes three crossover pairs, identified as a
first crossover pair 406, a second crossover pair 408, and a third crossover pair 410. Each
crossover pair of the transmitting inductor 400 includes two independent crossovers, an

upper crossover and a lower crossover. The upper crossover and the lower crossover of a

crossover pair are electrically insulated from one another using any suitable technique.

[0071] Inthis embodiment, if a positive voltage is applied from the first terminal 402 to the
second terminal 404, a voltage along any turn of any radial section of the transmitting
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inductor 400 (referenced from ground or from the second terminal 404) is immediately
adjacent to another turn having a substantially different voltage. In other words, voltage to
ground for turns of any radial section of the transmitting inductor 400 alternate between

relatively high voltage and relatively low voltage.

[0072]  Similarly, if a negative voltage is applied from the first terminal 402 to the second
terminal 404, a voltage along any turn if any radial section of the transmitting inductor 400
(referenced from ground or from the first terminal 402) is, again, immediately adjacent to
another turn having a substantially different voltage referenced from ground. In other words,
voltage to ground for turns of any radial section of the transmitting inductor 400 alternate

between relatively low voltage and relatively high voltage.

[0073]  As such, the voltage distribution from outer turn to inner turn for the coil
construction depicted in FIG. 4A is substantially the same, regardless of the polarity of
voltage applied to the leads of the coil. As may be appreciated, the attendant electric fields
that result from the alternating voltages locally interfere with one another. More specifically,
relative high voltages turns adjacent to relative low voltage turns result in a substantially
averaged net electric field. When the current through the transmitting inductor 400 reverses,
the turn that was previously relatively high voltage exhibits a relatively low voltage and,
similarly, the turn that was previously relatively low voltage exhibits a relatively high voltage.
As such, the electric fields attendant to the voltage differences between the turns once again

substantially average to a similar net electric field.

[0074]  When the transmitting inductor 400 is used to transfer power wirelessly, the
electric field generated by the voltage differentials between different turns of the transmitting
inductor 400 is generally independent of current direction through the inductor. In this
manner, when a receiving inductor 412 is aligned with the transmitting inductor 400,
capacitive coupling between the inductors is reduced. In FIG. 4B, capacitive coupling
between the receiving inductor 412 and the transmitting inductor 400 is modeled with the

coupling capacitors Cy, C,, C4, and C,.

[0075] In one specific example depicted in FIG. 4B, an outer turn 400a of the transmitting
inductor 400 is depicted as capacitive coupled — via the coupling capacitor C,— to an outer
turn 412a of the receiving inductor 412. Similar coupling relationships are depicted in FIG.
4B for: the first interior turn 400b of the transmitting inductor 400 and the first interior turn
412b of the receiving inductor 412 via the coupling capacitor C,, the second interior turn
400c of the transmitting inductor 400 and the second interior turn 412c of the receiving

inductor 412 via the coupling capacitor C,, and the inner turn 400d of the transmitting
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inductor 400 and the inner turn 412d of the receiving inductor 412 via the coupling capacitor
Cy.

[0076] Inthis configuration, when the transmitting inductor 400 is magnetically coupled to
the receiving inductor 412 (to transfer power wirelessly), the substantially static electric field
corresponds to substantially the same voltage across the coupling capacitors C,, C,, C4, and
C,. As a result of the substantially constant voltage across the coupling capacitors C;, C,, C4,
and C,, no substantial alternating current is transferred as common mode or differential
mode noise. Accordingly, voltage-sensitive systems within a receiver device incorporating

the receiving inductor 412 can be operated simultaneously with the wireless power system.

[0077]  The foregoing embodiments depicted in FIGs. 4A — 4B and the various
alternatives thereof and variations thereto are presented, generally, for purposes of
explanation, and to facilitate an understanding of various possible constructions of
electrically-balanced inductors that can be incorporated in, or be otherwise associated with,
a wireless power system, such as described herein. However, it will be apparent to one
skilled in the art that some of the specific details presented herein may not be required in

order to practice a particular described embodiment, or an equivalent thereof.

[0078] For example, although the embodiment depicted in FIGs. 4A — 4B reference an
electrically-balanced inductor operating as a transmitter of a wireless power system, an
electrically-balanced inductor can also operate as a receiver of the same wireless power
system. For example, in one embodiment, a receiver device (e.g., mobile device)
incorporates an electrically-balanced inductor and a transmitter device (e.g., charging mat)

incorporates an electrically-balanced inductor.

[0079] In some cases, an electrically-balanced inductor incorporated in a receiver device
is constructed with a different number of turns than an electrically-balanced inductor

incorporated into a transmitter device of the same wireless power system.

[0080] In some cases, an electrically-balanced inductor can be implemented with more
than one layer of turns. For example, a first turn layer can be positioned over a second turn
layer. The turn layers can be electrically connected to one another with one or more

crossovers, although this may not be required.

[0081] In some cases, an electrically-balanced inductor can include more than one
crossover per turn. For example, an electrically-balanced inductor can include two or more
crossovers per turn. In further cases, a crossover can have a selected slope or shape
different from that depicted in FIG. 4A.

-14 -



10

15

20

25

30

[0082] In other cases, an electrically-balanced inductor incorporated in a receive device
includes crossovers that are positioned differently than an electrically-balanced inductor

incorporated into a transmitter device of the same wireless power system.

[0083] In some cases, an electrically-balanced inductor can include different crossover

pairs positioned at different radial locations across the inductor.

[0084] In some cases, an electrically-balanced inductor incorporated in a receiver device
is constructed with a different shape than an electrically-balanced inductor incorporated into

a transmitter device of the same wireless power system.

[0085] In yet further embodiments, an electrically-balanced inductor can be a member of
a set of electrically-balanced inductors that are arranged or distributed in an array. The array
can be associated with a transmitter device or a receiver device. The electrically-balanced
inductors of the array or distribution of electrically-balanced inductors can be operated
independently or simultaneously. In further embodiments, an electrically-balanced inductor
can be disposed onto or otherwise accommodated on a substrate, such as a circuit board.
The substrate can be positioned relative to another substrate that also accommodates an

electrically-balanced inductor.

[0086] In some embodiments, an electrically-balanced inductor can include one or more
self-filtering capacitors to mitigate the effects of a direct current bias. For example, FIG. 5
depicts a self-filtering electrically-balanced inductor. The electrically-balanced inductor 500
includes an in-line capacitor 502 that extends across a severed turn of the electrically-
balanced inductor 500. The in-line capacitor 502 provides low-frequency (e.g., direct current

bias) filtering.

[0087] The in-line capacitor 502 in the illustrated embodiment bifurcates the electrically-
balanced inductor 500, but this may not be required of all embodiments. Further, other
embodiments, can include more than one in-line capacitor. In some embodiments, the in-line
capacitor 502 can be a physical element, but this is not required. In one embodiment, the in-
line capacitor 502 can be a parasitic capacitance between turns of the electrically-balanced
inductor 500.

[0088] The foregoing embodiment depicted in FIG. 5 and the various alternatives thereof
and variations thereto is presented, generally, for purposes of explanation, and to facilitate
an understanding of various possible constructions of electrically-balanced inductors that
include an in-line filter capacitor. However, it will be apparent to one skilled in the art that
some of the specific details presented herein may not be required in order to practice a

particular described embodiment, or an equivalent thereof.
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[0089] For example, in some embodiments an electrically-balanced inductor can include
more than one filter capacitor. In other cases, an electrically-balanced inductor can position
the filter capacitor in a different location from that shown in FIG. 5. In yet further
embodiments, the electrically-balanced inductor can position the in-line filter capacitor within

a crossover. In this example, the crossover can be formed by the in-line capacitor.

[0090] The preceding embodiments described in reference to FIGs. 4A — 5 generally
describe various inductor or coil constructions of an electrically-balanced inductor that can
be used as either a transmitting coil or a receiving coil of a wireless power system. It may be
appreciated that these electrically-balanced inductors can be manufactured and/or otherwise

formed in any number of suitable ways.

[0091] Generally and broadly, FIGs. 6A — 6E are provided in reference to various
example methods of manufacturing and/or constructing an electrically-balanced inductor
such as described herein (see e.g., FIGs. 4A - 5). In particular, the depicted embodiments
relate to a method of manufacturing an electrically-balanced inductor by progressively
providing and/or stacking different layers or substrates that accommodate different portions
of the electrically-balanced inductor (e.g., crossovers, turn segments, leads, contact pads,
in-line filter capacitors and so on). In some examples, the multiple layers can be layers of a
multi-layered circuit board. In other examples, the multiple layers can be laminated together
in a roll-to-roll manufacturing process. In yet other examples, the multiple layers can be
stacked together and further processed in a subsequent manufacturing operation such as,
but not limited to: removing material from one or more layers, adding material to one or more
layers, electrically bonding one or more layers together, insulating one or more layers,
subjecting one or more layers to curing conditions (e.g., temperature, pressure, light, and so
on), electrically connecting one or more portions of the layers to one or more electrical

circuits, and so on.

[0092] For example, FIG. 6A depicts a top view of one layer of a multi-layer
implementation of an electrically-balanced inductor 600 of a wireless power system, such as
described herein. IN this example, crossovers can be formed between different turns of the
electrically-balanced inductor 600 with a combination of vias and jumpers.

[0093] In particular, the electrically-balanced inductor 600 can be formed onto a substrate
602. The substrate 602 can be any suitable dielectric substrate. For example, in some
embodiments, the substrate 602 is a circuit board layer, a polymer film, or a glass sheet. The
substrate 602 can be flexible or rigid, and may be made from a single layer of material or

multiple layers of material.
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[0094] Different portions of the electrically-balanced inductor 600 can be formed or
adhered onto different portions of the substrate 602. For example, as illustrated, the
electrically-balanced inductor 600 includes four turn portions along a top portion and four
turn portions along a bottom portion. These turn portions are coupled together with
crossovers 604, 606, 608, 610, 612, and 614. Some of the crossovers are associated with a
top surface of the substrate 602, such as the crossovers 606, 610, and 614 whereas other
crossovers are associated with a bottom surface of the substrate 602, such as the
crossovers 604, 608, and 612. The crossovers on the bottom surface of the substrate can be
coupled to portions of the electrically-balanced inductor 600 formed on the top surface of the

substrate with through-substrate vias.

[0095] For example, as shown in FIG. 6B (depicting a cross-section of the electrically-
balanced inductor 600 through line C-C), portions of the electrically-balanced inductor 600
on the top of the substrate are identified, respectively, as the turns 600a, 600b, 600c, and
600d. In this example, the crossover 606 is electrically coupled to the turn 600b. The
crossover 604, on the underside of the substrate 602, is connected to the turn 600c through
the via 616.

[0096]  Similarly, as shown in FIG. 6C (depicting a cross-section of the electrically-
balanced inductor 600 through line D-D), portions of the electrically-balanced inductor 600
on the top of the substrate are identified, respectively, as the turns 600e, 600f, 600g, and
600a. In this example, the crossover 610 is electrically coupled to the turn 600f and the
crossover 614 is electrically coupled to the turn 600a. The crossover 612 and the crossover
612, on the underside of the substrate 602, are respectively connected to the turn 600e and
the turn 6009 the vias 618, 620.

[0097] In other embodiments, the electrically-balanced inductor 600 can be formed with
multiple layers, such as shown in FIG. 6D. In this figure, the electrically-balanced inductor
600 can be formed by electrically connecting independent substrates to one another. In
these examples, the electrically-balanced inductor 600 can be formed with multiple layers of
turns. In some examples, crossovers can be included between different turns of different

layers.

[0098] In other embodiments, the electrically-balanced inductor 600 can be formed by
laminating different layers or sheets of material together. For example, as shown in FIG. 6E,
three layers can be laminated together to for the electrically-balanced inductor 600. In
particular, a first crossover layer 626 can be positioned over a turn layer 628 which in turn is

positioned over a second crossover layer 630. The first crossover layer 626 and the second
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crossover layer 630 each include one or more conductive traces that are configured to align

with conductive traces (e.g., turns) on the turn layer 628.

[0099] The electrically conductive traces of the first crossover layer 626, the second
crossover layer 630 and the turn layer 628 can be formed into the substrate 602 or onto a
layer of the substrate 60 in any suitable manner. For example, in some cases, electrically
conductive traces associated with one or more of the first crossover layer 626, the second
crossover layer 630 and the turn layer 628 can be formed into the substrate 602 can be
formed by physical vapor deposition, electroplating, electroless plating, etching, or any other
suitable method. In some cases, electrically conductive traces associated with one or more
of the first crossover layer 626, the second crossover layer 630 and the turn layer 628 can
be formed into the substrate 602 can be formed by adhering metal to the substrate or a layer

of the substrate.

[0100] The various electrically conductive metals selected for the first crossover layer
626, the second crossover layer 630 and the turn layer 628 can be formed into the substrate
602 may be the same or they may be different. Example metals that may be suitable include

copper, gold, silver, and so on.

[0101] As noted above, the embodiments depicted in FIG. 6A — 6E and the various
alternatives thereof and variations thereto is presented, generally, for purposes of
explanation, and to facilitate an understanding of various example methods of manufacturing
and/or constructing an electrically-balanced inductor such as described herein. It will be
apparent to one skilled in the art that some of the specific details presented herein may not

be required in order to practice a particular described embodiment, or an equivalent thereof.

[0102] For example, in some embodiments a substrate can be made from a thin polymer.
Electrically conductive traces can be formed onto the polymer using a suitable method. In
other examples, the substrate can be made from glass, sapphire, plastic, or another

inorganic material. In still further examples, a substrate can be a multi-layer circuit board.

[0103] In other embodiments, an electrically-balanced inductor can be formed in another
manner. For example, an electrically-balanced inductor can be formed by wrapping wire onto
a mandrel in a manner that introduces crossovers. For example, while wrapping the
mandrel, separators or shims can be inserted that correspond to turns that have yet to be

formed.

[0104] In other embodiments, an electrically-balanced inductor can be formed as a part of
an array of electrically-balanced inductors on the same substrate. The substrate can be a

single-layer substrate, a stack of independent substrates, or a multi-layer substrate.
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[0105] In other cases, an electrically-balanced inductor can be formed by molding. In
these examples, adjacent turns can be connected by mold material channels that are

removed in a subsequent operation (e.g., by etching).

[0106] In still further examples, an electrically-balanced inductor can be formed by
additive manufacturing methods including, but not limited to, electroforming and/or
electroplating, three and dimensional plating. In some cases, insulators can be inserted or

formed between different turns of the electrically-balanced inductor.

[0107] In yet further embodiments, an electrically-balanced inductor can be formed by
subtractive manufacturing methods including, but not limited to, laser etching and/or
ablation, mechanical scribing and/or cutting, water or particle jet abrasion and/or cutting, and

SO on.

[0108] In still further examples, an electrically-balanced inductor can be formed by
severing a conventional inductor (e.g., having spiraling turns) and reconnecting severed

portions of the inductor with crossovers.

[0109] FIG. 7 is a simplified flow chart corresponding to a method of manufacturing an
inductor. The method 700 can be used to form an electrically-balanced inductor such as
described herein. In particular, method 700 can be used to form an electrically-balanced
inductor suitable for use in either a receiver device or a transmitter device of a wireless

power system, such as described above with reference to FIGs. 1A — 2B.

[0110]  In particular, method 700 includes at operation 702 in which turn traces are formed
on one or more layers of a multi-layer circuit board. At operation 704, one or more electrical
connections (e.g., crossovers) between the turn traces are formed. The electrical
connections can be made by vias, jumpers, separate circuit layers, solder bridges, or any
other suitable method. At operation 706, leads of the electrically-balanced inductor is
coupled to transmit circuitry.

[0111] FIG. 8is a simplified flow chart corresponding to another method of manufacturing
an inductor. As with other methods described herein, method 800 can be used to form an
electrically-balanced inductor such as described herein. In particular, the method 800 can be
used to form an electrically-balanced inductor suitable for use in either a receiver device or a
transmitter device of a wireless power system, such as described above with reference to
FIGs. 1A - 2B.

[0112]  In particular, method 800 includes operation 802 in which a coil mold is prepared

to receive mold material. In one example, the coil mold includes a mold cavity that defines a
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complete electrically-balanced inductor. In other examples, the coil mold includes a mold
cavity that defines only a portion of an electrically-balanced inductor, such as a radial section

of an electrically-balanced inductor.

[0113] At operation 804, coil material can be introduced into the mold. Suitable coil mold
materials include, but are not limited to: copper, gold, evaporative pattern casting material,

and so on. At operation 806, the molded part is removed from the mold.

[0114] FIG. 9is a simplified flow chart corresponding to another method of manufacturing
an inductor. Method 900 includes operation 902 in which a coil is formed without crossovers
using a suitable and/or conventional technique. At operation 904, portions of the coil can be

cut in order to form crossovers between radially-adjacent sections of turns of the coil.

[0115] FIG. 10 is a simplified flow chart corresponding to another method of
manufacturing an inductor, such as described herein. Method 1000 includes operation 1002
in which a first turn layer is deposited onto a substrate. At operation 1004, an insulator layer
is deposited over the turn layer. The insulator layer may optionally include one or more
apertures or windows through which an electrical connection can be made. At operation
1006, a second turn layer can be deposited over the insulator layer. Optionally, an electrical

connection can be made between the first turn layer and the second turn layer.

[0116] One may appreciate that although many embodiments are disclosed above, that
the operations and steps presented with respect to methods and techniques described
herein are meant as exemplary and accordingly are not exhaustive. One may further
appreciate that alternate step order or fewer or additional operations may be required or

desired for particular embodiments.

[0117]  Although the disclosure above is described in terms of various exemplary
embodiments and implementations, it should be understood that the various features,
aspects and functionality described in one or more of the individual embodiments are not
limited in their applicability to the particular embodiment with which they are described, but
instead can be applied, alone or in various combinations, to one or more of the some
embodiments of the invention, whether or not such embodiments are described and whether
or not such features are presented as being a part of a described embodiment. Thus, the
breadth and scope of the present invention should not be limited by any of the above-

described exemplary embodiments but is instead defined by the claims herein presented.
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CLAIMS

What is claimed is:

1. A wireless power system comprising:
a transmitter comprising:
a substrate;
a distribution of transmitter coils on the substrate, each transmitter coil formed
with at least one crossover per turn; and
a receiver magnetically coupled to at least one transmitter coil and comprising a
receiver coil formed with at least one crossover per turn.

2. The wireless power system of claim 1, wherein:
the substrate is a layered substrate; and
each transmitter coil of the distribution of transmitter coils comprises:
a number of turn layers, each turn layer accommodated by a respective one
substrate layer of the layered substrate; and
at least one via per layer of the layered substrate, the at least one via per

layer electrically coupling a first turn layer to a second turn layer.

3. The wireless power system of claim 1, wherein:
the substrate is first layer of a layered substrate;
the distribution of transmitter coils is a first distribution of transmitter coils; and
the wireless power system further comprises a second distribution of

transmitter coils on a second layer of the layered substrate.

4, The wireless power system of claim 3, wherein the receiver coil is magnetically
coupled to at least one transmitter coil of the first distribution of transmitter coils and
magnetically coupled to at least one transmitter coil of the second distribution of transmitter
coils.

5. The wireless power system of claim 1, wherein a first transmitter coil of the
distribution of transmitter coils comprises:

a first portion;

a second portion; and

an in-line filter capacitor coupled between the first portion and the second portion.

6. The wireless power system of claim 5, wherein the in-line filter capacitor bisects the

first transmitter coil.
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7. The wireless power system of claim 5, wherein the in-line filter capacitor is defined by
a capacitance exhibited between a first end of the first portion and a second end of second

portion.

8. The wireless power system of claim 1, wherein:
the receiver coil is a first receiver coil; and
the receiver comprises a second receiver coil formed with at least one crossover per

turn.

9. The wireless power system of claim 8, wherein:
the first transmitter coil comprises a first crossover and a second crossover each
associated with a first turn; and

the first crossover is diametrically opposite the second crossover.

10. The wireless power system of claim 1, wherein at least one transmitter coil of the
array of transmitter coils comprises a first crossover formed as a via defined through the

substrate.

11. The wireless power system of claim 1, wherein the receiver comprises a capacitive

sensor positioned above the receiver coil.

12. A method of forming an inductor array for a wireless power system, the method
comprising:
selecting a turn layer comprising a number of turn trace pairs, each turn trace pair
comprising:
a first turn trace; and
a second turn trace;
positioning a crossover layer on the turn layer, the crossover layer comprising a
number of crossover traces, each crossover trace positioned over a respective one first turn
trace and over a respective one second turn trace; and
electrically connecting the crossover layer to the turn layer to define an array of

inductors, each inductor comprising at least one crossover per turn.

13. The method of claim 12, further comprising laminating the turn layer and the
crossover layer together.

14. The method of claim 12, wherein:
the turn layer and the crossover layer are a first combined layer that is a member of a

plurality of combined layers.
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15. The method of claim 14, further comprising laminating the plurality of combined

layers together.

16. The method of claim 12, wherein selecting the turn layer comprises forming the first
turn trace and the second turn trace onto a substrate.

17. A method of forming an inductor for a wireless power system, the method
comprising:
forming a turn layer comprising:
a first turn trace;
a second turn trace adjacent to the first turn trace;
a third turn trace opposite the first turn trace;
a fourth turn trace adjacent to the third turn trace and opposite the third turn
trace;
forming a first crossover electrically connecting the first turn trace and the fourth turn
trace;
depositing an insulating material over the crossover; and
forming a second crossover electrically connecting the second turn trace and the

third turn trace.

18. The method of claim 17, wherein:
the turn layer is a first turn layer; and
the method further comprises:
disposing an insulating layer over the first turn layer and the first crossover
and the second crossover;
disposing a second turn layer, comprising a fifth turn trace, over the first turn
layer; and
forming an electrical connection through the insulating layer between the fifth

turn trace and the first turn trace.

19. The method of claim 17, further comprising electrically connecting the first turn trace

to a fifth turn trace through an in-line filter capacitor.

20. The method of claim 17, further comprising forming an in-line filter capacitor with at

least a portion of the first turn trace and at least a portion of a fifth turn trace.
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