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ABSTRACT

A mobile Wireless poWer system capable of transmitting
’

poWer through the skin to energize an implanted medical

device Without percutaneous Wires and Without precise posi
tioning includes an external mobile Wireless poWer source
and an implantable receiving assembly. The mobile Wireless
poWer source is Wearable by the patient and includes an
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receiving resonant coils are constructed as to have closely
matched or identical resonant frequencies so that the mag
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cause the receiving resonant coil to resonate strongly.
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ex
201

Operating a radio frequency amplifier to generate
electromagnetic energy in an excitation coil of a
power source outside a patient

l

202

With the electromagnetic energy, inducing a first
current in a transmitting resonant coil of the power
source

1

With the first current, magnetic resonance coupling
the transmitting resonant coil with a receiving
resonant coil of a receiving assembly implanted
within the patient
l

203

\
204

With the magnetic resonance coupling, inducing a
second current in a power pickup coil of the

receiving assembly
'

205

With the second current, powering a device

implanted within the patient

FIG. 13
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a
301

Controlling the radiofrequency amplifier with an
implantable device through a wireless
communication link between the implantable device
and the wireless power source

l
l

302

Measuring a current draw from a battery

303

Providing a proportional indication of a coupling
coefficient between resonant coils for a given
transferred power amount

l

\
304

With the wireless communication link, conveying a
control parameter proportional to an amount of
power received by the implantable device from the
wireless power source

l

305

Changing the current draw from the battery driving
the RF amplifier, keeping the transferred power
constant

FIG. 14
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the wireless communication f
link between the
implantable device and the
power source

Holding a constant output of the

402

radiofrequency amplifier when the

control parameter is not obtained f
from the wireless communication

link between the implantable
device and the power source

Reducing an output of the
radiofrequency amplifier to zero

when the control parameter is not f
obtained from the wireless
communication link between the

implantable device and the power
source
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MOBILE WIRELESS POWER SYSTEM

in any combination, and placed into a respective independent

RELATED APPLICATIONS

clause, e.g., clause 1 or clause 55. The other clauses can be
presented in a similar manner.

[0001] This application is a continuation-in-part of and
claims the bene?t of US. patent application Ser. No. 12/ 038,
671, ?led on Mar. 2, 201 1,Which claims the bene?t of61/421,
779, ?led on Dec. 10, 2010, each of Which is incorporated
herein by reference, as if fully set forth herein.
FIELD

[0002]

This invention relates to powering devices With

Wireless energy transfer.

[0006] The discussion herein provides a description of a
mobile Wireless poWer transfer system intended to recharge

implantable batteries, poWer implantable medical devices, or
simultaneously poWer active implantable medical devices
While recharging implantable batteries. The system so
described may be Worn by the patient during normal daily
activities.
[0007] In an illustrative implementation, a mobile Wireless

poWer transfer system for implantable medical devices
includes a mobile Wireless poWer source and an implanted

BACKGROUND

[0003] Many medical devices require electrical poWer to
operate. Non-limiting examples of such medical devices may
include pacemakers, de?brillators, drug infusion pumps, neu
ral stimulators, ventricular assist devices (VAD), and total
arti?cial hearts (TAH). Some devices, such as pacemakers
and drug infusion pumps, require such little poWer that an
implanted non-rechargeable battery can last for several years,
reducing the need for an implantable rechargeable poWer
source. Other devices, such as some neural stimulators, may

require poWer levels that an implanted non-rechargeable bat
tery cannot supply for more than a feW days or Weeks. These

devices require the use of an implantable rechargeable battery
and necessitate recharging every feW days or Weeks. Other

relatively high-poWer consumption implantable devices,
such as VADs and TAHs, may require poWer levels that an

implantable rechargeable battery cannot supply for more than
a feW hours. With these devices, it may not be feasible to

implant larger rechargeable batteries due to the siZe and space
required. These devices necessitate recharging many times
per day or the use of an external rechargeable battery pack.
[0004] A common issue encountered by poWering or

recharging high-poWer consumption implantable devices,
such as VADs or TAHs, is the need for a percutaneous Wire
that exits the skin to transmit poWer from an external poWer
source to an implanted battery or directly to the implanted
device. This percutaneous Wire can be a source of infection,

restricts the patient from normal bathing or sWimming, and
can potentially leave the implanted device Without poWer if it
mechanically breaks. Some Wireless poWer transfer systems

receiving assembly. The mobile Wireless poWer source
includes an excitation coil and transmitting resonant coil
Which are inductively coupled to each other and are housed in
a durable housing. The durable housing also contains a

rechargeable battery pack, an RF ampli?er, and electronics
required to control the amount of transmitted poWer. The
receiving assembly includes a receiving resonant coil and a
poWer pick-up coil Which are also inductively coupled to each

other. In some implementations, receiving assembly may be
housed in a hermetically-sealed biocompatible housing that
can be implanted in a human body. The transmitting and
receiving resonant coils are constructed as to have closely
matched or identical resonant frequencies so that the mag

netic ?eld produced by the transmitting resonant coil causes
the receiving resonant coil to resonate strongly. The receiving
resonant coil may resonate even When the distance betWeen

the tWo resonant coils greatly exceeds the greatest dimension

(e.g. largest of the length, Width, diameter, etc.) of either coil
or the tWo resonant coils are largely misaligned axially (not
concentric) or angularly (not parallel). In this Way, the trans

mitting and receiving resonant coils are coupled by magnetic
resonance. The poWer pick-up coil inductively receives
energy from the magnetic ?eld of the receiving resonant coil
to provide poWer to an implantable medical device.
[0008] An apparatus of the present disclosure may be used
in Wireless energy transfer to poWer an implantable medical
device. According to some embodiments, the apparatus com
prises: a rechargeable poWer source con?gured to transmit
electromagnetic energy, the poWer source comprising: a
transmitting resonant coil having a ?rst conductor; and an

have been developed that use inductive coupling betWeen an
implanted coil and an external coil to transfer poWer across

excitation coil con?gured to be inductively coupled to said
transmitting resonant coil; a receiving assembly con?gured to

the skin, thereby obviating the need for a percutaneous Wire.
This type of Wireless poWer transfer system simply uses the

receiving assembly comprising: a receiving resonant coil

be magnetic resonance coupled to the poWer source, the

coils, require close spacing betWeen coils on the order of a
feW inches or less, can generate signi?cant amounts of heat

having a second conductor; and a poWer pick-up coil con?g
ured to be inductively coupled to said receiving resonant coil.
[0009] According to some embodiments, the ?rst or second
conductor comprises an electrically conductive foil forming a
coil structure, Wherein an electrically insulative material is
coupled to a surface of the foil, such that the insulative mate

near the skin, and require the patient to be immobile during
charging if the external poWer source is not easily mobile.

betWeen radially adjacent layers of the conductive foil. A

inductive effect betWeen tWo coils similar to a standard trans

former. This approach has been used Widely to recharge
implanted batteries in some neural stimulators. HoWever,

these systems may require precise alignment betWeen the tWo

SUMMARY

[0005] The subject technology is illustrated, for example,
according to various aspects described beloW. Various
examples of aspects of the subject technology are described
as numbered clauses (1, 2, 3, etc.) for convenience. These are
provided as examples and do not limit the subject technology.
It is noted that any of the dependent clauses may be combined

rial and a layer of air, vacuum, or inert gas are provided

rigidity of the insulative material exceeds a rigidity of the
conductive foil. The excitation coil or poWer pick-up coil is
Within the enclosed volume of the respective resonant coil.
[0010] According to some embodiments, the poWer source
is Wearable by a patient. The poWer source comprises a bat

tery. The poWer source comprises a radio frequency ampli?er
operable at a frequency betWeen about 30 KHZ and about 15
MHZ.
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to control the radio frequency ampli?er through a Wireless
communication link betWeen the implantable device and the

tor; and a poWer pick-up coil con?gured to be inductively
coupled to the receiving resonant coil; and Wherein the ?rst or
second insulating medium comprises a dielectric material
that is solid.

Wireless poWer source. The Wireless communication link
betWeen the implantable device and the poWer source is con
?gured to convey a control parameter comprising an indicia

[0015] According to some embodiments, the ?rst or second
insulating medium has a polygonal cross section. The dielec
tric material has a dielectric dissipation factor of 0.01 or less.

of an amount of poWer received by the implantable device
from the Wireless poWer source, Wherein the radio frequency
ampli?er is con?gured to adjust an output based on the con
trol parameter. The indicia may be proportional to an amount
of poWer received by the implantable device from the Wireless
poWer source. The radio frequency ampli?er can be con?g
ured to hold a constant output When the control parameter is
not obtained from the Wireless communication link betWeen
the implantable device and the poWer source. The radio fre
quency ampli?er can be con?gured to reduce an output to

One or more external capacitors are connected to a start and

[0011] According to some embodiments, the receiving
assembly further comprises an implantable device con?gured

an end of the ?rst conductor or second conductor, and the

external capacitors have a temperature coef?cient of less than
3000 ppm/ degree C. and a total capacitance at least 90 percent
of the total capacitance of the transmitting or receiving reso
nant coil. One or more external capacitors are connected to a

start and an end of the ?rst conductor or second conductor,
and the one or more external capacitors have a dielectric

Zero When the control parameter is not obtained from the

dissipation factor of 0.01 or less. A largest dimension of the
transmitting or receiving resonant coil is equal to or less than
3 inches. The transmitting or receiving resonant coil has a

Wireless communication link betWeen the implantable device

quality factor Q greater than 300.

and the poWer source. An amount of electrical current draWn

from the battery is an indicator of a coupling coef?cient

betWeen the transmitting and receiving resonant coils. The
poWer source further comprises a coupling display con?g
ured to display the indicator of the coupling coef?cient.
[0012] According to some embodiments, the ?rst conduc
tor or second conductor provides a continuous electrically
conductive layer arranged around all surfaces of a coil struc
ture formed from an electrically non-conductive material.

[0016]

A method of the present disclosure may be used in

Wireless energy transfer to poWer an implantable medical
device. According to some embodiments, the method com

prises: operating a radio frequency ampli?er to generate elec
tromagnetic energy in an excitation coil of a poWer source

outside a patient; With the electromagnetic energy, inducing a
?rst current in a transmitting resonant coil of the poWer

source; With the ?rst current, magnetic resonance coupling
the transmitting resonant coil With a receiving resonant coil of

The receiving assembly is contained in a hermetically-sealed

a receiving assembly implanted Within the patient; With the

biocompatible housing, and the receiving assembly is

magnetic resonance coupling, inducing a second current in a

implanted into a human body. The poWer pick-up coil is
Within the enclosed volume of the receiving resonant coil.
The excitation coil is Within the enclosed volume of the

poWer pickup coil of the receiving assembly; and With the
second current, poWering a device implanted Within the

transmitting resonant coil. The ?rst conductor or second con

patient.
[0017]

According to some embodiments, the method fur

ductor is insulated from previous or subsequent coil turns by

ther comprises controlling the radiofrequency ampli?er With

one or more insulating media having a dielectric dissipation

an implantable device through a Wireless communication link
betWeen the implantable device and the Wireless poWer

factor of 0.01 or less. The receiving assembly provides poWer
to recharge an implantable battery, to operate an implantable
medical device, or to simultaneously recharge an implantable
battery and operate an implantable medical device.
[0013] According to some embodiments, the charge status
of the poWer source battery orbattery pack is displayed on the
outside of the poWer source for patient vieWing. An alarm

signal generated by the implanted device is Wirelessly

source. According to some embodiments, the method further

comprises, With the Wireless communication link, conveying
a control parameter comprising an indicia of an amount of

poWer received by the implantable device from the Wireless
poWer source. According to some embodiments, the method

further comprises, With the radio frequency ampli?er, adjust

received and displayed on the outside of the poWer source for

ing an output of the radio frequency ampli?er based on the
control parameter until the indicia is Within a target range.

patient vieWing. An alarm signal generated by the implanted

According to some embodiments, the method further com

device is Wirelessly received and indicated audibly by the
poWer source for patient hearing. The receiving assembly
contains a recti?cation circuit for converting high frequency

prises holding a constant output of the radiofrequency ampli
?er When the control parameter is not obtained from the
Wireless communication link betWeen the implantable device

AC poWer to DC poWer for use by an electronics module.

and the poWer source. According to some embodiments, the

[0014]

method further comprises reducing an output of the radiofre

An apparatus of the present disclosure may be used

in Wireless energy transfer to poWer an implantable medical
device. According to some embodiments, the apparatus com

prises: a transmitting assembly con?gured to transmit elec
tromagnetic energy, the transmitting assembly comprising: a

quency ampli?er to Zero When the control parameter is not
obtained from the Wireless communication link betWeen the
implantable device and the poWer source. According to some
embodiments, the method further comprises displaying, on a

transmitting resonant coil having a ?rst conductor and a ?rst

coupling display of the poWer source, an indicator of a cou

insulating medium betWeen coil turns of the ?rst conductor;
and an excitation coil con?gured to be inductively coupled to
the transmitting resonant coil; and a radio frequency ampli?er
connected to the excitation coil; and a receiving assembly
con?gured to be magnetic resonance coupled to the transmit

pling coef?cient betWeen the transmitting and receiving reso

ting assembly, the receiving assembly comprises: a receiving

nant coils, Wherein an amount of electrical current draWn

from the battery is an indicator of the coupling coef?cient.

[0018] A receiving assembly of the present disclosure may
be implanted in the human body and used to Wirelessly

resonant coil providing a second conductor and a second

receive electromagnetic energy to poWer an implanted
device. According to some embodiments, the receiving

insulating medium betWeen coil turns of the second conduc

assembly comprises: a tWo piece housing fabricated from loW
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dielectric loss ceramic material; and each ceramic housing
piece incorporates a bonded metallic Weld ring; and the
metallic Weld rings are joined by Welding to create a hermetic

[0033] FIG. 1111 shows a front vieW ofa resonant coil, in
accordance With some embodiments of the present disclo

barrier. A hermetic feedthru is Welded to one or both metallic

[0034] FIG. 11b shoWs a side vieW of a resonant coil, in
accordance With some embodiments of the present disclo

Weld rings to provide a hermetic exit for electrically conduct
ing lead Wires. The receiving assembly is less than one inch
thick. The receiving assembly may house or enclose a receiv
ing resonant coil and/or a pick-up coil.

[0019]

The foregoing has outlined rather broadly various

features of the present disclosure in order that the detailed
description that folloWs may be better understood. Additional
features and advantages of the disclosure Will be described
hereinafter.

[0020] Additional features and advantages of the subject
technology Will be set forth in the description beloW, and in
part Will be apparent from the description, or may be learned

by practice of the subject technology. The advantages of the
subject technology Will be realiZed and attained by the struc
ture particularly pointed out in the Written description and

sure.

sure.

[0035]

components of a Wireless poWer system, in accordance With
some embodiments of the present disclosure.
[0037] FIG. 14 shoWs a How chart of a method of operating
components of a Wireless poWer system, in accordance With
some embodiments of the present disclosure.
[0038] FIG. 15 shoWs a How chart of a method of operating
components of a Wireless poWer system, in accordance With
some embodiments of the present disclosure.
DETAILED DESCRIPTION

claims hereof as Well as the appended draWings.

[0021] It is to be understood that both the foregoing general
description and the folloWing detailed description are exem
plary and explanatory and are intended to provide further

explanation of the subject technology as claimed.
BRIEF DESCRIPTION OF THE DRAWINGS

[0022]

The accompanying draWings, Which are included to

provide further understanding of the subject technology and
are incorporated in and constitute a part of this speci?cation,

illustrate aspects of the subject technology and together With
the description serve to explain the principles of the subject

technology.
[0023] FIG. 1 shoWs a perspective vieW of a mobile Wire
less poWer system, in accordance With some embodiments of

the present disclosure.
[0024] FIG. 2 shoWs a side vieW of a mobile Wireless poWer
system, in accordance With some embodiments of the present
disclosure.
[0025] FIG. 3 shoWs an internal isometric vieW of a mobile
Wireless poWer source, in accordance With some embodi

ments of the present disclosure.
[0026] FIG. 4 shoWs a top vieW of a mobile Wireless poWer
source, in accordance With some embodiments of the present
disclosure.
[0027] FIG. 5 shoWs a bottom vieW of a mobile Wireless
poWer source, in accordance With some embodiments of the

present disclosure.
[0028] FIG. 6 shoWs a trimetric vieW of a transmitting coil
assembly, in accordance With some embodiments of the

present disclosure.
[0029] FIG. 7 shoWs an isometric vieW of a receiving
assembly, in accordance With some embodiments of the

FIG. 12 shoWs a functional block diagram of elec

tronics controlling a Wireless mobile poWer source, in accor
dance With some embodiments of the present disclosure.
[0036] FIG. 13 shoWs a How chart of a method of operating

[0039]

In the folloWing detailed description, numerous spe

ci?c details are set forth to provide a full understanding of the

subject technology. It Will be apparent, hoWever, to one ordi
narily skilled in the art that the subject technology may be
practiced Without some of these speci?c details. In other
instances, Well-known structures and techniques have not
been shoWn in detail so as not to obscure the subject technol
ogy.

[0040]

A phrase such as “an aspect” does not imply that

such aspect is essential to the subject technology or that such

aspect applies to all con?gurations of the subject technology.
A disclosure relating to an aspect may apply to all con?gu
rations, or one or more con?gurations. An aspect may provide
one or more examples of the disclosure. A phrase such as “an
aspect” may refer to one or more aspects and vice versa. A

phrase such as “an embodiment” does not imply that such
embodiment is essential to the subject technology or that such

embodiment applies to all con?gurations of the subject tech
nology. A disclosure relating to an embodiment may apply to
all embodiments, or one or more embodiments. An embodi

ment may provide one or more examples of the disclosure. A
phrase such “an embodiment” may refer to one or more
embodiments and vice versa. A phrase such as “a con?gura

tion” does not imply that such con?guration is essential to the

subject technology or that such con?guration applies to all
con?gurations of the subject technology. A disclosure relat
ing to a con?guration may apply to all con?gurations, or one
or more con?gurations. A con?guration may provide one or
more examples of the disclosure. A phrase such as “a con
?guration” may refer to one or more con?gurations and vice
versa.

[0041] This application incorporates by reference the
entirety of US. Pub. No. 2012/0146575, published on Jun.
14, 2012; US. Pub. No. 2012/0150291, published on Jun. 14,

present disclosure.

2012; and US. Pub. No. 2012/0089225, published onApr. 12,

[0030]

2012, each as if fully set forth herein.
[0042] Wide use of Wireless poWer systems for various

FIG. 8 shoWs an internal isometric front vieW of a

receiving assembly, in accordance With some embodiments
of the present disclosure.
FIG. 9 shoWs an internal rear isometric vieW of a

active implantable medical devices has not been adopted.
Currently, feW applications of Wireless poWer transfer have

receiving assembly, in accordance With some embodiments
of the present disclosure.

transfer levels required, relatively high poWer consumption of

[0031]

been applied to VADs or TAHs due to the higher poWer

FIG. 10 shoWs a trimetric vieW of a receiving assem

such devices, limited space available for implantable

bly shoWing Weld rings, in accordance With some embodi

rechargeable batteries, limited capacity of implantable

ments of the present disclosure.

rechargeable batteries, and the like. Mobile Wireless poWer

[0032]
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transfer systems and methods that can transfer suf?cient

power required to operate high-poWer consumption implant
able devices While simultaneously recharging implantable
batteries are discussed herein. These mobile Wireless poWer

transfer systems and methods eliminate percutaneous Wires,
provide suf?cient poWer for operation and/ or charging, pro
vide improvement in the operation and/or charging range,

cator 67. FIG. 5 is a bottom vieW of assembled mobile Wire
less poWer source 10 that also includes DC poWer receptacle
70. FIG. 6 is a trimetric vieW of an illustrative implementation

of a transmitting coil assembly shoWing excitation coil 17,
transmitting resonant coil 20, and mounting frame 25. Exci
tation coil 17 is placed close enough to transmitting resonant
coil 20 to be inductively coupled such that When high fre

alloW the patient to live a more normal lifestyle, can be Worn

quency AC poWer, such as that from RF ampli?er 30, With a

by patients, provide more patient mobility, and reduce skin
heating effects.

frequency of betWeen about 30 KHZ and about 15 MHZ, is
supplied to excitation coil 17, this causes transmitting reso

[0043]

nant coil 20 to resonate resulting in a local time varying

Refer noW to the draWings Wherein depicted ele

ments are not necessarily shoWn to scale and Wherein like or

magnetic ?eld.

similar elements are designated by the same reference

[0047]

numeral through the several vieWs.
[0044] Referring to the draWings in general, it Will be

mentation of receiving assembly 15 shoWing biocompatible

FIG. 7 is an isometric vieW of an illustrative imple

housing 90, electrical feedthru 95, electrical lead 100, and

understood that the illustrations are for the purpose of

cover 110. FIG. 8 is an internal isometric front vieW of an

describing particular embodiments of the disclosure and are

illustrative implementation of receiving assembly 15 shoW
ing receiving resonant coil 75, poWer pick-up coil 80, mount
ing frame 85, biocompatible housing 90, electrical feedthru

not intended to be limiting thereto. While most of the terms

used herein Will be recogniZable to those of ordinary skill in
the art, it should be understood that When not explicitly
de?ned, terms should be interpreted as adopting a meaning

vieW of receiving assembly 15 shoWing recti?cation circuitry

presently accepted by those of ordinary skill in the art.

105, cover 110, and external capacitor 130.

95, and electrical lead 100. FIG. 9 is an internal isometric rear

[0045] The folloWing detailed description provides

[0048] The magnetic ?eld produced by transmitting reso

implantable, energy ef?cient, small, mobile Wireless poWer
transfer systems and methods capable of providing poWer to

nant coil 20 causes receiving resonant coil 75 to strongly

an active implantable medical device and simultaneously
recharging implantable batteries. The Wireless poWer transfer
systems and methods are capable of operating over extended

distances betWeen implanted receiving and external mobile

resonate also, generating its oWn local time varying magnetic
?eld, and thereby achieves magnetic resonance coupling
betWeen the transmitting and receiving resonant coils. Mag
netic resonance coupling is a phenomenon in Which tWo
resonant objects tuned to the same or similar frequency elec

transmitting coil assemblies, even When the receiving and

tromagnetically exchange energy strongly but interact only

transmitting coil assemblies are largely misaligned axially
(not concentric) or angularly (not parallel). For example, the

Weakly With other non-resonant objects. For example, mag

mobile Wireless poWer systems and methods may be capable
of transmitting poWer over distances up to several inches

betWeen resonant coils either axially, laterally, or axially and
laterally separated. In some implementations, one or more

netic resonance coupling may alloW energy to be transferred
Wirelessly betWeen tWo resonant coils over signi?cant dis

tances, Whereas inductive coupling requires the tWo coils to
be placed close to each other. As used herein, “magnetic
resonance coupling” is a Wireless connection for transferring
poWer betWeen tWo objects that have the same or similar
resonant frequency, (n. For example, the resonant frequency
of transmitting resonant coil 20 and the resonant frequency of

components of the Wireless poWer system may be implanted
and the system may transmit poWer through the skin Without
percutaneous Wires. In a non-limiting illustrative implemen
tation of the mobile Wireless poWer system and method, the
mobile Wireless poWer transfer system may be suitable foruse

vary Within a de?ned range. A comparison betWeen the reso

With a ventricular assist device (VAD) or total arti?cial heart

nant frequencies of the transmitting resonant coil 20 and the

(TAH). The receiving coil assembly may be implanted in any
suitable physical location in a patient’s body including, but

receiving resonant coil 75 may be expressed as a variance

not limited to, abdominally or pectorally. Those skilled in the
art Will appreciate that the various features discussed beloW
can be combined in various manners, in addition to the imple
mentations discussed beloW. The illustrative implementa
tions discussed herein are provided for illustrative purpose,
and the scope of the invention is in no Way limited to the

speci?c illustrative implementations discussed herein.

receiving resonant coil 75 may be the same, meaning that they

factor equal to the difference betWeen the resonant frequency
of transmitting resonant coil 20 and the resonant frequency of
the receiving resonant coil 75, divided by the resonant fre
quency of transmitting resonant coil 20. According to
embodiments, the variance factor may be less than 0.2%. For
example, the variance factor may be less than 0.01%, 0.02%,

0.03%, 0.04%, 0.05%, 0.06%, 0.07%, 0.08%, 0.09%, 0.10%,
0.11%, 0.12%, 0.13%, 0.14%, 0.15%, 0.16%, 0.17%, 0.18%,

[0046] FIG. 1 and FIG. 2 are perspective and side vieWs,
respectively, of an illustrative implementation of a mobile
Wireless poWer system 5. Mobile poWer system 5 includes

0.19%, or 0.20%. As used herein, “magnetic resonance
coupled” is a state in Which tWo objects, having the same or

mobile poWer source 10, implanted receiving assembly 15,

Wirelessly from one object to the other at a resonant fre
quency.
[0049] In such a system, poWer may be transferred Wire

and active implanted device 19. Mobile Wireless poWer
source 10 may be Worn in a garment such as a Waistband, vest,
or holster. FIG. 3 is an internal isometric vieW of mobile
Wireless poWer source 10 Which may include an excitation

coil 17, transmitting resonant coil 20, mounting frame 25, RF

similar resonant frequency, are capable of transferring poWer

lessly and e?iciently through this magnetic resonance cou
pling over a much greater distance than that of currently

knoWn traditional inductive coupling. PoWer pick-up coil 80

ampli?er 30, battery pack 32, electronics module 35, and

is placed close enough to receiving resonant coil 75 so as to

housing 40. FIG. 4 is a top vieW of assembled mobile Wireless
poWer source 10 that also includes sWitch 50, battery status

receive energy from receiving resonant coil 75 inductively,
causing anAC voltage across poWer pick-up coil 80. This AC
voltage can then be recti?ed to a DC voltage by recti?cation

indicator 60, coil coupling display 65, and master alarm indi
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circuitry 105 and used to power an electrical load such as an

may be minimized by placing poWer pick-up coil 80 Within

implantable medical device and/or recharge implantable bat

the enclosed volume of receiving resonant coil 75. The outer
diameter of poWer pick-up coil 80 can be made smaller than
the inner diameter of receiving resonant coil 75, such that the

teries.
[0050] Excitation coil 17 and poWer pick-up coil 80 may be
made from a minimal number of conductor loops, and With
any suitable conductor material, such as stranded or solid
copper Wire, so as not to produce too strong inductive cou

pling to their respective resonant coils 20 and 75 and thereby
minimize the effect on resonant coil natural frequency and Q
factor as discussed further beloW. Altemately, excitation coil
17 and poWer pick-up coil 80 may be made from a copper
trace on a printed circuit board. Biocompatible housing 90

natural resonant frequency and Q factor of receiving resonant
coil 75 is minimally affected by poWer pick-up coil 80 When
placed Within the enclosed volume of receiving resonant coil
75. This provides an optimum state of system tuning for
maximum poWer transfer and ef?ciency While minimizing
receiving assembly 15 thickness and/or volume. It is impor
tant to achieve a receiving assembly 15 that is thin to alloW for

and cover 110 may be made from an RF transparent, loW

easy implantation and less noticeable implant site for patient
comfort and Well being. For example, in Well tuned systems,

dielectric loss, hermetic, biocompatible material such as
ceramics used in hermetic feedthru applications. Housing 90

receiving assembly 15 may be one inch or less in overall
thickness. Transmitting resonant coil 20 and excitation coil

and cover 110 incorporate titanium Weld rings 115 and 116 as
shoWn in FIG. 10 to provide a hermetic seal betWeen housing
90, electrical feedthru 95, and cover 110. Titanium Weld rings

17 may be constructed in essentially the same manner.

115 and 116 may be joined by laser, electron beam, or any
other suitable Welding technique to form a hermetic seal.
[0051] Transmitting resonant coil 20 and receiving reso

[0062]

As can be seen in equations 1 and 2, the factors

affecting the coil quality factor Q are coil inductance, capaci
tance, AC resistance, and resonant frequency. Speci?cally, to

nant coil 75 are designed to have closely matched or identical

maximize Q factor, the coil inductance and resonant fre
quency should be maximized While the coil capacitance and

natural resonant frequencies as de?ned by equation 1.

AC resistance should be minimized. HoWever, as can be seen

in equation 1, coil inductance and capacitance must be chosen
correctly to achieve a desired coil natural resonant frequency.
For the mobile Wireless poWer transfer system disclosed
herein, the desired coil resonant frequency is betWeen about
30 KHz and about 15 MHz.

Where,
[0052] u):coil natural resonant frequency (radians/ sec)
[0053] L:coil inductance (Henries)

[0054] C:coil capacitance (Farads)
[0055]

The amount of energy that can be transferred to

receiving resonant coil 75 is proportional to the strength of
magnetic ?eld emitted from transmitting resonant coil 20.
The strength of the magnetic ?eld emitted from transmitting

[0063] One method that can be utilized to increase coil
inductance is to provide more coil turns at larger coil diam
eters. HoWever, more coil turns and larger coil diameters

require longer conductor lengths thereby increasing coil AC
resistance and decreasing the bene?t of higher inductance on
coil Q factor. Additionally, more coil turns further increase
coil AC resistance because of proximity effect. Proximity
effect is a phenomenon in Which the local magnetic ?elds of
adjacent coil turns cause current How to be constrained to

resonant coil 20 should be maximized for a given amount of

smaller and smaller conductor areas as more coil turns are

energy input to excitation coil 17 to optimize system e?i
ciency and poWer transfer as Well as minimize receiving
assembly 15 size. This is accomplished by choosing a drive
frequency F that is closely matched or identical to the natural
resonant frequencies 00 of transmitting 20 and receiving 75
resonant coils and by increasing resonant coil quality factor

added. The net effect is that a decreasing portion of available

Q, given by equation 2:

conductor area is utilized as more coil turns are added. For

example, the AC resistance of a coil With 4 turns can be
several times higher than a coil of the same average diameter

With only 2 turns, even if the conductor length of the 4 turn
coil is only tWice that of the 2 turn coil.

[0064]

Another phenomenon that increases coil AC resis

tance relative to DC resistance is the skin effect. Skin effect is

caused by the internal magnetic ?elds generated Within a
single turn of conductor, as opposed to proximity effect
caused by multiple conductor turns. Skin effect is similar to
proximity effect in that a decreasing portion of available

Where,
[0056] Q:coil quality factor
[0057] L:coil inductance (Henries)

conductor area is utilized as AC operating frequency is
increased. This results in current ?oW that is more concen
trated at the outer surfaces of a conductor as opposed to the

[0058] C:coil capacitance (Farads)

interior portion of a conductor. The depth to Which mo st of the
current How is constrained in a conductor operating at a given

[0059]

AC frequency is knoWn as the skin depth and is given by

RIcoil AC resistance (Ohms) at resonant frequency

w (radians/sec)
[0060] Each resonant coil should have a Q factor su?i

ciently high in order to provide reasonably e?icient energy
transfer.

[0061]

Receiving assembly 15 may be implanted into a

human body. Thus, it may be desirable to minimize the size of
receiving resonant coil 75 and/ or poWer pick-up coil 80 to be

implanted. For example, the size of a receiving assembly 15

equation 3:
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Where,
[0065] 6:skin depth (meters)

the resonant coils to extraneous objects via capacitive cou
pling Which can shift their resonant frequencies and detune

[0066] p:resistivity of conductor (Ohm-meters)

the system, resulting in lost poWer and e?iciency.

[0067] f:operating frequency (radians)
[0068] [Fabsolute magnetic permeability of conductor

(Henries/meter)
[0069]

Therefore, it can be seen for a conductor of thick

ness T that is much thicker than the skin depth 6, most of the
conductor is not utilized to pass AC current. The ratio of
conductor thickness T to skin depth 6 is known as the skin

depth ratio. It is clear that increasing conductor thickness T
above skin depth 6 does little to reduce the AC resistance of a
conductor, but merely increases coil volume and mass.

[0070] Notably, it is knoWn in close coupled AC inductive
transformer design that increasing conductor thickness T far
above skin depth 6 can Worsen the proximity effect substan
tially, especially as more coil turns are added. For example, a
high skin depth ratio above 2 can cause the AC resistance of
an inductive transformer coil to be greater than 10 times
higher than the same coil With a skin depth ratio of l or less,

depending on the number of coil turns employed and operat

ing frequency. Therefore, the conductor thickness T used in

[0073]

FIG. 11a and 11b shoW illustrative implementations

of a resonant coil, such as a transmitting or receiving resonant

coil, With single Wrap conductive foil 120. In one implemen
tation, resonant coils 20 and 75 achieve very loW intrinsic
capacitance using a ?at conductor geometry, such as conduc
tive foil 120 constructed from one or more high conductivity
materials such as copper or silver, separated by an insulating
medium 125 composed of one or more loW dielectric constant

materials such as PTFE, loW-loss PTFE, polyethylene,
polypropylene, vacuum, an inert gas, air, or any combination

thereof With relatively large spacing D betWeen turns as
shoWn in FIG. 11a. For example, a solid insulative material
may be provided on at least one side of a conductive foil 120,
With a gap for receiving air, vacuum, or an inert gas to be

provided betWeen Windings of the coil structure of the con
ductive foil 120. The rigidity of the solid material maintains
the conductive foil 120 in its shape, While the air, vacuum, or
inert gas of the gap minimiZes dielectric losses betWeen the
Windings. As described previously, the one or more insulating

transmitting resonant coil 20 and receiving resonant coil 75
are chosen to produce a skin depth ratio of less than or equal
to 2 to minimiZe proximity effects, reduce coil AC resistance,

materials should have a dielectric dissipation factor of 0.01 or
less at the coil resonant frequency to maintain an overall coil

and increase coil quality factor Q. Similarly, a skin depth ratio

Q factor suf?ciently high for adequate poWer transfer. Spac

less than one may be advantageous. In one implementation,

ing D indicates the total thickness of the insulating medium
125. Spacing D may also include a gap for providing air,

copper or silver foil of a thickness less than 0.020 inches is

vacuum, or an inert gas. In some implementations, insulating

used. Counter intuitively, thin copper foil produces less AC

medium 125 may be composed of at least one solid material
that also provides mechanical support for the conductive foil

resistance than thick copper foil for some of the operating

frequencies disclosed herein. By utiliZing a thin conductor, it
is believed that suf?ciently high quality factor may be
achieved for both transmit and receive resonant coils. In our

experiments using thin copper foil, a transmitting or receiving
resonant coil With a quality factor above 300 Was achieved for
a coil siZe 3 inches or less in diameter and 0.5 inches or less in

120. For example, the solid electrically insulating material
may have a rigidity that is greater than a rigidity of the
electrically conductive material used to form resonant coils
20 and/or 75. This enables the conductive foil 120 of resonant
coils 20 and/or 75 to be desirably thin, rather than rely on its
oWn structure to maintain its shape. This thinness reduces the

Width, Which Would result in a receiving assembly suf?ciently

impact of skin effect and proximity effect, While alloWing

small to implant and a mobile poWer source small enough to
be Worn and carried by a patient.

resonant coils 20 and/ or 75 to provide gaps of air, vacuum, or

[0071] As shoWn in equation 1, once the inductance of
transmitting resonant coil 20 or receiving resonant coil 75 is
?xed, the proper capacitance must be present for the coil to

coils 20 and/or 75, reduce the impact of proximity effect, and

resonate at a desired frequency 00. Coil capacitance can either

be intrinsic, added in the form of a ?xed or variable capacitor,
orboth intrinsic and added. Intrinsic capacitance is that Which
is formed by the coil geometry itself. For example, a coil With
turns made from copper or silver foil separated by one or
more insulating dielectric materials such as PTFE, loW-loss

PTFE, polyethylene, polypropylene, vacuum, an inert gas,
air, or combinations thereof could be analogous to a ?at plate

inert gas betWeen Windings of resonant coils 20 and/or 75.
Such gaps reduce the intrinsic capacitance of the resonant
enhance the Q factor of the resonant coils 20 and/or 75. This
con?guration further facilitates these achievements While
alloWing the resonant coils 20 and/or 75 to be formed in a

smaller volume than Would be possible if other conductor
shapes Were utiliZed. This smaller volume enhances the capa
bility of the receiving assembly 15 to be implanted Within a
patient. Smaller-sized devices are desirable for implant pur
poses. In some implementations, insulating medium 125 may
be composed of at least one material With a polygonal cross

capacitor of equal plate area and plate separation distance.

section that also provides mechanical support for the conduc

HoWever, intrinsic coil capacitance cannot be calculated in

tive foil 120. A polygonal cross section, de?ned as a cross

the same manner as a ?at plate capacitor due to the effect of

sectional shape With all straight sides, is chosen as it is a

multiple turns. Many dielectric materials, such as those listed
previously, are suitable to provide this intrinsic capacitance;
hoWever it is important that the materials have a loW dielectric
dissipation factor to not detrimentally impact the overall coil
Q. To maintain an overall coil Q factor suf?ciently high for

readily available form of PTFE, loW loss PTFE, polyethylene,

adequate poWer transfer, the one or more insulating materials
should have a dielectric dissipation factor of 0.01 or less at the

be varied by increasing/decreasing the spacing D betWeen

and polypropylene and results in a volume e?icient resonant

coil assembly. In the side vieW shoWn in FIG. 11b, Width W
may indicate the Width of the conductive foil 120 and insu
lating medium 125. The amount of intrinsic capacitance can
coil turns or increasing/decreasing the conductor Width W.
Spacing D can be kept constant or varied betWeen any adja

coil resonant frequency.
[0072] It is desirable for transmitting resonant coil 20 and

cent turns. One or more ?xed or variable external capacitors

receiving resonant coil 75 to have as little intrinsic capaci
tance as possible. This is done to minimiZe the sensitivity of

start and end of the coil turns to tune the coil to a desired

130 With loW temperature sensitivity may be added across the
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resonant frequency. LoW dielectric dissipation factor external

electromagnetic energy induces a ?rst current in a transmit

capacitors should be used so that When combined With the

ting resonant coil 20 of the poWer source 10. In step 203, the

insulating medium 125, the combined dielectric dissipation
factor of the external capacitor 130 and insulating medium

pling betWeen the transmitting resonant coil 20 and a receiv

?rst current transfers poWer via a magnetic resonance cou

120 used in resonant coils 20 and 75 is chosen With a thick

ing resonant coil 75 of a receiving assembly 15 implanted
Within the patient. In step 204, the magnetic resonance cou
pling induces a second current in a poWer pickup coil 80 of the
receiving assembly 15. In step 205, the second current poWers
a device implanted Within the patient.
[0079] FIG. 14 shoWs a How diagram of an exemplary
method 300 of operation. With reference to FIGS. 12 and 14,
electronics module 35 incorporates Wireless communication
module 3 6 to enable data exchange betWeen implanted device

ness T, such that the skin depth ratio is less than 2 for a given
operating resonant frequency betWeen 30 KHZ- l 5 MHZ. This
is done to decrease the coil AC resistance and thereby
increase coil Q factor. Conductive foil 120 may be adhered to

trolled, as shoWn in step 301, the data exchange includes
parameters indicating the amount of poWer being received by
receiving assembly 15, as shoWn in step 302. Electronics

the electrically non-conductive insulating medium 125 With

module 35 also contains a variable amplitude signal source 37

any suitable adhesive such as epoxy, urethane, silicone, or

125 is loW to maintain an overall coil Q factor suf?ciently

high for adequate poWer transfer. LoW temperature sensitivity
external capacitance With a temperature coef?cient of less
than 3000 ppm/degree C. should be used and the external

capacitance should greatly exceed the intrinsic capacitance to
positively impact the stability of the overall coil resonant

frequency.
[0074]

In an illustrative implementation, conductive foil

19 and mobile poWer source 10. As components are con

suitable electrically non-conductive form. This may result in

for driving RF ampli?er 30. In doing so, electronics module
35 may regulate the output poWer of RF ampli?er 30 accord
ing to the Wireless received poWer signal from implanted
device 19 to keep the receivedpoWer relatively constant as the
coupling coef?cient betWeen transmit and receive resonant
coils changes due to relative position changes betWeen reso

multiple advantages. First, manufacturing material and labor

nant coils. Electronics module 35 contains a control algo

costs may be loWer due to eliminating costs associated With
adhering conductive foil to an electrically non-conductive

rithm to maintain the received poWer by implanted device 19

form. Secondly, the conductive path formed by electroplating

poWer of RF ampli?er 30. Moreover, sense resistor 33 mea

or electroless plating is continuous around the electrically
non-conducting form Which may further loWer coil AC resis
tance and increase coil Q factor. The thickness of the conduc

sures the current draW from battery pack 32, as shoWn in step
302, supplying poWer to RF ampli?er 30 and can be used to

acrylic.
[0075] Altemately, the conductive path of resonant coils 20
and 75 may be formed by electroplating or electroless plating
of a conductive material such as copper or silver onto a

tive layer plated onto the electrically non-conductive form is
chosen such that the skin depth ratio is less than 2 for a given

operating frequency betWeen 30 KHZ-l 5 MHZ. Again, this is
done to minimiZe the proximity effect and loWer coil AC
resistance and increase coil Q factor. Electroless plating of
conductive material onto an electrically non-conductive form
may be preferred over electroplating to produce a more uni

form conductor thickness throughout the coil geometry. The
electrically non-conductive form may be made from a mate
rial that is readily platable With copper or silver such as ABS,

nylon, or polycarbonate.
[0076]

Another factor Which determines hoW much poWer

can be transferred betWeen transmitting resonant coil 20 and

receiving resonant coil 75 is the coupling coe?icient betWeen
coils. The coupling coe?icient is a function of coil geometry
and relative spacing betWeen coils and varies betWeen 0 and

constant Within acceptable bounds by varying the output

provide proportional indication of the coupling coef?cient
betWeen resonant coils for a given transferred poWer amount,
as shoWn in steps 303 and 304. As the coupling coef?cient
betWeen resonant coils changes, the current draW from bat

tery pack 32 driving RF ampli?er 30 Will change due to the
control function of electronics module 35 keeping the trans
ferred poWer constant, as shoWn in step 305. The change in
current draW from battery pack 32 is measured by sense
resistor 33 and can be used to indicate relative coupling coef
?cient betWeen resonant coils and displayed on coupling

display 65. The charge status of battery pack 32 may be
displayed on battery status indicator 60. Implanted device 19
may generate an alarm signal Which can be received by Wire
less communication module 36 and displayed on master
alarm 67.
[0080] FIG. 15 shoWs a How diagram of an exemplary

method 400 of operation. Data exchange betWeen implanted

l . Higher coupling coef?cients alloW more poWer to be trans
ferred betWeen resonant coils for the same input poWer or the

device 19 and mobile poWer source 10 indicating transferred
poWer should be constant to prevent excessive or inadequate

same poWer transferred betWeen resonant coils using less

poWer transfer. This can account for potential rapid changes
in coupling coe?icient due to movement and migration of

input poWer. Regulating poWer transfer is important to charge
an implanted battery and/or energiZe an implanted device.
Varying coupling coef?cients due to position changes of
mobile poWer source 10 can cause inadequate or excess

poWer to be transferred for a given input poWer.
[0077] FIG. 12 is a functional block diagram of electronics
module 35. Electronics module 35 contains communication
and poWer regulating circuitry to control the amount of poWer

transferred to receiving assembly 15.
[0078] FIG. 13 shoWs a How diagram of an exemplary
method 200 of operation. With reference to FIG. 13, the
method 200 includes a step 201 for operating a RF ampli?er
30 to generate electromagnetic energy in an excitation coil 17
of a poWer source 10 outside a patient. In step 202, the

mobile poWer source 10 or reduced poWer demand When a

rechargeable battery contained Within implanted device 19 is
fully charged. HoWever, implanted device 19 may be required
to communicate Wirelessly With other external devices such
as a patient monitor. The Wireless communication protocol

used by implanted device 19 may only alloW for communi
cation With one device at a time. Hence, mobile poWer source

10 may experience brief periods during operation Without
expected communication from implanted device 19. During
such brief periods, electronics module 35 of mobile poWer
source 10 may sense Whether a control parameter is obtained

from the Wireless communication link betWeen the implant
able device and the poWer source (step 401) and hold the

