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IMPLANTADBLE HHAD LOCATED
RADIOFREQUENCY COUPLED
NEUROSTIMULATION SYSTEM FOR BEAD
PAIN

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a Continuvation of U.S. patent appli-
cution Ser. No. 14/989.674, filed Jun. 6, 2016, entitled
IMPLANTABLE HEAD LOCATED RADIOFRE-
QUENCY COUPLED NEUROSTIMULATION SYSTEM
FOR HEAD PAIN, the specilication of which is incorpo-
rated by reference herein in its entirety. 11.5. patent appli-
cution Ser. No. 14/989.674 is a Continuation-in-Parl of U.S.
patent application Ser. No. 14/879.943, filed Oct. 9, 2015,
entitled SURGICAL MPTHOD FOR IMPLANTABLE
HEAD MOUNTED NEUROSTIMULATION SYSTEM
FOR HEAD PAIN, the specilication of which is incorpo-
ruted by reference herein in its entirety. U.S. patent appli-
cution Ser. No. 14/879.943 is a Continuation-in-Part of U.S.
patent application Ser. No. 14/717.912, filed May 20, 2015,
entitled IMPLANTABLE HEAD MOUNTED NEURO-
STIMULATION SYSTEM FOR HEAD PAIN, the specifi-
cution of which is incomporated by reterence herein in its
entirety. 1.8, putent applicution Ser. Nu. 14/717,912 is a
Continwation of 115, patent application Ser. No, 14/460,139,
liled Avg. 14. 2014, entided IMPLANTABLE HEAD
MOUNTED NEUGROSTIMULATION SYSTEM FOR

HEAD PAIN. now issued as U.S. Pat. No. 5042 095, the °

specification of which i3 incorporated by reference herein o
its entirety. U.S. patent application Ser. No. 14/460,139
claims benefit of 11.8. Provisional Application No. 61/894,
795, filed Oct. 23, 2013, entitled IMPLANTABLE HEAD

MOUNTED NEUROSTIMULATION SYSTEM FOR -

HEAD PAIN, the specilication of which is incorporated by
reference herein in its entirety.

TECHNICAL FIELD

The present disclosure relates to implantable nevrostimu-
lation systems and methods of treating migraine headaches
and other forms of chronic heud pain.

BACKGROUND OF THE INVENTION

Neurostimulation systems comprising implantable neuro-
stimulation leads are used to treat chronic pain. Conven-
ol implagteble periplicrs! neurustimulation leads are
desipned for placement in the spinal canal as part of a spinal
covd stimulation system. and for the therapeutic purpose of
treating various fomes of cluonic buck and extrensiy pati.
Impluntable neurostimulation systems may either be pow-
ered by an intemnal batiery or by an external power source
coupled to the intemal vnit by a radiofrequency interface.

SUMMARY OF THE INVENTION

In wvarious tmplementations, an  implantable  lhead-
moiked, radiotrequency-coupled. unihody peripheral perve
stimulation system may be conlfipured for implantation of
substimtially all eleciromes. except for an on-site buttery, o
or near the imphnted electrodes on the skull. The system
may include an implantable pulse generator (PG} from
which two neurostimulating leads may extend to a Jonpih
sufficient to provide therapeutic neurvstimulation umbuter-
ally over the frontal. parietal and occipital regions of the
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hemicrunium. The IPG muy have a component, or extension,
enatatning an internal radiofrequency receiver, the purpose
ol which is to couple to an external power source and conieol
unit. The sysiem may be operable to provide medically
acceploble therspeutic nevrostinolation o mudtiple reglons
of the bead. mchding the Fromtal, punetal and ocopital
regions of the hemicraninm substantially simuhtaneousiy.
Each of the leads may include an oxtended lead budy: a
plurabity of surface mets! clectrodes disposed along the lead
body., which may be divided intu two or were electrode
armys: and a phwratity of ntemal electrically conducting
metal wires munaing along at least a portion of the tength of
the lead hody and individually connecting an iniernal cireuit
of the PG to individual surfuce mwetul electrodes. The

5 extended leud body may vomprise o medical grade plastic,

Implementations may include one or more of the follow-
ing features. The IPG may be of proper aspect ratio with
respect to the specific site of intended implantation in the
head. such as an area posterior to and/or superior tu the ear.
The IPG may include an anterma coil and an application
specilic integrated circuit (ASIC). The IPG may be config-
vred for functionally connecting with an external radiotre-
quency umnit.

Implementations may nclude one or more of the follow-
ing features. A neurostimulating lead may not include a
central channel for a stylet. A neurostimulating iead may
have a smaller diameter than conventional leads.

Implementations may nclude one or more of the follow -
ing features. The system may clude the dispusition of
sufficient phirality of surface electrodes over a sufficient
linear distance along the neurostimulating leads to enable
medically adeguare therupeutic stimulation across multiple
regions of the head. mcludiug the frontal. parietal. wud
vecipital region of the hemicrunium substantially simulta-
necusly. The extended array of surface electrodes may be
divided inte two or more discrete terminal surface electrode
arrays. The linear layout of the multiple surface electmde
arrays may include ut least one array positioned over the
Trontal region. at leust one arruy positioned over the parietal
region, and at least one army positioned over the occipital
region. Specitic intra-array design features may include
variations in the specific number of electrudes allofted to
each group; the shape of the electrudes, e.g.. whether the
electrodes are cylindrcal or flattened; the width of each
atectrode withtn each array, and the linear distance nuervals
of separalion of the elecirodes withun each arvay.

Yunous implenentations may wclnde o plurabity of cou-
pection purds thut cun be connected with o pluralily of keads
and thus allow for attaching additional Yeads.

The extemal radiofrequency unit may be operable to
perform various ftunctions including recharging the
rechargenble battery, diagnosticully evaluating the IPG, and
programuming the IPG.

In various implementations, methods of treating chronic
pain may include methods of treating chronic head and/or
face pain puin of multiple etiologies, including migruine
headaches: und other primury headaches., including cluster
headaches, hemicrunia contimit heudiches, tension type
headaches, chironic daity headaches. transformed migraine
headaches: Jurther including secondary headaches, such as
cervicogenic headaches and mbier secondary musculokeletal
headaches.

In various implemenmtions, methods of treating, chronic
pain spay inclode methods of treating head andfor face pain
of mulitiple etiologies, including neuropathic head and/or
face puin, nuciceptive heud und/or fuce puin, and/or sym-
pathetic related heud undfor face puin.
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In varous implementations. methods of tresting chronic
pain may inchile methods of trearing head and/or face pain
ol multiple eticlogies. including grester oceipital nenralgia,
as well as the other variwobs occipital penralgias. supracrhital
neuralgia, auroiculotemporal neuralgia, infroorbital neurul-
gia, and other trigeminal neurulgios, and vther head and fuce
neuvralgias.

The details of one or more implementations are set forth
in the accompunying drowings and the description below.
Other features, vbjects, and advantages of tlwe implemento-
tions will be apparent from the description wud drowings.

In certain aspects, a method is provided for controlling
power delivery from an cxternal power transfer system
{I2PTS} w at leust one implatable newrostinnlation sysien
{EINSY I some embodiments. the wmethod meludes driving a
Hrst transmit coil within the 1PTS with a resonant current
having a peak magnitude, using a transmit coil driver circuit
within the EPTS. The method also includes receiving, using
a receive coll within o fist INS funed to the resonant
frequency of the first transmit coil, power trunsferred from
the frst transmit coil, and coupling the received power to a
regulator circvit within the tirst INS which is contigured to
provide an electrode current to an electrode driver circuil
witliin the first INS for a plurality of clectrodes therewithi.
Fhe method funber wncludes monitoring the regolbator clreuit
within the Hrst TNS to determine whether the reecived power
coupled therete is sutlicient o achieve current regulation of
the regulator circuit within the first INS. Fhe method further
mncludes communicating a message to the EPTS using a

back telemetry transmit circuit within the hirst INS, the :

message requesting a change in power transfer from the
EPTS based upon the repulator circuit determination. and
receiving, using a buck telemelry recenve cirewt withu the
EPTS, the message cominunicaled by the fimt INS. The

method also includes adjusting the transmit coil driver :

circuit within the EPTS to change the peak magnitude ot the
resonant current, corresponding to the requested change in
puwer trunsier.

In some embodiments, the method also includes a mes-
sage which includes a request to increase power transter
trom the EPTS if the regulator circuit within the first INS is
not achieving current regulation. und includes a corespond-
mny chaonge in the peuk mugnitude of the resonant current
which wcludes un increase m peak magnivde. Some
enmbodiments will addittonally include adjusting the trans-
mit coil drtver cireuf within the TPTS o decrease the peak
nmgmiude of e resommt clrrent. i ne wessuge requesting
an increase in power transfer from the ZPTS hos been
received trom the first INS for at least a cenain perioed of
time.

In some embodiments, the message includes a request to
decreuse puwer trunsfer frum the EPTS if the regulator
circuit within the first INS is achieving cumment regulation.
and the corresponding change in the peak magniinde of the
resonant current includes a decrease n 1he pealk magnimde.

In some embodiments. e momitorig the repulator cir-
cuit within the first INS 15 perforuwd vnder coudrol of o stute
wnuchine circuit withny the first INS, und the conunneating
a first message to the EPTS is performed under control of an
instruction-based processor within the lirst INS. In some
embodiments. the state maclune circwit within the first INS
is configured to wake-up the instruction-based processor
within the lirst INS, in the event the instmiction-based
processor is not already awake, to communicate the lirst
message.

In some embodiments. monitoriny the reyulator circuit
within the first INS includes comparing the electrode current
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provided by the repulator circuit within the first INS dgoiost
a prescribed electrode current for the clectrode driver circuit
within the Hrst INS copresponding to a stimulation configu-
ration programmed therein, and determining that the regu-
lutor circuit 1s achieving current repulution if the electrode
current is greater thun or equal to thwe presenbed electrode
current. In some embodiments, comparing the electrude
current against the prescribed electrode current is performed
under control of a state machine circuit within the first INS,

In some embodiments, coupling the received power to a
regulator circuit witlun the first INS includes rectifving u
current induced un the receive coil, to generate a rectified
voltage un an input node of the regulator circuit within the

. first INS. In some embodiments, monitoring the regulator

circuit within the first INS includes monitoring an input
voltage and an oulput vollage of the regulalor circuii within
the {irst INS, and detenuimng that the repulator cireuit s
scliieving current regulation if s voluge diflereutial between
the input voltuge und the output voltuge exceeds u prede-
termined value.

In some emhodiments, the method further includes de-
tuning the receive coil within the first INS, using u de-tuning
circuit within the first INS, to substantiully inlubit power
transfer from the EPTS tu the first INS.

{n soune embodiments, the reginlator oircuit within the {irst
INS s further configured o provide a chargiug current to a
clmnee storage device within the st INS. [ centain of these
cuhodiments, monitorigg the regulator cirenit within the
first INS includes comparing the electrede current provided
by the regulator circuit within the first INS against a pre-
scribed electrode current for the electrnde driver circuit
wiihin the fest INS corresponding to o stimulation configu-
ration progrnuned theremn. comparing the charging current
provided by the repulator civcuit within the first INS against
a predetermined charging current, and determining that the
regulator circuit is achieving current regulation i the elec-
trode current is greater thun ur cqual to the prescribed
clectrode current. and the clinging current 1s preater than or
equal to the predetermined charging cwvrent. In certain of
those embodiments. the charge storage device is a superca-
pacitor.

In some embodiments. the method further includes driv-
ing, using the trunsmit coil driver circuit within the EPTS,
the resonant current through a second transmit ¢oil coupled
in series with the lirst transmit coil within the EPTS:
receiving, using a receive coil within a second INS uned to
the resonant frequency of the secund transmit cuil, power
transferred from the second transmit coil. coupling the
received power within the second INS to a regulator circuit
within the second INS which is contigured to provide an
electrode current to un electrude driver circuit witlun the
second INS for a plurulity of electrudes therewithing mom-
toring the regulator circuit within the second INS to deter-
mine whether the received power coupled thereto is sufli-
cient tu achieve current regulation of the regulator cirewit
within the second INS: communicating a messuge from the
second INS to the EPTS using a back telemetry trunsmit
circuit within the second INS, said message requesting a
change in power transter from the EPTS based upon said
regulator circunt determmination for the second INS: recerv-
ing. using the buck telemetry receive circuit within the
FPTS. the third message communicaied by the second INS:
and adjusiiog the vapsmit coil driver cireujt within the EPTS
to change the peak magnitude of the resonant current,
corresponding to the requested chunge in power transfer
conveyed in the messuge communicated by the second INS.
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[n sume enmibodiments, the method further includes adjust-
ing the transmit coil drver circuit within the EPTS to
decrease the peak magniinde of the resonant current, if no
MESshge rAqUesting an increase i power transfer from the
EPES has been received from the st INS, and ao wmessage
regUesiing an merease i power inusler frow the BPUS bus
been reeeived from the second INS, for at least a certain
period of time.

In svme embodiments, the method further includes de-
tuning the receive coil within the second INS, using a
de-tuning cirewit within the second INS, to substantially
inhibit power transter from the EPTS to the second INS
without inhibiting power transter trom the EPTS to the lirst
INS,

In soine embodiments, the fimst and second INSs are
head-located beneath a dermis layer, or skin, of a patient.

In ancther embodiment, a system is provided for control-
Trig power delivery from an external power teanster system
{FEPTSY w at least one inplantable neurostinulation system
{INS). [n some embudiments the system includes an [:PTS
disposed outside a hody, and at least one INS disposed
beneath a dermis layer of the hody. The EPTS includes a
group of une vr more transmit coils disposed i series, each
corresponding tu a respective INS; a transmit coil dnver
circuit operble (o dive tre group of one or more transmit
coils with a resonan! current having a peak magnitude: and
a back telemetry circuit operable to receive a message
comnunicated by an INS. Fuch of suid ot least one INS
respectively includes u receive coil tuned to the resonunt

frequency of the corresponding transmit coil and operable to -

receive power transterred therefrom when in proximity
thereto; a regulator circuit having an input to which the
received power 1s coupled. uud uperable to provide on an
output thereof an electrode current to un electrude drver

circuit for a plurality ot electrodes; a monitoring circuit :

operable to determine whether the received power is sufli-
cient to achieve current regulation of the regulator circuit,
and a buck telemetry circuit operuble tu comminiicate a
messuge to the EPTS. Each respective INS 1s operuble to
comniunicate a respective message requesting a change in
power transfer from the EPTS hased upon the respective
regulator circuit determination; und the EPTS 15 operuble to
adjust the trunsmit coil driver cirvuit to change the peuk
magnitude of the resonunt current. based upon respective
messages from one or more respective INS.

In some embodiments, each respective message includes
a4 reyguest to ncrease power trunsfer from the EPTS if the
respective repulior cireuit is not gelbeving current repul-
Gon. and the EPTS 1s further operable wo adjust the transmit
coil driver circuit to increase the peak magnitude of the
resonant circuit, in response to receiving a respective mes-
suge Trom uny respective INS requesting an mwreuse in
puwer trunsier.

In some embodiments, the EPTS is further operable to
adjust the transmit coil driver circuit to decrease the peak
magnitude of the resonant current, il no respective messayge
requesting an increuse in power transfer from the EPTS has
been communicaied by any respective INS for at least a
certain period of time.

In some embodiments, each respective message includes
4 request to decreuse power transfer from the EPTS if the
respective regulator circunt 1s achieving current regulation,
and the EPTS is further operable 1o adfust the transmit coil
driver circust to decrease the peak magnitude of the resopamt
CITCRt. B fesponse o receiving a vespective messape from
every respective INS requesting a decresse in power trans-
fer.
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In some embodiments, the respective monituring cireuit
within each respective INS is operable to comparc the
respective electrode curret provided by the respective regu-
Iator circuit against a respective presertbed electrode carrent
For the respective electrode dnver cirenit cormesponding 10
stimulation configuration programmed therein, and deter-
mine that the respective regulator circuit is achieving current
regulation if the respective electmde current is greater than
ur equul to the respective prescribed electrude current.

In some embodiments, each respective INS further
includes a respective resvnant rectifier circwit having an
input coupled to the respective receive ceil, and having an
output coupled to the input of the respective regulator
circuit. The respective resonant rectifier cirvuit is operable to

3 generate vn its respective vutput a rectified voltuge. In sume

emhodiments each respective INS may turher include a
respective de-timing circuil coupled 1o the respective receive
coil. being operahle o de-ne the respective receive coil to
inhibi power transfer from the LPTS o the respective INS,

In some embodiments, each respective INS further
includes a respective charge storage device, and each respec-
tive regulator circvit is further operable to provide on a
second output thereof o churging current tu the respective
clurge storage device. In some embodiments each respec-
tive churge siorage device may be a supercupaciion

In some v¢mbodiments, each respective INS is head-
located beneath ihe dermis layer of a patient.

In anuther embodiment, o newrostimulation system is
provided mcluding o power unit, which ncludes a vanable
power generator, a contmoller to control the output power
level of the variable power generator, a power coupler for
coupling power over a dermis layer, and a power source
telemetry system for receiving nformation across o dermis
Lever for input to the controller: and un implantuble nevru-
stpulator inchidiop ot Jeast one peurosymulator lead with at
least voe array of stimulation clectrodes, an electrode driver
tor deiving the electrodes with a desired power, a power
leved detector for detecting the output power of the electrode
driver, u nevrostinolator power coupler for coupling, power
trom over a denmis layer. a peurmstipnlsior relemerry sys-
tom [or transmitting information across the dermis layer to
the power souvrce telemwtry system, and a processor for
determining the amount of pewer required Frowm the power
souFce w8 o power demand bused on the oviput of the power
leve] detector and {ransputiing a request for a destred power
level W the controller via the telemetry swstom in the power
source: wherein the controller mncreases or decreases the
power level delivered to the implantable neurustimulutor as
a function of determined power demawd by the processor.

T some embodiments, the power unit and newrostimsla-
tor power couplers cach include at Jeast one coil. Ia some of
these einbodinrents, the vanable power generator generutes
ulternating current power. Some embodiments further
inclnde a controller which varies the power generated by
varying a voltage of the variable power generator. In some
embodiments, the impluntuble neurvstimulator further
includes u churge sturage device. In some embudiments, the
power unit power coupler is inductively coupled tu the
neurnstimulator power coupler. In some embodiments, the
neurostymulator and the power unit telemetry system each
communicate information across the dermis layer through
the respective power unit and neurvstimulator power cou-
plers.

In ancther embodiment, a system is provided for driving
an implantable neurnstimulator lead having a plurality of
electrodes disposed in ut least one urruy, the system includ-
ing an implantable pulse generutor (IPG), which mmcludes an
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electrude dniver for driving the electrodes, u loud system for
determining load requirements of the IPG, an IPG power
coupler tor receiving power across a dermis layer for inter-
face of the power with the electrode driver, and an IPG
communication system for trunsmitting the loud determined
requirement of the IPG across the dermis luyer. In this
embodiment, the system also includes an external unit,
which includes an extemnal variable power generator, an
externad power coupler for coupling power aeross the denuis
fayver 101l PG power couplern an extenul conmitieution
system for receiving from the 1PG communication system
the determined load requirements, and a controller tor
varying the power level of the variable generator as a
function of the received determined load requirements of the
IPG.

In some embodiments, the electrode driver drives the
electrades with a constant current. In some embodiments,
the load system further includes a detector for detecting
power delivered 1o twe electrodes and o processor lor duetet-
winig the necessury power from the extema! vt reguired
by the electrode driver as ihe determined load requircients
of the IPG. In some embodiments, the electrode driver
delivers a predetermined constant current. In some of these
embodiments. the predetermined load requirement cludes
at leust enough power from the extemnal vnit to provide the
predetermined constant current from the electrde driver. In
some embodiments, the IPG also inclhides a charge storage
device, In some embodiments. the IPG is head-located
beneath the dermnds luver of o paticnt. lo some cinbodiments,
the PG compmunication system and the external commui-
cation system vach include at least one coil.

In another embodiment, the system is for driving a
plurality of implantable neurostimulator leads, each leud
having an associated plurality of electrudes disposed in ut

teast o array on the lead. The system includes at least two

implantable pulse generators (1PGs) with cach 1PCr inchid-
tng an electrode driver for driving the elecimdes associated
wiils the IPG. u loud system for determining load require-
ments of the [PG. an IPG power coupler for receiving power
across a dermis layer tor interface ot the power with the
electrode driver of the IPG. and an IPG communication
system for irmsmidng the lowd detennined requirement of
e IPG seross the dennis loyver, The svstem also mcludes an
external unit, which includes an exiernal vunuble power
generator, and external power coupler for coupling power
across the dermis layer to the IPG power couplers, and
external communication system for receiving from the [PG
communication systems the respective determined loud
requirements, and a controller for varying the power level of
the variable power generator as a function of the received
determined load requirements of the IPG with the greatest
loud requirement.

In sume embodiments. the communication systems of the
IPGs are operable to transmit load requirements to the
external communication system independently of the com-
munication systems of the other IPGs. In sume embodiments
the IPG conunumicimtion systems trasinit the loud deter-
mined requirements to the externxdl umit communmication
system inductively. In some embodiments, the IPG power
couplers are for receiving levels of power across a dermis
tayer thut are mdependent of tiwe tevels of power recerved by
e power couplers of the other 11PGs, In some embodinients,
at least one of the IPGs alse includes a charge storage
device.

The foregoing is a summary and thus contains, by neces-
sify. simplificutions. yeneralizations and vmissions of detail.
The detuils of vurious implementations are set forth in the
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uccompanying drawings and the description below. Conse-
quenily. those skilled in the art will appreciate that the
foregoing summary is lustrative onty and is not intended
be i any way Himiting ol the invention. T is only the claims.
including oll cquivelents, in tlus or sy von-provisional
application chiming prnority to this application. that are
intended o define the scope of the invewtions ) supported by
this application.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete upderstanding. reference is now
mwade w the following description aken in confuncion with
the wccompauyiy Drawings wm which:

FIG. 1 depicts a side view of a full Heud-Mounted,
Unibody Radiofrequency-Coupled Neurostnudator System
tor wigraine and other head pain, The system features an
implaniable pulse geperator (JPGH tfrom which two neuro-
stinubating leads extend —a Frostal-Parietsd Lead (FPLY and
un Occiptiad Lead (OL). Euch lead includes a plurabity of
electrodes in a distribution and over a length to allow full
vnilateral coverage of the frontal, paretal, and occipital
portious ol the heud. The IPG contains all clecinonies.
including an Application Specific Inteprated Cireut { ASH)
wid an RE Receiver Coil thot s capable of an RE couple 1o
an External Power Source and Programming Unit,

FIG. 14 illustrates an embodiment of the IPGr 10 and the
variois configurations of the lead;

FIG. 1B illustrates un embodiment of the IPG 10 and the
various conligurations of the lead:

FIG. 2 depicts a side view of a Frontal Electrode Array
{FEIA} with Internal Wires. The FEA is disposed over the
distal portion (such oy K-10 cm} ol the FPLL whicl amion-
cully places it over the fromal region. wud specifically over
the supraorbital nerve and other adizcent nerves of the
vegion. In general the layout, disposition and connections of
the Titenal Wires and Surface Blecrrodes disposed over the
Parietal Electrode Arruy (PEA) und the Oceipitat Dlectrode
Arruy {OFA) are the same us that depicted {or the Fha:

P13 depicts a side view of an IPG, along with its
enclosed ASIC. RF Receiver (oil. and Intemal Magnet,
ulong with the Internal Wires exiting from the IPG's Biternal
Cireutt enroute to the Surface Electrodes disposed over the
FPL and the OL:

FIG. 34 depicts a more detailed view of the internal
structure of an IPG,

FIG. 4 depicts o cruss-sectionul view of o Lead Centrul
Body comprising o Cylindricul Lead Body (with Internal
Wires) hetween the IPG Internal Circuit and the Lead
Surface Electrndes,

FIG. 5 depicts a rear view of a Head with a full Head-
Located Neurvstimulutor System In-Situ. Prominent here 15
the OL depicted passing from the IPG condally and medially
across the occipital region, whereby the OE A is disposed in
a fashion to cross over and cover the major associated
nerves  primartdy the greater oceipital nerve, bl tvpreably
including the fessor and/or third vcctpital nerve as well. Abso
depicted wre the PEA and the FEA of the FPL oy they cross
and cover the primary nerves of the Parietal Region, inchd-
ing the anriculo-temporal nerve, and the Fromial Region.
including the supravrbital nerve. Also depicted is the PG
with its [ntermal Circwit, Intemal RF Receiver Coil, and
ASIC,

FIG. 6 depicis a side view of a Head with a full Head-
{ocated, Unibody Radiofrequency-Coupled Nevrostimula-
tor System fu-Situ. Prowminent here is the PEAL as 1t covers
u porion eof e Parietal Reglon 60 s the major associuied
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nerves, including the auriculo-temporul nerve 61 as well as
other adjacent cutaneous nerves. The frontal region of the
head and supracrbjial nerve 71 are also depicted. Also
depicted are the cowses of the distal portion of the FPL and

{le OF., us ey pass over and cover the assoctated nerves of 5

the Frontal {(Supruorbital) and Occipital Repions. Also
depicted is the %G includimyg s interual Cireuit, ASIC, and
R¥ Recerver Coil,

FIG. 7 depicts a front view of a Head with a full
Head-Located, Unibody Radiofrequency-Coupled Neumn-
stimulator Systenn in-Sity, Prominent here is the FEA, as it
covers o portien of the Frontal (Sopraosbilad } Region and the
major associted nerves  praoenly the supraorbital nerve,
but alse commonly the preater trochlear nerve, as well as
adjacent nerves. Also depicted 1s the conrse vl the parietal
portion of the FL. Also depicted is the IPG inchuding its
Internal Circuit, ASIC, and RE Receiver Cuil;

FIG. 8 depicts u side view of the Externul “Belund the
Euf" Assembly. Prominent here is the IPG with its IPG
including its Internal Circuit, ASIC, and RF Receiver Coil.
The External Assembly includes the External Earl Clip, the
Behind-the-Ear Flectronics and Buttery Component. the
External Coil Lead, and the External RF Coil Plastic Hous-
iy, which contuins the External RF Coil and External RF
Magnet,

FIG. 9 depicts right oblique front view of a head with a
full Head-Lucated. Unibody Radiofrequency-Coupled Neu-
rustimulutor System In-Situ, alonyg with an External “Belund

the Ear” Assembly. Prominent here is the IPG with its IPG -

including its Internal Circuit, ASIC, and RF Receiver Coil.
The External Assembly includes the External Earl Clip, the
Behind-the-Ear  Electronics and Buttery Component. the
External Coil Lead, and the Externul RF Coil Plastic Hous-

ing, which contains the External RF Coil and External RF :

Magnet,

FIG. 10 is a block diagram of a system that provides for
mdependent charge trunsfer und communication with mul-
tiple implamied devices, 1 accordance with sonre embodi-
ments of the mvention:

FIG. 11 is a block disgram of a system depicting the
de-tuning of u receive coil within an implanted device to
selectively turn off churging. in accordance with some
embodiments of the mvention;

FIG. 12 is a block diagram of a system which provides for
data communication (forward telemetry) and power trans-
mission to un buplated device using opposite polarity
Ll f-wave rectified sipnals recetved by the wuplinted device.
in accordance with some embodiments of the inveation:

FIGr, 134 35 a block diagram of a system which provides
{or bi-dtrectiopal conwnunication with an tmplamed device,
and particulurly illustrutes passive cowmunicadon irom un
implanted device (buck telemetry) whew the receive coil is
de-tuned, in accordance with some embodiments of the
invention:

FIG. 13B illustrutes voltage wuvelorms of selected sig-
nuls depicted 1 the embodiment shown in FIG. 134;

FIG. 14 A 15 u block diagram of u system wluch includes
charge transfer coil {or “transmit coil”) current sensing
civenitry 1o determine back telemetry data received rom an
niplated  device, and to  deterniine de-tuning of an
unplunted device coil, in accordunce with some embodi-
ments of the invention:

FIG. 1453 itustrates voltage wavetorms of selected sig-
nals depicted in the emhodiment shown in FIG. 144

FIG. 15 is a block diagram of u system which provides for
adjustuble trunsmitted power to improve power efficiency
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within an mplanted device, in accordunce with some
emhodiments of the invention,

FIG. 164 is a block diagram of a system which includes
teedback excitation control of a resonant coil driver ampli-
fier, in uccordunce with some embodiments of the mvention.

FIG. 16B illustrates voltage waveforms of selected sig-
nals depicted in the embodiment shown in FIG. 164,

FIG. 17 is a block diagram of a headset that includes an
external charge transfer system for two implanted devices, in
uccordunce with some embodiments of the mvention:

FIG. 18, wluch includes FIGS. 184 wud 18B, is a sche-
matic diagram of an exemplary IPG driver and telemetry
circuitry block, such as that shown in FIG. 17, in accordance
with some embodiments of the invention:

FIGS. 194, 198, und 19C illustrate voltage waveforms of
selected signuls depicted in the embudiment shown in FIG.
18 and FIG. 234,

FIG. 20 is a schematic diagram of an exemplary headset
buck/boost voltuge generatur circuit, such as that shown in
FIG. 8. in accordunce with sonw embodiments of the
invention;

FIG. 21 is a block diagram of a body-implantable active
device, in accordance with some embodinments of the inven-
tion;

FIG. 22A illustrutes a simplified block disgrum of the
1PG:

FIG. 228 illustrates a flow chart for the operation of the
initiution of a neurostimulation program at the [PGy

FIG. 23 A is a schemutic diagram of an exemplary rectifier
circuit and telemetry/de-fune circuit, such as those shown in
FIG. 21, in accordance with some embodiments of the
invention;

FIG. 23B illustrates voltuge waveforms of selected sig-
nals depicted in the embodiment shown in FIG. 234

FIG. 24 is a schemutic diugrum of portivns of an exem-
plary boost circuit, such as that shown in FIG. 21, in
accordance with some embodiments of the invention:

FIG. 25 15 a diagrum representing an exemplory headset
that includes an externul churge transfer system for two
separaie hody-implantable devices. each implanted behind a
patient’s respective left and right ears, und shows an asso-
ciated headset coil placed in proximity o the corresponding
receive coil i each implanied deviee

FIG. 26 depicts two implauted HPGs with leads to cover
hoth sides of the head,

FIG. 27 depicts one implanted IPG with leads to cover
both sides of the head:

FIG. 28 illustrates the embodiment of FIG. 26 with a
churging/communication heudset disposed about the cra-
nium;

FIG. 29 illustrates a diagrammatic view of the power
regulation system und current regulation system on the IPG:

FIG. 30 illustrates a diagrommatic view of the voltuge
charging relationships for the supercapacitor; and

FIG. 31 ittustrares a Howchart for power transfer system
trom the headset.

DETAILED DESCRIPTION
A, Introduction

Refermng now to the drawiips. wherein hke reference
numbers are wsed beretn to desipnate fike elements through-
out, the various views and embodiments of au tuplantable
neurnstimulation lead for head pain are jflustrated and
described. and other pussible embodiments are described.
The figures are not necessarily druwn to scale, und in some
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mnstances the drowings have been exagyerated und/or sim-
plitied in places for illustrative pueposes only. One of
ondinary skill in the art will appreciate the many possible
applications and vartations hased on the [ollowiny examples
of possible embodiments.

e present disclosure prowvides For o fully hewd-located.
radiofrogueney-coupled.  moplantsble  pertphoral  neuro-
stimulation system thai is specifically designed for the
tregtinent of chronic heud pain. It incorporates multiple
unigque elements und features that tuke ato uccouat the
uniyue anatomic, physiologic, and other related challenges
of treating head pain with implantable neurostimulation and,
by doing so, greatly hwproves on therapeutic response,
pubient safely. medical risk. and medicul costs, which com-
hine to improve overall patient sutisfaction.

Prior implantable peripheral neurnstimulation systems
and components, including leads and prdse penerators. had
been originally designed and developed specitically as spi-
nal cord stinubstor svsters and for the specilic therapentic
purpuse of treating chronic back wnd extremity putn. Over
the years, however, these spinal cord stimulators were
ultimately adopted and adapted for use as implantable
peripherul nerve stimulators for the trestinent of migraine
headaches and other forms of chronic head pain. However,
they were so utilized with full recognition of the fherent
risks and limitaticns dve to the fact that they had been
developed to only address, and accommodated to, the unique
amatomic and physiologic feutures of the back and chronic
buck pain.

A number of problems have been recognized with respect :

to spinal cord stimulators for head pain as findamentally
due W desipn Haws associated with, and inheremt to., the use
of an lisplavisbie therapewtic device 1 an aren of the body
that it was not desipued for,

The anatomy of the head and the pathophysiology of 3

headaches and other forms of head pain are so signiticantly
diflerent from the anatomy of the spinal canal and patho-
physivlogy of chronic buck puin, that when spinal cord
stimulators are utilized for cranial wmplants, the climical
problems associated with these differences manitest them-
selves, Tmportanty. these well-documented problems are
clincully very significunt and include issoes of patient salety
and satistaction. the nsk of an imadequate or suboptimea!
therupeutic response, isstues with patieat comfort utid cos-
metics, and a recopnized increased risk of surgical compli-
cations and technical problems.

Prior nuplantable peripheral peurostimolution leuds have
beey designed and developed specifically for plocement in
the spinal canal as part of u spioal cord stimulation system
and for ihe specitic therapeutic purpose of treating various
torms of chronic back and exiremity pain. The present
disclosure provides an noplamtable periplieral nevrosting-
lation lead that 1y destgned lor the upluntation in the head
for the treatment of chronic head pain. It incorporates
multiple unique elements and features that take inte account
il unigue anutomie, physiologic, and uther reluted chal-
lenges of treating head puin with implantuble neurostimu-
lation und by doing so yreutly improves vn therapeutic
response, patient safety, medical risk, medical costs, which
combine to improve overall patient satistaction.

ludeed. the anstomy of the head. and the pathophysiotogy
v lendaelies and otlier fonns of bead polu that are vngue o
the head, are so significantly different from the anatomy of
the spinal canal, and pathophysiology of chronic back pain
that when these current jeads are indeed utilized as cranial
implants, then the clinical prublems assuciuted with these
differences munifest themselves. Specificully, these include
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issues with inadeyuate therupeutic responses. ssues with
patiem comfort and cosmetics, and also very signilicant
ssues with patient safely.

These medical risks stem from the design of cobventional
leads and the IPG. Conventional leud desipns mclude u
relatively barge diameter, a cylindnical shape. {often) inud-
equate leppth, and the necessity of implaming the TG in the
torso ond distant from the distal leads. and a number and
dispusition of the surface electrudes and active lead arruys
that du not maich the requirements. A cylindrical lead of
relatively lurge diameter results in increased pressure on,
and manitest tenting of, the overlying skin, particularly of
the forehead. Because conventional leads are of inadequate
length to extend from the head to the IPG mmplant site,

5 commonly in the lower buck. abdomen, or glutea] region,

lead extepsions are ofien employed, and there are attendant
risks of intection, local discomfort, and cosmetic coneerns.

With respect to prioe beads: 13 There is only o single array
of electrodes. with conunon lead opbons including 4. 8, or
14 electrodes disposed over that single array: 23 The urray is
velatively shoo with most teads havime an arvay of from 5-12
cm in length: 3) Within this single array. the individual
clectrodes wre disposed untfonnly with coustun. eyual inter-
electrode distances. This results in the need to implant
multiple {oflen four vr more) of the conventional leads to
adequately cover the painful regions of the head.

There are several practical clinical outcomes that result
from the use of prior leads for the treutment of chrunic head
pain. Fimst, since they comprise a single. relatively short
active array. the eonrrently available leads provide therapeou-
tic stimulntion to only a sipgle region of the Tiewd: that is,
they can provide stimularnon 1o oply the frowmal region, or a
portioit of the punetal reyion. or a portion of the occipiial
region. Therefore, i o patient lus pain thet extends vver
wwuitiple regions, then multiple separate lead implants are
required basically one lead impland is required for each
wlateral region. A great magority of patients with chronic
headaches expenence Lioloceplubic pain: that s they oxpe-
rience pain over the frouted and pariete) and occipitad regions
bilaterally. Therclore, commonly these paticits will need 4
o 7 headds ymplanted o achieve adequate thewpentic resulis
{2 or 3 leads on each side).

Second, the need for multiple leads ncludes considerable
added expense, and were importantly, added wedica) sk
associated with adverse events attendant to the multiple
surgical pmcedures. Such adverse events include an
increased nsk of infection. bleeding. und techmicul issues
with the leads, e.g.. lead fracture, lead migration. und local
irritation.

Third, as the clinical database discloses, the inter-elec-
trode spacing may be of central therapeutic signiticance.
That is, for exumple, wheteas commonly pain over the
vecipital region is consistently effectively treated by yuud-
rpolar leads (leads with four evenly spaced eleetrodes) that
have the electrodes relatively widely spaced apan {approxi-
mately o cm or miere apuet). climcally i1y olien found that
clectrodes configurations that are more narrowly spaced may
be more effective uver the supruorbital nerve and regions.
Thus, a quadripolar lead that has the electrodes only 1-2 mm
apart may he more eflective in this region, as it allows for
more precise contru] of the delivered electrical pulse wave
delivery.

When an IPG implant for spinal cord stimulation systems
is employed as a peripheral nerve stimulator for head pain,
several outcomes result. First, the IPG is implanted at a
cotsiderable muomic distinee froon the cranial lead
implants. Indeed. the leads must pass from their distal
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cramal implant pusitions acruss the cervical region and
upper back to the IPG implant location, which are most
commonly in the lower back, lower abdomen, or gluteal
region. The leads must cross multiple anatomic motion
segments, mchiding the neck and upper back and/ur chest at
a minimum, and commonly include the mid buck, lower
back and waist segments, as well. The simple motions of
normal daily life produce adverse tension and torque forces
on the leads across these motion segments, which in turn
mncreases the sk of various outcomes including lead migru-
tion and/or lead fracture. In addition, the relatively lurge size
of a spinal cord stimulator IPGr contributes to local discom-
fort, cosmetic concerns, and increased risk of infection that
may become larger and harder to treat in propurtion tu the
size ol the IPG pocket.

The present disclosure is directed to an implantable
nevrostimulation svstent that includes an IPG from which
two nenrostiminfating leads extend to a fength sufficient to
allow for therapeutic nevrostinulation onilateratly over the
fruntal, parictal and vecipitul regions of the head.

The present disclosure addresses and effectively solves
problems attendant to publically available leads. The most
important of these 13 the fuct that currently avuilable leuds
cun only adeyuately stimulate u single region of the heud due
to design element faws associuted with terminal surfuce
electrode number and disposition. The disclosure addition-
ally addresses and solves other problems inherent with the
currently available leads. mchidiiy problems with cosmeties
and putient comforl. particularly vver the frontal regions,

duve the uncomforiable pressure placcd on the skin of the :

torehead, due the cylindrical shape and relatively targe
diameter of the distal ponton of the Jead, Finally. the Jead of
the present disclusure solves the currently uvailuble leads®
prublem of insdequate lead length to reach a gluteal location

of the implantable pulse generator, which therefore neces- :

sitates the additional risk and expense of further surgery to
implant lead extensions.

In vne aspect. the fmplostable. hewd-mounted. neuro-
stimlation system for head putn is opetable for subcutane-
ons implantation in the bead. and to provide neurnstimula-
tion therapy for chronic head pain, including chrenic head
puin cuused by migruine and other heudaches, as well as
chronic head pain due uther etivlogies. The penpheral
neurvstimulator system disclosed herein tukes mtu account
unique anatomic teatures of the human head, as well as the
unique, or singular, features of the various pathologies that
give mse to head pun, ncluding migruine and other head-
aches, us well as other forms of chruonic hiead pain. To dute,
all commercially available leads and systems that have been
clinically uiitized for implaniation as a peripheml neuro-
stimulator lead were actualty origisally destened specifi-
cully For placement in the epidural space. as part of a spinal
cord stimulation systemn. tor the therspeutic purpuse of
treating chronic back mdior extremity pain. Thus, there are
crrerently no commerctally available teads or [l system that
liwve desigis 1w the pubhe demuin, that have been designed
and developed for use in the head and for head pain.

{n snother wspect. the implantuble. head-mounted. neuro-
stimilation system for head pain comprises moltiple design
features. including disposition of a sullicient plurality of
surfiuce electrodes over o sullicient linear distance slong the
distal lead, such ax will resolt in u lead that. s o sinple lead.
is capable of providing medically adequate therapcutic
stimulation over the entire hemicranivny, that is, over the
trontal, parietal, and occipital region stimulation. Currently
availuble systems. which were designed specifically for
epidural placement for chromic back pon, are capable of

.
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vnly providing stimulation over a single region; thut is, over
either the frontal region alone, or the parietal region alone,
or the occipital region alone.

In yer another aspect, the implantable periphieral nevro-
stimubution system for head pain comprises multiple design
features, mcluding the plivsical groupiny of the extended
array of surface clectrodes into three or more discrete
terminal surface electrode arrays. The linear layout of these
two or more (preferrubly three vr more) swrfuce electrodes
urrays is designed such that following implantution there
would be ut least one array positioned over the frontal
region, at least one array positioned over the parietal region,
and at least one array positioned over the occipital region.
This feature further improves upon therapeutic eflectiveness

5 of the extended terminal surface electrode armuy sufficient

tor hemicranial stimulation by allowing for more precise
control of the therapeutic nenrostimutation paramaeters,

In still another aspect, the implantable, head-monnted.
neurustimulation system for head pain comprises multiphe
design features, includnig ncorporuting ndividual design
features within cach of the threc or more individual surface
electrode arrays. Examples of such intra-array design fea-
tures would include the specific number of electrudes allot-
ted to each group; whether the electrodes are cylindrical or
fattened; the width of euch electrode within each urray, und
the linear distance intervals of separation of the electrodes
within each array. This teature turther improves upon thera-
peutic eficctivenwss of the extended terminal surfuce elec-
trode arruy sufficient for hemicranial stimulation, and the
grouping of these electrodes into three or more separate
surface electrode arrays, by providing each specific array
location a upigue tira-array design that imkes tilo accoupnt.
und thereby seeks to optinizes. design elements that are
known to be possibly or likely bencficial to the therupeutic
end rosndt, given the anficipatcd post-implant anatomic
location of that array.

In yet another aspect, an implantable peripheral nevro-
stimulation system for head pain comprises multiple novel
design features, including ncorporating ndividual design
teatures into a single lead design and thereby achieving
additive benefits.

In still anothier aspect, an implantable peripherul neuro-
stimulation system for head pain results in a marked
decrease in the number of sepurate lead implants required to
adequately treat a single patient. A single implant will
provide the same therapeutic anatomic coverage that it
would take for the implantation of three or four of the
currently uvailable leads. That is. mstead of the curment
which often calls tor three or more leads to be implanted to
provide adequate hemicranial coverage, the same anatomic
region may he covered with a single stimulator lead implant.
The lead provides extended coverage over the Tull hemie-
ragii that is. achteviug medically sceeptable nevrostinmu-
lation watlaterally over the {ronlal, parictal. and vecipital
regions simultanecusly. In conirast. pehlically known leads
ure uble to consistently provide medically acceptuble neu-
rustimulation therupy only over o single region. nwaning
that it would require three sepuraie sureicaly lead implans
i achieve the same therapeunc coverape of'a single implant
of a lead of the present disclosure. This will decrease the
tutal number of surgeries reyuired, us well as the extent of
each mdvidual svrgery for mony puticnts,

Tt another aspect, by having a system that is fully local-
ized to the head. it eliminates the requirement of carrently
available systems of having long Jeads and extensions
extending ucruss the neck and back to IPG locations com-
monly n the low buck and gluteul regivon, and thereby
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decreuses the fsk of problems attendant to such lony leads
and extensions, tneluding discombont, infection, technical
extension issnes such as fracmire, and other morhidiites. This
results in a further decrease in the number of surgeries
required by a patient.

In other aspects, an [PG may be of proper aspect ratio with
respect to the specific site of intended implantation in the
head, preferably an area posterior to and/or superior to the
eur. There mauy be an external portable propramming unit
tlunt 1s capuble of achieving o rudiofrequency couphing w the
naplamed wit. An IPG may have an mtemul RE receiver
coil thar is capable of coupling via a radio fregnency mecha-
nism to an external comtre] unit that provides power and
contrvl function. An IPG may comtain un internal RF
receiver, un upplication specific mntegruted circuit, and a
supercapacitor. In the event the oxternal power supply is
lost, the supercapacitor can supphy power o the device and
keep the device functioning wntil the extemal power con-
nection can be resumed. The systemn muy inclade o primary
cell us o power sourve. An PG may be cupable of being
multiplexed, i.e., the TPG can he programmed to only
stimulate (tum on} the required and necessary clectrical
conlacts needed tor therapy und tum ofl the ones not needed.

In other aspects, the systenm may nclude one or more of
the followmp features. A newrostinulating lead may not
require a centrad chanaed for a stvlet. A nearostimulating lead
may have a smatler diameter than currently avoilahle leads.
A peumstimubiing lead may have o sluped or flut electrode
design that onents the clectrical fields toward the specific
nerves, thus avoiding stimuvlation of undesired tissues, e.g.,
adjacent muscles, while additionally improving patient cos-
metics. A neurnstimulating lead may include redundant
electrudes for the shuped or fat electrude contucts such that
in the event the leads are inadvertently flipped, these redun-
dant electrodes can be selected and activated so that the
electric fields can still be oriented at the proper nerves.

In other aspects, the system may include one or more of
the following features. The systemn may include the dispo-
sition of u sufficient plurality of surfuce electrodes vver a
sullicient linear distance along the system’s leads to enable
medically adequate therapentic stimulation across multiple
regions of the bead. aud preferably the entire hewderaninm:
that 15, over the frontal, paretad. and oceipital region sind-
taneously. The extended array of surface electrodes muy be
divided into two or more discrete terminal surface clectrode
arrays. The preferred linear layout of these multiple surface
electrude arruys includes ut leust voe amay pusitivned over
the frontal repion, at leust vne array pusitioned over the
parietal region, and at least one array positioned over the
occipital region.

In other aspects, intra-array design features may include
variations n the specific mumber of electrudes ulloted to
euch group: the shape of the electrodes, ey, whether the
electrodes are cylindrical or Hattened: the width of each
electrnde within each array, and the linear distance intervals
of separution of the electrodes witlun euch urray.

In other aspects. the system may mclude o plurality of
conniection ports that cun be connected with a plurulity of
leads and thus allow for attaching additional leads should
they later be required.

In another aspect. un implantable peripheral neurostimu-
lation system for head pain comprises wwitiple design
features; including features aimed at improving patient
safety by Improving the incidence of adverse events. inchad-
g the risk of indection as well as the risk and inctdence of
known technical problems assoviated with implated leuds,
mehiding lead nngraion snd lead fracture. umonyst others.
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The lead muy comprise two or more (ie. three or more)
surface electrode arravs, each wniquely designed, that are
disposed over a sullicient lead lengib to alfow for medically
acceptable therapeutic neurostimulaior coverage of at least
regions within the supraorbital. panetal, and occipiul cruntal
regions. To achiteve the same climea! coverape front o single
implant, it wonld require three or more separately surgicatly
implanied leads. Therefore. by reducing the mmmber of
surgical incisions, as well us the number of surgically
implanted leuds, the assoviated risks of udverse events are
proportionally diminished.

In yet another aspect, an implantable peripheral neuro-
stimulation svstem for head patn may treat chronic head
andfor face puin of mehiple etielogies. ncluding migroine
headaches: und other primary headachies, including cluster
headaches, bemicramta continua headaches, tension type
headaches, chironic daily headaches. transformed migraine
headaches: further including secondary headaches. such as
cervicogenic headaches and other secondary musculokeletal
headaches: wcluding neurvpathic heud andior fuce pain,
nociceptive head and/or face pain, and/or sympathetic
related head and’or face pain: including greater occipital
neuralgia, as well as the other vurous vecipitul neurulgias,
supraorbital neurulyia, wuroiculvtemporal neuralyix, infra-
urbital neuralyia. and other trigeminal neuralgios, and other
head and face neuralgias.

T another gspect, an implantable, head-monnted. neuro-
stitokation system for licad pain comprises muehiple design
features, including featores wimed af improving patient
sofery by improving the incidence of adverse events, includ-
ing the risk of infection. as well as the risk and neidence of
known technical problems associated with implanted leads,
including lead migration and leud fracture, amongst others.
The lead muy comprise two or more (i.e. three or more)
surface electrode arrays. each naignely desigued. that are
disposed over a suilicient lead lengih o allow for medically
scceptable therapeutic neurostinmiator coverage of at least
regions witlin the supraorbital. panctal, mid occipitel cranial
regions. Te achieve the same clinicul coverape from o single
implant, 1 would require three or prore separately surgically
implapted leads. Therefore. by reducing the pumber of
surgical incisions, as well us the number of surgically
implanted leuds, the associated risks of udverse events are
proportionally diminished.

In yet another aspect, an implantable, head-mounted,
neurnstimulation system for head pain may treat chronic
head undfor face pain of multiple cliologies. wcluding
migraie headaches and other promary headaches. includivg
chuster headaches, hemicrania continua headaches, tension
type headaches. chronic datly  headaches. transtormed
migraine headaches, further including secondary headaches.
such s cervicogenc headaches and other secondury mus-
culoskeletal fweodachios. mcluding neuroputhic head andfor
tface pain, nociceptive head and/or tace pain, and/or sym-
pathetic related head and/or face pain including greater
occipital neuralgia, as well as the other various occipital
neuralgias, supruorbital neurulgia, aurviculotemporal neu-
ralgia, nfraorbitul neurulyia, and other trigeminal neural-
gias, and other head and face neuralgias.

In other aspects, an implantable, head-mounted, neuro-
stimulation system for heud pain may not require a central
clhunnel for stylet plucement over its distal (frontal | portions.
The lead may bmprove patieni comfort and cosmetics by
vire of Tis relatively small diameter over the disuat portions
of the Jead, partially due the lack of a central styler channel.
us well as due to o progressive decrease in the number of
internxl wires continiing ufter each terminal electrude. The
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lead may lurtler improve cosmetic appearunce and patient
comdont by incorporating a fAattened lead design for that
portien of the lead expected o be over the fronial portion of
the head.

Thus, the present disclosure provides for u peripheral
neurvstimulation lead that is uniquely designed for implan-
tation in the hiead as a therupy for chronic head puin, and is
designed to solve the known design issues associated with
current leads, as the lead of the present disclosure seeks to
optimize the therapeutic response, improve patient comfiort,
impruve cosmetics, reduce the number of surgical leads
required, and reduce medical risk, and reduce medical costs.

B. Overview

Tuming now descriptively to the drawings, in which
similar reference characters denote similar elements
throughout the several views, the figures illustrate an
nuplantable pulse generutor {1PG) from which wo neuro-
stienulating feads may extend 1o o length sulficient w allow
for therapeutic nevrostimulation unitaterally over the fron-
tal, parietal and occipital regioms. The leads include an
exiended plastic lead body, a plumsliy of surlace metal
electrudes disposed ulony the lead. which may be divided
mnto two o nuwe electrode arrays, a plurality of ntermal
clectrically conducting metal wires ruping along at feast a
portion of ifs length and individually conpecting the IPG™s
nitenirib circuit to individual surfuce metul electrodes. The
implantable pulse generator mcludes the internal circuits, a

rudiofrequency receiver coil, and an ASIC. The system may 3

be operable to provide medically acceptable therapeutic
neurostimulation to multiple regions of the head, inclnding
the fruntal, purietal und oceipital regions simulataneously,
and six figures demonstrate various views of this feature as
the system is depicted in situ.

C. Full Head-Lacated Neurostimulator System

FIG. 1 depicts a side view of a full neurostinlator
systen). which consists of an implanable pulse penerator
{IPGY B0 along with fwo anibody plastic lead extensions. &
Fronto-Pounetal Lead (FPLY 20 aud an Occipital Lead (OL}
30 of adequate leagth 1 extend to mughly the midline of the
forehead and to the nudhoe at the cervico-craniul juction,
respectively. Arrows 28 jndicate the point of cross section of
FiGi. 4.

FIGS. 5, 6, and 7 depict pusterior, lateral and fruntal
views of the system ni-siu, The unit 15 demonstrated 0 un
implamt position whore the 1PG 10 s posterior and ecphalad
to the piana of the ear. The deawings demonsirate the FPIL
20 passing over the parietal 60 and frontal 70 regions of the
lwead, including suricvlo-teiuporal nerve 61 and supraorbitud
nerve 71, m o maoner that places the FEA over the supra-
orbital nerve and the PEA over the auriculotemporal nerve.
The QL 30 is shown passing caudally and medially over the
occipital reyion of the head such that the OEA 35 cruss over
tlwe prester occipital nerve 51, the lesser vecipitul nerve 52,
and the third oceipital nerve,

FIGS. 8 and 9 depict two views of the external control unit
(ECTI) 1) FIGr, 8 depicts a side view of an ECU 100, the
compuotiends of which include an car chip 1D i clectronies
and battery component (HBC) 11260 an external coil lead
1130, anad an external R coil hounsing H40 that contains a
RF cail 1141 external magnet 1142. FiG. 9 depicts a right
obligue frontal view of the head with an implantable nev-
rostirnulator svste u-sin and with the BCL 286 attacled
o the car in ity Awetional position. with the external RY coif
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housing 1140 1 position opposite the intemal RF coil 11 and
internal magnet 12 of the IPG 10.

D. Fronto Parietal Lead

Continuing with FIG. 1. the FPL 20, as part of the unibody
construction, extends from the IPG. The FPL comprises a
plastic body member 2fk+ and a set of intemal conducting
wires 29.

The plastic body wember 26ha 1s an eloupated. ovlindrical.
{lexible member, whicli may be formed o o medical grade
plastic polymer. [ gy g proxamad end 22, 4 distod ead 21, and
may be conceptually divided into five segments along its
linear dimension. Progressing from the proximal end 22,

7 these segments sequenhud by include a proximal lead seguent

{(PES) 220, o purictal clectrode armay (PEA) 26, an inter-
array iuterval 27, a frontal electruode arry (FEA)Y 25, und o
distal non-stimulating tip 23.

The lead internal wires 29 pass along the interior of the
plastic body member us depicted in FIG. 4.

E. Frontal Flectrode Array

Continuing with FIG. 1, the FEA 25 consists of'a plurality
ot surfuce metal electrodes (SME) 24 uniformly dispused
vver u portion of the distal aspect of the FPL 20. Lead
internal wires 29 connect to the SME 24 as depicted in FIG,
2, which represents the distal four SME 24 of the lead.

F. Punietul Electrode Array

Returning to FIG. 1. the PEA 26 consists of a plurality of
SME 24 unitormly disposed along a linear portion of the
FPL. The PEA 26 15 sepurated alonyg the FPL from the FEA
by un inter-array mterval 27. It is separuted only the lead
trom the IPG by the PLS 22u. The lead intemal wires 29
comiect to the individual SMlis 24 of the PEA in the same
Tashion as the do with the SME of the FEA as shown in FIG.
2z,

G. Occipital Lead

Continning with FIG. 1. the oceipiad Tead (06 30 as part
of the vnibody construction extends from the PG B It
comprises a plastic body member 3% and a set of lead
interpal wires 38 that pass through the contral eylinder vi'the
lead to connect tu a series of SME 34, each of surface
electrode width 37, that are wniformly dispused ut an inter-
electrode distance 36 from euch other ulong a portion of the
length of the lead. These lead internal wires 38 pass and
commect in the same mamner as described above for the SME
24 of the FEA 25 as depicted n FIGS. 2 and 4.

The plastic body member 39 is an clougated. cyvlindrical.
{texible member, which may be formed of o medical vrade
plastic palvmer. [Uhas & proximal end 32 and a distal end 31
Progressing along the lead from the proximal end 32, these
segments segquentially include a proximal iead segment
{PES) A2, an vecipital electrode array (OEA) 35, and u
diswal non-stimulating tip 23

H. Occpital Lead Array

As depicted in FIG. 1, the OEA 35 consists of a plurality
of surtace metal electrodes (SME} 34 uniformly disposed
over a portion OL 30. Lead internal wires 38 connect to the
SME 24 in the sume fushion as depicted for the FEA 25 as
shown in FIG. 2.
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1. Implantable Pulse Generator

Reterring to FIG. 1 and FIG. 3, the three primary physical
and functionn] components of the IPG 10 include an internal
nugnet 120 un e radiolrequency recetver corl 11, and
an applicmion specific miegrated cirent (ASIC) 13, along
with the necessary internal wire comnections amongst fhese
related components. as well as o twe incowing lead iternal
wires 29, 39, These individual components nmay be eucased
in 4 can made of a medical grade metal and plastic cover 14,
which isclf trapsitions over the exiting FPL 20 and O], 3

Referring now to FIGS. 1A and 1B, there are ustrated
ciubodiucnts of the [PG 10 and the vanows contiguriions
of the lead. In FIG. 1A, the UPL tead 20 and the OF, jead 36
are lhnstvated as extending downward from the TPG body
16, in F1G. 11, the coll 11 aud the moeuet B2 are disposed
i a separtte body T that is disposed distal {rom the
itegrated cireutt 13 o ASKT A3 by g foad 28, This allows
the coil H to be disposed ai a poiid in the hemicrapium distal
from the ASIC 13, For unplaststion. the mopnet 12 is
remaoved therefrom and the body 107 15 “rolled wp”™ in a lube
with the approximate diameter of the lead 200 such that it
cant be routed subcuianeously to a diflerent location ahont
tlwe head, This is 10 faeilitate coupling, with an external coil
g more comiorable munner for te patient.

J. External Controller
G, 8 depicts au extemal “behind the ear™ conrobier

{EC) 108, which inchudes an ear clip 1110, an clecironics and
hattery component (FBC) 1126, au exteneal coil lead 1134

and s exlernal RE coil plastic hovsing (HCPHY 1140, which -

comliiny the exteril RE coil 1341, snd the externad wuagnet
1142

FIG. 9 depicts a right oblique trontal view of the head
with an in-situ full neurostimulator system. The EC 100 is

depicted oy secured ko position by s ear chip G and the

ECPH 1148 is depicted as applied to the skin directly over
the intemal radiofreguency receiver coil 11 and iaternal
magnet 12 components of the PG 160,

K. Connections of Main Elements and
Sub-Elements

The system may include a umbody construction to pro-
vide physical und functionn] continuity of the reluted com-
ponents and sub-components.

The overall mechanistic purpose of an implantable neu-
rustimulution system is to generute and conduct u prescribed
clectrical pulse wave from an IPG 18 down a set of lead
mntermal wires 29, 38 moning o portion of the length of the
lead to specitied programmed set ot SMEs 24, 34, wherehy
the current is then conducted by tissue and/or Huid to an
adjacent, or nearby. set of une or more SME 24, 34, which
in turn passes the signal proximally down the lead wire 29,
38 back to the PG 10 and its ASIC 13, thus completing the
circuit.

An external control unit (ECLTy 108 provides power,
prograumnig and dipnestic fanetionality o the implanted
uewrostimmbator  system via a radiofrequency  couple
between the external RE coil 14T and iernat RE coil 1142
The ECTJ 100 is held in place on the head by an ear clip
1110, and 1ts ECPH 1140 15 held in pluce over the IPG 10 by
mnternal and extemnal mognets 12, 1142,

L. Charge Transter/Communication Control

FIG. 10 depicts o conceptual diagrom of u system 500 thet
provides for ndependent churging/powering and communi-
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cation with multiple body-implanted pulse generating ([PG)
devices requiring external power to either power the IPGs
directly or to charge an internal supcreapacitor associated
with the IPCis or a hybrid thereof. For e purposes of this
disclosure. charge provided to the IPGs will be referred 1o as
“churpe fransfer” but i should be vnderstood that this could
mean charging of a supercapaciior or delivering charge o a
powered element associated with the IPGs. Three charge
receiving systems 520, 540, 564 aure shown, cach disposed
withiu u corresponding PG (uot showu), An externd charge
transfer syslem 502 disposed outside o dermis layer {or
“dermal layer™) 318 inclndes series-connected charge trans-
ter coils, of which ihree are shown, heing series-connected
charge transfer coils 5100 511, 512, euch of which corre-

3 spords to @ respective ane of recetve cotls 5210 841, 561 of

respective ones of a plarality of charge receiving systems, of’
which three are shown, being charge receiving sysicms 520,
54, 560. Preferably each receive coil 521, 541, 861 is tuped
to the resonant frequency of the respective chanme transfor
corl 5140, 511, 512 within the extemnal chanze tronsfer systemn
502. While ihree charge transfer coils §10. 511, 512 are
shown, one for each charge receiving system 520. 540, 560.
other eatbediments may uitlize one clorge ransfer cotl. two
change transfor coils. or another number of charge transfer
colls. depending upen the number of [PGs.

The external chame ranstor systom 582 includes a driver
504, responsive w a DRIVER CTRI . signal on node 303 for
driving the sertes-comecied coils 510, 311, 512 with an AC
signal, ATTX/RX welemetry block 506 includes v transmitier
for trapsottng forward telemetny data sipnal within the AC
signal driven across the charge transter coils (i.e., on node
508), and a receiver to detect and receive a back telemetry
data signal within the AC signul. The forward/buck telem-
etry data signals, both as represented by the DATA signal on
node 505, are coupled from/to telemetry circuitry within
remaining portions of the external charge transfer system
{not shwywnl As used hercin, data communication from an
external charge transfer system to an IPG 15 referred to as
Torward telemetry, und data coimmuication frous an 1PG 1o
an external charge transfer system is referred to as hack
telemetry.

Within the fist IPG. the charge receiving system 324
includes o receive coil 521 that is tuned to the resomont
Trequency of the assuciuted charge transfer coil 510 within
the external charge transter system 502, so that receive coil
521 may receive energy transterred from the charge transter
coil 510 when in close proximity thereto. The feceive coil
521 is voupled tu u churyge recerving block 528 that includes
circvitry for receiving energy in a lirst mode of operation,
and for de-tuning the recgive coil 521 in a second mode of
operation w inhibit trapsfor of encrgy. The receive coil 521
ix ubso coupled {via node 3223 to un RX/TX telemetry block
523 thot includes o recerver for receiviag a forward telem-
etry data signal from the receive coil 521, and a transmitter
for tragsinitting a back telemetry data signal to the receive
coil 521, The received enerpy is coupled to cluwge transier
circuitry, und the forward/back telemetry data signals are
coupled to/from duta cirvuitry within the first 1, both as
represented by node 529. As can be appreciated, the receive
coil 521 serves as a “shared antenna™ for hoth the charge
transfer system and the telemetry system.

Similarly, the churge receiving system S4¢ includes u
receive coil 541 that is tuned to the resonant trequency ot the
associated charge transter coil 511, so that receive coil 541
may receive energy transterred from the charge transfer coil
511 when in close proximity thereto. The recerve coil 541 1s
coupled to a churge receiving block 548 that inchudes


http:extern.al
http:intem.il

US 9,498,636 B2

21

circuilry for receiving enengy in the frst mode of opertion.
amd for de-tuning the receive coil 541 in the sceond nuxde of
operation to inhibit ransfer of energy. The receive coil 541
is also conpled (vin pode 8427 to an RXTX telemetry block
543 that incluedes a receiver for receiving o forwurd telem-
ctry daty signal frong the receive coil 541 and o runsmitter
for transmitting a back telemetry data signal to the receive
coil 541. The received energy is coupled to charge transter,
and the forward/back telemetry daty signuls are coupled
to/frum duta circuitry within the second IPG. both us rep-
resented by node 549

Likewise, the charge receiving system 560 includes a
receive coil 561 that is tuned to the resonant frequency of the
associated charge transfer coil 512, so that receive coil 561
ey reeeive cuergy transterred oo the chorge transter coil
512 when in close proximity therot, The receive coil 561 is
coupled to a charge receiving block 568 that includes
cyrcuiiry tor recoiving energy 1 the first mode of operation,
and for de-tuaing the receive codl 561 m the second mode of
operation o inlubil transter of energy. The recerve coil 561
is also conpled (vin node 562110 an RXTX telemetry block
563 that inchudes a receiver lor receiving a forward telem-
etry doda sigial from the receive conl 561, and o tmusnntier
for trunsmitting o back telemetry duta signal to the receive
cuil 561. The received energy 15 coupled to churge trunsfer
circuitry, and the forward/back telemetry data signals are
coupled to/from data circuitry within the third IPG, both as
represented by node 569,

Even though a single driver cincuit 504 15 utilized to dnve

all three series-connected charge transfer coils 510, 511, :

£12, the system 500 provides tor independent charge trans-
ter {or charge delivery) of multiple IPGs. When such charge
trunsfer of vne of the IPGs 15 complete {(or delivery of
churpe). the curresponding de-tuning circustry within the

respective charge receiving circuit 528, 548, 568 mayv he :

activated Lo do-tune s respeciive roectve ool 521, 541561
and therehy iahibit further transter of energy to the respee-
tive chanze receiving circuit 528, 548, 568, Dach PG anay
de-tune its receive coil when charge tronsfer 1s complete,
mdependently of the other IPGs. to hmi needless power loss
and wadesirable heating within an IPG, withow affecting
energy transfer to the remuining charge receiving systems
526 540. 560,

Moreover., even though o single drver circuit 504 is
utilized to drive all three series-connected charge transter
coils 510, 511, 512, the system 30@ also provides for
independent communication with multiple 1PGs. Since the
forwurd telemetry (trunsmit) data signal within the AC
signal is driven across all three series-connected charge
transter coils 516, 51 512, each of the charge receiving
systems 520, 840, 560 can independently receive such a
{ronweitted duta sigoal. As for receiving datw independentiy
frum euch churge receiving system, the exterual churge
transter system 502 can coordinate the operation of each
charge receiving system 520, 540, 560 so that only one such
charge recerving system at 4 time attempts to conununicate
buck telemetry data to the external churge trunsfer system
302, Such courdination may be achieved by forward telem-
etry commands instructing a selected charge receiving sys-
tem to communicate back telemetry data to the external
charge transfer system 502, so that the nou-selected charge
receiving systems will furego uttempted buck telemetry
during such times. Imbodiments described below provide
detailed examples of forward and back telemetry circuitey
and operation.

FIG. 11 15 u block diagrum of u system 600 that provides
for the de-tuning of a recerve coll within o given IPG to
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sehectively wm ofb chonre trunsier (charge delivery) of the
given device without alfecting charge delivery in one or
more other such IPGs. Two charge receiving systems 6240,
630 are shown, each disposed within a corresponding PG,
An external charge delivery system 63 disposed vutside a
dermis fayer 602 includes senes-connected charge transfer
coils 612, 613, each of which comresponds to a respective
one of receive coils 621, 631 of respective charge receiving
systems 620, 63¢. In this embodiment. two such charge
transfer coils 612, 613 are shown, one for euch charge
receiving system 620, 630. but other embodiments may
wilize one charge transler coil or anorher sumber of charge
transter coils, depending upon the number of IPGs.

The external charpe trunsfer system 610 incledes o driver

3 611, responsive to a CTRL signal, for driving the series-

comiected charge transfer coils 612, 613 with an AC signal.
Within the first IP(i, the charge receiving system 620
includes a receive coil 621 that is preferahly tuned to the
resonant requency of the ussovtated clarge tronsfer coit 612
within the externul charge trunsfer systen 610, so that
receive coil 621 may receive energy transterred trom the
charge transfer coil 612 when in close proximity thereto. The
receive coil 621 1¢ coupled to u rectifier bluck 622 for
receiving enerygy in o first mode of vperution and generating
u rectified voltage on node 624, und for de-tuniny the receive
ccil 621 in a second mode of operation, responsive to a
DE-TUNE signal on node 623, to inhibit transfer of energy.
The rectified voltage on node 624 is coupled to charge
transfer cirewitry within the first [PG (not shown).

Wiihin the second IPG, the charge receiving system 630
includes a receive coil 631 that is preferably tuned to the
resonant frequency of the associated charge transter coil 613
within the externul charge trunsfer system 610, so that
receive cuill 631 may receive enerpy trunsferred {rom the
charge transfer coil 613 when in close proximity thereto. The
receive coil 631 is coupled to a rectifier block 632 for
receiving cnerpy in the first mode of operation and gener-
wigy o rectitied vologe ou node 634, und for de-uming the
receive coil 6371 i the secoud mode of operation. responsive
to a DE-TUNE signal on node 633, to inhibit transter of
energy. The rectified voltage on node 634 is coupled to
charpe vransfer circvitry witliin the second PG (not slwwn).

Evew thougly a siugle driver cireait 611 18 vtilized to drive
both senes-connected churge tronsfer coils 612, 613, the
system 68 provides for de-tuning of'a recerve coil within a
given IPG o sejectively tarn off changing of the given device
without affecting charging of one or more other such [PGs.
Ay such, mdependent cluwrpe trunsfer of multiple [PGs s
provided. When such charge transfer of one of the IPGs is
complete, the corresponding DE-TTUINE signal may he acti-
vated within the respective charge receiving system 620, 630
tu de-tune its respective receive coil 621, 631 and thereby
inhibit trunsfer of energy to the respective charge receiving
system 620, 630. Each IPG may de-tune its receive coil
when charge transler is complete, independenty ol the other
Gy, to lmit needless power loss aud undesirable heoting
wilhin o fully-chorged 1PG. without affecting energy tauster
to thwe remoiing charge receiving systems 6240, 630, Such
completion of charge transfer may be determined withio the
charge receiving system of the respective IPG, with or
without any communication to the external churge transfer
systent.

FIG. 12 is a block diagram of a system 645 which
provides for power transmission and data communication to
an IPG using opposite-polarity halt-wave reciitied signals
received by the implanted device. Two charge receiving
systems 650, 660 are shown, each disposed within a corre-
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sponding IPG. An external churge trunsfer system 64d
disposed outside a denmis layer 602 includes series-con-
nected charge transter coils 642, 643, each of which corre-
sponds to a respective one of receive coils 651, 661 of
respective charge receiving systems 650, 660. Preferably
euch receive coil 651, 661 is tuned to the resonant frequency
of the respective charge transter coil 642, 643 within the
external charge transter system 64(. In this embodiment,
two such churge transfer coils 642, 643 are shown, voe for
euch churge receiving system 650, 664, but vther embodi-
ments may wilize one charge transler coil or another noniber
of charge transier coils.

The external charge transter system 640 includes a driver
641 that is responsive to a forward telemetry transmit data
signal FWD TELEM TX DATA. When the FWD TELEM
TX DATA stgual has a first logic siale {¢.g.. logic bigh), the
driver 641 drives the series-comected charge transier coils
642, 643 with an AC stgnal. and when the FWD TELEM Y
DATA sigpal has a second logle state (e, logic low), the
driver 641 1 disabled. In seme embodiments, the driver 641
together with the series-connected charge transfer coils 642,
643 may he configured as a resonant amplitier. When such
a resonant amplifier 1s disabled. the AC signal is allowed to
decay and eventually cease.

Such operation muy be viewed as providing a 100%
amplitude-modulated AC signal driven across the series-
connected charge transter coils 642. 643, controlled by a
bit-serial forward telemetry duta signd FWD TELEM TX
DATA. Significant charge transfer to one or both churge

receiving systeris 656, 668 is still readily provided for :

charge transfer by limiting the duration of time that the
torward telemetry transmit data signal FWD TELEM TX
DATA is allowed to “disuble™ the coil dover 641, Conse-
yuently. such o signal also finctions as an enable/disable

signal tor the driver 641 if maintained in the second logic :

state.

Within a first IPG, the charge receiving system 650
mncludes a recerve coil 651 for receiving energy trunsferred
from the associated chorge trunsfer coil 642 when in close
proximity thereto. The receive coil 651 is coupled to a
positive halt~wave rectifier hlock 653 {or receiving energy
and geueraling o rectiiled voltuge on node 654 sud respon-
sive 10 a DE-TURLE signad on node 655, for de-tunip the
receive coil 651 tu inhibit tronsfer of eneryy {rom the
associated charge transfer coil 642. The rectitied voltage on
node 654 is coupled to charge transfer circvitry within the
fist IPG (not shown), which circuitry ulso directly or
Hudtreetty controls the DE-TUNI signad ou node 655 when
charging is complete or charge tramstor is not desired. The
receive coil 651 is also coupled via node 657 o a negative
half-wave rectilier block 652 for receiving forward telem-
etry data and generating on node 656 o respective forward
telemetry recerve data signal, which 1s conveyed tu forward
telemetry receive data FWD TELEM RX DATA circuitry
within the first IPG (not shown.

Within o second IPG, the clirge receiving system 664
includes a recerve coil 661 for receiving enerey trusferred
from the associsted churge trunsfer coif 643 when  close
proximity thereto. The receive coil 661 is coupled to a
positive half~wave rectifier hlock 663 for receiving energy
and penerating o rectilied voltage on node 664, sud respon-
sive 10 a DE-TUNL signal on node 665, For de-tunnye the
receive coil 661 to inhibit transter of energy from the
associated charge transfer coil 643. The rectitied voltage on
node 664 is coupled to charge transfer circvitry within the
second IPG (not shown), which circuitry also directly or
indirectly controls the DE-TUNE signal vn node 665 when
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charging 1s complete or charge transfer 15 not desired. The
receive coil 661 is also coupled via node 667 to a negative
half-wave rectifier block 662 for receiving forward telem-
etry data and generating on node 666 a respective torward
telemetry teceive duta signal. which is conveyed to forward
telemetry receive duta FWD TELEM RX DATA circuitry
within the first IPG {rot shown).

As may he appreciated, each IPG can receive torward
telemetry data mdependently. irrespective of the changing
state (e, de-tened state) ol hat PG or of the other (PG For
example, the charnge receiving system 650 may still receive
forward telemetry information by the negative half-wave
rectifier 652 irrespective of whether the positive half-wave
rectifier 653 is de-tuned or not. Such de-tuning greatly

5 lowers the resonunt (¢ of the combinution of churge transfer

coil 642 and charge receive coil 651 for positive voltage
excursions on node 657, and cousequently serves to inhibit
signiticant energy transfer to recetve coil 651, but does not
pegdively impact the ability for the nepative lulf-wave
rectitier 652 o respond o ucpative tansitions on node 657
and generaic the output voltage accordingly on node 636.
Simitarly. the charge receiving system 630 may stll receive
torward telemetry infonnution wrespective of whetlwr the
positive hull-wave rectifier 663 witlun the other charge
receiving system 66¢ 13 de-uned or not.

FIG. 13A is a block diagram of a system 675 which
provides for bi-directional communication with an [P, and
particulurly illustrotes  pussive communication [rom an
irnplanted device o the extemad charre transfor system (e
back telemetry} when the receive coil within the implanied
device is de-tunied.

Two charge receiving systems 680, 696 are shown, each
dispused within a corresponding IPG. An external chaurge
transfer system 670 disposed outside a dermis layer 602
includes series-connected charge transter coils 673, 674,
each of which comresponds to a respective one of receive
coils 681, 691 of respective charge receiving systems 680,
6960 As before. preferably each receive coil 681, 691 is
tuned to the resonant frequency of the respective charge
transfer coil 673, 674 within the external charge transfer
system 67¢. [n this embodiment, two such charge transter
coils 673, 674 are shown, one for cuch charge receiving
system 680, 690, but other embodiments may utilize vne
clunge trunsfer coil or unother number of chirge transfer
coils noting that the charge ranster cotls are for delivery of
charge 1o the IPCGs. Such charge delivery may be utilized to
clrge o supercapacitor wilhin the 1PGL anddor to power twe
G, purticudarly if such IPG does not mclude o superca-
pacitor.

The external charge transter system 670 includes a driver
671 that is responsive to a forward telemetry transmit data
signal FWD TELEM TX DATA. As described in the
embodiment shown in FIG. 12, when the FWD TELEM TX
DATA signal is driven to a lirst logic state {e.g.. logic high),
the driver 671 drives the series-connected charge transfer
coils 673, 674 with an AC signul, and when the FWD
TELEM TX DATA signal 1s driven to u second logic stute
{e.y., logic low), the driver 671 is disubled. In some embodi-
ments, the driver 671 together with the series-connected
charge transter coils 673, 674 may be conligured as a
resonant amplifier. When such o resonunt amplifier 15 dis-
ubled, the AC signal decays and eventually ceases. Such
operation may be viewed as providing a 100P% amplitude
modulation of the AC signal driven onto the series~con-
nected charge (mnsfer cotls 673, 674, which modulation is
controlled by u bit-serial forward telemetry duta signal that
ulsu finctions as an enaxble/disable signal for the driver 671
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{(if held to the uppropriate one of its two loyic states). The
external charge transter system 670 also includes a receiver
circuit 672 that is responsive to the AC signal on the
series-coupled charge transter coils 673, 674, and which
generates uccordingly a buck telemetry receive datu signal
BACK TELEM R DATA.

Within a first IPG, the charge receiving system 680
includes a receive coil 681 for receiving energy transterred
from the associuted charge trunsfer coil 673 when in close
proximity thereto. The receive cuil 681 is coupled to a
pusitive lulf-wave rectifier block 683 for receiving energy
and generating & rectified voltage on node 684. and respon-
sive to a DE-TTIND signal on node 685, for de-tuning the
receive coill 681 tu inhibit tronsfer of cierpy {rom the
associated churge trunsfer coil 673, The rectified voliuge on
node 684 is coupled to charge transfer circuitry within the
first IPGr (not shown). The receive coil 68] is also coupled
via node 687 to a negative peak detector black 682 for
receiving forward telemetry duta und generating on node
686 u respective forward telemetry receive duta signal,
which is conveyed to forward telemetry receive data FWD
TELEM RX DATA circuitry within the first IPG (not
shown).

The clhurge receiving system 680 also includes a de-tune
contrul block 688 fur generuting the DE-TUNE contrul
signal on node G688 responsive to a disable power transier
signal DISABI T PWR TRANSFER. and hunher responsive
to o bit-serial back telemetry transmit duta sipnul BACK
TELEM TX DATA. In opertion, the DISABIL PWR

TRANSFER signal may be asserted when charge transfer is :

complete or not desired, which asserts the DE-TUNE con-
trol signal to de-tune the receive coil 681 through the
pusitive half-wave rectifier 683, In uddition, during nummal
charge transfer the DE-TUNE contrul signal meay be asserted

for each bit-position of the bit-serial BACK TELEM TX 3

DATA signal corresponding to one of its two data states.
Since de-tuning the positive half-wave rectifier 683 in
concert with the receive cuil 681 inhibits energy trunsfer
frum the charge transfer coil 673 to the receive cuil 681, the
loading of charge transfer coil 673 is decreased. This
decreased loading results in a higher peak current through
the series-connected churye trunsfer coils 673, 674, In the
eaternat charge trausier systein 670, e receiver circuit 72
senses the chaige in peak current Qurough the senes-coupled
charge transter coils 673, 674 as each serial data hit of the
BACK TET EM TX DATA signal cither tmes or de-lunes thye
recetve coif 681, and generates nccordingly @ buck telemetry
teceive data signo] BACK THI EM RX DATA,

If the DE-TUNE contro] signal is already asserted (..,
because the DISABLE PWR TRANSFER sigual is asserted
to indicate charge transter is complete or pot desired) when
the charge receiving system 680 desires to trumsinit back
telemetry datu, the DISABLE PWR TRANSFER signal muy
be briefly de-asserted to allow the BACK TELEM TX
DATA signal to control the DE-TUNE control signal, as is
shown in FIG. 13B. Thus. the charge receiving system 680
niay still truasmit back telemetry informution irrespective of
whether it 1s generully in o de-tuned state.

Within a second IPG, the charge receiving system 690
includes a receive coil 6§91 for receiving energy transterred
from the associuted charge trunsfer coil 674 when in close
proximity thereto, The remainder 692 of the charge receiv-
tng system 69¢ is identical to the charge receiving system
680, and need not be separately described.

FIGi. 144 is a block diagram of a system 761 which
inchudes charge trunsfer coil (“trunsmit coil™) current sens-
iny circurtry, and particularly illustrates sensing such trans-
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mit coil current tu determine buck telemetry data received
trenm an implanted device, and (o determine de-inping of an
implanted device receive coil. Two charge receiving systems
T720. 736 are shown, each disposed within a corresponding
body-impluted active device, An exiernal charge transier
systein 708 disposed outside o dermus luyer (or “dermal
layer™) 602 includes series-connected charge transfer coils
703, T cach of which corresponds 1 a respective one ot
receive coils 721, 731 of respective charpe receiving syvs-
tems 720, 730, Althoogh two suel churge trunster coily T3,
704 are shown. one fuor euch clange receiving system 7240,
730, other embodiments may utilize one charge transfer coil
or another number of charge tensfer colls. depending upon
the number of IPGs.

The external charge trunsfer system 700 includes o driver
702, responsive to a CTRL signal, for driving the series-
comiected charge transfer coils 703, 704 with an AC signal.
Within the first IP(i, the charge receiving system 720
includes a receive coil 721 that is preferably tuned to the
resenant frequency of the associated clharge transfer coil 703
within the external charge transter system 7. so that
receive coil 721 may receive energy transterred from the
clhurge trunsfer coil 703 when in close proximity thereto. The
receive coil 721 15 coupled to u rectifier/de-tune block 722
for receiving energy ot times and generating o rectified
output voltage on node 724, and for de-tuning the receive
coil 721 at other times, responsive to a respective BACK
TELEM TX DATA signal on node 725, to inhibit trunsfer of
energy from the churge trunsfer coil 703, The rectified
voltage on node 724 is coupled to charge transter circuitry
within the Lirst IPG {not shown). In this embodiment the
BACK TELEM TX DATA signal functions as hath a bit-
serial duta signal and a “disable charge transfer” signul,
much like the DE-TUNE signal in the previous embodiment.
In order to de-tune the receive coil 721 and disable charge
transfer, the BACK TELEM TX DATA signal is driven and
lLeld in one of its two logic levels {e.g., a logic high level),
wlile to actuully commumicate back telemetry data to the
external charge transfer system 700, the BACK TELEM TX
DATA signal is driven hetween both its logic levels accord-
ing to the bit serial data. Any of several encoding tormats
may be used. but NRZ (“non-return-to-zero™) encoding is
ussumed here.

Within the second IPG. the charge receiving system 736
includes a receive coil 731 that is preferably tuned to the
resonant frequency of the associated charge transter coil 704
within the externul charge trunsfer system 700, so that
receive cull 731 muy receive enerpy trunsferred {rom the
charge transfer coil 704 when in close proximity thereto. The
receive coil 731 is coupled to a rectifier/de-tune block 732
tor receiving energy at times and generating a rectified
output voltage on node 734, and for de-tuming the receive
coil 731 at other times. responsive to a respective BACK
TELEM TX DATA signal on node 735, to inhibit transter of
energy trom the charge transter coil 704. The rectified
voltage un node 734 1s coupled to charge trunsfer circuitry
within the second IPG (nut shown).

The exterial charge transfer system 78 wcludes cireuitey
to penerate & COIT. CURRENT signal corresponding to the
magnitude of the charge trans{or cod current, and Lo generate
a BACK TELEM RX DATA signul corresponding to the
back telemerry daly received from oue of the charge receiv-
ing systems 72{. 730. The back telemetry data is commmu-
nicated passively by a given one of the charge receiving
systems 720. 730 by modulating the amount of energy
transferred froon the external charge transfer coils and
received by u given charge receiving system. Such modu-
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lation vecurs by changing w hether the corresponding receive
coil is tuned or de-tuned. De-tuning the receive coil may
occur when charge transter is complete or not desired, in
which case the wransierred energy will decrease and remain
at the decreused value, but iy also occur in response to a
bit-serial BACK TELEM TX 1DATA signal, in which cuse
the vurutions or changes n transferred energy will have a
tfrequency component matching the bit rate of the BACK
TELEM TX DATA signal. The back telemetry data is
received by the external charge transfer system by sensing
the variation in charge transfer coil current thut corresponds
to chanyges n the amount of energy trunsferred to the given
clurge receiving sy sien.

In this embodiment, the circuitry to accomplish this
mchudes a charge transter coil A enrrent sensor 706 having
an input coupled W the oulput node 705 of driver 782, which
generates on its output node 747 an AC voltuge signal
corresponding tu the instantaneous current through the
series-connected charge trunsfer coils 703, 704, This AC
volage signal oo node 707 15 conpled W a demodulaior TO8
which generates on its oipnt node 709 a demodulated signal
corresponding 10 e peak value of the AC volage sipiml on
node 747, which corresponds tu the peak valve of the
nstantaneous current through the churge tronsfer coils 703,
704 This demodulated signal on node 709 is filtered by
low-pass lilter 710 to generate the COIL CURRENT signal
on node 712 The COIL CURRENT signal is u generally
DC-like signal that is reflective of the low-frequency

changes in the peak charge transfer coil current, such as :

would occur when charge transfer is no longer desired and
its corresponding receive coil is de-tuned and remains
de-tuned for some time.

The demoduluted signal on node 709 is also coupled tu a

band-pass lLilter 711 to generate the BACK TELEM RX :

DATA signal on node 713. This BACK TELEM RX DATA
signal is reflective of higher-trequency changes in the peak
charge transfer coil current. such as would vccur when back
{elemetry daty is being cominunicated aud the comresponding,
recerve coll s de-tuned and mned responsive 1o the bit-serial

BACK TELEM TX DATA signal. Hhusteative wavetforms of

these signals are siown in FIG. 14B. In some embodiments
the data rute Tor the buck telemetry need not be identical to
the duta rute for the forward telemetry. For example, the
back telemetry data rate, relative to the resonant frequency
of the charge transfer coils in the external charge transter
system. may be result in each bit interval (1.e. bit position)
corresponding to as few as 20 cycles of the resonunt umpli-
tier, as noted in FIG. 14B. Additional examples and other
embodiments of such current sensing and receive data
circuits are described helow,

As noted above. FIG. 148 shows waveforms of selected
signals ifhustratig back telemetry operation m the cibodi-
ment showa in FIG. 14A. Ta particular, the bit-serial BACK
TELEM TX DATA signal (node 725) is shown representing
severul bits of infonuution to be communicated from the
charge receiving system 720 to the external churge trunsfer
system 700, along with the commesponding mned or de-tuned
status of the receive coil 721. The peak current through the
charge transfer coil 703 is higher corresponding to the
de-tuned state of the receive coil 721, A voltuge signal is
generated ut the output 707 of the current sensor 706, which
voltage signal corresponds to the instantaneous current
through the charge transter coil 703, This vutput signal 707
t5 dernodutated o produce the demodulated ontpat signal on
node 709, which is then filiered by band-puss filter 711 to
pruduce the BACK TELEM RX DATA signul on node 713.
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FIG. 15 15 a block diugrum of an exemplary churge
transfer system 745 which provides for adjusmable transmit-
ted power 0 improve power eflicioncy within an implanted
dovieo. Two charge receiving systems 620, 636 are shown.
cuch disposed witliu o corresponding 1PG, which are 1den-
ticad o those desenbed i FIGL 11 and need not be described
here. An external charge transfer system 740 disposed
outside a dermis layer 602 includes series-comected charge
transfer coils 612, 613. euch of which corresponds to a
respective vne of receive coils 621, 631 of respective churge
receiving systems 620, 630. Two such charge transfer coils
612, 613 are shown, one tor each charge receiving system
620, 630, but other embodiments may utilize one charge
transfer coil or another number of churge transfer coils,

5 depending upon the number of 1PGs.

The external charge transtfer system 740 includes a reso-
nant driver 743 for drving the series<connected charge
transter coils 612, 613 with an AC signal. and a buck/boost
circui 741 that provides on node 742 4 variable DO vologe
tor use by the driver 743 as an upper power supply node. By
varving this VBOOST voltage on node 742, the amount of
energy stored each resunant cyvele in the charge transfer cotls
wid ultimately tronsferred 10 the corresponding recerve coil
may be varied, for example. to aclieve better churpe deliv-
ery efficiency aud coupling withi the imploated device, The
resonant driver 743 is vesponsive o a CTRE signal. such as
described above regarding other embodiments, which may
function as both u duta signal and us an enable signal.

The VBOOST voltage on node 742 muy be vared as
charge transter progresses (or the charge delivery require-
ments change) within each IPG. For cxample. during an
curly phase of charge transfer when the voltape is relatively
low, 1t may be destrable to Hont diwe rectified voltuge on tode
624 so thut any voltuge drup ucross the charge transfer
circuit within the IPG is kept to a minimum necessary to
achieve proper voltage regitfation, or fo provide a particilar
constant maghitude of charge transfer current 1o elficiently
charge the supervapucitor. Later. as charge transfer pro-
presses and the delivered vollage is mised to a lugher
voltage, the rectified voltage on node 624 mav he incressed
to maintain a desired volage drop across such charge
transfer cirewitry or to mwintin the desired charpe wauster
current. When one of the IPGs 1s fully charped and its
receive coil (e.g.. 621) 1s de-tuned. the other 116G inay still
be transferring charge and its receive coil {e.2.. 631 still
amed tor resonant energy transfer from the oxtomal charge
system. The VBOOST voltuge may then be adjusted o
optimize the amount of energy trunsfer into the remwuning
1PG.

The buck/boost circuit 741 is shown as being responsive
to an ADJUST CTRL signal, which may be controlled
within the external churge transfer system n response to
detecting o decrease in enerzy tronsfer to one or more 1PGs
(e.g.. nsing the COIN CURRENT signal described ahove),
by recciving back telemetry intormation from one or hoth
PGy regording mternal voltuge levels. intemal current lev-
els, wudfor mtemad wiperstures. or by one or more tem-
peruture sensors Within the external clierge trausker svstem
{e.g.. a sensor placed near each charge transter coil), or by
any other useful means, such as information from one or
both IPGs conveyed using o Bluetvoth connection tu the
external charge transfer system. This adjustability of the
VBOOST volage provides for adjustable control of the
coctey coupled w one or hoth of the charge receiving
systems within the 11%Gs, even thongh both serjes-connected
clirge ranster coils 612, 613 are driven by o single driver
vircod 743, However, 1 shiould be noted that chaagiug of dwe
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amount of energy that can be coupled to uny of the IPGs will
change the amount of energy transter to all the IPGs. Thus,
although not disclosed herein, the IPGs must operate such
that charge delivered is govemed by the one ot'the IPGs that
requires the most churge transfer. Euch of the IPGs, for
exumple, will send information back to the external churge
delivery system in the form of a request to indicate an
increased need for charge and the amount ot charge transter
will be increased until the IPG requiring the most clange has
that reyuest satisfied.

FIG. 16A is 4 block diagram of an exemplary system 780
which includes feedback excitation control of'a resonant coil
driver amplitier. Two charge receiving systems 620, 630 are
shown, vacls disposed within a comrespunding IPG, which
are identical to those described in FIG. 11, and need not be
described here. An extemal charge transfer system 776
disposed outside a denmis layer 602 includes series-con-
nected charge transter coils 773, 774, each of which corre-
sponds 1o u respective one of receive cuils 621, 631 of
respective churge receiving systems 620, 630, While two
such charge transter coils 773, 774 are shown, one for each
charge receiving system 620, 6§30, other embodiments may
utihze one charge tounsfor cotl or another number of charge
transfer coils, depending apon the number of IPGs.

The external charge trunsber system 770 includes o reso-
nant driver 771 for driving the series-connected charge
transter coils 773, 774 with an AC signal. An adjustable
YBOOST voltuge is conveyed on node 742 to provide a
variable DC yvoltuge for use by the driver 771 us an upper

power sipply node, The resonant driver TTE S responsive 1o 3

a CTRL stgnal. such as deseribed above. which may enahle/
disable the driver 771 when appropriate (e.p.. alter charge
tronsfer s compliete witlpn botl Gs ) and may also couvey
forward felemetry mfonmation 1o one or both 1Gs, both as

described ahove. The extemal charge transter sysiem 770

also includes a col curpent trigger civeuit 772 {or generaling
on node 776 a TRIGGER siynal conveved to the resonant
driver 771 to provide a penodic “excitation™ sipus to
pertodicully pump additions] ciengy o the resonant dover
771. which is helpful to maintain a high degree of eficiency
of the resonant operation of the driver 771 in concert with
the senes-connected charge tronsfer coils 773, 774 con-
nected to the output node 775 of the resonunt driver 771. The
coil current togger cireuit 772 preferubly is configured to
assert the TRIGGER signal when the instantaneous charge
transter coil current, during each resonant cycle, crosses a
predetermined threshold that 13 proportionul to the peuk
nstantaneous charge trunsfer cuil current. In other words,
wlhien the instantaneous charge transfer coil current crsses
a value that is a predetennined percentage of the maximum
current {e.g., 60% of peak current), the TRIGGER signal is
asserted to pump the wdditional energy mto the resonunt
amplifier (1.e., dover 771 and trunsmit coils 773, 774).
lustrative wavetorms of the instantanecus charge transter
coil current and the TRIGGER signal are shown in FIG.
16R.

By generuting a feedbuck-vontrolled TRIGGER signal in
this manner. lugh efliciency resonant operation may be
achieved even as the charge transfer coil current may vary.
Such variation in charge transfer coil current may result
frum chunges in the VBOOST voeltage. from changes in
trunsferred energy due to receive coil de-tuning within un
associated charge receiving svstem. from forward relemetry
which modulates the charge iransfer coil (i.e. “trausmit
coil”) current, from variations in component parameters, and
from changes in voltage. temperuture, or other environmen-
tal conditions.
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M. Headset Charge Transfer System

FIG. 17 is a block diagram of an exemplary headset 781
that includes an external charge transfer system for two
head-located IPGs, such as two impluntuble pulse generutor
(IPG) devices. The heudset includes an PG Dnver and
Telemetry block 782 that drives two charge transfer coils
783, 784, and which is powercd by 2 hattery voliage VBAT
conveyed on node TBS by lieudset buttery TBE. and an
adjustable voltuge VBOOST conveved on node 786, A
buck/boost cirvuit 787 receives the YRAT voltuge on node
78S and penerates the VBOOST voltage un node 786, Power
rrapsier s provided by a Headset Banery Charger 789 wluch
receives USE power From UST port 791, A VDD repulator

5 798 alsu receives the VBAT voltage on node 785 and

generates a YDD voltage (v.g., regulated to 3.0 volis) on
e 794 which is penerally nsed as o power supply volage
for certain cirevitry within ihe hoadser.

A microcontroler (MOUY 793 provides general configu-
ration control and intelligence for the headset 781, and
communicates with the IPG Draver and Felemetry block 782
via a forward telemetry signal FWD TELEM and a back
telemetry signud BACK TELEM via 4 pair of duta lines 796,
The MCU 793 can also communicate with an external
device (e.g., a smarlphone or personal digital assistant
{PDA), a controller, a diagnostic tester, a programmer) that
is connected to the USB port 791 via a pair of TISB data lines
792, The MCU 793 1s connected to an externul crystal
resonant tank circurt 797 for providing an accurate timing
source to coordinate its various circuitry and data commu-
tication ntertrees. A Blucwooth interface 799 provides wire-
less interface capability to an extemal device, such as a
smartphone or other host contruller. and is connected to the
VDD voltage vn node 794. The Bluetvoth interface 795
communicates with the MCU 793 using data/control signals
798. In general, MCU 793 is utilized to store conliguration
information in an on-chip Flash memory tor both the overall
headset and churge transfer system and also provide con-
fguration information that can be transferred to vne or more
of the IPGs. The overall operation of the headset is that of
a state machine, wherein the IPG driver/telemetry block 782
und the other surrounding cirvuitry, such as the buck/boust
circuit 787 und the headset battery churger 789, all function
as state machines, typically implemented within an ASIC.
Thus, when communication information is received that
requires the MC1J 793 to transter configuration information
to the IPG or. alternutively, to configure the heudset state
machine, the MCU 793 will be activated. In this embodi-
ment a state machine is utilized for most functionality
hecause it has a lower power operation, whereas an instnic-
tion-based processor, such as the MCU 793, requires more
powet. It should be understoud, however, that such a headset
can utilize uny type of processor, state machine or combi-
natorjal logic device.

FIG. 18, which includes FIGS. 184 and 180. is a sche-
muatic dizgran of an exenplary PG driver asd 106G elem-
eiry cirenit. sneh oy the IPG Dover sud Telemetry block 782
shown n FIG. 17. While these FIGS. 184 and 1813 euch
represent a portion of the complete FIG. 18 and may be
arrangead next to each other {aligned at the dotted line on
each Hpure) 10 view the entire FIG. 18, the pontion shown on
FIG. 18A muy be gencrally referred to us the IPG driver
cirenit, even though cerlain portions of the PG driver cireni
is shown in FIG, 1803, and the porfion shown on FIG. 18B
may be generally referred to as the IPGr telemetry circuit,
even though certain portivns of the IPG telemetry circuit 1s
shown in FIG. 1BA.
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Referring now to the complete FIG. 18, a purtion of a
charge transter system is depicted which includes a coil
driver 161 for a pair of series-connected charge transter coils
151, 152, and a driver control circuit 162 for the coil driver
161. The coil driver 161 together with the charnge trunsfer
cuils 151, 152 may be viewed as a resonant amplifier circuit
163. The driver control cirvuit 162 provides a1 control signal
on node 114 that serves to tun ofl the coil driver 161 at
times, and to periodically cause energy to be pumped into
the resonant amplitier 163 at other times, as will he
expluined below.

The coil driver 161 may be undemstoud by looking first ut
excitation coil 14 and drver trunsistor 133, In resonant
operation, the driver transistor 133 is periodically turned on,
which drives the voltage of node 134 to ground (labeled
130). Since the excitation coil 144 is connected between
node 786, which conveys u VBOOST voltage, and node 134,
which is now yrounded by trunsistur 133, the VBOOST
voltage 1 impressed across the excitation cuoil 144 and
consequently a current flows through the excitation coil 144,
which current stores energy in the excitation coil 44, The
nagnitude of the VBOOST voltuge muy be vaned (e.g.,
between 1.0 and 5.5 volts) to vary the amount of enerpy
stured 1 the excitution cuil 144 per cycle, to thus vury the
amount of energy coupled to the receive coils (also referred
to as “secondary coils”). Capacitor 145 provides local fil-
tering for the VBOOST woltuge conveyed vn node 786.
When the dniver transistor 133 15 then tumed off the cuerpy

in excitation coil 144 is “pumped” into the 1.{" resonant :

circuit formed by parallel-commected capacitors 41, 142,
143 comected in series with the change transfer coils 151,
152, Resistor 153 represents the parusitic resistunce of the
charge transfer coils 151, 152 and their associated wirng,.

[lustrative wavetorms are shown in FIGS. 194, 19B, and :

19C. In cerlain embodiments, the resonant frequency is
preferably on the order of 750 kHz.

Three separute capucitors 141, 142, 143 ure used to
distribute the peak current that would otherwise fow
through the leads, solder joints, and structure of a sipgle
capacitor. to instead achieve a lower peak current through
cuch of capactiors 141, 142, 143, But in understanding the
operatien of tis circuit. these three capacitors 141, 142, 143
may be viewed as offectively providiug o single resonant
capacitor. When driver transistor 133 is turned on, it is
desirable to drive node 134 to a voltage as close to ground
as pussible, to reduce losses that would otherwise resoit
from a large dramn-to-sourve current and o non-zerv druin-
to-source voltage across driver transistor 133. Consequently,
the drain terminal of driver transistor 133 is connected by
several distinct package pins to node 134,

Driver transistor 133 1s controlled by the output 131 of
buffer 125, which 1s coupled to the gate of driver transistor
133 through resistor 132. The buffer 125 is connected to
operate as an inverting huffer since the non-invering input
IN (pin 4) 15 connected to ¥VOCC (pin 6), and the inverting
mput INB (pin 2) is utilized as the buffer input that is
connected tu node 114, which 1s the control signal generated
by drver control circuit 162. Thus, when node 114 is low,
the output node 131 of buler 125 js high. and driver
trunsistor 133 is tumed on. The ocuiput node 131 15 coupled
to the gate of driver trunsistor 133 throvgl resistor 132 to
limit the peak current charging and discharging the gate
terminal of driver transistor 133, and to also provide {o-
gother with the parasitic pate capacilance of driver transisior
133} iy RO filter for the signal actually coupled to the gate
{erminal of drver transistor 133.
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As mentioned above, when driver trunsistor 133 is tumed
on, it is desirable for node 134 to be driven to a voltage as
close to ground as possible. To Lelp achieve this, it may be
likewise desirable to drive the gate terminal of driver
transistor 133 to a voltoge higher than the battery voltage
VBAT conveyed on node 785. To accomplish this, a lucal
power circuit including diodes 127. 129, 136, 137, and
capaciiors 128, 138, may he utifized.

During crreoi! sturtup, the butter aireuit 125 operates with
its VOO voltuge™ {couveyed on local power nude 126)
essentially & the batiery voltage YBAT, less o small diode
drop through diode 129 The VI3AT voltage may he 3.5-4.0
vols, which is suifient lo operate the batfer 125 w0 provide
adequate output voltage levels on node 131 to sufhciently

5 turn on/off dover trunsistor 133 to nitiate and wshntn

resonant operation. In such resonant operation, driver tran-
sistor 133 1s preforably ruirned off at 2 particular time in each
resopant cycle to pump energy into the resonant circuit, as
will be expluied further below. Euch time thut the driver
transistor 133 is tumed off. the voltage on node 134 nses
quickly as the current through exeitation coil 144 continnes
ro flow o node 134, This rising voltage is coupled throngh
capucitor 138 ontu node 134, throegh divde 136, and onto
the local power node 126 for butler £25. The mugnitude of
the posHive-transitton of the voliuge on node 134 results n
a voltage on bocal power pode 126 that may be as high as 8.0
volts, which is higher than the VBAT voltage, especially
wlen operating in the fower rpe of battery voluge (eg.,
as the battery dischonges). When the voltage of local power
node F26 rises above the VBAT voliage, dinde 129 prevents
any back-currcit oHo the VAT node 783, and Zener diede
127 operates to limit, tor satety reasons, the maximum
voltage developed on local power node 126. Capacitor 128
prowides local filtening on the local power node 126 irre-
spective of whetber the bufler 125 is powered by the battery
{through diode 129) or by resonant operation of the coi
driver cirenit 161 (through diode 136).

The drver controd cireuit 162 generates on output node
E14 o driver control signal that contruls when drver trun-
sistor 133 is tumed on/ofl” Tn resonant uperation, the driver
control signal 114 is preferably @ perindic signat than causes
the driver trunsistor B33 o lum off al a predeteninined time
during each resvnant cycle, und to turn back on ut a luter
time dunig eucl: resonand eycle. to thereby cuuse energy to
he pumped into the resonant amplifier 163 during each
resonant cycle. In addition. al centain tmes the driver conirn]
signal 114 is preferubly dnven high to cuuse the driver
transistor 133 to rum off and remuin off for o time duration
longer than a resonant cycle, which prevents energy from
heing pumped into the resonant amplifier, and thus allows
the resonant amplilier operation to decay and eventually
COHse,

The driver control circuit 162 includes a Sclunii-trigger
NANID gate 108 having a local power supply node 112 (also
labeled 4VF} which is conpled o the battery voltage VBAT
using o std] poise-isolation reststor 120 and o local filter
capactior 13, An mput cireuit inchudes copacitor 107, diede
116, und resistor 111, which together generute u first input
signal on node 109 {NAND input pin 2) responsive to a
TRIGGER signal conveyed on node 106, 4 feedback circuit
includes diode 122, resistors 118, 119, and capacitor 105,
which together generate o second mmput signal on node 104
{NAND input pin 1) responsive to the driver control signal
generated on the output node 114,

To vnderstand operation of the driver contro] circuit 162
during sonual operation of the reseuunt amphifier cirewt
163, usswne that the TRIGGER signal 106 is high, both
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mputs of NAND 188 {nodes H4. 109) are lugh. and the
output of NAND 108 {driver control signal 114y is low.
Consequently. node B34 is high {due to invering butfor 125)
and driver transistor 133 is iyned on, driving node 134 o
grotnd und causing current tu flow from VBOOST (node
786} through the excitution coil 1d4 to pround.

As will be explained in detail below, the TRIGGER signal
oi node 106 is then driven Tow, thus cresting a falling-edge
{L.e. uegative lrnsiton) on the volteee of node 106, Cupaci-
tor 107 couples this negutive transition to node 109, which
is ceupled to a voltoge below the lower inpt thresludd of
Schmitt NAND gare TH8. As o resull. the ontput node 1145
driven high, node 131 is driven low, and transistor 133 is
turned off. This huppens ulmost immediately afier the fulling
edge uf the TRIGGER signal 106.

With the TRIGGER signal 106 still low, the resistor 111
will charge node 109 until its voltage reaches the upper input
threshold of Schmitt NAND gate 108, at which time the
NAND gate 108 vutput node 114 is agan drven back low,
node 131 is driven high, and transistor 133 is tumed on. The
values of resistor 111 and capacitor 107 are chosen, in
concert with the upper and lower inpw thresholds of the
Sclunitt NAND gote 108, 10 determiue the output high pulse
width of vutput node 1314, and thus determne the length of
time that trunsistor 133 1s twmed offl

When the TRIGGER signal 106 is driven hack high. this
positive transition is coupled by capacitor 107 to node 169,
but the coupled chanze is spubbed by diode 110 to prevent
an excessive positive voltupe that would otherwise be gen-

eraled at node 109, and instead maintain the voltage of node 3

109 at essentially e VBAT voltage.

I 1here are po transitdons of the TRIGGUR sigoal 106, the
voltage of nude 109 (NANID tnput nin 2} rewmais bigh. and
the feedback circwit (diode 122, resistors 118, 19, and

capacitor 103} canses the onipul node Fid to oscillate, This

vecurs hecanse the vohtage of node 104 (NAND taput pin 1)
slowly Follows the voltage of the ovtput node 14 due to the
RC cirvunt formed by tw foedback resistors 118, 119 {and
divde 122) coupled between the owtput node 114 and npot
node HM, and the capacitor 103 coupled to node 4 jtseld.
Diode 122 is inchuded so that the paralle] combination of
resistors 118, 119 churges node 104 ufter u pusitive-going
output wunsiion. while ondy resistor 119 discharges node
134 after v pegative-going oblpul transition. This asymmetry
helps keep node H4 nominally very close 1o the VIIAT level
during normal resogant operation. o esscnttally disable the
“wilchdop tlwer™ aspect of this circuit us long as perodic
TRIGGER signuls are received.

The compenent values of resistors 118, 11% and capacitor
105 are preferably chosen so that the self-oscillation fre-
quency of node 114 is much lower than the resonant fre-
queney of operation {and likewise e expecied freguency of
tie TRIGGER signal 106 during resonant operation. us will
be explained in greater detatl below). I some embodiments
the self-oscillation frequency is approximately 3-4 times
lower than the resonunt frequency. This sell-oscillution
provides a suitable periodic conduction path through drver
trunsistor 133 to initiute vperation of the resonunt amplifier
163 vuntil the TRIGGER signal 106 is generated per cycle,
which provides for more efficiesn operation and greater
spectral purity of the resonunt souphiier circuit 163, Resis-
tors 116 and resistor 117 form a veliage divider to generate
on node 115 an IPG_CHRG_FREQ signal rettective of the
actual charger frequency.

A forward telemetry data signal FWDTELEM conveyed
on node 101 is coupled to the gate terminal of NMOS
trunsistor 103, which terminal 13 coupled to ground 130 by
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biasing resistor 102, The operation described thus-far abuve
asswnes that the FWDTELEM signal remains at ground,
and thus transistor 103 remains turned off. If the
FWDTELEM signal is driven high. NAND gate 198 input
node T s deiven 10 grovad. which couses the NAND gute
08 output node 114 o be dnven hiph. imespective of the
second NAND input node 109 This, of course, turns ofl
driver transistor 133 for as long a time as FWDTELEM
rennns igh, sud couses resonant operation of the resonant
wnplitier circuit 163 to decay vnd eventually, if disubled for
u long cncugh time, to ceuse entirely. Then. when the
FWDTELRM signal is driven back low and transistor 103
trns of, the drver control circuit 162 begins to self-
vscillate, thus starting operation of the resonunt amplifier

5 circuit 163 and the eventual generation of the TRIGGER

signal 1#6 to more precisely control the timing of driver
transisior 133, Such resonant “Jock-n™ occurs fairdy quickly.
vsually in only 1-2 cycles. In some embodimems. the
resomant {requency is approxnmutely 750 kHz, and the
Forwvard duta rute iy approximely 10 kHy (Le, a 100 18 bit
interval), and the time required for the resonant amplifier
i63 to decay (when FWIYIHIEM is drven high), and to
re-siurt sud lock-in resonant operation (when FWDTELEM
is doven low ). is o small portion of un individusd bit inerval,
A more detailed desceription of soch forward data trunsmis-
sion, including receiving such transmitied data in a charge
receiving systeni, follows helow,

Asg described above, in numal resonant operation the
negative transition of the TRIGGER signal 106 determines
when the driver transistor 133 is turned ofl’ during each
resonant cycle of the amplifier circuit 163, and the RC input
circuit on node 109 determines how long the driver transis-
tor 133 remuins off. Preferubly the driver transistor 133 hus
u 30% duty cycle (1. turned off 307 of the time). In this
implementation, feedback circvitry shown in FIG. 18 is
utilized that gencrally tracks ibe actval current through the
charge transfer coils 151, 153, and generates the negative-
woinp trayition of the FRIGGER stpnal 106 a1 g vme during
vach resonant cycle when the increasing  instantuneous
charge transter coil current exceeds a predetermined per-
centape of the peak current through the charse ranster cotls
151, 152, Carelul selection of the predetennined pereentuge
inproves the efficiency of resouunt ampliflier operation aad
reduces wawanted hammonic components of the vseillation
trequency.

The generation of the TRIGGER signal 106 hegins with
u current-tu-voltage converter circuit 260 formed by the
series-connected resistors 203, 204 and cupacitor 206
coupled between the HV node 140 (the same node driving
the series-comiected charge transfer coils 151, 152} and
ground 130. Resistor 205 is a biasing resistor. With proper
selection of compunent values, the nstantaneous voluge
penerated at node 202 will be prupurtional to the instana-
necus current through the charge transfer coils 151, 152,
Such may he achieved by proper selection of the resistor and
capucitor values n the current-to-voltage converter cirewit
260 to achieve tlic sume time constant as the inductor and
parusitic resistor values in the churge tronsfer coils. Specifi-
cally, the values are preferably chosen so that R/C L/R.
Retferencing the actual components, this relationship is then
(Rag#Ro VC o0 (Lo 4L . VRp 5, (e, where R,
meuns the value of resistor 203). If this relutionship is
tollowed, the instantaneous voltape at node 202 is an AC
voltage that is proportional to {i.c.. corresponds to) the
instantaneous AC current through the charge transier cotls
151, 152, Normally, this AC voltage on node 202 would be
symmetric and centered arovud the yground voltuge, as
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shown in FIG. 194, but in this embodiment the AC voltage
on node 242 is oflset to a non-negative voltage range by a
ground restore circuit 261.

The ground restore circuit 261 includes an amplifier 207
having o locul power supply node 201 {also labeled 4VH)
which is coupled to the battery vollage VBAT (conveyed on
node 785) using a small noise-isofatton resistor 209 and a
local dilter capacitor 208. The amplitier 207 non-inverting
mput {pin 3} is coupled to ground, and the overting wput
{pit 23 is coupled 10 node 202, A feedbuck circuit meludes
cupacitor 216 resistor 2H. and diode 2120 In operation. this
ground restore circuir 261 translates the AC voliage signal
on node 242 to a nun-negativee voltage signal of the same
magnimde. whose peak low voltage 13 ground, and whose
peuk lugh violtuge s twice thut otherwise generated on wode
202 in the absence of the pronnd restore circuit 261, This
resubting wavelorm for node 202 is shown in FIGL 19A. The
peak voliage al pode 202 may he 2-3 V.

The signal on node 202 is coupled to a demodulator
circuit 262 that includes wnplitier 213, diode 215, resistors
217, 219 and capaciiors 218, 220, Nade 202 is coupled to
the nor-inverting input (pip 51 ol amplificr 213. The inver-
Hie input (M 6} of wnphilier 213 is coupled to the ovutput
wode 214 w achieve operation as a voltage follower. Diode
215 and capucitor 218 penerate on node 216 a volage
corresponding 1o the peak voltage driven onto nude 214 by
amplifier 213 {less a small voltage drop theough diode 215),
and bleeder resistor 217 reduees the voltage on node 216 4
the peuk volluge on node 214 assumes o lower value

corresponding 10 a decrease in the cnrrent throuh the charpe

iranster coils 131, 152, Such a sitvation will be more fully
described helow in the context of hack tefemotry. Tastdy. the
peuk voltuge ou node 21§ is RCO-ltered by mesistor 219 and
cupacitor 220 o generaie on node 257 4 signal huving less

ripple thaw the signal or node 216. This signal on node 287

is then buftered by the bufler 263 which includes an ampli-
Her 221 ¢also configured as a voltage follower) to generme
on nude 222 a wiore robust signal representing the mugni-
mde of the peuk current through the charge trunsfer coils
151, 152, Resistors 230, 233 and flter capacitor 231 gen-
erate a TELEM_CURRENT signal on node 232 having a
scaled magnimde relutive to the peak churge transfer cuil
current represetited by node 2220 In this implementation,
with preferred values of the resistors 230, 233 values, the
THEFEM_CURRENT signal has a magniticde that is one-half
the magnitude of the peak charge transfer coil current.

Compurator 228 is configured to essentially “vompare™
the instuntuneous charge trunsfer coil current against a
percentage of the peak charge transfer coil current. and
generate the falling-edue on the TRIGGER signal 106
duirring cach cyele of resonant operation when the rising odge
ol the mstantaneous charge transfer cotl current nises above
a predetermined percentage of the peak churge trunsfer coil
current.

The voltage signal on node 202 corresponds to the instan-
taneous churge trunsfer cuil current. which is coupled
through resistor 227 to the inverling wput of compurator
228. The peak charge trunsfer coil current signal on node
222 is divided by a resistor divider formed by resistors 228,
223 1o penerate on pode 226 o reference signal representing
a predetennined percentage of the peuk chiarge transter coil
current. Capuciter 224 provides loeal {ilerp to stubilize
this sipnal on node 226. which is compled to the non-
mvering inpui of comparaior 228, When the inverting input
wf comparator 228 rises above the non-inverting input, the
ouiput signad TRIGGER on node 106 1s driven low. as is
depicted in FIG. 19A.
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The *peak charyge transfer coil current™ signal on node 222
varies as one or more secondary ¢oils is de-tuned, such as
would occur to indicate that charging is complete (it such
de-tuning occurs continuously) or to communicate back
telemetry duta {from one of the IPGs (if such de-tuning 1s
performed commesponding to a bit-serial daty stream). The
TELEM_CURRENT signal on node 232 is prefershly con-
tigured to correspond W slowly chanping valios of the peak
change trunster coil current, while the remuining circuitry 1o
the rght ol wnphfier 221 is utilized 1o detect muore frequent
(i.e., higher frequency) changes in the charge transfer coil
current, as would occur during back telemetry of data from
one of ihe IPGs.

The bulter 263 output signal on node 222 15 AC-coupled

s through cupacitor 234 to node 246, which is nominally

hiased by resistors 238, 236 at one-half the 4VH voltage on
node 201, which essentially is the VBAT voltage on node
785. Thus, node 246 has a nominal DC bias equal to
VBAT/2, upon which is superimpused an AC signal corre-
sponding to changes in the waenitude of the peak churee
transfer coil current. This node 246 is coupled to an iaput of
a hand-pass fler/famplifior 264, which meludes an amplifler
237, veststors 239, 241 and copacitors 240, 248, Specifically.
node 246 is coupled o the nop-ipverting input of amplifier
237, Feedback resistor 239 und capucitor 244 ure euch
couplod between the ontput node 238 of amplifter 237 and
the inverting input node 247 of amplifier 237.

The band-pass Alter/muplitter 264 penerates on #s output
node 238 an anadog signal representing received dow, This
analog data signal is coupled through resistor 242 to gen-
crate an apalog “back telemetny” signal BKTELEM_ANA,
The band-pass filter/amplifier 264 also generates on node
245 u reference signal corresponding generally to the nnd-
point of the frunsittons of the analop data signed on node 238,
which is the samwe bias level (e.g., VI3AT/2) as node 246.
This signal is coupled through resistor 256 to generate a
reference “hack telemetry™ signal BKTELEM_REF. Both
the BKTELEM  ANA and BKTELEM _REF signals muy be
conveyed to contrul circuitry (not shown) and may be used
as diagnostic test points.

The gain of the band-pass flterfamplitier 264 is deter-
mined by the vulue of resistor 239 divided by the value of
resistor 241. In certain preferred implementations, the gain
may be equal to 10. The value of cupacitor 240 15 selected
to provide the desired high trequency rollofl; and the value
of capacitor 248 is selected to provide the desired low
Trequency olloff.

The anxdog data signal on node 238 and the unulog
reference signal on node 245 are coupled to a compurator
circnil 265 to generate on Hs output ande 230 a digital sipnal
represeiting the back telemeuy data sigoal. The comparator
ciccoil 265 Inchudes o compurator 249 lwving o local (4VG)
power supply node 254 which is coupled to the battery
voltage VBAT (conveyed on node 785; using a small
noise-isolation resistor 283 and a local Glter capacitor 255
In this implementation, the compurator cirvuit 265 is pref-
erubly configured to pruvide a voltuge gain of 27, which is
determined by the input resistor 243 connected between
node 238 (ie. the output node of the band-pass filter/
amplitier circvit 264) and the non-inverting input node 244
of comparator 249, and the feedback resistor 252 connected
between the output node 250 of comparutor 249 and the
non-inverting input node 244 of comparator 249. The volt-
age of this non-inverting input node 244 is compared to the
data reference voltage coupled to the inverting input node
245 of comparutor 249 to generute vn vutput node 250 the
digital signul representing the back telemetry duta signul.
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This digital signal is coupled through resistor 258 to gen-
erate on node 251 a digital back telemetry data signal
BKTELEM_DIG.

FIG. 20 is a schematic diagram of an exemplary headset
buck/boust cirvuit, such as the buck/boust circuit 787 shown
mn FIG. 17 In this embudiment, the buck/boost circuit
utilizes a4 commervially availuble high efficiency single-
inductor buck-bnost converter circvit 369, such as the
TPS36020 from Texas Instmments, Inc. The YV BAT voltage
conveyed on node 785 is coupled to an input lilter circuit
that includes capacitor 351, ferrite bead 352, and capuacitors
3584, 355, whose output on node 353 is coupled tu a pair of
voltage mput pins VINL, VIN2 of the converter circuit 369.
A single inductor 371 is coupled hetween a first pair of
connection pins L1, L2 (node 370) and a second pair of
connection pins L3, L4 {node 372). The onipmi of converter
circuit 369 is provided on o puir cutput pins YOUTI,
YVOUT2, which are coupled via node 367 to an output flter
circuit that includes cupacitors 374, 375, 376 aud ferrite
bead 380, to provide the VBOOST vollage on node 786, A
precision resistor divider 377, 378 provides a monitoring
voltage BOOST_MON on node 379.

A boost enuble input signal BOOST EN is coupled via
node 35Y to an enuble input EN of the converter cirvuit 369,
and also coupled to an RC-filter circuit formed by resistor
357 and capacitor 336, whose owiput on node 358 is conpled
to a VINA pin (supply voltage for the control stage) and
SYNC pin {enable/disuble power save mode: clock signal

for synchronization) of the converter cireuit 369, The con- -

verter output voltage on node 366 is coupled to o voltage
divider circmit that includes reststors 373, 365 1o yeperate on
node 366 a teedback voltage which is conpled to the FB
input of the converter ¢ircuit 369. A hoost P(" input signal
BOOST PC s coupled via node 3600 tu a voltage divider
adjustment circuit that includes resistors 363, 363 and
cupacitor 364, cuch coupled o node 362, and whose oupot
is coupled to node 366. In this manner the BOOST_PC
signal can essentiully alier the voltage divider mtio o adjust
the output voltage of the converter 369 and thus alter the
YBOOST voltage.

As noted above, FIGS. 194, 19B. and 19C illustrute
voltage wuvelorms of selected signals depicted in the
enibodiment shown in FIG. 18, and also several signals
depicted in FIG. 234, FIG. (94 penerally iHusirios wave-
forms reluted to sensinp the clurge ransfer col! current and
generating the TRIGGER swnal accordingly. The vurious
wavehwns show the charge transter coil current, the I-to-V
Converter 266 nutput signal on node 202 withowt the elfioct
of the ground restore circuil 261, the I-to-% Converter 260
owtpot sigust on node 202 with the effect of the pmund
restore cireuit 261, e demodulator nede 257, the refereuce
node 226 (shown having a value equal to 60% ol the peak
voltage on pode 2573, and the resutting TRIGGHR signal oo
node 166, The ket hutf of the Bgure comesponds 10 a lower
mamtude of charge tronsfer coil current. and the dglt half
of the fgure comresponds to u higher magnitude of cliarge
transter coil current.

FIG. 1933 gencrally illustrates wavetorms related to the
dver contred 162 und the resonunt wnplifier 163, Showu are
the TRIGGER signal on node 106, the resuliing wavetorm
on NAND {08 input 2 (node 109), the NANT3 108 input 1
{node 104), the resulting waveforms on the NAND 108
output node 114, and the buffer 125 output node 131, the
resulting voltage on the druin terminal of transistor 133
{nude 134), and the current through the churge trunsfer coils
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151, 152, The resonant vscillation frequency in this exem-
plary emhodiment corresponds to an oscillation period of
about 1.33 micmseconds.

FIG. 19C peneratly illustrates wavetorms related to for-
ward telemetry operation. The upper waveform illustrutes
the FWHDTELEM signal on node 103 conveying o serial bit
stream data signal conveying several hits of information,
wilh each bit interval. for this exemplary embodiment. being
about 100 microseconds long. When the FWIYTELEM sig-
nal 15 driven lugh at trunsition 322, the NAND 168 mput 1
(node 104) is driven to ground. s shown i the second
waveform, to disable the charge transtfer coil driver 161. As
a result, the previously oscillating signal on the gate node
131 of transistor 133 15 likewise driven to ground, as shown

5 in the third wuveform, which disables the resonant amplifier

163 and couses the charge transfer coil 151, 152 current to
decay and eventually cease, as shown in the fourth wave-
torm. The fifth and sixth wavetorms are described below in
detail with regard to FIG. 224, and illustrate the current in
the receive coil 402 likewise decovs und ceases. resoling i
a corresponding signal vn the negative pesk detector nutput
pode 410, and a resufitng falling wansition 323 on the FWD
TELEM RX DATA signat on node 419 An additional
logical wnversion of this sipual may be easily sccomphshed
to generute a duta signal having the some polarty as the
FWDTELEM signal.

When the FWDTELEM signal is driven low at transition
324. the NAND 148 mput 1 (node 104) charges buck tu a
high level. which allows the driver contrul 162 to agaiu
wseiltate, mitally coutroiled by Hs owi Feedback “wuchdoyg
timer™ operation, and later under control of the TRIGGER
signal. As a result, the gate node 131 of transistor 133 again
exhibits un vscillating signal causing trunsistor 133 to pen-
eddicully “pump” the resonuut amplifier 163, und the charge
transfor coil 151 1582 onee apain oscitlutes. us shown in the
tourth wavetform. As deseribed bofow in detail with regard
to FIG. 22ZA, the current in the receive coil 442 is induced
becuuse of the charge trunsfer coil current, resulting n u
corresponding signul on the nepative peak detector output
node 410, and a resulting rising transition 325 on the FWD
TELEM RX DATA signal on node 419.

N. Implantable Pulse Generator

FIG. 2§ is a block dingram of an exemplary hody-
implantable active deviee 400, such as an implantable pulse
penertor (1PG) device, A receive coil 402 {also referred to
us o secondary coil 402) is connected to o RECTIFIRER block
401 that generates a PWRIN signal on node 408 and an
RFIN signal on node 414. Both the PWRIN signal on node
408 and the RFIN signal on node 414 are comected to a
TELEMETRY/DE-TUNE block 451 that receives a forward
telemetry signal on the RFIN node 414, and which interucts
with the PWRIN node 408 to de-tune the receive coil 402 to
thereby communicate back telemetry information and/or
disuble further energy trunsfer to the receive coil 402, The
PWRIN node 408 is also connected to «a POWER/CHARGE
TRANSFER block 453 thut 13 responsible fuor generuting one
or more internal voltages tor circuitry of the hody-implant-
able device 400, and for transferring charge to a superca-
pacitor 532 und for providing charge to the electrode of vne
or more electrudes 533,

A microcontroller (MCU) 457 provides overall contigu-
ration and communication functionality and communicates
torward and back telemetry information via a pair of data
lines 419, 425 coupled to the TELEMETRY block 451. Data
liie 419 conveys a forward telemetry RX signal, and data
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line 428 conveys u buck telemetry TX siygnal. The MCU 457
receives information from and provides contiguration intor-
mation to/trom the POWER/CHARGE TRANSFER block
453 via control signals PWR CTRL conveyed on contro]
lines 452, A programmuble electrude contrul and driver
block 454 (DRIVERS d54) generutes electrical stimulution
sipnals op each of & group of individval electrodes 455, An
adjustahle voltage generator circuit BOOST 458, which is
covnpled viu sipnals VEUTPPLY (node 430), 8W (nude 433),
and VBOOST DRY (node 438} to comnponents external to
the ASIC 450 {mweluding capacitor 431, wductor 432, and
rectifier block 4373 provides a power supply vollage VETIM
to the DRIVERS hiock 454,

The MCU 457 pruvides configuration nformiation to the
DRIVERS block 454 via configuration signals CONFIGU-
RATION DATA conveyed on configuration lines 456. In
somwe embodiments, the POWER/CHARGE TRANSFER
block 453, the TELEMETRY block 451, the BOOST circuit
458, und the DRIVERS block 454 are all implemented 1 a
single upplication specific mtegrated circuit (ASIC) 450,
although such is not required. In the overall aperation, the
ASIC 450 functions as a state machine that operates inde-
pendently of the MCU 457, The MCU 457 includes Flash
memory for storing configuration data from the external
contrul system (not shown) to ullow o user to downloud
contiguration data to the MCU 457. The MCTJ 457 then
transters this contiguration data to ASIC 430 in order to
configure the state mochine therein, In this munner, the
MCU 457 does not have to operute tu generute the driving

signals on the electrodes 455. This reduces the power :

requirements. Other embodiments may implement these
three functional blocks uwsing a combination of multiple
ASIC's, off-the-shelf mtegrated circuits, and discrete com-
ponents.

Charge transter is monitored by the ASIC 450 and ;

adjusted to provide the most efficient charge transfer con-
ditiems and limit unnecessary power dissipation 10 provide a
cunstant current to the sopercapucitor 532 and clectrades
533, Preferuble conditions for cliurping the supercapacitor
inchide a charging voliage of approximately 4.5V for most
vibcien! energy transior (with a puimimum charge volage of
about 4.0 VY Adsol it s particolarly desirable to wointyin a
constand change transtor cumment iuio the supercapaciton i a
charging charge trunsfer operution durig thie eniire churge
transter time, even as the hattery voltage increases as it
charges. Preferably this constant charge transfer current is
about C/2, which means o charging current that is one-half
the value of the theoretical current draw under which the
supercapacitor would deliver its nominal rated capacity in
one hour. To accomplish this, a variety of scisors and
monitors (not shown) may be included within the body-
nupluntable device 400 to micasvre power levels. voltages
{including the huttery volage dselt), charge truusfer curreut,
and one or pore miernal lempuoratures.

As a further description of the overall operation of the
IPG. the general operution 1s that of u state machine utilizing
the ASIC 450. In general, the MCU 457 15 utilized as un
mnstruction based prucessor for communicution and configu-
ration operations. The state machine 450 is more efficient in
carrying out a simple repetitive program, once configured
and initiuted. Thus, in operation. the state machine or ASIC
450 is normully nunniig ihe stinnilstion program und con-
trolting the current 10 the lead 535 and the varions elecironic
connections 485 During the operation of the state machine,
however, there are certain times when information has to he
trunsmitted buck to the headset in order to chunge, for
example, the transmittal power level. As noted hereimubove,
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it is important to minimize the amount of puwer that 1s
transmitted across the dermis to the c¢oil 402 in order to
minimize heating. Thus, it is important to keep the voltage
level on the node 408 as low as possible while maintaining
the system in constant current regulation. Current regulation
is monitored and. when the system gues out of current
regulation due to the input voltage 408 falling, a request is
sent back to the headset to increase the power transferred.
This requires the state machine 450 to wake up the MCU
457 w effect the communication. Ouee corrent regulution is
achieved. it 15 then not necessary o Iave the MOU operating
and it will be placed into a “sleep™ mode of operation.
Whenever configuration Information is requitred to be sent io
the IPG from the headset. the headset then sends a request

3 to the IPG, which wakes up the MCU 457 The MCU 457

then services this request and downloads conliguration
information to the internal Flash memory, a nonvolatile
memory. The contiguration is stored in the MCU 457 and
then the MCU 457 uplouds the configuration data to the
ASIC 450. Thus, the MCU 457 is basically utilized for the
communication opcralion with the headset and also as a
repository for conmfigiration information for the ASJIC 456,

Referring now o FIG, 22A. there 1s ilhustrated o Hve block
diapram of the 1PG. As noted berelnabove, there is provided
vverall state maclune 460 to control the vperution of the
system ko coptrol drivers 1o provide a constant curent feved
to electrodes on any one of multiple leads 535 or 536. The
driver 454 is provided cumrent through o current controlled
repilator 439, The power level s sdiustied vig communica-
Hoin with the headsel to adjust the power transterred to the
coil 402 vary the voltage out of the rectifier block 401. This
current controlled regulator 459 is controlled to both charge
und meontain charge on the supercupacitor 532 and also
provide current to the driver 454, Once the supercupacitor
532 is charged, and the current required by the driver 454 is
miore than can be provided hy the supercapacitor 532, the
driver 454 receives all of the power from the headset across
the coil 402, As long as the voltage level un the node 408 15
at a sufficient level to muintuin current regulation in the
regulator 459, current can be provided at the appropriate
repulated level. However, it the voltage level increases at
node 408, heat will be dissipated n the regulwor 459
visecessarily, Therefore, communication s womtaied with
the headset to wamize the amount of power transferred 1o
fower the voltage on node 408 1o o point (hat is high enough
to maintain current regulation but no higher. Thus, when the
voltage required to drive the coil on the beadset side 1s
lowered, the regulaior 459 falls out of regulation. at which
time. the request will be sent back o the headset W increase
the power in order 1o just maintaia the necossary voltage on
mode 408 to maimain current regulation for a particular
peurostitiation program being run,

Referming uow o FIG. 22R. there 1y ilbustrated o Howchart
depicting the overnl] operation of munning a program, which
is inittated at a Start block 802, The program then flows (o
u decision block 804 tu determine if a program has been
initiuted va the IPG to provide stimulation to the individual.
If s0. this will then require the electrudes to be driven with
a constant current. Until a program is initiated, the process
goes to block 806, where the amount of power required to
maintain the IPG in 4 low power mode is minimal. This can
be fucilitated by meuintaining the supervapacitor 532 in u
charge configuration. The supercapacitor 532 is a type of
capacitor that functions as a hattery in that it will maintain
a small, charge their own for short duration of time. When
the system is initinlly tumed on, there will be no power to
the unit and the supercapacitor 532 must be charged from u
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zero value. Thus, the system is placed into an initial Power
1Ip mode of operation to power on the MCTJ 457 and the
ASIC 450, at which time the current is limited to the
supercapacitor 332. Once power is at a sufficient level to
power the MCU 457, charge will be delivered to the
supercapucitor 532, but this will be delivered at u maximum
current level to ensure that the amount of charge transter
crossed the denuis to the coil 402 is minimize to reduce
heating, Once the supercapacitor 532 1y churped, then the
system will go into o ponnal eperating mode and, 1 there 1y
ae stimululion progeam that bs required o be rn at that time.
MCTJ 457 will put into a sleep mode and the coil 402
detuned to climinate power transfer thereto, such that all
puower pruvided mn the sleep mode s provided by the
supercapacitor 532, As the charge fulls un the supervapacitor
£32, the coil 402 will be tuned to allow power to he
transterred to the IPG from the headset. This will maintain
the supercapacitor £32 in a charged state. In the event that
the headset is removed, and tuning of the coil 402 in order
to ullow charge to be transferred results in no churge being
transterred, this indicates a possible powerdown mode. All
compliments we placed in their lowest power mode to
ensure thut the supercapacitor 532 can maintain the IPG in
a low power sleep mode for as long as possible. Since ull
configuration duta for the ASIC 450 is stored 1 the MCU
487, tt ks not necessary to modily the conliguration data. as
it can always be uploaded back to the ASTC 450 in the power
of mode. The supercupacitor 532 is provided to allow the
IPG to be muintuined in a low power mode for u short

diration of time, UL for example. the 1PG were in the middle

of a stimulation program, delivering current to the elec-
trodes, and the headset were remuved, then the ASIC 458
would terminate the program to prevent udditional current
frum being drawn from the supervapacitor 532,

Once the program is initiated, the program will How to a :

function block 808. This will result in constant current heing
delivered to the select electrndes on the lead 535 by the
drivers 454 in accordance with the stimulation prograni. The
stimulation program could activate certain electrodes on the
lead, deline certain electrodes as cathodes or anodes or
isolate certain electrodes and also define the amount of
current that 15 the beinyg delivered to a particular electrude,
the waveform that 1s been being delivered theretu, ete. The
program then flows to a decision block 810 in order to
determine if the current is at a defined current threshold. If
the current is helow current threshold, ie., the amount of
puwer being delivered necessury to maintain current regu-
lation, ASIC will recoymze that the current regulutor has
fallen out of regulation and move to function block 814,
where the MCTJ 457 will aflect a transmit of a request to
raise the power at the headset in order to increase power
transTer to the cotl 4020 1 may be that other 1PGs have sent
4 request to lower power. but eucl IPG will imdependently
request g higher power w maintain cyrent regulation or its
drivers. I bowever the current s not below the threshold,
the process moves 1o block 812, where the MCU 457 will
trunsmit o request to the headset to lower the headset power
and power trunsler. In some embodiments, function block
812 is optional, and the headset may, on its own, lower the
power if, atter a certain period of time, none of the IPGs
huve requested increased puwer. The heudset will lower the
power only if there is no request tu increase power from
other IPGs. This, of course, may result in a higher power
than is necessary for the input of the current regulator at the
requesting [PG, but it is only imporiant that the IPG requir-
iy the most power trunsfer be serviced by the headset and
the power trunsler maximized for thut IPG. As soon us un

.
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IPG gues ntu a sleep mode, it will no longer send requests
tor power level increases or decreases and the headset will
recognize this and periodically decrease the power. If the
power goes too low for a particular IPG, then that IPG will
indicate to the headset that the power needs to be ncreased
ut the headset and the pow er trunsfer increased. Once current
regulation is established, the program flows to a decision
block 816 to detenmine it the nevrostimulation program at
the IPG has been terminated. I so, the program fows tu a
Retum bluck 818 und, if not. the program flows alonyg o “N™
block back to the input of the function block 808.

FIG. 234 is a schematic diagram of an exemplary REC-
TIFIER block 401 and TELEMETRY/DE-TTINE block 451,
both such us those shown i FIG. 21. The exemplury

s RECTIFIER bicck 401 includes a resonunt half-wave rec-

tilier circuit 421 and a half-wave data rectifier circuit 422.
The resconant half-wave rectifier circuit 421 may be viewed
as an “energy receiving circuit” and the half-wave data
rectifier circuit 422 muy be viewed us a “data receiving
circuit.” The exemplury TELEMETRY/DE-TUNE block
431 includes a current mirror circuit 42, and a de-tuning
transistor 424.

The circuitry depicted 1 FIG. 23A may be viewed as a
portion of a clurpe receiving system wluch includes u
secondary cotl 402, wt eneney receiving cireuit (421), and o
data receiving circuit {422). The resonant reciifier circuit
421 includes diode 405, capacitor 404, and capacitor 407,
which, together with the secondary coil 402, vperates as a
resonant half-wave rectifier circuit. When the secondury coil
402 is disposed in proximity to its associated charge transter
coil, such as one of the charge transfer coils 151, 152 (see
FIG. 18), during a time when the resonant amplifier 163 is
vperating. the charge trunsfer coil und the secondary coil
may be inductively coupled und may have. with carefiil
design of the cuils and reasonably close plivsical proximity.
# Q that approaches 100, Consequently, the resonant ampli-
fier circuit 163 and the resonant rectifier circuit 421 will
vperate us u resonant Class E DC-to-DC voltuge converter.
During such vperation. energy 1s coupled to the secondary
coil 402 due to magnetic induction.

This induced energy in secondary coil 402 is manifested
us u sinusoidal voltage on node 403 thut traverses above und
below the ground reference level on node 440. This AC
voltuge on node 403 15 half-wave rectified to provide u DC
voltage on node 408 that may be vsed to provide power to
hoth operate and/or charge the supercapaciior (it present)
within the [PG. Specificully, becuuse a single diode 405 15
used 1 this circUil, and due to the polarity of this diede. only
the positive voltage transitions on node 403 are reciified.
thus creating a positive DC voltage on node 408. A zener
diode 406 is coupled between node 408 and ground to
prevent an excessive positive voltuge from being generuted
ut node 408,

The ahove description of the resonant rectifier circuit 421
and its half-wave rectifier circuit operation has assumed that
trausistor 424 remains off. Tlus ensures thut the @ of the
combined primury chiurge trunsfer coil 151 and the second-
ary coil 402 remains high, and energy is efficiently truns-
terred. However, if transistor 424 is tumed on {when the
DE-TUNE/BACK TX DATA signal on node 425 is high),
the secondary coil 402 is “de-tuned™ which sigmficantly
reduces the () of the resonuut circuit, and thereby reduces
charge transter and thus reduces coupled power into the
secondary coil 402, This may be usetul at times to reduce
power, such as when the supercapacitor has been fully
clurged or when no charge delivery is required. It 15 also
useful to murn on transistor 424 to communicate back telem-
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ctry information to the charge trunsfer system. Analogous
back telemetry operation is described above in reference to
FIGS. 144 and 18, and corresponding wavelorms are shown
in FIGS. 1413 and 194,

The duta receiving circuit 422 includes diode 409, cupaci-
tor 411, und resistor 412, which together muy be viewed us
a negative hali-wave rectifier circuit or negative peak-
detector circuit. Irrespective of whether the de-tune transis-
tor 424 1s uctive, the generated voltuge on node 410 corre-
sponds tu the peuk nepative voltage of the sinusuidal voltage
signal on node 403, If the peak negutive voltage increases in
magnitude (i.e., hecomes more negative} over multiple
cycles, the dinde 409 will quickly drive node 416 to a
correspondingly more negative voltage, and capucitor 411
serves to maintuin this voltage. Conversely, il the peuk
negative voltage decreases in magnitude (i.e., becomes less
negative) over multiple cycles, the resistor 412 will drive
node 410 to a correspondingly less negative voltage, The
value of resistor 412 und capacitor 411 may be chosen to
provide a response time that is consistent with forward
telemetry data rates. Exemplary forward telemetry data rates
may be on the order of 10 kHz.

The data receiving circuit 422 together with the current
mirror circuit 420 generates on node 419 o signal FWD
TELEM RX DATA reflecting the forwurd telemetry received
data. The current mirror 420 is powered by a VDD voltage
conveyed on node 417, and generates a relference current
throuygh resistor 413 und P-chunnel transistor 415, wlich is
mirrered by P-channel trunsistor 416 to generate a current

through resistor 418 which generates a corresponding volt- :

age signal on node 419, Depending upon the carrent gain of
the current mirror 420, node 419 mov bhe either driven
virtually all the way to the VDD voltupe {less a Voo o
voltage of trunsistor 416), or wwy be pulled by resistor 418

well toward ground, to genemte a “quasi-digital” forward ;

telemetry receive data sighal. Additional digital regeneration
circuitry (e.g., within the ASIC, and wet shown) may be
employed to create u truly digital data signul.

FIG. 23B generally illustrates voltuge wuveforms of
selected signals depicted in the embodiment shown in FIG.
23A. In particular, waveforms are shown for the induced
voltage at node 403 {one end of the receive coil 442). the
DE-TUNE pate sigitul on node 425, the PWRIN sipusl on
nede 408, the negative peak detector signal ou pede 4106, and
the current mirror minpur node 419, The lefl portion 471
corresponds 10 the recelve coll 402 being “tuned™ 10 transfer
charge. the right portien 472 cormespeads o the reeeive coil
402 being “de-tuned™ 10 hibit change truusfor, in response
to the transition 473 of the DE-TUNE gute signal to a high
level, as shown in the second wavetorm. This high voltage
level ims on transisior 424, wihtich gronnds node PWRIN,
as shown in the third wovelonn, and likewise “clamps™ the
voltuge ou node 483 to u siall positive vollage 474 due o
diode 405, while not affecting the negative induced vollage
475 op node 403, and similarty withow aflecting the nega-
tive peak detector voltage on nude 410 and the voltage on
current mirror vutput node 419,

The nghtmost portion 476 of the fignre shows the nduced
voltage in receive coil decaying when the resonant amplitier
in the external charge transfer system is disabled. This could
oveur becuuse the eternal charge trausfer system trned off
its resonant mnpliier i respouse to delectiug o long term
de-tunmg of the recetve eoil w the body-wplantable active
device (i.e.. when charge ransfer is uo tonger desired). This
contkd alsu oceur 9 response 1o a back telemetry commun-
cution culling for charge transfer tu cease. ‘This could also
oceur merely because anuther bit of forward telemetry
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infurmation is communicated. fn any of seclt possible situ-
ations, ilw resonant amplifier 163 is disabled. which allows
the resonant operation (and AC currend throngh the charge
transier coils) to decay. and as o resuli the induced pegative
voltage i node 403 of the receive coil likewise decays. as
shown by waveforms 477. This cavses o cormesponding
decuy inthe vollupe ol negative peak detecior uode 414, und
an evepmial change of state 478 of the currewt mirror output
node 419,

FIG. 24 15 a schematic diagram of porioms of an adjust-
uble vollupe generator cireuit, such us twe adjustable voltoge
penerator circuit BOOST 458 shown in FIG. 22, and par-
ticulurly highlights the extermal components to the ASIC

. 450, in accordance with some embodiments of the invention.

In this embodiment, a VSUPPLY voltage generated within
the ASIC 450 and conveyed on node 430 is coupled to filter
capucitor 431 and inductor 432, The other end of the
inductor 432 i1s coupled via node 433 to the drain terninal
of switch transistor 439 within the ASIC 450, which s
controlled by a BOOST CTRI signal comected to its gate
terminal. A pair of dindes 434. 435 and capacitor 436
togethier form o rectifter block 437 and serve to rectify the
SW signul voltage un node 433 and thus generute the
VBOOST DRV voltage on vutput node 438,

FIG. 28 is a diagram representing a headset 380 that
includes an external charge transfer system 581 for two
separate hoedy-nnplantable devices, eacl: imiplanted behind o
patient’™s respective left and ripht ears. Bach of the body-
implanizble devices may be a head-Jocated newrosthnulator
systom. such as that described below. The charpe transtfer
system 581 is connecied o a pair of hemxdser coils 382, 592
by respective wire pairs 583, 593 When the headset 580 15
worn by o puttent. the headset cotls 582,592 {charge transfer
cotls} are placed it proximity w0 Hie corresponding receive
coil 584, 594 in cach respective IPG.

The exemplary headset 580 includes an IPGS drver,
telemetry circuit, a microcontroller (MCU), u buttery, and a
Bluetooth wireless mterfoce. The heudset 580 muy also
communicate with a smartphone or PD A 596, for monitor-
ing and/or programming operation of the two head-located
netrustimulator systems.

FIG. 26 depicts two implanted IPGs with leads to cover
both sides of the head. Prominent here are Fronto-Parietal
Lead (FPL) 268 and Oxcipital Lead (L) 3054, which lie
within the subcutanecus laver 82. The two structures are
numbered dentically with respect to their compliments, and
they are implanted identicully, one on the left side of the
lead and one on the right side of the head, as described
above. Also illustrated is zygomaticotemporal nerve 62 and
the supratmchlear nerve 72.

FIG. 27 depicts one implunted IPG with leuds to cover
both sides of the head. In this embodiment, the FPL 204
extends from the IPG 10« on one side of the head around the
parietal region on that side of the head, the two frontal
regions and en the parietal regton on the opposite side of the
head such thut there are two PHAS 26, two FLEAS 25 and two
OEAs 35, This. of course, requires an incision to be made on
ihe wemporal region on the side of the head on which the PG
L is implanted and a frontal incision made o allow the FPA
24 to be routed to and in o frontal cision and then to a
temporal incision on the upside the heod and fiudly o dwe
parietal region on the upside the head. This is the same with
respect o the oceipita) lead 36 that mast be routed through
possthiy an additiopal acetylene meision of the back of the
head, All that 1s required iy the ubility to route purticular
leads to the respective regions proximate the nerves asso-
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ciated therewith. This will allow u single IPG 18 to cover
two frontal regions, two parietal regions and two occipital
regions.

The exemplary headset 580 includes an IPG driver, telem-
etry cirvwitry, a microcontrolier (MCU), a battery, and a
Bluetvoth wireless terfuce. The headset 580 may also
communicate with a smariphone or PDA 596, tor monitor-
ing and/or programming operation of the two head-located
nevrostimulator systems.

0. First Embodiment

The lirst embodiment provides for a system that incorpo-
rates one or more of the features outlined above and cludes
a heud-mounted, radiofrequency coupled, unibody neurv-
stimudating system comprising an IPG 10 and at least two
nenrostiniutating leads (FPL 20 and OL 30} The system
may be implanied in a manner such that the TPG 10 and two
lewds 20, 3 are disposed as illustruted in FIG. 5, FIG. 6,
FIG. 7 and FIG. 9. The IPG 10 is cupuble of, vin a
radintrequency couple. hnctionally connecting to and com-
mugcating with an BOL 1. which honses a power supply,
as well us electronie componeuts that provide for disgnostics
and programming functiomshy,

ln this embodiment. the keads are construcied oy deseribed
above and as depicied in the drawings. The FPL 20 is
approximately 26 cm in Jength rom s proximal end 22 o
s distul end 21, The FPU 20 Las o distad non-stimudating tip
of upproximately 3 mu n length that abuts the FEAL which

may have ten SMT: 24 unitormly disposed over approxi- :

mately 8 cm. This is followed by an inter-array interval 27
of approximately 4 cm. then the PEA, which may include
ciglit SME 24 unifonuly disposed over approximately 6 cm.
and fnally o proxmnat lead sepment 220 that cuds at the

proximal end 22. where the lead transitions to the TPG 1 ;

and the lead internal wires 29, 38 connect to the ASIC 13.

In this embhodiment, the occipital lead may comprise a
plastic budy member 39 vver which six SME 34 muy be
disposed umfonmly over approximately o 10 ¢m length of
the lead, and the lead terminates in approximately a 3 mm
distal pon-simulating tip 33,

In this embodiment. the IPG 14 comprises the elements
described above and depicted in the drawings. including un
ASIC 13, an internal magnet 12, and an imternal radiofre-
quency receiver c¢oil 11, which all may be housed in a
medical grade metal can with plastic cover 14. In this
embuodiment the dimensions of the IPG 10 measured ulong
the outer surface of the plastic cover 14 may be approxi-
mately 5 ¢cm by 3 cm by 0.5 mm.

This is more fully illustrated in FIG. 34 the wmplantabie
pulse generator 10. The ASIC 13 is compased of multiple
chips disposed on u substrute or supporiing PC board 13
The coil 11 and the moguet 12 are disposed on g similur PC
board 11" tor support ihereof. They are comiected together
by connecting wires 12" for providing power hetween the
coil 11 and the ASIC 13. IT the coil 11 is dispused in the
distally disposed body 10", the wires in 12' are run through
the lead 20" illustrated n FIG. 1B. On the vppusite end of the
PC board 13" from the wire connection 12', there are
provided a bundle of wires 29, associated with the FPL 20,
for exumple, although the wires 38 associated with the OL
30 are not illustruted. This bundle of wires runs through the
proximal end of the lead 20. The plastic cover 14 is
comprised of a medical grade plastic, formal coating that
covers the entire surface of both the coil 11 and the asso-
ciuted structures and ASIC 13, The magnet 12, although not
shown, can be dispused within an vpen well within the cover
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14 to allow removal thereof. This 1s typically done whenever
a patient is subjected to an MM, requiring the removal of'the
magnet and reinsertion of it at a later time. The cover 14
extends downward along the lead 20 to provide a seal
therewith and o distal end 24" This provides a umbody
constnictzon. such that the proxiwsl ends of the leads 29 are
attached to the PC hoard 13 during manufacture and then the
coating 14 applied thereto.

Tuming to FIGS. 8 and 9. the system includes an ECTJ
100, which functionally couples to the IPG by a rudiodre-
guency couple mectmmisne, The purpose of the TCE Hidhs
ey provide power to the nplanted unit, as well as progran-
ming and diagnostic functionality.

ln this embodiment. the system 18 capuble of handling a

3 program fron e BECL PRt inclodes such pannicters s

pulse amplitode, frequency and polse width.

In this embodiment, the FCU B8 s positioned “hehind
the ear™ and held in place by an ear clip EH10. The ECU's
EBC 1120 contains the nwin electronics and battery, along
with the necessary circuits. the electrical output of which is
channeled via the external RF coil lead 1130 to the external
RF coil 1141, which is held in place over the corresponding
internal RF receiver coil 11 by extermal and internal magnets
1142, 12. By an RF coupling mechanism, the ECU 100 15
capable of providing power. as well as overall unit contrul,
including programming and diagnostic functionality.

P. Altemate Embodiments

There are multiple altemate embodiments that preserve
the features of the neurnstimulation system disclosed herein,
which thclude varations in the dimensions of the fronto-
parictal and ocetpital leads which, slong with their respec-
tive surface mwetal electrode armays, extend w cover multiphe
regions of the head. In various embodiments, the spacing
and dimensions of the elecirode array(s) may be constant, or
the electrode arrays may be specifically desigued with
respect o electrude type. dnnensions. and kevout Tor improv-
ing the therapeutic eflectiveness.

Other embadiments may tnelude variations in the design
of the external comtrol unid. For example, instead of securing,
te the bead via an car clip wechouisi, it may secure through
un “ear mefls” type of mechonism,

Other embodiments may clude vanations m the design
and location of the internal KEF coit and internal magnet with
respect to the location of the IPG proper. In our primary
embodiment here, the IPG is disclused us having two
lobes -one for the ASIC and the vther for the mnternal RF
receiver coil and magnet. In one example of an alternate
emhodiment, the IPG may he provided as a single lobe,
which houses the ASIC, intemnal RF receiver, and intemal
muynet together.

In another example of an alternate embodiment, the
internal RF coil/magnet may be located some distance from
the leads and 110G proper and be functionally connected by
att extended feud containing interual conuectmy, wires. This
wibodiment would allow for the RY coil/magnel component
te be focuted at various locutions in the bead. neck und torse,

Thus, the disclosure comprises extended clectrode array
designs (two or more regions by a single tead). andfor
multiple urrays and optimized mtra-urray electrode dispost-
tions. The disclosure ulso comprises lead configumiions.
which include the capability of @ modular lead desipn that
provides for poris on either the standard FPL or Ol In
ancther embodiment, the IPG receive additional separate
leads. if and as necessary either at the time of initial implant
ur in the future.
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Further, the lead lengths, along with the specific techmical
makeup aud dimensions of the individval surface metal
electrodes and electrnde arrays, may be varied to include
mare or less than three unilateral regions of the head
{occipital, padetal, and frontul) contempluted by the frst
embuodiment. For example, o single IPG muy energize and
contrul multiple additiona] leads of vurying lenyths that
ultimately could be disposed over virtually every region of
the head and face hilaterally.

At least two electrodes may be included per region, and
while the first embodiment calls for a total of 24 electrodes
disposed vver three armays covering three different regions of
the head—the occipital, parietal and frontal regions -there
is no absolute limit to the maxim number of electrodes.
Similarly, while the lirst embodiment calls for three elec-
trode arrays. the disclosure conteraplaics two. or even one,
array {50 long as the array covers at least two regions ). There
15 also po Honting moexamum for the ninber of arravs, Also,
there muy be multiple vanutions of design within euacly
separate array, including for example, varations in the
number, dimensions, shape, and metal composition of the
individual electrodes, as well as the distance and constancy
of distunce between electrudes, within each armay. Further,
euch aray muy huve the same or completely different
designs.

While the neurostimulation system has been described for
implantation as u peripheral neurostimulator in the head and
for heud puin, it is cupable of being implunted and used as

a peripheral nerve stimulator over other regions of the head :

and face than described above and also over other peripheral
nerves in the body.

Certain cruhodiments muay meorporate an adiusiable vole-
age peneralion circuit {e.g.. a buek/boost cirvuit as shown in

FiG. 17 and FIG. 20} that utilizes a local power supply -

voltage, such as a hattery voliage, to generate a VBOOST
voltage that is typically higher to voltage than the local
power supply. However the VBOOST voltage in certuin
embodiments my be higher or lower thun the local power
supply voltage, depending upon the hattery voltage, the
desired energy transfer io the hody-implanted active
devices, and other factors.

Q. Operation

When functioning, the implanted nevrostimulator is tunc-
tionully connected to the ECU by an RF couple. the nternal
circuit of lead internal wires 1s connected to un IPG. and the
SME of the various arrays are programmed to function as
anodes and cathodes. The generated electrical pulse wave
then passes tfrom the ASIC of the IPG to the associated
mntermal lead wire and ultimutely to its ussoviated terrminal
surface metal electrode. The current then passes o short
distance from the subcutanecus tissve to a contiguous. or
nearby. electrode, wherehy it passes hack up the lead Lo its
associsted proximal metal contaet. and then back 1o the 1PG
to complete the cireoit. The penerated pulse waves puss
througl the subcutanecus tissue between two tenniual elee-
trodes and stimulate the sensory nerves of the area. When
active, the (i may be progmmmed {0 produce continuos
sertes of pulse waves of specified frequency. muphitude. and
polse width, It 1s this series of pulse waves actively stunu-
tating & patient’s locally associated nerves that underpins the
therapentic effect of the implanted unit. The electrical pulse
wave then passes {rom a connected proxinal surlace metal
contuct, along the ussociated inernul lead wire, and ulti-
nuately tu 1ts associated terminal surfuce metal contact.

.
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Referring now to FIG. 28, there is illustrated a headset
1902 disposed about the cranium for interfacing with the
two implants e of FIG, 26. The headset 1902 includes
right and left coupling coil enclosures 1904 and 1906,
respectively that contain coils coupled to the respective coils
in the unplants 10a. The coil enclosures 1904 und 1906
itterface with a main changer/processor body 1908 which
contatns processar cirenitry and batteries tor hoth charging
the mternal battery in the implants e and also commum-
cating with the implusts Ba. Thus, in operation, when a
patient desires to champe thew implants 10, all that s
necessary is to place the headset 1902 about the cranium
with the coil enclosures 1904 and 1906 in close proximity to
the respective implants 104, Tlus will automatically effect

5 charging.

Referring now to FIG. 29, there is illustrated a diagram-
matic view of the power regulation system at the IPG. As
noted hereinabove, the original rectified voltage is the “raw™
voltage that 13 received frum the headset via the inductive
coupling. This is provided on the node 408. As noted
hereinabove also. this drives the cumrent repgulutor 459,
which is operable to oulput & regilated current on a node
2962, This 1 operuble to dove the sepercapacitor 332, with
the voltage noted us Vg, For the overal! storoge voliage. it
being understood that the supervapacitor 532 could be
replaced with a regular battery. The current regulator 459 is
a Jogic circnit that will operate on any vohage. Thus, when
the voltuge is imput therete and dses above g predetenuined
threshold voltape above which the repnlutor 459 will munn-
tain cnrrent reguilation, the cwrrent provicdled to the node 29602
will be regulared at, 1 an excmplary disclosed embodiment.
30 mA. This is wilized 10 charge the supercapacitor 532 and
e minimze the moaximum cutpat current that cau be suked
tu the supercapacitor 532, The reason for this is to minimize
the amount of power delivered through the inductive cou-
pling to the IPG. It there were no limit on the amount of
eurrent, then the supercapacitor would be chamed at & very
hogh rote miislby unti! 0 reached s maxnnn charge of tee
valiage apphied. Thos. the curremt regulator 459 15 operable
to charpe the supercapacitor 332 up 0 1ts maximum charge
level, which will be the maximum voltage applied on the
node 2902, As will be described hereinbelow, the voltage on
the nude 408, the induced voltage, Viuprezn Wwill be
maintained at a level that will be sufficiently abuve the
voltage on the node 2942 to maintain current regulation.
This 15 (ypieally a valtage 0f 1.0 Volts, but this depends upon
the design of the current regulitor 459, There s also
provided o resister 2904 disposed iy series between the node
29682 and e upper plate of the supercapaciior 532, This is
an ajleruative current sensing resistor which has a very small
value of, for example, (.1 ohims. By measuring the voltage
ucruss this resistor 2904, a measurement of the curmrent
delivered directly tu the supervapucitor 532 can be deter-
mined. Additionally, there are provided to sensing lines 2906
and 2908 for measuring the voltage across the current
regulator 459, With knowledpe of the vohupe drop acruss
the current regulator 459 required o mantain regulation. it
would then be possibie o maimain the voltuge on Qe nede
408 slightly st or above that voltage in order to maintain
current regulation. Of course, as the supercapacitor 532
charyges, the voltuge will increase, requiring the voltage on
the node 408 tu be increused.

The CP1J 457 and the current driver 454 (the current
driver being realized with current DACSs) are logic circuits
that required a fixed operating voltage, below which they
will nut operate. Thus. there is provided a hnear reyulator
2910 which 1 operuble tu provide an vperuting voltage.
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¥ pp Tor operuting ull of the jogic ciewit and the current
driver 454 in the ASIC. When the voltage falls below V1.
the logic associated with the circuits will not operate and that
they will he placed into some type of hibemating or sleep
mode. When the voltage un the supervupacitur 532 nises
above the level thut allows the lineur regulutor 291¢ to
regulate the voltage to Vg, the CPU 457 will go into a
Power Lp Reset mode ol operation and injtiate the operation
of the PG to run the progrimwned shamlstion. OQuee opera-
tional, 1t will ulsu be uble to communicute with the headset
viu the transceiver 451.

During operation, the CP1J 457 is operable to detennine
the various voltages associated with the current sensing
operation. The minimum that s required is to sense the
voltupe on the Haes 2986 uud 2908, These voltages ume inpat
W0 ANDCs 2944 to provide » digital vehiage for the CPL 457
tor encade and transferred 1o the beadset, As noted shove, the
resistor 2904 could be an alternate current senstng etoment
that mwesures the direct current to the supercapacitor 532.
Additionally, it is desimble w sense the current 1o the coman
PIACs 484 hoth to the anodes via g sensing resistor 2920 and
{rom the cathodes via a sensing resisior 2922, Each of these
has un assoviated set of sensing lines that are mput to un
associated one of the ADCs 2914, Thus, the CPU 457 can
provide to the headset voltuge nformution regarding the
voltage drop across the current regulator 439, the voltage
drop across the sensiog resistor 2904, the voltage drop
across e sensuy resistor 2920 and the voliage drop across
the sensing resistor 2922,

In operation, the supercapacitor 532 is charged vp and :

provides the necessary driving cument to the rest of the
circuit during vperarion. Durtng operation of the IPG and
drivigg of the electrodes . -E 1o provide the stimoelation to
the associated nerves., current is drawn off of the superca-

pacitor 532 by the logic circuitry associated with the CPU :

457 and the ASIC and also by the driving current required
to drive the electrodes. The maximum current for this is
approximately 3.0 mA. Depending upon the size of the
supercapaoitor 532, there will be o finite time within which
the supercapaciior 332 will require additional charge to he
provided by the cwrent regular 459, lnitially, upon connec-
fronn of a headsed, the supercapacitor 532 wigiit have un
operation wlere it is desirable to quickly charge the super-
cupacilor 532 to the maximum voltage. Afier this initial
charge. required in order to get the PG up and running
quickly, any replenishment of this charge might aot require
30 mA of churpe bul, mither, o lower charpe rade. Tlus lower
charge rate could be affected by pulsing n the wnduced
voltage or having a current regulator with a Jower voltage
drop associated therewith. Thus, a variable current regulator
459 could he implemented. The whole purpose is to reduce
the amowm of voltuge on the node 408 to the minimum
amount reguired for the overull uperubion to reduce any
heating at the inductive coupled point across the skin.
Referring now to FIG. 38, there is illustrated a diagram-
uwatie view of the voltuge during churping. Initially, when
the supervapacitor 532 15 discharped below the required
voltage for the lineur regulator 291 the IPG will be
powered down. This is represented by a voltage 3662. In
order to increase his voltage, the induced voltage from the
headset must be at least, in voe example, 1.0 Volts above the
voltage of node 2902, Tlus will allow 30 mA of current to
fow through the current right regulator 459, Thus, it the
headset were intelligent encugh to provide a time to increase
to tollow charging pattern of the supercapacitor 532, it
would follow a dotted line 3004, However. the headset does
not have knowledge of this. Thus, o predetermined voltage,
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Vi Will be upplied as the induced voltoge 408. This
would he a voltage that was known to be ahove required to
operate the linear regulator 2910. However, it should be
understood that the voltage required by a headset in order to
have an induced voltage at a purticular level cun be uffected
by multiple fuctors such as the pusitionming of the headset
relative to the IPG, the particular manner by which the IPG
was implanted in a particular patient, etc. Thus, the voltage
can initially be increased well ubove the worst-case to
scenurio, This will allow the voltage on the node 2964 to
increase from the voltuge 3002 up tu a voltuge at o puint
3006 that represents the poind ar which the linear regulator
2910 will provide vperating voltage to CP1J 457. At this
poat. voltapes across the corrent regobator 459 or any of die

3 seusing resistors 2904, 2924 2922, can be trunsmitted to the

headset. The headset can then decreasc the voltage or
merease the vollape to mbvence the voltage on the node 408
vy mabtam hat induced voliage as low as possibie in order
i muimain current regulation on the corrent regolator 459,
This will continue witil the supercupacitor 532 15 fully
charged, at a point 3668, There can be some hysteresis
programmex] into the operation of the headset such that the
voltuge on the supercapacitor 532, ie.. the voltage on the
node 2992, will have to decrease by o predetermined per-
centage before additiona] clhurging will be effected by an
increase in the voltage on node 408. At the point 3006, the
regulated voltage is output to the CP1J 457.

Refermnyg now to FIG. 31, there is illustruted a Aowchart
for the operation of the headset. The vperation is itiated at
a hlock 3102 and then proceeds to a block 3104 wherein the
maximum power is transmitted, i.e., that being the power
required to provide the initial voltage on the node 408. This
could be the muximum voltuge of the headset ur could be an
intermediate voltuge that was predetermined. The program
then Hows to a decision block 3106 to determine it the CPUJ
457 is {rapsmtiting nformation regarding sensed voltages. If
not, the program loups back o a block 3104 o provide the
imitial clisrpuip power to the supercapucitor 532. Once
sensed voltages huve been received, this is o indication that
the CP1J 437 15 operating and that the headset can vary the
voltage W ensure that ooly the mimlmam amonal of voliage
is induced on the node 408 n order to maintuin current
regulation. Anything above that results both in dissipution of
heat in the current regulator 459 und also unwanted con-
ductivity in the coils. The program, atter the sensed voltages
liave heen received, Hows to a block 3108 to measure the
induced voltage and the buttery voltuge at the minimum. As
noted hereinubove, all of the vther sensed voltages ussoci-
ated wiilh operation of ihe systom could also be sensed. The
program then Bows o a decision hlock 3110 1o determine if
the diflerence in the voltage is greater than a predatermined
threshiold voltuge. IT yes, then the program flows o block
3112 in order 1o reduce the induced volluge and. if not, the
program fows to a bhlock 3114 to increase the induced
voltage. The program then {fows 1o a deciston block 3EES in
vrder o want Tor the oext tmmstitted sensed voltages. which
wre periodically measured and ranspited by twe CPU 457,
In general, however, this 1s a polled system. The HGs.
whether there are one or two [PCis, are given addresses and
requests sent to & particular WG or nfoemation regarding
ity sensed vohoge, Alernatively. o request cun be sent to a
particular IPG for any information it has queued up for
transmission. Thus, a request is sent to an IPG and then a
certain perind of time is allowed tor receipt of that infor-
mation. Thus, when the charging operation is initiated, the
maAXimum power is transmitted ulony with perivdic requests
for nformation. Until tlus mformation 15 received, no
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chogges are made to the power. Once information is
received, the voltages are measured, in this operation, in
order to determine whether the voltage should be increased
or decreased.

In the overall clurping operatiou. the initial charge is
approximately 30 mA sud the voltage is adivsted to maintain
this 30 1inA with the minivuum level of an induced voltage on
node 408. Once the supercapacitor 532 is fully charged. is
only necessary o maintain g current of approximaetely 3 ma.
Since the supercapacitor 532 is provided {or butleriuy and
storing charge, it 15 only necessan o penodically rechurge
supercapacitor 832. Thus, unce charged, as indicated by the
recerve voltage on the node 2902, the headset can make a
determminaiton that the chorge is sbove the chorge necessary
{0 maintain regulation operation of the lrear regalotor 2916
As lonp as the voltage on the supercapacitor 532 is ahove
that voltage. no additional charge is required. Thus, by
monitoring this voltage, a certain level can he determined,
below which the headset will again increase the voltuge at
e headset o mainain the indueced voltage on the node 408
above the threshold pecessary w drive 30 mA o the super-
capacitor 332, In this opermtion, the amowt of current driven
tor the 10 i menoped 1o reduce unnecessary heating i hoth
the [PG and at the inductive interface.

Certain embodiments disclosed herein may be described
as including an external changing svstem {or exierpal charge
transfer systom) for changing (or transferring charge w) one
or more wplotable devices. Strictly speaking, in the
described cibodiments using o trunsmit coil and o receive
coil, erwergy is stored per cycle as a magnetic field in the
transmit coil, and some of this encrgy is transterred per cyele
by magnetic induction to the receive coil. In other words,
energy Is transferred over a certaun duration of time from the
transmit coil o the receive coil. and the rute of sucli enerpy
transler 1s power. However, the words "encrgy ™ and “power™
are frequently used somewhat interchangeably when
describing a magnetic hwduciton circuit, since a circuit that
trunsfers power (ie., ut o certuin rale) also trunslers a
correspanding amount of energy over a duration of e, As
such, disahling power transfer also ikewise disables energy
transber when disabled {or a certain period of time. More-
over, reducing power trunsfer alsu likewise reduces energy
trunsfer over a perod of time. For this reason, in context
there is seldom confilsion between usuge of the phrases
“transterred energy” and “transterred power”, or between
the phrases “received energy” and “received power,” as it is
usually clear in context whether the reference is to totul
trunsler over a duration of time, ur to an instantaneous rute
of transfer.

The phrases “power transter” or “enercy transter”™ may
also he somewhat informally referred to as “charge transfer”™
because such transferred charge may be for delivering
pewer, in the form of o current (1.e.. moving electronic
charge) at a cerfain vollage. to operate cirenitry within the
miplantable device, in addition o (or instead ol charging a
supercapuacittor, battery, or eller chorge stormpe device wihin
the impluable device, Consequently, as used herein, un
externad charging system may alse be viewed as un externa!
charge transfer sysiem or an external power transfer system,
angt references hereln to an externa) charging system, an
external charge trunsfer system, and an external power
trunsfer system may be used interchangeably with no spe-
cific distinction intended unless clear in the context of such
use. cven H no charge storage device is “charged™ tn u given
cmhodiment. Similary. a charge recerving system may also
be viewed as a power receiviuy system, and references
herein to a charge receiving syslein and 4 power receiving
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system may be used interchangeably with no specific dis-
tinction intended unless clear in the context of such vse.

It is to be understood that the implementations disclosed
lerein are not limited to the particular systems or processes
described winch might, of course, vary. It is also to be
understood that the terminology used herein 1s for the
purpose of describing particular implementations only, and
15 ot intended to be Himiting. As used in this specilication,
the singular forms “a™, “un” and “the™ include plural refer-
ents wnless the contert clearly indicates otherwise.

As used herein, “exemplury™ is used Interchunpeably with
“an example.” For inwstance, an exemplary cmbodiment
meats an example embodiment. and such an example
crnbodinent doey nod necessarily mehide essenbal featores
und 15 not wecessarly preferred over another embodiment.
As vsed herein, “conpling” includes direct and/or indirect
coupling of circuit components, structural members, etc. As
vsed herein, a group of one or more transmit coils disposed
in series can mean only one trunsmit coil, or can mean Wwo
ur more trunsmit coils dispused 10 series.

Regarding terminology vsed herein, it will be appreciated
by one skilled in the art that any of several expressions may
be equully well used when describing the vperation of u
circuit including the vanous signals and nodes within the
cireud. Ay kind of sigoal, whether o logic signal or o woere
general anslog signal. takes the physical form of a voltage
level {or for soane circuit techiologies, a current level) of a
node witlnn the cirvait. Sech shorthund phrases for desertb-
ing circuit vperation used herein are more efficient to com-
municate details of circuit operation, particularly because
the schematic diagrams in the figures clearly associate
various signal names with the corresponding circuit blocks
und nodes.

Although the present disclosure has been described in
detail, it should he understood that various changes, substi-
miens and alterations may be made herein withow depar-
ing from the spirie and scope of the disclosuee as definad by
the appended claims. Moreover, the scope of the present
application is not intended to be limited to the particular
emhadimenis of the pmcess, machine, manuiaciure, com-
position of matter, means, methods and steps described in
the specification. As one of ordinury skill in the urt will
readily appreciate from the disclosure, processes. machines.
mranufaciure. compositions of matter, means, methods, or
steps, presently existing or later to be developed that per-
form substantially the same function or achicve subsiantialty
the sume resolt a5 the corresponding embodinents deseribed
herein may be utibived secording w0 the present disclosure,
Accordingly. the appended claims are intended to include
within their scope such processes, machines, manvfacture,
compositions of matier. means, methods. or steps.

1t will be appreciated by those skilled in the ant having the
benefit of this disclosure that tles inpluatable gearostimu-
lation system for head pain provides an implantable nevro-
stimulation system having a plumlity of electrode arrays
spaced along u portion of its length such that when neuro-
stimulation lead is implanted. at least one electrode array is
positioned over the frontal reyion, at least vne electrude
array is positioned over the parietal region, and at least one
electrode array is positioned over the occipital region of the
patient’s cranium so that when the neurostimulation lead 1s
conected o an implanteble pulse penerator. the single lead
can provide medically accepiable neurosimulation coverage
over the supraorbiial. the avricslotemporal. and (he vecipital
nerves uirilatorally, I shonld be understood that the drawings
und detuiled description herein ure to be reparded in an
illustrative ruther than a restrictive munner, and are not
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mntended to be limiting to the particular forms and examples
disclosed. On the contrary, included are any further modi-
tications, changes, rcarrangentenis. substitutions, alterna-
tives, desipgn cholees. and embodimets apparent to those of
ordiuary shill in the an, withiowt departing From e spirit and
seope hereoll us defined by thee followinp claims. Thus. 1t iy
nitended that the Following claims be interpreted to cubrace
all such furiher modifications. changes, rearrangements,
substitutions, altematives, design choices, and embodi-
ments.

hn

What is cloimed is:
1. A method for controlling power delivery from un
externial power trunsfer system (EPTS) to at least one
implantable neuvrostimulation system (INS), said method
coniprising:
driving a first transmit c¢oil within the EPTS with a
resonant current having a peak mognitude, using a
transmit coil driver circuit within the EPTS:

receiving, using a receive coil within a first INS tuned to
the resonant trequency of the first transmit coil, power
transferred from the first transmit coil:

coupling the received power to a current regulator circuit

within the first INS which requires o resonant current
above a certain level to maintain current regulation and
is configured to provide an ¢lectrade current to an
electrode driver circuit within the first INS for a plu-
rality of electrudes therewithin:

monitoring the current regulator circvit within the first :

INS to determine whether the received power coupled
thereto is sufficient to achieve and maintain current
regulation of the current regulator circuit within the
first INS;

communicating a message to the EPTS using a back 3

telemetry transmit circuit within the first INS, said
message requesting a change in power transter from the
EPTS based upon suid cumrent regulator circuit deter-
mination;

receiving, using a back telemetry receive circuit within
the EPTS, the message communicated by the first INS,
und

adjusting the trunsmit coil drver cirvuit within the EPTS
to chanye the peak maguitude of the resonuat current,
corresponding to the requested change in power trans-
fer.

2. The method of cluim 1, wherein:

the message mcludes o request to increase power trunsTer
trom the EPTS when the current regulator circuit
within the first INS is not achieving current regulation,
and

the commesponding chunye in the peak magnitude of the
resonant clrment comprises un increase 1 the peuk
magnitude.

3. The method of ¢claim 2, further comprising:

adjusting the trunsmit coil drver cirvuit within the EPTS
tu decreuse the peak muguitude of the resonunt current
when no messuge reguesting an increase in powet
transfer from the EPTS has been received from the first
INS for at least a certain period of time.

4. The method of cloim 1, wherein:

the message inchudes 4 request to decrease power trunsfer
trom the EPTS when the current regulator circuit
within the lirst INS is achieving current regulation; and

the corresponding change in the peak magnitude of the
resonant current comprises u decrease in the peuk
rmaynitude.

.
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5. The method of claim 1, wherein:

said monitoring the current regulator circuit within the
first INS is pertormed under control of a state machine
circuit within the lirst INS: and

suld communicating a messuge to the EPTS 15 performed
under control of un instriction-based processor within
the first INS.

6. The method of claim 5. wherein:

the siate machine cirenit within ihe first INS s configired
to wake-np the mstrction-based processor within the
first INS. in the event the instruction-bused processor s
not already uwake, to communicate the messayge.

7. The method of cluim 1. wherein suid monitoring the

. current regulator circeit within the first INS comprises:

comparing the electrode current provided by the current
regutator circuit within the first INS against a pre-
seribed electrode current for the electrode driver cireuit
witlun the fimt INS corresponding to o stimulation
confipuration programmed therein: and

determiping that the cuerent regulator cirenit is achieving

current regulfation when the clectrode current is greater
than or equal to the prescribed electrode currcni.

8. The method of claim 7. wherein said comparing the
electrode current against the prescribed electrode current 1s
performed under control of a state machine circuit within the
first INS,

9. The method of claim 1, wherein said coupling the
received puwer tu a current regulator cirvuit within the first
INS comprises:

reciifying o current induced va the recerve coil, to gen-

wrate a rectified voltage on ap mput node of the current
repulator cirenit within the fiesr TNS.
10. The method of ¢laim 9. wherein said menitoring the
current regulator circuit within the first INS comprises:
wenitoring an wput veltage and an outpat voltupe of twe
current regululor cirenit witlun the first INS; and

determining that the current regulator circuil is schioving
current regulation it a voltage diflerential botween the
input voltage and the output voltage exceeds a prede-
termined value,

11. The method of cluim 1. farther comprising:

de-tuning the receive coil within the {irst INS, using a

de-tuning circvit within the first INS, to substantiaily
inhibit power transfer from the EPTS to the firsi INS.

12 The method of claim 1. wherein:

the current regulator cirvuit within the first INS 1s further

conligured to provide a charging current to a charge
storage device within the first INS.

13. The mothod of clatm 12, wherein satd monitoring the
current regulator circuld within the fist INS comprises:

cowuparing the electrode current provided by the current

repubator circuit within the first INS against a pre-
seribad electrode current for the vlectrode driver circuit
within the fist INS corresponding to o stimulation
configuration programmed thercin:

comparing the charging current provided by the current

regulator circuit within the {irst INS against a prede-
teemined charging crrerent: and

determining tiat the current regulator circun is achieving

current reguolation i the electrode current 1s greater than
or equal to the preseribed electrode current, and the
charging current is greater than or equal to the prede-
termined charging crrrent.

14, The method of clam 12, wherein the churge storage
device comprises u supervapacitor.
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15. The method of cluim 1, further comprising:

driving, vsing the transmit coil driver circuit within the
EPTS, the resonant current through a second transmit
coil coupled in series with the first transmit coil within
the EPTS;

receiving, using o tecveive coil within a second INS tuned
tu the resonunt frequency of the second transmit coil,
power transterred from the second transmit coil;

coupling the received power within the second INS to a
current regulator circuit within the second INS which
requires o resonant current above a certain level to
maintain current regulation and is configured to provide
un electrude current tu an electrode driver circuit within
the second INS for a phirality of electrodes therewithin,

mantonng the cirrent regulator cirenil within the seeond
INS to dotermine whether the received power coupled
thereto 1s sufficient to achieve and wuintain current
regulation of the current regulator circuit within the
second INS:

communicating a twssage from the second INS to the
FPTS using a back telemetry transmit circwit withip the
second ENS. said messupe requesting o change i power
transfer from the EPTS based vpon suid current regue-
lator circuit determination for the second INS;

.
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receiving, using the back telemetry receive circuit within
the FPTS, the message communicated by the second
NS and

adjusting the trausmit coil driver circui! withio the EPTS
o change the peak magnitode of the resonant current.
cotresponding to the requested change in power irafs-
for conveyed i the message communicated by the
secoud NS,

16. The method of cluim 15, further comprising:

adjusting the transmit ¢oil driver circuit within the EPTS
to decrease the peak magnitude of the resonant current,
if no message requesting an ncrease in power transfer
from the EPTS has been received from the first INS,
and no message requesting an increase in power trans-
fer from the EPTS has been received from the second
INS, for at least a cerlain period of time.

17. The method of cluim 15, further comprising:

de-tuning the receive coil witlun the second INS, using a
de-tuning circuit within the second INS, to substan-
tially inhibit power transter from the EPTS to the
second INS without inhibiting power transfer from the
EPTS to the first INS.

18. The method of cluim 15, wherein the first and second

INS are head-located beneath a denmis layer of a patient.

* * #* * &
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