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IMPLANTABLE HEAD LOCATED 

RADIOFREQUENCY COUPLED 


NEUROSTIMULATION SYSTEM FOR HEAD 

PAIN 


CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a Continuation of U.S. patent appli­
cation Ser. No. 14/990,678, filed Jan. 7, 2016, entitled 
IMPLANTABLE HEAD LOCATED RADIOFRE­
QUENCY COUPLED NEUROSTIMULATION SYSTEM 
FOR HEAD PAIN, which issued as U.S. Pat. No. 9,539,432 
on Jan. 10, 2017, the specification of which is incorporated 

15 
by reference herein in its entirety. U.S. patent application 
Ser. No. 14/990,678 is a Continuation of U.S. patent appli­
cation Ser. No. 14/989,674, filed Jan. 6, 2016, entitled 
IMPLANTABLE HEAD LOCATED RADIOFRE­
QUENCY COUPLED NEUROSTIMULATION SYSTEM 
FOR HEAD PAIN, which issued as U.S. Pat. No. 9,498,635 
on Nov. 22, 2016, the specification of which is incorporated 
by reference herein in its entirety. U.S. patent application 
Ser. No. 14/989,674 is a Continuation-in-Part of U.S. patent 
application Ser. No. 14/879,943, filed Oct. 9, 2015, entitled 25 

SURGICAL METHOD FOR IMPLANTABLE HEAD 
MOUNTED NEUROSTIMULATION SYSTEM FOR 
HEAD PAIN, the specification of which is incorporated by 
reference herein in its entirety. U.S. patent application 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 NEUROSTIMULA­
TION SYSTEM FOR HEAD PAIN, the specification of 
which is incorporated by reference herein in its entirety. U.S. 

35 
patent application Ser. No. 14/717,912 is a Continuation of 
U.S. patent application Ser. No. 14/460,139, filed Aug. 14, 
2014, entitled IMPLANTABLE HEAD MOUNTED NEU­
ROSTIMULATION SYSTEM FOR HEAD PAIN, now 
issued as U.S. Pat. No. 9,042,991, the specification ofwhich 
is incorporated by reference herein in its entirety. U.S. patent 
application Ser. No. 14/460,139 claims benefit of U.S. 
Provisional Application No. 61/894,795, filed Oct. 23, 2013, 
entitled IMPLANTABLE HEAD MOUNTED NEURO­
STIMULATION SYSTEM FOR HEAD PAIN, the specifi­ 45 

cation of which is incorporated by reference herein in its 
entirety. U.S. patent application Ser. Nos. 14/990,678, 
14/989,674, 14/789,943, 14/717,912, 14/460,139, and 
61/894,795, and U.S. Pat. Nos. 9,539,432, 9,498,635, and 
9,042,991 are incorporated by reference herein in their 
entirety. 

TECHNICAL FIELD 

The present disclosure relates to implantable neurostimu- 55 

lation systems and methods of treating migraine headaches 
and other forms of chronic head pain. 

BACKGROUND OF THE INVENTION 

Neurostimulation systems comprising implantable neuro­
stimulation leads are used to treat chronic pain. Conven­
tional implantable peripheral neurostimulation leads are 
designed for placement in the spinal canal as part of a spinal 
cord stimulation system, and for the therapeutic purpose of 65 

treating various forms of chronic back and extremity pain. 
Implantable neurostimulation systems may either be pow­

2 
ered by an internal battery or by an external power source 
coupled to the internal unit by a radiofrequency interface. 

SUMMARY OF THE INVENTION 

In various implementations, an implantable head­
mounted, radiofrequency-coupled, unibody peripheral nerve 
stimulation system may be configured for implantation of 
substantially all electronics, except for an on-site battery, at 
or near the implanted electrodes on the skull. The system 
may include an implantable pulse generator (IPG) from 
which two neurostimulating leads may extend to a length 
sufficient to provide therapeutic neurostimulation unilater­
ally over the frontal, parietal and occipital regions of the 
hemicranium. The IPG may have a component, or extension, 
containing an internal radiofrequency receiver, the purpose 
ofwhich is to couple to an external power source and control 
unit. The system may be operable to provide medically 
acceptable therapeutic neurostimulation to multiple regions 
of the head, including the frontal, parietal and occipital 
regions of the hemicranium substantially simultaneously. 

Each of the leads may include an extended lead body; a 
plurality of surface metal electrodes disposed along the lead 
body, which may be divided into two or more electrode 
arrays; and a plurality of internal electrically conducting 
metal wires running along at least a portion of the length of 
the lead body and individually connecting an internal circuit 
of the IPG to individual surface metal electrodes. The 
extended lead body may comprise a 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 to the ear. 
The IPG may include an antenna coil and an application 
specific integrated circuit (ASIC). The IPG may be config­
ured for functionally connecting with an external radiofre­
quency unit. 

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

Implementations may include one or more of the follow­
ing features. The system may include the disposition of a 
sufficient plurality of surface electrodes over a sufficient 
linear distance along the neurostimulating leads to enable 
medically adequate therapeutic stimulation across multiple 
regions of the head, including the frontal, parietal, and 
occipital region of the hemicranium substantially simulta­
neously. The extended array of surface electrodes may be 
divided into two or more discrete terminal surface electrode 
arrays. The linear layout of the multiple surface electrode 
arrays may include at 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. Specific intra-array design features may include 
variations in the specific number of electrodes allotted to 
each group; the shape of the electrodes, e.g., whether the 
electrodes are cylindrical or flattened; the width of each 
electrode within each array, and the linear distance intervals 
of separation of the electrodes within each array. 

Various implementations may include a plurality of con­
nection ports that can be connected with a plurality of leads 
and thus allow for attaching additional leads. 

The external radiofrequency unit may be operable to 
perform various functions including recharging the 
rechargeable battery, diagnostically evaluating the IPG, and 
programming the IPG. 
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In various implementations, methods of treating chronic 
pain may include methods of treating chronic head and/or 
face pain pain of multiple etiologies, including migraine 
headaches; and other primary headaches, including cluster 
headaches, hemicrania continua headaches, tension type 
headaches, chronic daily headaches, transformed migraine 
headaches; further including secondary headaches, such as 
cervicogenic headaches and other secondary musculoskel­
etal headaches. 

In various implementations, methods of treating chronic 
pain may include methods of treating head and/or face pain 
of multiple etiologies, including neuropathic head and/or 
face pain, nociceptive head and/or face pain, and/or sym­
pathetic related head and/or face pain. 

In various implementations, methods of treating chronic 15 

pain may include methods of treating head and/or face pain 
of multiple etiologies, including greater occipital neuralgia, 
as well as the other various occipital neuralgias, supraorbital 
neuralgia, auroiculotemporal neuralgia, infraorbital neural­
gia, and other trigeminal neuralgias, and other head and face 
neuralgias. 

The details of one or more implementations are set forth 
in the accompanying drawings and the description below. 
Other features, objects, and advantages of the implementa­
tions will be apparent from the description and drawings. 25 

In certain aspects, a method is provided for controlling 
power delivery from an external power transfer system 
(EPTS) to at least one implantable neurostimulation system 
(INS). In some embodiments, the method includes driving a 
first transmit coil within the EPTS 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 coil within a first INS tuned to the resonant 
frequency of the first transmit coil, power transferred from 
the first transmit coil, and coupling the received power to a 35 

regulator circuit within the first INS which is configured to 
provide an electrode current to an electrode driver circuit 
within the first INS for a plurality of electrodes therewithin. 
The method further includes monitoring the regulator circuit 
within the first INS to determine whether the received power 
coupled thereto is sufficient to achieve current regulation of 
the regulator circuit within the first INS. The method further 
includes communicating a message to the EPTS using a 
back telemetry transmit circuit within the first INS, the 
message requesting a change in power transfer from the 45 

EPTS based upon the regulator circuit determination, and 
receiving, using a back telemetry receive circuit within the 
EPTS, the message communicated by the first INS. The 
method also includes adjusting the transmit coil driver 
circuit within the EPTS to change the peak magnitude of the 
resonant current, corresponding to the requested change in 
power transfer. 

In some embodiments, the method also includes a mes­
sage which includes a request to increase power transfer 
from the EPTS ifthe regulator circuit within the first INS is 55 

not achieving current regulation, and includes a correspond­
ing change in the peak magnitude of the resonant current 
which includes an increase in peak magnitude. Some 
embodiments will additionally include adjusting the trans­
mit coil driver circuit within the EPTS to decrease the peak 
magnitude of the resonant current, if no message requesting 
an increase in power transfer from the EPTS has been 
received from the first INS for at least a certain period of 
time. 

In some embodiments, the message includes a request to 65 

decrease power transfer from the EPTS if the regulator 
circuit within the first INS is achieving current regulation, 

4 
and the corresponding change in the peak magnitude of the 
resonant current includes a decrease in the peak magnitude. 

In some embodiments, the monitoring the regulator cir­
cuit within the first INS is performed under control of a state 
machine circuit within the first INS, and the communicating 
a first message to the EPTS is performed under control of an 
instruction-based processor within the first INS. In some 
embodiments, the state machine circuit within the first INS 
is configured to wake-up the instruction-based processor 
within the first INS, in the event the instruction-based 
processor is not already awake, to communicate the first 
message. 

In some embodiments, monitoring the regulator circuit 
within the first INS includes comparing the electrode current 
provided by the regulator circuit within the first INS against 
a prescribed electrode current for the electrode driver circuit 
within the first INS corresponding to a stimulation configu­
ration programmed therein, and determining that the regu­
lator circuit is achieving current regulation if the electrode 
current is greater than or equal to the prescribed electrode 
current. In some embodiments, comparing the electrode 
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 within the first INS includes rectifying a 
current induced on the receive coil, to generate a rectified 
voltage on 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 output voltage of the regulator circuit within 
the first INS, and determining that the regulator circuit is 
achieving current regulation if a voltage differential between 
the input voltage and the output voltage exceeds a prede­
termined value. 

In some embodiments, the method further includes de­
tuning the receive coil within the first INS, using a de-tuning 
circuit within the first INS, to substantially inhibit power 
transfer from the EPTS to the first INS. 

In some embodiments, the regulator circuit within the first 
INS is further configured to provide a charging current to a 
charge storage device within the first INS. In certain ofthese 
embodiments, monitoring the regulator circuit within the 
first INS includes comparing the electrode current provided 
by the regulator circuit within the first INS against a pre­
scribed electrode current for the electrode driver circuit 
within the first INS corresponding to a stimulation configu­
ration programmed therein, comparing the charging current 
provided by the regulator circuit within the first INS against 
a predetermined charging current, and determining that the 
regulator circuit is achieving current regulation if the elec­
trode current is greater than or equal to the prescribed 
electrode current, and the charging current is greater than or 
equal to the predetermined charging current. In certain of 
these embodiments, the charge storage device is a superca­
pacitor. 

In some embodiments, the method further includes driv­
ing, using 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 a receive coil within a second INS tuned to 
the resonant frequency of the second transmit coil, 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 configured to provide an 
electrode current to an electrode driver circuit within the 
second INS for a plurality of electrodes therewithin; moni­
toring the regulator circuit within the second INS to deter­
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mine whether the received power coupled thereto is suffi­
cient to achieve current regulation of the regulator circuit 
within the second INS; communicating a message from the 
second INS to the EPTS using a back telemetry transmit 
circuit within the second INS, said message requesting a 
change in power transfer from the EPTS based upon said 
regulator circuit determination for the second INS; receiv­
ing, using the back telemetry receive circuit within the 
EPTS, the third message communicated by the second INS; 
and adjusting the transmit coil driver circuit within the EPTS 
to change the peak magnitude of the resonant current, 
corresponding to the requested change in power transfer 
conveyed in the message communicated by the second INS. 

In some embodiments, the method further includes adjust-
15 

ing the transmit coil driver circuit within the EPTS to 
decrease the peak magnitude of the resonant current, if no 
message requesting an increase in power transfer from the 
EPTS has been received from the first INS, and no message 
requesting an increase in power transfer from the EPTS has 
been received from the second INS, for at least a certain 
period of time. 

In some embodiments, the method further includes de­
tuning the receive coil within the second INS, using a 
de-tuning circuit within the second INS, to substantially 25 

inhibit power transfer from the EPTS to the second INS 
without inhibiting power transfer from the EPTS to the first 
INS. 

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

In another embodiment, a system is provided for control­
ling power delivery from an external power transfer system 
(EPTS) to at least one implantable neurostimulation system 
(INS). In some embodiments the system includes an EPTS 
disposed outside a body, and at least one INS disposed 35 

beneath a dermis layer of the body. The EPTS includes a 
group of one or more transmit coils disposed in series, each 
corresponding to a respective INS; a transmit coil driver 
circuit operable to drive the group of one or more transmit 
coils with a resonant current having a peak magnitude; and 
a back telemetry circuit operable to receive a message 
communicated by an INS. Each of said at least one INS 
respectively includes a receive coil tuned to the resonant 
frequency of the corresponding transmit coil and operable to 
receive power transferred therefrom when in proximity 45 

thereto; a regulator circuit having an input to which the 
received power is coupled, and operable to provide on an 
output thereof an electrode current to an electrode driver 
circuit for a plurality of electrodes; a monitoring circuit 
operable to determine whether the received power is suffi­
cient to achieve current regulation of the regulator circuit; 
and a back telemetry circuit operable to communicate a 
message to the EPTS. Each respective INS is operable to 
communicate a respective message requesting a change in 
power transfer from the EPTS based upon the respective 55 

regulator circuit determination; and the EPTS is operable to 
adjust the transmit coil driver circuit to change the peak 
magnitude of the resonant current, based upon respective 
messages from one or more respective INS. 

In some embodiments, each respective message includes 
a request to increase power transfer from the EPTS if the 
respective regulator circuit is not achieving current regula­
tion, and the EPTS is further operable to adjust the transmit 
coil driver circuit to increase the peak magnitude of the 
resonant circuit, in response to receiving a respective mes­ 65 

sage from any respective INS requesting an increase in 
power transfer. 

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

In some embodiments, each respective message includes 
a request to decrease power transfer from the EPTS if the 
respective regulator circuit is achieving current regulation, 
and the EPTS is further operable to adjust the transmit coil 
driver circuit to decrease the peak magnitude of the resonant 
current, in response to receiving a respective message from 
every respective INS requesting a decrease in power trans­
fer. 

In some embodiments, the respective monitoring circuit 
within each respective INS is operable to compare the 
respective electrode current provided by the respective regu­
lator circuit against a respective prescribed electrode current 
for the respective electrode driver circuit corresponding to a 
stimulation configuration programmed therein, and deter­
mine that the respective regulator circuit is achieving current 
regulation if the respective electrode current is greater than 
or equal to the respective prescribed electrode current. 

In some embodiments, each respective INS further 
includes a respective resonant rectifier circuit having an 
input coupled to the respective receive coil, and having an 
output coupled to the input of the respective regulator 
circuit. The respective resonant rectifier circuit is operable to 
generate on its respective output a rectified voltage. In some 
embodiments each respective INS may further include a 
respective de-tuning circuit coupled to the respective receive 
coil, being operable to de-tune the respective receive coil to 
inhibit power transfer from the EPTS to the respective INS. 

In some embodiments, each respective INS further 
includes a respective charge storage device, and each respec­
tive regulator circuit is further operable to provide on a 
second output thereof a charging current to the respective 
charge storage device. In some embodiments each respec­
tive charge storage device may be a supercapacitor. 

In some embodiments, each respective INS is head­
located beneath the dermis layer of a patient. 

In another embodiment, a neurostimulation system is 
provided including a power unit, which includes a variable 
power generator, a controller 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 information across a dermis 
layer for input to the controller; and an implantable neuro­
stimulator including at least one neurostimulator lead with at 
least one array of stimulation electrodes, an electrode driver 
for driving the electrodes with a desired power, a power 
level detector for detecting the output power of the electrode 
driver, a neurostimulator power coupler for coupling power 
from over a dermis layer, a neurostimulator telemetry sys-
tern for transmitting information across the dermis layer to 
the power source telemetry system, and a processor for 
determining the amount of power required from the power 
source as a power demand based on the output of the power 
level detector and transmitting a request for a desired power 
level to the controller via the telemetry system in the power 
source; wherein the controller increases or decreases the 
power level delivered to the implantable neurostimulator as 
a function of determined power demand by the processor. 

In some embodiments, the power unit and neurostimula­
tor power couplers each include at least one coil. In some of 
these embodiments, the variable power generator generates 
alternating current power. Some embodiments further 
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include a controller which varies the power generated by In some embodiments, the communication systems of the 
varying a voltage of the variable power generator. In some IPGs are operable to transmit load requirements to the 
embodiments, the implantable neurostimulator further external communication system independently of the com­
includes a charge storage device. In some embodiments, the munication systems ofthe other IPGs. In some embodiments 
power unit power coupler is inductively coupled to the the IPG communication systems transmit the load deter­
neurostimulator power coupler. In some embodiments, the mined requirements to the external unit communication 

neurostimulator and the power unit telemetry system each 
communicate information across the dermis layer through 
the respective power unit and neurostimulator power cou­
plers. 

In another embodiment, a system is provided for driving 
an implantable neurostimulator lead having a plurality of 
electrodes disposed in at least one array, the system includ­
ing an implantable pulse generator (IPG), which includes an 
electrode driver for driving the electrodes, a load system for 
determining load requirements of the IPG, an IPG power 
coupler for receiving power across a dermis layer for inter­
face of the power with the electrode driver, and an IPG 

15 

system inductively. In some embodiments, the IPG power 
couplers are for receiving levels of power across a dermis 
layer that are independent of the levels of power received by 
the power couplers of the other IPGs. In some embodiments, 
at least one of the IPGs also includes a charge storage 
device. 

The foregoing is a summary and thus contains, by neces­
sity, simplifications, generalizations and omissions of detail. 
The details of various implementations are set forth in the 
accompanying drawings and the description below. Conse­
quently, those skilled in the art will appreciate that the 
foregoing sUlllillary is illustrative only and is not intended to 
be in any way limiting of the invention. It is only the claims, 

communication system for transmitting the load determined including all equivalents, in this or any non-provisional 
requirement of the IPG across the dermis layer. In this application claiming priority to this application, that are 
embodiment, the system also includes an external unit, intended to define the scope of the invention(s) supported by 
which includes an external variable power generator, an this application. 
external power coupler for coupling power across the dermis 
layer to the IPG power coupler, an external communication 25 BRIEF DESCRIPTION OF THE DRAWINGS 
system for receiving from the IPG communication system 
the determined load requirements, and a controller for For a more complete understanding, reference is now 
varying the power level of the variable generator as a made to the following description taken in conjunction with 
function ofthe received determined load requirements of the the accompanying Drawings in which: 
IPG. FIG. 1 depicts a side view of a full Head-Mounted, 

In some embodiments, the electrode driver drives the Unibody Radiofrequency-Coupled Neurostimulator System 
electrodes with a constant current. In some embodiments, for migraine and other head pain. The system features an 
the load system further includes a detector for detecting implantable pulse generator (IPG) from which two neuro­
power delivered to the electrodes and a processor for deter­ stimulating leads extend-a Frontal-Parietal Lead (FPL) and 
mining the necessary power from the external unit required 35 an Occipital Lead (OL). Each lead includes a plurality of 
by the electrode driver as the determined load requirements electrodes in a distribution and over a length to allow full 
of the IPG. In some embodiments, the electrode driver unilateral coverage of the frontal, parietal, and occipital 
delivers a predetermined constant current. In some of these portions of the head. The IPG contains all electronics, 
embodiments, the predetermined load requirement includes including an Application Specific Integrated Circuit (ASIC) 
at least enough power from the external unit to provide the and an RF Receiver Coil that is capable of an RF couple to 
predetermined constant current from the electrode driver. In an External Power Source and Programming Unit; 
some embodiments, the IPG also includes a charge storage FIG. lA illustrates an embodiment of the IPG 10 and the 
device. In some embodiments, the IPG is head-located various configurations of the lead; 
beneath the dermis layer of a patient. In some embodiments, FIG. lB illustrates an embodiment of the IPG 10 and the 
the IPG communication system and the external communi­ 45 various configurations of the lead; 
cation system each include at least one coil. FIG. 2 depicts a side view of a Frontal Electrode Array 

In another embodiment, the system is for driving a (FEA) with Internal Wires. The FEA is disposed over the 
plurality of implantable neurostimulator leads, each lead distal portion (such as 8-10 cm) of the FPL, which anatomi­
having an associated plurality of electrodes disposed in at cally places it over the frontal region, and specifically over 
least on array on the lead. The system includes at least two the supraorbital nerve and other adjacent nerves of the 
implantable pulse generators (IPGs), with each IPG includ­ region. In general the layout, disposition and connections of 
ing an electrode driver for driving the electrodes associated the Internal Wires and Surface Electrodes disposed over the 
with the IPG, a load system for determining load require­ Parietal Electrode Array (PEA) and the Occipital Electrode 
ments of the IPG, an IPG power coupler for receiving power Array (OEA) are the same as that depicted for the FEA; 
across a dermis layer for interface of the power with the 55 FIG. 3 depicts a side view of an IPG, along with its 
electrode driver of the IPG, and an IPG communication enclosed ASIC, RF Receiver Coil, and Internal Magnet, 
system for transmitting the load determined requirement of along with the Internal Wires exiting from the IPG's Internal 
the IPG across the dermis layer. The system also includes an Circuit enroute to the Surface Electrodes disposed over the 
external unit, which includes an external variable power FPL and the OL; 
generator, and external power coupler for coupling power FIG. 3A depicts a more detailed view of the internal 
across the dermis layer to the IPG power couplers, and structure of an IPG; 
external communication system for receiving from the IPG FIG. 4 depicts a cross-sectional view of a Lead Central 
communication systems the respective determined load Body comprising a Cylindrical Lead Body (with Internal 
requirements, and a controller for varying the power level of Wires) between the IPG Internal Circuit and the Lead 
the variable power generator as a function of the received 65 Surface Electrodes; 
determined load requirements of the IPG with the greatest FIG. 5 depicts a rear view of a Head with a full Head­
load requirement. Located Neurostimulator System In-Situ. Prominent here is 
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the OL depicted passing from the IPG caudally and medially 
across the occipital region, whereby the OEA is disposed in 
a fashion to cross over and cover the major associated 
nerves-primarily the greater occipital nerve, but typically 
including the lessor and/or third occipital nerve as well. Also 
depicted are the PEA and the FEA of the FPL as they cross 
and cover the primary nerves of the Parietal Region, includ­
ing the auriculo-temporal nerve, and the Frontal Region, 
including the supraorbital nerve. Also depicted is the IPG 
with its Internal Circuit, Internal RF Receiver Coil, and 
ASIC; 

FIG. 6 depicts a side view of a Head with a full Head­
Located, Unibody Radiofrequency-Coupled Neurostimula­
tor System In-Situ. Prominent here is the PEA, as it covers 

15 
a portion of the Parietal Region 60 and the major associated 
nerves, including the auriculo-temporal nerve 61 as well as 
other adjacent cutaneous nerves. The frontal region of the 
head and supraorbital nerve 71 are also depicted. Also 
depicted are the courses of the distal portion of the FPL and 
the OL, as they pass over and cover the associated nerves of 
the Frontal (Supraorbital) and Occipital Regions. Also 
depicted is the IPG including its Internal Circuit, ASIC, and 
RF Receiver Coil; 

FIG. 7 depicts a front view of a Head with a full 25 

Head-Located, Unibody Radiofrequency-Coupled Neuro­
stimulator System In-Situ. Prominent here is the FEA, as it 
covers a portion ofthe Frontal (Supraorbital) Region and the 
major associated nerves-primarily the supraorbital nerve, 
but also commonly the greater trochlear nerve, as well as 
adjacent nerves. Also depicted is the course of the parietal 
portion of the FL. Also depicted is the IPG including its 
Internal Circuit, ASIC, and RF Receiver Coil; 

FIG. 8 depicts a side view of the External "Behind the 
Ear" Assembly. Prominent here is the IPG with its IPG 35 

including its Internal Circuit, ASIC, and RF Receiver Coil. 
The External Assembly includes the External Earl Clip, the 
Behind-the-Ear Electronics and Battery Component, the 
External Coil Lead, and the External RF Coil Plastic Hous­
ing, which contains the External RF Coil and External RF 
Magnet; 

FIG. 9 depicts right oblique front view of a head with a 
full Head-Located, Unibody Radiofrequency-Coupled Neu­
rostimulator System In-Situ, along with an External "Behind 
the Ear" Assembly. Prominent here is the IPG with its IPG 45 

including its Internal Circuit, ASIC, and RF Receiver Coil. 
The External Assembly includes the External Earl Clip, the 
Behind-the-Ear Electronics and Battery Component, the 
External Coil Lead, and the External 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 
independent charge transfer and communication with mul­
tiple implanted devices, in accordance with some embodi­
ments of the invention; 55 

FIG. 11 is a block diagram of a system depicting the 
de-tuning of a receive coil within an implanted device to 
selectively turn off charging, in accordance with some 
embodiments of the invention; 

FIG. 12 is a block diagram of a system which provides for 
data communication (forward telemetry) and power trans­
mission to an implanted device using opposite polarity 
half-wave rectified signals received by the implanted device, 
in accordance with some embodiments of the invention; 

FIG. 13A is a block diagram of a system which provides 65 

for bi-directional communication with an implanted device, 
and particularly illustrates passive communication from an 

implanted device (back telemetry) when the receive coil is 
de-tuned, in accordance with some embodiments of the 
invention; 

FIG. 13B illustrates voltage waveforms of selected sig­
nals depicted in the embodiment shown in FIG. 13A; 

FIG. 14A is a block diagram of a system which includes 
charge transfer coil (or "transmit coil") current sensing 
circuitry to determine back telemetry data received from an 
implanted device, and to determine de-tuning of an 
implanted device coil, in accordance with some embodi­
ments of the invention; 

FIG. 14B illustrates voltage waveforms of selected sig­
nals depicted in the embodiment shown in FIG. 14A; 

FIG. 15 is a block diagram of a system which provides for 
adjustable transmitted power to improve power efficiency 
within an implanted device, in accordance with some 
embodiments of the invention; 

FIG. 16A is a block diagram of a system which includes 
feedback excitation control of a resonant coil driver ampli­
fier, in accordance with some embodiments of the invention. 

FIG. 16B illustrates voltage waveforms of selected sig­
nals depicted in the embodiment shown in FIG. 16A; 

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

FIG. 18, which includes FIGS. 18A and 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. 19A, 19B, and 19C illustrate voltage waveforms of 
selected signals depicted in the embodiment shown in FIG. 
18 and FIG. 23A; 

FIG. 20 is a schematic diagram of an exemplary headset 
buck/boost voltage generator circuit, such as that shown in 
FIG. 8, in accordance with some embodiments of the 
invention; 

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

FIG. 22A illustrates a simplified block diagram of the 
IPG; 

FIG. 22B illustrates a flow chart for the operation of the 
initiation of a neurostimulation program at the IPG; 

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

FIG. 23B illustrates voltage waveforms of selected sig­
nals depicted in the embodiment shown in FIG. 23A; 

FIG. 24 is a schematic diagram of portions of an exem­
plary boost circuit, such as that shown in FIG. 21, in 
accordance with some embodiments of the invention; 

FIG. 25 is a diagram representing an exemplary headset 
that includes an external charge transfer system for two 
separate body-implantable devices, each implanted behind a 
patient's respective left and right ears, and shows an asso­
ciated headset coil placed in proximity to the corresponding 
receive coil in each implanted device; 

FIG. 26 depicts two implanted IPGs with leads to cover 
both 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 
charging/communication headset disposed about the cra­
nium; 

FIG. 29 illustrates a diagrammatic view of the power 
regulation system and current regulation system on the IPG; 
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FIG. 30 illustrates a diagrammatic view of the voltage 
charging relationships for the supercapacitor; and 

FIG. 31 illustrates a flowchart for power transfer system 
from the headset. 

DETAILED DESCRIPTION 

A. Introduction 

Referring now to the drawings, wherein like reference 
numbers are used herein to designate like elements through­
out, the various views and embodiments of an implantable 
neurostimulation lead for head pain are illustrated and 
described, and other possible embodiments are described. 
The figures are not necessarily drawn to scale, and in some 15 

instances the drawings have been exaggerated and/or sim­
plified in places for illustrative purposes only. One of 
ordinary skill in the art will appreciate the many possible 
applications and variations based on the following examples 
of possible embodiments. 

The present disclosure provides for a fully head-located, 
radiofrequency-coupled, implantable peripheral neuro­
stimulation system that is specifically designed for the 
treatment of chronic head pain. It incorporates multiple 
unique elements and features that take into account the 25 

unique anatomic, physiologic, and other related challenges 
oftreating head pain with implantable neurostimulation and, 
by doing so, greatly improves on therapeutic response, 
patient safety, medical risk, and medical costs, which com­
bine to improve overall patient satisfaction. 

Prior implantable peripheral neurostimulation systems 
and components, including leads and pulse generators, had 
been originally designed and developed specifically as spi­
nal cord stimulator systems and for the specific therapeutic 
purpose of treating chronic back and extremity pain. Over 35 

the years, however, these spinal cord stimulators were 
ultimately adopted and adapted for use as implantable 
peripheral nerve stimulators for the treatment of migraine 
headaches and other forms of chronic head pain. However, 
they were so utilized with full recognition of the inherent 
risks and limitations due to the fact that they had been 
developed to only address, and accommodated to, the unique 
anatomic and physiologic features of the back and chronic 
back pain. 

A number ofproblems have been recognized with respect 45 

to spinal cord stimulators for head pain as fundamentally 
due to design flaws associated with, and inherent to, the use 
of an implantable therapeutic device in an area of the body 
that it was not designed for. 

The anatomy of the head and the pathophysiology of 
headaches and other forms of head pain are so significantly 
different from the anatomy of the spinal canal and patho­
physiology of chronic back pain, that when spinal cord 
stimulators are utilized for cranial implants, the clinical 
problems associated with these differences manifest them- 55 

selves. Importantly, these well-documented problems are 
clinically very significant and include issues ofpatient safety 
and satisfaction, the risk of an inadequate or suboptimal 
therapeutic response, issues with patient comfort and cos­
metics, and a recognized increased risk of surgical compli­
cations and technical problems. 

Prior implantable peripheral neurostimulation leads have 
been designed and developed specifically for placement in 
the spinal canal as part of a spinal cord stimulation system 
and for the specific therapeutic purpose of treating various 65 

forms of chronic back and extremity pain. The present 
disclosure provides an implantable peripheral neurostimu­

12 
lation lead that is designed for the implantation in the head 
for the treatment of chronic head pain. It incorporates 
multiple unique elements and features that take into account 
the unique anatomic, physiologic, and other related chal­
lenges of treating head pain with implantable neurostimu­
lation and by doing so greatly improves on therapeutic 
response, patient safety, medical risk, medical costs, which 
combine to improve overall patient satisfaction. 

Indeed, the anatomy of the head, and the pathophysiology 
ofheadaches and other forms of head pain that are unique to 
the head, are so significantly different from the anatomy of 
the spinal canal, and pathophysiology of chronic back pain 
that when these current leads are indeed utilized as cranial 
implants, then the clinical problems associated with these 
differences manifest themselves. Specifically, these include 
issues with inadequate therapeutic responses, issues with 
patient comfort and cosmetics, and also very significant 
issues with patient safety. 

These medical risks stem from the design of conventional 
leads and the IPG. Conventional lead designs include a 
relatively large diameter, a cylindrical shape, (often) inad­
equate length, and the necessity of implanting the IPG in the 
torso and distant from the distal leads, and a number and 
disposition of the surface electrodes and active lead arrays 
that do not match the requirements. A cylindrical lead of 
relatively large diameter results in increased pressure on, 
and manifest tenting of, the overlying skin, particularly of 
the forehead. Because conventional leads are of inadequate 
length to extend from the head to the IPG implant site, 
commonly in the lower back, abdomen, or gluteal region, 
lead extensions are often employed, and there are attendant 
risks of infection, local discomfort, and cosmetic concerns. 

With respect to prior leads: 1) There is only a single array 
of electrodes, with common lead options including 4, 8, or 
16 electrodes disposed over that single array; 2) The array is 
relatively short with most leads having an array of from 5-12 
cm in length; 3) Within this single array, the individual 
electrodes are disposed uniformly with constant, equal inter­
electrode distances. This results in the need to implant 
multiple (often four or 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 treatment of chronic head 
pain. First, since they comprise a single, relatively short 
active array, the currently available leads provide therapeu­
tic stimulation to only a single region of the head; that is, 
they can provide stimulation to only the frontal region, or a 
portion of the parietal region, or a portion of the occipital 
region. Therefore, if a patient has pain that extends over 
multiple regions, then multiple separate lead implants are 
required-basically one lead implant is required for each 
unilateral region. A great majority of patients with chronic 
headaches experience holocephalic pain; that is they expe­
rience pain over the frontal and parietal and occipital regions 
bilaterally. Therefore, commonly these patients will need 4 
to 7 leads implanted to achieve adequate therapeutic results 
(2 or 3 leads on each side). 

Second, the need for multiple leads includes considerable 
added expense, and more importantly, added medical risk 
associated with adverse events attendant to the multiple 
surgical procedures. Such adverse events include an 
increased risk of infection, bleeding, and technical issues 
with the leads, e.g., lead fracture, lead migration, and local 
irritation. 

Third, as the clinical database discloses, the inter-elec­
trode spacing may be of central therapeutic significance. 
That is, for example, whereas commonly pain over the 
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occipital region is consistently effectively treated by quad­ cord stimulation system, for the therapeutic purpose of 
ripolar leads (leads with four evenly spaced electrodes) that treating chronic back and/or extremity pain. Thus, there are 
have the electrodes relatively widely spaced apart (approxi­ currently no commercially available leads or full system that 
mately a cm or more apart), clinically it is often found that have designs in the public domain, that have been designed 
electrodes configurations that are more narrowly spaced may and developed for use in the head and for head pain. 
be more effective over the supraorbital nerve and regions. In another aspect, the implantable, head-mounted, neuro­
Thus, a quadripolar lead that has the electrodes only 1-2 mm stimulation system for head pain comprises multiple design 
apart may be more effective in this region, as it allows for features, including disposition of a sufficient plurality of 
more precise control of the delivered electrical pulse wave surface electrodes over a sufficient linear distance along the 
delivery. distal lead, such as will result in a lead that, as a single lead, 

When an IPG implant for spinal cord stimulation systems is capable of providing medically adequate therapeutic 
is employed as a peripheral nerve stimulator for head pain, stimulation over the entire hemicranium; that is, over the 
several outcomes result. First, the IPG is implanted at a frontal, parietal, and occipital region stimulation. Currently 
considerable anatomic distance from the cranial lead available systems, which were designed specifically for 
implants. Indeed, the leads must pass from their distal 15 epidural placement for chronic back pain, are capable of 
cranial implant positions across the cervical region and only providing stimulation over a single region; that is, over 
upper back to the IPG implant location, which are most either the frontal region alone, or the parietal region alone, 
commonly in the lower back, lower abdomen, or gluteal or the occipital region alone. 
region. The leads must cross multiple anatomic motion In yet another aspect, the implantable peripheral neuro­
segments, including the neck and upper back and/or chest at stimulation system for head pain comprises multiple design 
a minimum, and commonly include the mid back, lower features, including the physical grouping of the extended 
back and waist segments, as well. The simple motions of array of surface electrodes into three or more discrete 
normal daily life produce adverse tension and torque forces terminal surface electrode arrays. The linear layout of these 
on the leads across these motion segments, which in turn two or more (preferrably three or more) surface electrodes 
increases the risk of various outcomes including lead migra­ 25 arrays is designed such that following implantation there 
tion and/or lead fracture. In addition, the relatively large size would be at least one array positioned over the frontal 
of a spinal cord stimulator IPG contributes to local discom­ region, at least one array positioned over the parietal region, 
fort, cosmetic concerns, and increased risk of infection that and at least one array positioned over the occipital region. 
may become larger and harder to treat in proportion to the This feature further improves upon therapeutic effectiveness 
size of the IPG pocket. of the extended terminal surface electrode array sufficient 

The present disclosure is directed to an implantable for hemicranial stimulation by allowing for more precise 
neurostimulation system that includes an IPG from which control of the therapeutic neurostimulation parameters. 
two neurostimulating leads extend to a length sufficient to In still another aspect, the implantable, head-mounted, 
allow for therapeutic neurostimulation unilaterally over the neurostimulation system for head pain comprises multiple 
frontal, parietal and occipital regions of the head. 35 design features, including incorporating individual design 

The present disclosure addresses and effectively solves features within each of the three or more individual surface 
problems attendant to publically available leads. The most electrode arrays. Examples of such intra-array design fea­
important of these is the fact that currently available leads tures would include the specific number of electrodes allot­
can only adequately stimulate a single region ofthe head due ted to each group; whether the electrodes are cylindrical or 
to design element flaws associated with terminal surface flattened; the width of each electrode within each array, and 
electrode number and disposition. The disclosure addition­ the linear distance intervals of separation of the electrodes 
ally addresses and solves other problems inherent with the within each array. This feature further improves upon thera­
currently available leads, including problems with cosmetics peutic effectiveness of the extended terminal surface elec­
and patient comfort, particularly over the frontal regions, trode array sufficient for hemicranial stimulation, and the 
due the uncomfortable pressure placed on the skin of the 45 grouping of these electrodes into three or more separate 
forehead, due the cylindrical shape and relatively large surface electrode arrays, by providing each specific array 
diameter of the distal portion of the lead. Finally, the lead of location a unique intra-array design that takes into account, 
the present disclosure solves the currently available leads' and thereby seeks to optimizes, design elements that are 
problem of inadequate lead length to reach a gluteal location known to be possibly or likely beneficial to the therapeutic 
of the implantable pulse generator, which therefore neces­ end result, given the anticipated post-implant anatomic 
sitates the additional risk and expense of further surgery to location of that array. 
implant lead extensions. In yet another aspect, an implantable peripheral neuro­

In one aspect, the implantable, head-mounted, neuro­ stimulation system for head pain comprises multiple novel 
stimulation system for head pain is operable for subcutane­ design features, including incorporating individual design 
ous implantation in the head, and to provide neurostimula­ 55 features into a single lead design and thereby achieving 
tion therapy for chronic head pain, including chronic head additive benefits. 
pain caused by migraine and other headaches, as well as In still another aspect, an implantable peripheral neuro­
chronic head pain due other etiologies. The peripheral stimulation system for head pain results in a marked 
neurostimulator system disclosed herein takes into account decrease in the number of separate lead implants required to 
unique anatomic features of the human head, as well as the adequately treat a single patient. A single implant will 
unique, or singular, features of the various pathologies that provide the same therapeutic anatomic coverage that it 
give rise to head pain, including migraine and other head­ would take for the implantation of three or four of the 
aches, as well as other forms of chronic head pain. To date, currently available leads. That is, instead of the current 
all commercially available leads and systems that have been which often calls for three or more leads to be implanted to 
clinically utilized for implantation as a peripheral neuro­ 65 provide adequate hemicranial coverage, the same anatomic 
stimulator lead were actually originally designed specifi­ region may be covered with a single stimulator lead implant. 
cally for placement in the epidural space, as part of a spinal The lead provides extended coverage over the full hemic­
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ranium; that is, achieving medically acceptable neurostimu­
lation unilaterally over the frontal, parietal, and occipital 
regions simultaneously. In contrast, publically known leads 
are able to consistently provide medically acceptable neu­
rostimulation therapy only over a single region, meaning 
that it would require three separate surgically lead implants 
to achieve the same therapeutic coverage of a single implant 
of a lead of the present disclosure. This will decrease the 
total number of surgeries required, as well as the extent of 
each individual surgery for many patients. 

In another aspect, by having a system that is fully local­
ized to the head, it eliminates the requirement of currently 
available systems of having long leads and extensions 
extending across the neck and back to IPG locations com­
monly in the low back and gluteal region, and thereby 15 

decreases the risk of problems attendant to such long leads 
and extensions, including discomfort, infection, technical 
extension issues such as fracture, and other morbidities. This 
results in a further decrease in the number of surgeries 
required by a patient. 

In other aspects, an IPG may be ofproper aspect ratio with 
respect to the specific site of intended implantation in the 
head, preferably an area posterior to and/or superior to the 
ear. There may be an external portable prograniming unit 
that is capable of achieving a radio frequency coupling to the 25 

implanted unit. An IPG may have an internal RF receiver 
coil that is capable of coupling via a radiofrequency mecha­
nism to an external control unit that provides power and 
control function. An IPG may contain an internal RF 
receiver, an application specific integrated circuit, and a 
supercapacitor. In the event the external power supply is 
lost, the supercapacitor can supply power to the device and 
keep the device functioning until the external power con­
nection can be resumed. The system may include a primary 
cell as a power source. An IPG may be capable of being 35 

multiplexed, i.e., the IPG can be programmed to only 
stimulate (turn on) the required and necessary electrical 
contacts needed for therapy and turn off the ones not needed. 

In other aspects, the system may include one or more of 
the following features. A neurostimulating lead may not 
require a central channel for a sty let. Aneurostimulating lead 
may have a smaller diameter than currently available leads. 
A neurostimulating lead may have a shaped or flat electrode 
design that orients the electrical fields toward the specific 
nerves, thus avoiding stimulation of undesired tissues, e.g., 45 

adjacent muscles, while additionally improving patient cos­
metics. A neurostimulating lead may include redundant 
electrodes for the shaped or flat electrode contacts 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 system may include the dispo­
sition of a sufficient plurality of surface electrodes over a 
sufficient linear distance along the system's leads to enable 55 

medically adequate therapeutic stimulation across multiple 
regions of the head, and preferably the entire hemicranium; 
that is, over the frontal, parietal, and occipital region simul­
taneously. The extended array of surface electrodes may be 
divided into two or more discrete terminal surface electrode 
arrays. The preferred linear layout of these multiple surface 
electrode arrays includes at 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. 65 

In other aspects, intra-array design features may include 
variations in the specific number of electrodes allotted to 

each group; the shape of the electrodes, e.g., whether the 
electrodes are cylindrical or flattened; the width of each 
electrode within each array, and the linear distance intervals 
of separation of the electrodes within each array. 

In other aspects, the system may include a plurality of 
connection ports that can be connected with a plurality of 
leads and thus allow for attaching additional leads should 
they later be required. 

In another aspect, an implantable peripheral neurostimu­
lation system for head pain comprises multiple design 
features; including features aimed at improving patient 
safety by improving the incidence of adverse events, includ­
ing the risk of infection, as well as the risk and incidence of 
known technical problems associated with implanted leads, 
including lead migration and lead fracture, amongst others. 
The lead may comprise two or more (i.e. three or more) 
surface electrode arrays, each uniquely designed, that are 
disposed over a sufficient lead length to allow for medically 
acceptable therapeutic neurostimulator coverage of at least 
regions within the supraorbital, parietal, and occipital cranial 
regions. To achieve the same clinical coverage from a single 
implant, it would require three or more separately surgically 
implanted leads. Therefore, by reducing the number of 
surgical incisions, as well as the number of surgically 
implanted leads, the associated risks of adverse events are 
proportionally diminished. 

In yet another aspect, an implantable peripheral neuro­
stimulation system for head pain may treat chronic head 
and/or face pain of multiple etiologies, including migraine 
headaches; and other primary headaches, including cluster 
headaches, hemicrania continua headaches, tension type 
headaches, chronic daily headaches, transformed migraine 
headaches; further including secondary headaches, such as 
cervicogenic headaches and other secondary musculoskel­
etal headaches; including neuropathic head and/or face 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 various occipital neuralgias, 
supraorbital neuralgia, auroiculotemporal neuralgia, infra­
orbital neuralgia, and other trigeminal neuralgias, and other 
head and face neuralgias. 

In another aspect, an implantable, head-mounted, neuro­
stimulation system for head pain comprises multiple design 
features, including features aimed at improving patient 
safety by improving the incidence of adverse events, includ­
ing the risk of infection, as well as the risk and incidence of 
known technical problems associated with implanted leads, 
including lead migration and lead fracture, amongst others. 
The lead may comprise two or more (i.e. three or more) 
surface electrode arrays, each uniquely designed, that are 
disposed over a sufficient lead length to allow for medically 
acceptable therapeutic neurostimulator coverage of at least 
regions within the supraorbital, parietal, and occipital cranial 
regions. To achieve the same clinical coverage from a single 
implant, it would require three or more separately surgically 
implanted leads. Therefore, by reducing the number of 
surgical incisions, as well as the number of surgically 
implanted leads, the associated risks of adverse events are 
proportionally diminished. 

In yet another aspect, an implantable, head-mounted, 
neurostimulation system for head pain may treat chronic 
head and/or face pain of multiple etiologies, including 
migraine headaches and other primary headaches, including 
cluster headaches, hemicrania continua headaches, tension 
type headaches, chronic daily headaches, transformed 
migraine headaches, further including secondary headaches, 
such as cervicogenic headaches and other secondary mus­
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culoskeletal headaches, including neuropathic head and/or 
face pain, nociceptive head and/or face pain, and/or sym­
pathetic related head and/or face pain, including greater 
occipital neuralgia, as well as the other various occipital 
neuralgias, supraorbital neuralgia, auroiculotemporal neu­
ralgia, infraorbital neuralgia, and other trigeminal neural­
gias, and other head and face neuralgias. 

In other aspects, an implantable, head-mounted, neuro­
stimulation system for head pain may not require a central 
channel for sty let placement over its distal (frontal) portions. 
The lead may improve patient comfort and cosmetics by 
virtue of its relatively small diameter over the distal portions 
of the lead, partially due the lack of a central sty let channel, 
as well as due to a progressive decrease in the number of 
internal wires continuing after each terminal electrode. The 
lead may further improve cosmetic appearance and patient 
comfort by incorporating a flattened lead design for that 
portion of the lead expected to be over the frontal portion of 
the head. 

Thus, the present disclosure provides for a peripheral 
neurostimulation lead that is uniquely designed for implan­
tation in the head as a therapy for chronic head pain, 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 comfort, 
improve cosmetics, reduce the number of surgical leads 
required, and reduce medical risk, and reduce medical costs. 

B. Overview 

Turning now descriptively to the drawings, in which 
similar reference characters denote similar elements 
throughout the several views, the figures illustrate an 
implantable pulse generator (IPG) from which two neuro­
stimulating leads may extend to a length sufficient to allow 
for therapeutic neurostimulation unilaterally over the fron­
tal, parietal and occipital regions. The leads include an 
extended plastic lead body, a plurality of surface metal 
electrodes disposed along the lead, which may be divided 
into two or more electrode arrays, a plurality of internal 
electrically conducting metal wires running along at least a 
portion of its length and individually connecting the IPG's 
internal circuit to individual surface metal electrodes. The 
implantable pulse generator includes the internal circuits, a 
radiofrequency receiver coil, and an ASIC. The system may 
be operable to provide medically acceptable therapeutic 
neurostimulation to multiple regions of the head, including 
the frontal, parietal and occipital regions simulataneously, 
and six figures demonstrate various views of this feature as 
the system is depicted in situ. 

C. Full Head-Located Neurostimulator System 

FIG. 1 depicts a side view of a full neurostimulator 
system, which consists of an implantable pulse generator 
(IPG) 10 along with two unibody plastic lead extensions-a 
Pronto-Parietal Lead (FPL) 20 and an Occipital Lead (OL) 
30 ofadequate length to extend to roughly the midline of the 
forehead and to the midline at the cervico-cranial junction, 
respectively. Arrows 28 indicate the point of cross section of 
FIG. 4. 

FIGS. 5, 6, and 7 depict posterior, lateral and frontal 
views of the system in-situ. The unit is demonstrated in an 
implant position where the IPG 10 is posterior and cephalad 
to the pinna of the ear. The drawings demonstrate the FPL 
20 passing over the parietal 60 and frontal 70 regions of the 
head, including auriculo-temporal nerve 61 and supraorbital 

nerve 71, in a manner that places the FEA over the supra­
orbital nerve and the PEA over the auriculotemporal nerve. 
The OL 30 is shown passing caudally and medially over the 
occipital region of the head such that the OEA 35 cross over 
the greater occipital nerve 51, the lesser occipital nerve 52, 
and the third occipital nerve. 

FIGS. 8 and 9 depict two views ofthe external control unit 
(ECU) 100. FIG. 8 depicts a side view of an ECU 100, the 
components ofwhich include an ear clip 1110, an electronics 
and battery component (EBC) 1120, an external coil lead 
1130, and an external RF coil housing 1140 that contains a 
RF coil 1141 external magnet 1142. FIG. 9 depicts a right 
oblique frontal view of the head with an implantable neu­
rostimulator system in-situ, and with the ECU 100 attached 
to the ear in its functional position, with the external RF coil 
housing 1140 in position opposite the internal RF coil 11 and 
internal magnet 12 of the IPG 10. 

D. Pronto-Parietal Lead 

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

The plastic body member 20a is an elongated, cylindrical, 
flexible member, which may be formed of a medical grade 
plastic polymer. It has a proximal end 22, a distal end 21, and 
may be conceptually divided into five segments along its 
linear dimension. Progressing from the proximal end 22, 
these segments sequentially include a proximal lead segment 
(PLS) 22a, a parietal electrode array (PEA) 26, an inter­
array interval 27, a frontal electrode array (FEA) 25, and a 
distal non-stimulating tip 23. 

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

E. Frontal Electrode Array 

Continuing with FIG. 1, the FEA 25 consists ofa plurality 
of surface metal electrodes (SME) 24 uniformly disposed 
over a 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. Parietal Electrode Array 

Returning to FIG. 1, the PEA 26 consists of a plurality of 
SME 24 uniformly disposed along a linear portion of the 
FPL. The PEA 26 is separated along the FPL from the FEA 
by an inter-array interval 27. It is separated only the lead 
from the IPG by the PLS 22a. The lead internal wires 29 
connect to the individual SMEs 24 of the PEA in the same 
fashion as the do with the SME of the FEA as shown in FIG. 
2. 

G. Occipital Lead 

Continuing with FIG. 1, the occipital lead (OL) 30 as part 
of the unibody construction extends from the IPG 10. It 
comprises a plastic body member 39 and a set of lead 
internal wires 38 that pass through the central cylinder ofthe 
lead to connect to a series of SME 34, each of surface 
electrode width 37, that are uniformly disposed at an inter­
electrode distance 36 from each other along a portion of the 
length of the lead. These lead internal wires 38 pass and 
connect in the same manner as described above for the SME 
24 of the FEA 25 as depicted in FIGS. 2 and 4. 
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The plastic body member 39 is an elongated, cylindrical, 
flexible member, which may be formed of a medical grade 
plastic polymer. It has a proximal end 32 and a distal end 31. 
Progressing along the lead from the proximal end 32, these 
segments sequentially include a proximal lead segment 
(PLS) 32a, an occipital electrode array (OEA) 35, and a 
distal non-stimulating tip 33. 

H. Occipital Lead Array 

As depicted in FIG. 1, the OEA 35 consists of a plurality 
of surface metal electrodes (SME) 34 uniformly disposed 
over a portion OL 30. Lead internal wires 38 connect to the 
SME 24 in the same fashion as depicted for the FEA 25 as 
shown in FIG. 2. 

I. Implantable Pulse Generator 

Referring to FIG. 1 and FIG. 3, the three primary physical 
and functional components of the IPG 10 include an internal 
magnet 12, an internal radiofrequency receiver coil 11, and 
an application specific integrated circuit (ASIC) 13, along 
with the necessary internal wire connections amongst these 
related components, as well as to the incoming lead internal 
wires 29, 39. These individual components may be encased 
in a can made of a medical grade metal and plastic cover 14, 
which itself transitions over the exiting FPL 20 and OL 30. 

Referring now to FIGS. lA and lB, there are illustrated 
embodiments of the IPG 10 and the various configurations 
of the lead. In FIG. lA, the FPL lead 20 and the OL lead 30 
are illustrated as extending downward from the IPG body 
10. In FIG. lB, the coil 11 and the magnet 12 are disposed 
in a separate body 10' that is disposed distal from the 
integrated circuit 13 or ASIC 13 by a lead 20'. This allows 
the coil 11 to be disposed at a point in the hemicranium distal 
from the ASIC 13. For implantation, the magnet 12 is 
removed therefrom and the body 10' is "rolled up" in a tube 
with the approximate diameter of the lead 20', such that it 
can be routed subcutaneously to a different location about 
the head. This is to facilitate coupling with an external coil 
in a more comfortable manner for the patient. 

J. External Controller 

FIG. 8 depicts an external "behind the ear" controller 
(EC) 100, which includes an ear clip 1110, an electronics and 
battery component (EBC) 1120, an external coil lead 1130 
and an external RF coil plastic housing (ECPH) 1140, which 
contains the external RF coil 1141, and the external magnet 
1142. 

FIG. 9 depicts a right oblique frontal view of the head 
with an in-situ full neurostimulator system. The EC 100 is 
depicted as secured into position by an ear clip 1110, and the 
ECPH 1140 is depicted as applied to the skin directly over 
the internal radiofrequency receiver coil 11 and internal 
magnet 12 components of the IPG 10. 

K. Connections of Main Elements and 

Sub-Elements 


The system may include a unibody construction to pro­
vide physical and functional continuity of the related com­
ponents and sub-components. 

The overall mechanistic purpose of an implantable neu­
rostimulation system is to generate and conduct a prescribed 
electrical pulse wave from an IPG 10 down a set of lead 
internal wires 29, 38 running a portion of the length of the 

lead to specified programmed set of SMEs 24, 34, whereby 
the current is then conducted by tissue and/or fluid to an 
adjacent, or nearby, set of one or more SME 24, 34, which 
in turn passes the signal proximally down the lead wire 29, 
38 back to the IPG 10 and its ASIC 13, thus completing the 
circuit. 

An external control unit (ECU) 100 provides power, 
programming and diagnostic functionality to the implanted 
neurostimulator system via a radiofrequency couple 
between the external RF coil 1141 and internal RF coil 1142. 
The ECU 100 is held in place on the head by an ear clip 
1110, and its ECPH 1140 is held in place over the IPG 10 by 
internal and external magnets 12, 1142. 

L. Charge Transfer/Communication Control 

FIG. 10 depicts a conceptual diagram of a system 500 that 
provides for independent charging/powering and communi­
cation with multiple body-implanted pulse generating (IPG) 
devices requiring external power to either power the IPGs 
directly or to charge an internal supercapacitor associated 
with the IPGs or a hybrid thereof. For the purposes of this 
disclosure, charge provided to the IPGs will be referred to as 
"charge transfer," but it should be understood that this could 
mean charging of a supercapacitor or delivering charge to a 
powered element associated with the IPGs. Three charge 
receiving systems 520, 540, 560 are shown, each disposed 
within a corresponding IPG (not shown). An external charge 
transfer system 502 disposed outside a dermis layer (or 
"dermal layer") 518 includes series-connected charge trans­
fer coils, of which three are shown, being series-connected 
charge transfer coils 510, 511, 512, each of which corre­
sponds to a respective one of receive coils 521, 541, 561 of 
respective ones ofa plurality of charge receiving systems, of 
which three are shown, being charge receiving systems 520, 
540, 560. Preferably each receive coil 521, 541, 561 is tuned 
to the resonant frequency of the respective charge transfer 
coil 510, 511, 512 within the external charge transfer system 
502. While three charge transfer coils 510, 511, 512 are 
shown, one for each charge receiving system 520, 540, 560, 
other embodiments may utilize one charge transfer coil, two 
charge transfer coils, or another number of charge transfer 
coils, depending upon the number of IPGs. 

The external charge transfer system 502 includes a driver 
504, responsive to a DRIVER CTRL signal on node 503, for 
driving the series-connected coils 510, 511, 512 with an AC 
signal. A TX/RX telemetry block 506 includes a transmitter 
for transmitting forward telemetry data signal within the AC 
signal driven across the charge transfer coils (i.e., on node 
508), and a receiver to detect and receive a back telemetry 
data signal within the AC signal. The forward/back 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 shown). As used herein, data communication from an 
external charge transfer system to an IPG is referred to as 
forward telemetry, and data communication from an IPG to 
an external charge transfer system is referred to as back 
telemetry. 

Within the first IPG, the charge receiving system 520 
includes a receive coil 521 that is tuned to the resonant 
frequency of the associated charge transfer coil 510 within 
the external charge transfer system 502, so that receive coil 
521 may receive energy transferred from the charge transfer 
coil 510 when in close proximity thereto. The receive coil 
521 is coupled to a charge receiving block 528 that includes 
circuitry for receiving energy in a first mode of operation, 
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and for de-tuning the receive coil 521 in a second mode of 
operation to inhibit transfer of energy. The receive coil 521 
is also coupled (via node 522) to an RX/TX telemetry block 
523 that includes a receiver for receiving a forward telem­
etry data signal from the receive coil 521, and a transmitter 
for transmitting a back telemetry data signal to the receive 
coil 521. The received energy is coupled to charge transfer 
circuitry, and the forward/back telemetry data signals are 
coupled to/from data circuitry within the first IPG, both as 
represented by node 529. As can be appreciated, the receive 
coil 521 serves as a "shared antenna" for both the charge 
transfer system and the telemetry system. 

Similarly, the charge receiving system 540 includes a 
receive coil 541 that is tuned to the resonant frequency of the 
associated charge transfer coil 511, so that receive coil 541 15 

may receive energy transferred from the charge transfer coil 
511 when in close proximity thereto. The receive coil 541 is 
coupled to a charge receiving block 548 that includes 
circuitry for receiving energy in the first mode of operation, 
and for de-tuning the receive coil 541 in the second mode of 
operation to inhibit transfer of energy. The receive coil 541 
is also coupled (via node 542) to an RX/TX telemetry block 
543 that includes a receiver for receiving a forward telem­
etry data signal from the receive coil 541, and a transmitter 
for transmitting a back telemetry data signal to the receive 25 

coil 541. The received energy is coupled to charge transfer, 
and the forward/back telemetry data signals are coupled 
to/from data circuitry within the second IPG, both as 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 
may receive energy transferred from the charge transfer coil 
512 when in close proximity thereto. The receive coil 561 is 
coupled to a charge receiving block 568 that includes 35 

circuitry for receiving energy in the first mode of operation, 
and for de-tuning the receive coil 561 in the second mode of 
operation to inhibit transfer of energy. The receive coil 561 
is also coupled (via node 562) to an RX/TX telemetry block 
563 that includes a receiver for receiving a forward telem­
etry data signal from the receive coil 561, and a transmitter 
for transmitting a back telemetry data signal to the receive 
coil 561. The received energy is coupled to charge transfer 
circuitry, and the forward/back telemetry data signals are 
coupled to/from data circuitry within the third IPG, both as 45 

represented by node 569. 
Even though a single driver circuit 504 is utilized to drive 

all three series-connected charge transfer coils 510, 511, 
512, the system 500 provides for independent charge trans­
fer (or charge delivery) ofmultiple IPGs. When such charge 
transfer of one of the IPGs is complete (or delivery of 
charge), the corresponding de-tuning circuitry within the 
respective charge receiving circuit 528, 548, 568 may be 
activated to de-tune its respective receive coil 521, 541, 561 
and thereby inhibit further transfer of energy to the respec­ 55 

tive charge receiving circuit 528, 548, 568. Each IPG may 
de-tune its receive coil when charge transfer is complete, 
independently ofthe other IPGs, to limit needless power loss 
and undesirable heating within an IPG, without affecting 
energy transfer to the remaining charge receiving systems 
520, 540, 560. 

Moreover, even though a single driver circuit 504 is 
utilized to drive all three series-connected charge transfer 
coils 510, 511, 512, the system 500 also provides for 
independent communication with multiple IPGs. Since the 65 

forward telemetry (transmit) data signal within the AC 
signal is driven across all three series-connected charge 

transfer coils 510, 511, 512, each of the charge receiving 
systems 520, 540, 560 can independently receive such a 
transmitted data signal. As for receiving data independently 
from each charge receiving system, the external charge 
transfer system 502 can coordinate the operation of each 
charge receiving system 520, 540, 560 so that only one such 
charge receiving system at a time attempts to communicate 
back telemetry data to the external charge transfer system 
502. Such coordination 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 non-selected charge 
receiving systems will forego attempted back telemetry 
during such times. Embodiments described below provide 
detailed examples of forward and back telemetry circuitry 
and operation. 

FIG. 11 is a block diagram of a system 600 that provides 
for the de-tuning of a receive coil within a given IPG to 
selectively tum off charge transfer (charge delivery) of the 
given device without affecting charge delivery in one or 
more other such IPGs. Two charge receiving systems 620, 
630 are shown, each disposed within a corresponding IPG. 
An external charge delivery system 610 disposed outside a 
dermis layer 602 includes series-connected charge transfer 
coils 612, 613, each of which corresponds to a respective 
one ofreceive coils 621, 631 ofrespective charge receiving 
systems 620, 630. In this embodiment, two such charge 
transfer coils 612, 613 are shown, one for each charge 
receiving system 620, 630, but other embodiments may 
utilize one charge transfer coil or another number of charge 
transfer coils, depending upon the number of IPGs. 

The external charge transfer system 610 includes a driver 
611, responsive to a CTRL signal, for driving the series­
connected charge transfer coils 612, 613 with an AC signal. 
Within the first IPG, the charge receiving system 620 
includes a receive coil 621 that is preferably tuned to the 
resonant frequency of the associated charge transfer coil 612 
within the external charge transfer system 610, so that 
receive coil 621 may receive energy transferred from the 
charge transfer coil 612 when in close proximity thereto. The 
receive coil 621 is coupled to a rectifier block 622 for 
receiving energy in a first mode of operation and generating 
a rectified voltage on node 624, and for de-tuning the receive 
coil 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 circuitry within the first IPG (not shown). 

Within 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 transfer coil 613 
within the external charge transfer system 610, so that 
receive coil 631 may receive energy transferred from the 
charge transfer coil 613 when in close proximity thereto. The 
receive coil 631 is coupled to a rectifier block 632 for 
receiving energy in the first mode of operation and gener­
ating a rectified voltage on node 634, and for de-tuning the 
receive coil 631 in the second mode ofoperation, responsive 
to a DE-TUNE signal on node 633, to inhibit transfer of 
energy. The rectified voltage on node 634 is coupled to 
charge transfer circuitry within the second IPG (not shown). 

Even though a single driver circuit 611 is utilized to drive 
both series-connected charge transfer coils 612, 613, the 
system 600 provides for de-tuning of a receive coil within a 
given IPG to selectively turn off charging ofthe given device 
without affecting charging of one or more other such IPGs. 
As such, independent charge transfer of multiple IPGs is 
provided. When such charge transfer of one of the IPGs is 
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complete, the corresponding DE-TUNE signal may be acti­
vated within the respective charge receiving system 620, 630 
to de-tune its respective receive coil 621, 631 and thereby 
inhibit transfer of energy to the respective charge receiving 
system 620, 630. Each IPG may de-tune its receive coil 
when charge transfer is complete, independently ofthe other 
IPGs, to limit needless power loss and undesirable heating 
within a fully-charged IPG, without affecting energy transfer 
to the remaining charge receiving systems 620, 630. Such 
completion of charge transfer may be determined within the 
charge receiving system of the respective IPG, with or 
without any communication to the external charge transfer 
system. 

FIG. 12 is a block diagram of a system 645 which 
provides for power transmission and data communication to 15 

an IPG using opposite-polarity half-wave rectified signals 
received by the implanted device. Two charge receiving 
systems 650, 660 are shown, each disposed within a corre­
sponding IPG. An external charge transfer system 640 
disposed outside a dermis layer 602 includes series-con­
nected charge transfer 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 
each receive coil 651, 661 is tuned to the resonant frequency 
of the respective charge transfer coil 642, 643 within the 25 

external charge transfer system 640. In this embodiment, 
two such charge transfer coils 642, 643 are shown, one for 
each charge receiving system 650, 660, but other embodi­
ments may utilize one charge transfer coil or another number 
of charge transfer coils. 

The external charge transfer 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 signal has a first logic state (e.g., logic high), the 
driver 641 drives the series-connected charge transfer coils 35 

642, 643 with an AC signal, and when the FWD TELEM TX 
DATA signal has a second logic state (e.g., logic low), the 
driver 641 is disabled. In some embodiments, the driver 641 
together with the series-connected charge transfer coils 642, 
643 may be configured as a resonant amplifier. When such 
a resonant amplifier is disabled, the AC signal is allowed to 
decay and eventually cease. 

Such operation may be viewed as providing a 100% 
amplitude-modulated AC signal driven across the series­
connected charge transfer coils 642, 643, controlled by a 45 

bit-serial forward telemetry data signal FWD TELEM TX 
DATA. Significant charge transfer to one or both charge 
receiving systems 650, 660 is still readily provided for 
charge transfer by limiting the duration of time that the 
forward telemetry transmit data signal FWD TELEM TX 
DATA is allowed to "disable" the coil driver 641. Conse­
quently, such a signal also functions as an enable/disable 
signal for the driver 641 if maintained in the second logic 
state. 

Within a first IPG, the charge receiving system 650 55 

includes a receive coil 651 for receiving energy transferred 
from the associated charge transfer coil 642 when in close 
proximity thereto. The receive coil 651 is coupled to a 
positive half-wave rectifier block 653 for receiving energy 
and generating a rectified voltage on node 654, and respon­
sive to a DE-TUNE signal on node 655, for de-tuning the 
receive coil 651 to inhibit transfer of energy from the 
associated charge transfer coil 642. The rectified voltage on 
node 654 is coupled to charge transfer circuitry within the 
first IPG (not shown), which circuitry also directly or 65 

indirectly controls the DE-TUNE signal on node 655 when 
charging is complete or charge transfer is not desired. The 

receive coil 651 is also coupled via node 657 to a negative 
half-wave rectifier block 652 for receiving forward telem­
etry data and generating on node 656 a respective forward 
telemetry receive data signal, which is conveyed to forward 
telemetry receive data FWD TELEM RX DATA circuitry 
within the first IPG (not shown). 

Within a second IPG, the charge receiving system 660 
includes a receive coil 661 for receiving energy transferred 
from the associated charge transfer coil 643 when in close 
proximity thereto. The receive coil 661 is coupled to a 
positive half-wave rectifier block 663 for receiving energy 
and generating a rectified voltage on node 664, and respon­
sive to a DE-TUNE signal on node 665, for de-tuning the 
receive coil 661 to inhibit transfer of energy from the 
associated charge transfer coil 643. The rectified voltage on 
node 664 is coupled to charge transfer circuitry within the 
second IPG (not shown), which circuitry also directly or 
indirectly controls the DE-TUNE signal on node 665 when 
charging is complete or charge transfer is 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 forward 
telemetry receive data signal, which is conveyed to forward 
telemetry receive data FWD TELEM RX DATA circuitry 
within the first IPG (not shown). 

As may be appreciated, each IPG can receive forward 
telemetry data independently, irrespective of the charging 
state (i.e., de-tuned state) ofthat IPG or of the other IPG. For 
example, the charge 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 
lowers the resonant Q of the combination of charge transfer 
coil 642 and charge receive coil 651 for positive voltage 
excursions on node 657, and consequently serves to inhibit 
significant energy transfer to receive coil 651, but does not 
negatively impact the ability for the negative half-wave 
rectifier 652 to respond to negative transitions on node 657 
and generate the output voltage accordingly on node 656. 
Similarly, the charge receiving system 650 may still receive 
forward telemetry information irrespective of whether the 
positive half-wave rectifier 663 within the other charge 
receiving system 660 is de-tuned or not. 

FIG. 13A is a block diagram of a system 675 which 
provides for bi-directional communication with an IPG, and 
particularly illustrates passive communication from an 
implanted device to the external charge transfer system (i.e., 
back telemetry) when the receive coil within the implanted 
device is de-tuned. 

Two charge receiving systems 680, 690 are shown, each 
disposed within a corresponding IPG. An external charge 
transfer system 670 disposed outside a dermis layer 602 
includes series-connected charge transfer coils 673, 674, 
each of which corresponds to a respective one of receive 
coils 681, 691 of respective charge receiving systems 680, 
690. 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 670. In this embodiment, two such charge transfer 
coils 673, 674 are shown, one for each charge receiving 
system 680, 690, but other embodiments may utilize one 
charge transfer coil or another number of charge transfer 
coils noting that the charge transfer coils are for delivery of 
charge to the IPGs. Such charge delivery may be utilized to 
charge a supercapacitor within the IPG, and/or to power the 
IPG, particularly if such IPG does not include a superca­
pacitor. 
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The external charge transfer 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 first logic state (e.g., logic high), 
the driver 671 drives the series-connected charge transfer 
coils 673, 674 with an AC signal, and when the FWD 
TELEM TX DATA signal is driven to a second logic state 
(e.g., logic low), the driver 671 is disabled. In some embodi­
ments, the driver 671 together with the series-connected 
charge transfer coils 673, 674 may be configured as a 
resonant amplifier. When such a resonant amplifier is dis­
abled, the AC signal decays and eventually ceases. Such 
operation may be viewed as providing a 100% amplitude 
modulation of the AC signal driven onto the series-con­
nected charge transfer coils 673, 674, which modulation is 
controlled by a bit-serial forward telemetry data signal that 
also functions as an enable/disable signal for the driver 671 
(if held to the appropriate one of its two logic states). The 
external charge transfer system 670 also includes a receiver 
circuit 672 that is responsive to the AC signal on the 
series-coupled charge transfer coils 673, 674, and which 
generates accordingly a back telemetry receive data signal 
BACK TELEM RX DATA. 

Within a first IPG, the charge receiving system 680 
includes a receive coil 681 for receiving energy transferred 
from the associated charge transfer coil 673 when in close 
proximity thereto. The receive coil 681 is coupled to a 
positive half-wave rectifier block 683 for receiving energy 
and generating a rectified voltage on node 684, and respon­
sive to a DE-TUNE signal on node 685, for de-tuning the 
receive coil 681 to inhibit transfer of energy from the 
associated charge transfer coil 673. The rectified voltage on 
node 684 is coupled to charge transfer circuitry within the 
first IPG (not shown). The receive coil 681 is also coupled 
via node 687 to a negative peak detector block 682 for 
receiving forward telemetry data and generating on node 
686 a respective forward telemetry receive data signal, 
which is conveyed to forward telemetry receive data FWD 
TELEM RX DATA circuitry within the first IPG (not 
shown). 

The charge receiving system 680 also includes a de-tune 
control block 688 for generating the DE-TUNE control 
signal on node 685 responsive to a disable power transfer 
signal DISABLE PWR TRANSFER, and further responsive 
to a bit-serial back telemetry transmit data signal BACK 
TELEM TX DATA. In operation, the DISABLE 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 
positive half-wave rectifier 683. In addition, during normal 
charge transfer the DE-TUNE control signal may be asserted 
for each bit-position of the bit-serial BACK TELEM TX 
DATA signal corresponding to one of its two data states. 
Since de-tuning the positive half-wave rectifier 683 in 
concert with the receive coil 681 inhibits energy transfer 
from the charge transfer coil 673 to the receive coil 681, the 
loading of charge transfer coil 673 is decreased. This 
decreased loading results in a higher peak current through 
the series-connected charge transfer coils 673, 674. In the 
external charge transfer system 670, the receiver circuit 672 
senses the change in peak current through the series-coupled 
charge transfer coils 673, 674 as each serial data bit of the 
BACK TELEM TX DATA signal either tunes or de-tunes the 
receive coil 681, and generates accordingly a back telemetry 
receive data signal BACK TELEM RX DATA. 

If the DE-TUNE control signal is already asserted (e.g., 
because the DISABLE PWR TRANSFER signal is asserted 
to indicate charge transfer is complete or not desired) when 
the charge receiving system 680 desires to transmit back 
telemetry data, the DISABLE PWR TRANSFER signal may 
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 
may still transmit back telemetry information irrespective of 
whether it is generally in a de-tuned state. 

Within a second IPG, the charge receiving system 690 
includes a receive coil 691 for receiving energy transferred 
from the associated charge transfer coil 674 when in close 
proximity thereto. The remainder 692 of the charge receiv­
ing system 690 is identical to the charge receiving system 
680, and need not be separately described. 

FIG. 14A is a block diagram of a system 701 which 
includes charge transfer coil ("transmit coil") current sens­
ing circuitry, and particularly illustrates sensing such trans­
mit coil current to determine back telemetry data received 
from an implanted device, and to determine de-tuning of an 
implanted device receive coil. Two charge receiving systems 
720, 730 are shown, each disposed within a corresponding 
body-implanted active device. An external charge transfer 
system 700 disposed outside a dermis layer (or "dermal 
layer") 602 includes series-connected charge transfer coils 
703, 704, each of which corresponds to a respective one of 
receive coils 721, 731 of respective charge receiving sys­
tems 720, 730. Although two such charge transfer coils 703, 
704 are shown, one for each charge receiving system 720, 
730, other embodiments may utilize one charge transfer coil 
or another number of charge transfer coils, depending upon 
the number of IPGs. 

The external charge transfer system 700 includes a driver 
702, responsive to a CTRL signal, for driving the series­
connected charge transfer coils 703, 704 with an AC signal. 
Within the first IPG, the charge receiving system 720 
includes a receive coil 721 that is preferably tuned to the 
resonant frequency of the associated charge transfer coil 703 
within the external charge transfer system 700, so that 
receive coil 721 may receive energy transferred from the 
charge transfer coil 703 when in close proximity thereto. The 
receive coil 721 is coupled to a rectifier/de-tune block 722 
for receiving energy at times and generating a 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 transfer of 
energy from the charge transfer coil 703. The rectified 
voltage on node 724 is coupled to charge transfer circuitry 
within the first IPG (not shown). In this embodiment the 
BACK TELEM TX DATA signal functions as both a bit-
serial data signal and a "disable charge transfer" signal, 
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 
held in one of its two logic levels (e.g., a logic high level), 
while to actually communicate back telemetry data to the 
external charge transfer system 700, the BACK TELEM TX 
DATA signal is driven between both its logic levels accord­
ing to the bit serial data. Any of several encoding formats 
may be used, but NRZ ("non-return-to-zero") encoding is 
assumed here. 

Within the second IPG, the charge receiving system 730 
includes a receive coil 731 that is preferably tuned to the 
resonant frequency of the associated charge transfer coil 704 
within the external charge transfer system 700, so that 
receive coil 731 may receive energy transferred from the 
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charge transfer coil 704 when in close proximity thereto. The 
receive coil 731 is coupled to a rectifier/de-tune block 732 
for receiving energy at times and generating a rectified 
output voltage on node 734, and for de-tuning the receive 
coil 731 at other times, responsive to a respective BACK 
TELEM TX DATA signal on node 735, to inhibit transfer of 
energy from the charge transfer coil 704. The rectified 
voltage on node 734 is coupled to charge transfer circuitry 
within the second IPG (not shown). 

The external charge transfer system 700 includes circuitry 
to generate a COIL CURRENT signal corresponding to the 
magnitude of the charge transfer coil current, and to generate 
a BACK TELEM RX DATA signal corresponding to the 
back telemetry data received from one of the charge receiv-

15 
ing systems 720, 730. The back telemetry data is commu­
nicated passively by a given one of the charge receiving 
systems 720, 730 by modulating the amount of energy 
transferred from the external charge transfer coils and 
received by a given charge receiving system. Such modu­
lation occurs by changing whether the corresponding receive 
coil is tuned or de-tuned. De-tuning the receive coil may 
occur when charge transfer is complete or not desired, in 
which case the transferred energy will decrease and remain 
at the decreased value, but may also occur in response to a 25 

bit-serial BACK TELEM TX DATA signal, in which case 
the variations or changes in transferred energy will have a 
frequency 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 that corresponds 
to changes in the amount of energy transferred to the given 
charge receiving system. 

In this embodiment, the circuitry to accomplish this 
includes a charge transfer coil AC current sensor 706 having 35 

an input coupled to the output node 705 ofdriver 702, which 
generates on its output node 707 an AC voltage signal 
corresponding to the instantaneous current through the 
series-connected charge transfer coils 703, 704. This AC 
voltage signal on node 707 is coupled to a demodulator 708 
which generates on its output node 709 a demodulated signal 
corresponding to the peak value of the AC voltage signal on 
node 707, which corresponds to the peak value of the 
instantaneous current through the charge transfer coils 703, 
704. This demodulated signal on node 709 is filtered by 45 

low-pass filter 710 to generate the COIL CURRENT signal 
on node 712. The COIL CURRENT signal is a 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 demodulated signal on node 709 is also coupled to a 
band-pass filter 711 to generate the BACK TELEM RX 
DATA signal on node 713. This BACK TELEM RX DATA 55 

signal is reflective of higher-frequency changes in the peak 
charge transfer coil current, such as would occur when back 
telemetry data is being communicated and the corresponding 
receive coil is de-tuned and tuned responsive to the bit-serial 
BACK TELEM TX DATA signal. Illustrative waveforms of 
these signals are shown in FIG. 14B. In some embodiments 
the data rate for the back telemetry need not be identical to 
the data rate 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 transfer 65 

system, may be result in each bit interval (i.e. bit position) 
corresponding to as few as 20 cycles of the resonant ampli­

fier, as noted in FIG. 14B. Additional examples and other 
embodiments of such current sensing and receive data 
circuits are described below. 

As noted above, FIG. 14B shows waveforms of selected 
signals illustrating back telemetry operation in the embodi­
ment shown in FIG. 14A. In particular, the bit-serial BACK 
TELEM TX DATA signal (node 725) is shown representing 
several bits of information to be communicated from the 
charge receiving system 720 to the external charge transfer 
system 700, along with the corresponding tuned 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 voltage signal is 
generated at the output 707 of the current sensor 706, which 
voltage signal corresponds to the instantaneous current 
through the charge transfer coil 703. This output signal 707 
is demodulated to produce the demodulated output signal on 
node 709, which is then filtered by band-pass filter 711 to 
produce the BACK TELEM RX DATA signal on node 713. 

FIG. 15 is a block diagram of an exemplary charge 
transfer system 745 which provides for adjustable transmit­
ted power to improve power efficiency within an implanted 
device. Two charge receiving systems 620, 630 are shown, 
each disposed within a corresponding IPG, which are iden­
tical to those described in FIG. 11, and need not be described 
here. An external charge transfer system 7 40 disposed 
outside a dermis layer 602 includes series-connected charge 
transfer coils 612, 613, each of which corresponds to a 
respective one ofreceive coils 621, 631 of respective charge 
receiving systems 620, 630. Two such charge transfer coils 
612, 613 are shown, one for each charge receiving system 
620, 630, but other embodiments may utilize one charge 
transfer coil or another number of charge transfer coils, 
depending upon the number of IPGs. 

The external charge transfer system 740 includes a reso­
nant driver 743 for driving the series-connected charge 
transfer coils 612, 613 with an AC signal, and a buck/boost 
circuit 741 that provides on node 742 a variable DC voltage 
for use by the driver 743 as an upper power supply node. By 
varying this VBOOST voltage on node 742, the amount of 
energy stored each resonant cycle in the charge transfer coils 
and ultimately transferred to the corresponding receive coil 
may be varied, for example, to achieve better charge deliv­
ery efficiency and coupling within the implanted device. The 
resonant driver 743 is responsive to a CTRL signal, such as 
described above regarding other embodiments, which may 
function as both a data signal and as an enable signal. 

The VBOOST voltage on node 742 may be varied as 
charge transfer progresses (or the charge delivery require­
ments change) within each IPG. For example, during an 
early phase of charge transfer when the voltage is relatively 
low, it may be desirable to limit the rectified voltage on node 
624 so that any voltage drop across the charge transfer 
circuit within the IPG is kept to a minimum necessary to 
achieve proper voltage regulation, or to provide a particular 
constant magnitude of charge transfer current to efficiently 
charge the supercapacitor. Later, as charge transfer pro­
gresses and the delivered voltage is raised to a higher 
voltage, the rectified voltage on node 624 may be increased 
to maintain a desired voltage drop across such charge 
transfer circuitry or to maintain the desired charge transfer 
current. When one of the IPGs is fully charged and its 
receive coil (e.g., 621) is de-tuned, the other IPG may still 
be transferring charge and its receive coil (e.g., 631) still 
tuned for resonant energy transfer from the external charge 
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system. The VBOOST voltage may then be adjusted to 
optimize the amount of energy transfer into the remaining 
IPG. 

The buck/boost circuit 741 is shown as being responsive 
to an ADJUST CTRL signal, which may be controlled 
within the external charge transfer system in response to 
detecting a decrease in energy transfer to one or more IPGs 
(e.g., using the COIL CURRENT signal described above), 
by receiving back telemetry information from one or both 
IPGs regarding internal voltage levels, internal current lev­
els, and/or internal temperatures, or by one or more tem­
perature sensors within the external charge transfer system 
(e.g., a sensor placed near each charge transfer coil), or by 
any other useful means, such as information from one or 
both IPGs conveyed using a Bluetooth connection to the 15 

external charge transfer system. This adjustability of the 
VBOOST voltage provides for adjustable control of the 
energy coupled to one or both of the charge receiving 
systems within the IPGs, even though both series-connected 
charge transfer coils 612, 613 are driven by a single driver 
circuit 743. However, it should be noted that changing ofthe 
amount of energy that can be coupled to any of the IPGs will 
change the amount of energy transfer to all the IPGs. Thus, 
although not disclosed herein, the IPGs must operate such 
that charge delivered is governed by the one of the IPGs that 25 

requires the most charge transfer. Each of the IPGs, for 
example, will send information back to the external charge 
delivery system in the form of a request to indicate an 
increased need for charge and the amount of charge transfer 
will be increased until the IPG requiring the most charge has 
that request satisfied. 

FIG. 16A is a block diagram of an exemplary system 780 
which includes feedback excitation control ofa resonant coil 
driver amplifier. Two charge receiving systems 620, 630 are 
shown, each disposed within a corresponding IPG, which 35 

are identical to those described in FIG. 11, and need not be 
described here. An external charge transfer system 770 
disposed outside a dermis layer 602 includes series-con­
nected charge transfer coils 773, 774, each of which corre­
sponds to a respective one of receive coils 621, 631 of 
respective charge receiving systems 620, 630. While two 
such charge transfer coils 773, 774 are shown, one for each 
charge receiving system 620, 630, other embodiments may 
utilize one charge transfer coil or another number of charge 
transfer coils, depending upon the number of IPGs. 45 

The external charge transfer system 770 includes a reso­
nant driver 771 for driving the series-connected charge 
transfer coils 773, 774 with an AC signal. An adjustable 
VBOOST voltage is conveyed on node 742 to provide a 
variable DC voltage for use by the driver 771 as an upper 
power supply node. The resonant driver 771 is responsive to 
a CTRL signal, such as described above, which may enable/ 
disable the driver 771 when appropriate (e.g., after charge 
transfer is complete within both IPGs ), and may also convey 
forward telemetry information to one or both IPGs, both as 55 

described above. The external charge transfer system 770 
also includes a coil current trigger circuit 772 for generating 
on node 776 a TRIGGER signal conveyed to the resonant 
driver 771 to provide a periodic "excitation" signal to 
periodically pump additional energy into the resonant driver 
771, which is helpful to maintain a high degree of efficiency 
of the resonant operation of the driver 771 in concert with 
the series-connected charge transfer coils 773, 774 con­
nected to the output node 775 ofthe resonant driver 771. The 
coil current trigger circuit 772 preferably is configured to 65 

assert the TRIGGER signal when the instantaneous charge 
transfer coil current, during each resonant cycle, crosses a 

predetermined threshold that is proportional to the peak 
instantaneous charge transfer coil current. In other words, 
when the instantaneous charge transfer coil current crosses 
a value that is a predetermined percentage of the maximum 
current (e.g., 60% of peak current), the TRIGGER signal is 
asserted to pump the additional energy into the resonant 
amplifier (i.e., driver 771 and transmit coils 773, 774). 
Illustrative waveforms of the instantaneous charge transfer 
coil current and the TRIGGER signal are shown in FIG. 
16B. 

By generating a feedback-controlled TRIGGER signal in 
this manner, high efficiency resonant operation may be 
achieved even as the charge transfer coil current may vary. 
Such variation in charge transfer coil current may result 
from changes in the VBOOST voltage, from changes in 
transferred energy due to receive coil de-tuning within an 
associated charge receiving system, from forward telemetry 
which modulates the charge transfer coil (i.e., "transmit 
coil") current, from variations in component parameters, and 
from changes in voltage, temperature, or other environmen­
tal conditions. 

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 implantable pulse generator 
(IPG) devices. The headset includes an IPG Driver and 
Telemetry block 782 that drives two charge transfer coils 
783, 784, and which is powered by a battery voltage VBAT 
conveyed on node 785 by headset battery 788, and an 
adjustable voltage VBOOST conveyed on node 786. A 
buck/boost circuit 787 receives the VBAT voltage on node 
785 and generates the VBOOST voltage on node 786. Power 
transfer is provided by a Headset Battery Charger 789 which 
receives USB power from USB port 791. A VDD regulator 
790 also receives the VBAT voltage on node 785 and 
generates a VDD voltage (e.g., regulated to 3.0 volts) on 
node 794, which is generally used as a power supply voltage 
for certain circuitry within the headset. 

A microcontroller (MCU) 793 provides general configu­
ration control and intelligence for the headset 781, and 
communicates with the IPG Driver and Telemetry block 782 
via a forward telemetry signal FWD TELEM and a back 
telemetry signal BACK TELEM via a pair of data lines 796. 
The MCU 793 can also communicate with an external 
device (e.g., a smartphone or personal digital assistant 
(PDA), a controller, a diagnostic tester, a programmer) that 
is connected to the USB port 791 via a pair ofUSB data lines 
792. The MCU 793 is connected to an external crystal 
resonant tank circuit 797 for providing an accurate timing 
source to coordinate its various circuitry and data commu­
nication interfaces. A Bluetooth interface 795 provides wire­
less interface capability to an external device, such as a 
smartphone or other host controller, and is connected to the 
VDD voltage on node 794. The Bluetooth interface 795 
communicates with the MCU 793 using data/control signals 
798. In general, MCU 793 is utilized to store configuration 
information in an on-chip Flash memory for both the overall 
headset and charge transfer system and also provide con­
figuration information that can be transferred to one or more 
of the IPGs. The overall operation of the headset is that of 
a state machine, wherein the IPG driver/telemetry block 782 
and the other surrounding circuitry, such as the buck/boost 
circuit 787 and the headset battery charger 789, all function 
as state machines, typically implemented within an ASIC. 
Thus, when communication information is received that 
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requires the MCU 793 to transfer configuration information as possible, to reduce losses that would otherwise result 
to the IPG or, alternatively, to configure the headset state from a large drain-to-source current and a non-zero drain­
machine, the MCU 793 will be activated. In this embodi­ to-source voltage across driver transistor 133. Consequently, 
ment a state machine is utilized for most functionality the drain terminal of driver transistor 133 is connected by 
because it has a lower power operation, whereas an instruc­ several distinct package pins to node 134. 
tion-based processor, such as the MCU 793, requires more Driver transistor 133 is controlled by the output 131 of 
power. It should be understood, however, that such a headset buffer 125, which is coupled to the gate of driver transistor 
can utilize any type of processor, state machine or combi­ 133 through resistor 132. The buffer 125 is connected to 
natorial logic device. operate as an inverting buffer since the non-inverting input 

FIG. 18, which includes FIGS. 18A and 18B, is a sche­ IN (pin 4) is connected to VCC (pin 6), and the inverting 
matic diagram of an exemplary IPG driver and IPG telem­ input INB (pin 2) is utilized as the buffer input that is 
etry circuit, such as the IPG Driver and Telemetry block 782 connected to node 114, which is the control signal generated 
shown in FIG. 17. While these FIGS. 18A and 18B each by driver control circuit 162. Thus, when node 114 is low, 
represent a portion of the complete FIG. 18 and may be the output node 131 of buffer 125 is high, and driver 
arranged next to each other (aligned at the dotted line on 15 transistor 133 is turned on. The output node 131 is coupled 
each figure) to view the entire FIG. 18, the portion shown on to the gate of driver transistor 133 through resistor 132 to 
FIG. 18A may be generally referred to as the IPG driver limit the peak current charging and discharging the gate 
circuit, even though certain portions ofthe IPG driver circuit terminal of driver transistor 133, and to also provide (to­
is shown in FIG. 18B, and the portion shown on FIG. 18B gether with the parasitic gate capacitance of driver transistor 
may be generally referred to as the IPG telemetry circuit, 133) an RC filter for the signal actually coupled to the gate 
even though certain portions of the IPG telemetry circuit is terminal of driver transistor 133. 
shown in FIG. 18A. As mentioned above, when driver transistor 133 is turned 

Referring now to the complete FIG. 18, a portion of a on, it is desirable for node 134 to be driven to a voltage as 
charge transfer system is depicted which includes a coil close to ground as possible. To help achieve this, it may be 
driver 161 for a pair of series-connected charge transfer coils 25 likewise desirable to drive the gate terminal of driver 
151, 152, and a driver control circuit 162 for the coil driver transistor 133 to a voltage higher than the battery voltage 
161. The coil driver 161 together with the charge transfer VBAT conveyed on node 785. To accomplish this, a local 
coils 151, 152 may be viewed as a resonant amplifier circuit power circuit including diodes 127, 129, 136, 137, and 
163. The driver control circuit 162 provides a control signal capacitors 128, 138, may be utilized. 
on node 114 that serves to turn off the coil driver 161 at During circuit startup, the buffer circuit 125 operates with 
times, and to periodically cause energy to be pumped into its "VCC voltage" (conveyed on local power node 126) 
the resonant amplifier 163 at other times, as will be essentially at the battery voltage VBAT, less a small diode 
explained below. drop through diode 129. The VBAT voltage may be 3.5-4.0 

The coil driver 161 may be understood by looking first at volts, which is sufficient to operate the buffer 125 to provide 
excitation coil 144 and driver transistor 133. In resonant 35 adequate output voltage levels on node 131 to sufficiently 
operation, the driver transistor 133 is periodically turned on, turn on/off driver transistor 133 to initiate and maintain 
which drives the voltage of node 134 to ground (labeled resonant operation. In such resonant operation, driver tran­
130). Since the excitation coil 144 is connected between sistor 133 is preferably turned off at a particular time in each 
node 786, which conveys a VBOOST voltage, and node 134, resonant cycle to pump energy into the resonant circuit, as 
which is now grounded by transistor 133, the VBOOST will be explained further below. Each time that the driver 
voltage is impressed across the excitation coil 144 and transistor 133 is turned off, the voltage on node 134 rises 
consequently a current flows through the excitation coil 144, quickly as the current through excitation coil 144 continues 
which current stores energy in the excitation coil 144. The to flow into node 134 and charges capacitor 135. This rising 
magnitude of the VBOOST voltage may be varied (e.g., voltage is coupled through capacitor 138 onto node 139, 
between 1.0 and 5.5 volts) to vary the amount of energy 45 through diode 136, and onto the local power node 126 for 
stored in the excitation coil 144 per cycle, to thus vary the buffer 125. The magnitude of the positive-transition of the 
amount of energy coupled to the receive coils (also referred voltage on node 134 results in a voltage on local power node 
to as "secondary coils"). Capacitor 145 provides local fil­ 126 that may be as high as 8.0 volts, which is higher than the 
tering for the VBOOST voltage conveyed on node 786. VBAT voltage, especially when operating in the lower range 
When the driver transistor 133 is then turned off, the energy ofbattery voltage (e.g., as the battery discharges). When the 
in excitation coil 144 is "pumped" into the LC resonant voltage of local power node 126 rises above the VBAT 
circuit formed by parallel-connected capacitors 141, 142, voltage, diode 129 prevents any back-current into the VBAT 
143 connected in series with the charge transfer coils 151, node 785, and Zener diode 127 operates to limit, for safety 
152. Resistor 153 represents the parasitic resistance of the reasons, the maximum voltage developed on local power 
charge transfer coils 151, 152 and their associated wiring. 55 node 126. Capacitor 128 provides local filtering on the local 
Illustrative waveforms are shown in FIGS. 19A, 19B, and power node 126 irrespective of whether the buffer 125 is 
19C. In certain embodiments, the resonant frequency is powered by the battery (through diode 129) or by resonant 
preferably on the order of 750 kHz. operation of the coil driver circuit 161 (through diode 136). 

Three separate capacitors 141, 142, 143 are used to The driver control circuit 162 generates on output node 
distribute the peak current that would otherwise flow 114 a driver control signal that controls when driver tran­
through the leads, solder joints, and structure of a single sistor 133 is turned on/off. In resonant operation, the driver 
capacitor, to instead achieve a lower peak current through control signal 114 is preferably a periodic signal that causes 
each of capacitors 141, 142, 143. But in understanding the the driver transistor 133 to turn off at a predetermined time 
operation of this circuit, these three capacitors 141, 142, 143 during each resonant cycle, and to turn back on at a later 
may be viewed as effectively providing a single resonant 65 time during each resonant cycle, to thereby cause energy to 
capacitor. When driver transistor 133 is turned on, it is be pumped into the resonant amplifier 163 during each 
desirable to drive node 134 to a voltage as close to ground resonant cycle. In addition, at certain times the driver control 
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signal 114 is preferably driven high to cause the driver 
transistor 133 to tum off and remain off for a time duration 
longer than a resonant cycle, which prevents energy from 
being pumped into the resonant amplifier, and thus allows 
the resonant amplifier operation to decay and eventually 
cease. 

The driver control circuit 162 includes a Schmitt-trigger 
NAND gate 108 having a local power supply node 112 (also 
labeled 4VF) which is coupled to the battery voltage VBAT 
using a small noise-isolation resistor 120 and a local filter 
capacitor 113. An input circuit includes capacitor 107, diode 
110, and resistor 111, which together generate a first input 
signal on node 109 (NAND input pin 2) responsive to a 
TRIGGER signal conveyed on node 106. A feedback circuit 
includes diode 122, resistors 118, 119, and capacitor 105, 
which together generate a second input signal on node 104 
(NAND input pin 1) responsive to the driver control signal 
generated on the output node 114. 

To understand operation of the driver control circuit 162 
during normal operation of the resonant amplifier circuit 
163, assume that the TRIGGER signal 106 is high, both 
inputs of NAND 108 (nodes 104, 109) are high, and the 
output of NAND 108 (driver control signal 114) is low. 
Consequently, node 131 is high (due to inverting buffer 125) 
and driver transistor 133 is turned on, driving node 134 to 
ground and causing current to flow from VBOOST (node 
786) through the excitation coil 144 to ground. 

As will be explained in detail below, the TRIGGER signal 
on node 106 is then driven low, thus creating a falling-edge 
(i.e., negative transition) on the voltage ofnode 106. Capaci­
tor 107 couples this negative transition to node 109, which 
is coupled to a voltage below the lower input threshold of 
Schmitt NAND gate 108. As a result, the output node 114 is 
driven high, node 131 is driven low, and transistor 133 is 
turned off. This happens almost immediately after the falling 
edge of 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 output node 114 is again driven back low, 
node 131 is driven high, and transistor 133 is turned on. The 
values of resistor 111 and capacitor 107 are chosen, in 
concert with the upper and lower input thresholds of the 
Schmitt NAND gate 108, to determine the output high pulse 
width of output node 114, and thus determine the length of 
time that transistor 133 is turned off. 

When the TRIGGER signal 106 is driven back high, this 
positive transition is coupled by capacitor 107 to node 109, 
but the coupled charge is snubbed by diode 110 to prevent 
an excessive positive voltage that would otherwise be gen­
erated at node 109, and instead maintain the voltage ofnode 
109 at essentially the VBAT voltage. 

If there are no transitions ofthe TRIGGER signal 106, the 
voltage of node 109 (NAND input pin 2) remains high, and 
the feedback circuit (diode 122, resistors 118, 119, and 
capacitor 105) causes the output node 114 to oscillate. This 
occurs because the voltage ofnode 104 (NAND input pin 1) 
slowly follows the voltage of the output node 114 due to the 
RC circuit formed by the feedback resistors 118, 119 (and 
diode 122) coupled between the output node 114 and input 
node 104, and the capacitor 105 coupled to node 104 itself. 
Diode 122 is included so that the parallel combination of 
resistors 118, 119 charges node 104 after a positive-going 
output transition, while only resistor 119 discharges node 
104 after a negative-going output transition. This asymmetry 
helps keep node 104 nominally very close to the VBAT level 
during normal resonant operation, to essentially disable the 

"watchdog timer" aspect of this circuit as long as periodic 
TRIGGER signals are received. 

The component values of resistors 118, 119 and capacitor 
105 are preferably chosen so that the self-oscillation fre­
quency of node 114 is much lower than the resonant fre­
quency of operation (and likewise the expected frequency of 
the TRIGGER signal 106 during resonant operation, as will 
be explained in greater detail below). In some embodiments 
the self-oscillation frequency is approximately 3-4 times 
lower than the resonant frequency. This self-oscillation 
provides a suitable periodic conduction path through driver 
transistor 133 to initiate operation of the resonant amplifier 
163 until the TRIGGER signal 106 is generated per cycle, 
which provides for more efficient operation and greater 
spectral purity of the resonant amplifier circuit 163. Resis­
tors 116 and resistor 117 form a voltage divider to generate 
on node 115 an IPG_CHRG_FREQ signal reflective of the 
actual charger frequency. 

A forward telemetry data signal FWDTELEM conveyed 
on node 101 is coupled to the gate terminal of NMOS 
transistor 103, which terminal is coupled to ground 130 by 
biasing resistor 102. The operation described thus-far above 
assumes that the FWDTELEM signal remains at ground, 
and thus transistor 103 remains turned off. If the 
FWDTELEM signal is driven high, NAND gate 108 input 
node 104 is driven to ground, which causes the NAND gate 
108 output node 114 to be driven high, irrespective of the 
second NAND input node 109. This, of course, turns off 
driver transistor 133 for as long a time as FWDTELEM 
remains high, and causes resonant operation of the resonant 
amplifier circuit 163 to decay and eventually, if disabled for 
a long enough time, to cease entirely. Then, when the 
FWDTELEM signal is driven back low and transistor 103 
turns off, the driver control circuit 162 begins to self­
oscillate, thus starting operation of the resonant amplifier 
circuit 163 and the eventual generation of the TRIGGER 
signal 106 to more precisely control the timing of driver 
transistor 133. Such resonant "lock-in" occurs fairly quickly, 
usually in only 1-2 cycles. In some embodiments, the 
resonant frequency is approximately 7 50 kHz, and the 
forward data rate is approximately 10 kHz (i.e., a 100 µS bit 
interval), and the time required for the resonant amplifier 
163 to decay (when FWDTELEM is driven high), and to 
re-start and lock-in resonant operation (when FWDTELEM 
is driven low), is a small portion ofan individual bit interval. 
A more detailed description of such forward data transmis­
sion, including receiving such transmitted data in a charge 
receiving system, follows below. 

As described above, in normal resonant operation the 
negative transition of the TRIGGER signal 106 determines 
when the driver transistor 133 is turned off 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 remains off. Preferably the driver transistor 133 has 
a 30% duty cycle (i.e., turned off 30% of the time). In this 
implementation, feedback circuitry shown in FIG. 18B is 
utilized that generally tracks the actual current through the 
charge transfer coils 151, 153, and generates the negative­
going transition of the TRIGGER signal 106 at a time during 
each resonant cycle when the increasing instantaneous 
charge transfer coil current exceeds a predetermined per­
centage of the peak current through the charge transfer coils 
151, 152. Careful selection of the predetermined percentage 
improves the efficiency of resonant amplifier operation and 
reduces unwanted harmonic components of the oscillation 
frequency. 



5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

US 9,889,308 B2 

35 

The generation of the TRIGGER signal 106 begins with 
a current-to-voltage converter circuit 260 formed by the 
series-connected resistors 203, 204 and capacitor 206 
coupled between the HV node 140 (the same node driving 
the series-connected charge transfer coils 151, 152) and 
ground 130. Resistor 205 is a biasing resistor. With proper 
selection of component values, the instantaneous voltage 
generated at node 202 will be proportional to the instanta­
neous current through the charge transfer coils 151, 152. 
Such may be achieved by proper selection ofthe resistor and 
capacitor values in the current-to-voltage converter circuit 
260 to achieve the same time constant as the inductor and 
parasitic resistor values in the charge transfer coils. Specifi­
cally, the values are preferably chosen so that R/C=L/R. 
Referencing the actual components, this relationship is then 
(R203+R204)/C206=(L1s1 +L1s2)IRP1s3 (e.g., where R2o3 
means the value of resistor 203). If this relationship is 
followed, the instantaneous voltage at node 202 is an AC 
voltage that is proportional to (i.e., corresponds to) the 
instantaneous AC current through the charge transfer coils 
151, 152. Normally, this AC voltage on node 202 would be 
symmetric and centered around the ground voltage, as 
shown in FIG. 19A, but in this embodiment the AC voltage 
on node 202 is offset to a non-negative voltage range by a 
ground restore circuit 261. 

The ground restore circuit 261 includes an amplifier 207 
having a local power supply node 201 (also labeled 4VH) 
which is coupled to the battery voltage VBAT (conveyed on 
node 785) using a small noise-isolation resistor 209 and a 
local filter capacitor 208. The amplifier 207 non-inverting 
input (pin 3) is coupled to ground, and the inverting input 
(pin 2) is coupled to node 202. A feedback circuit includes 
capacitor 210, resistor 211, and diode 212. In operation, this 
ground restore circuit 261 translates the AC voltage signal 
on node 202 to a non-negative voltage signal of the same 
magnitude, whose peak low voltage is ground, and whose 
peak high voltage is twice that otherwise generated on node 
202 in the absence of the ground restore circuit 261. This 
resulting waveform for node 202 is shown in FIG. 19A. The 
peak voltage at node 202 may be 2-3 V. 

The signal on node 202 is coupled to a demodulator 
circuit 262 that includes amplifier 213, diode 215, resistors 
217, 219, and capacitors 218, 220. Node 202 is coupled to 
the non-inverting input (pin 5) of amplifier 213. The invert­
ing input (pin 6) of amplifier 213 is coupled to the output 
node 214 to achieve operation as a voltage follower. Diode 
215 and capacitor 218 generate on node 216 a voltage 
corresponding to the peak voltage driven onto node 214 by 
amplifier 213 (less a small voltage drop through diode 215), 
and bleeder resistor 217 reduces the voltage on node 216 if 
the peak voltage on node 214 assumes a lower value 
corresponding to a decrease in the current through the charge 
transfer coils 151, 152. Such a situation will be more fully 
described below in the context of back telemetry. Lastly, the 
peak voltage on node 216 is RC-filtered by resistor 219 and 
capacitor 220 to generate on node 257 a signal having less 
ripple than the signal on node 216. This signal on node 257 
is then buffered by the buffer 263 which includes an ampli­
fier 221 (also configured as a voltage follower) to generate 
on node 222 a more robust signal representing the magni­
tude of the peak current through the charge transfer coils 
151, 152. Resistors 230, 233 and filter capacitor 231 gen­
erate a TELEM_CURRENT signal on node 232 having a 
scaled magnitude relative to the peak charge transfer coil 
current represented by node 222. In this implementation, 
with preferred values of the resistors 230, 233 values, the 

36 
TELEM_CURRENT signal has a magnitude that is one-half 
the magnitude of the peak charge transfer coil current. 

Comparator 228 is configured to essentially "compare" 
the instantaneous charge transfer coil current against a 
percentage of the peak charge transfer coil current, and 
generate the falling-edge on the TRIGGER signal 106 
during each cycle ofresonant operation when the rising edge 
of the instantaneous charge transfer coil current rises above 
a predetermined percentage of the peak charge transfer coil 
current. 

The voltage signal on node 202 corresponds to the instan­
taneous charge transfer coil current, which is coupled 
through resistor 227 to the inverting input of comparator 
228. The peak charge transfer coil current signal on node 
222 is divided by a resistor divider formed by resistors 225, 
223 to generate on node 226 a reference signal representing 
a predetermined percentage of the peak charge transfer coil 
current. Capacitor 224 provides local filtering to stabilize 
this signal on node 226, which is coupled to the non-
inverting input of comparator 228. When the inverting input 
of comparator 228 rises above the non-inverting input, the 
output signal TRIGGER on node 106 is driven low, as is 
depicted in FIG. 19A. 

The "peak charge transfer coil current" signal on node 222 
varies as one or more secondary coils is de-tuned, such as 
would occur to indicate that charging is complete (if such 
de-tuning occurs continuously) or to communicate back 
telemetry data from one of the IPGs (if such de-tuning is 
performed corresponding to a bit-serial data stream). The 
TELEM_CURRENT signal on node 232 is preferably con­
figured to correspond to slowly changing values of the peak 
charge transfer coil current, while the remaining circuitry to 
the right of amplifier 221 is utilized to detect more frequent 
(i.e., higher frequency) changes in the charge transfer coil 
current, as would occur during back telemetry of data from 
one of the IPGs. 

The buffer 263 output signal on node 222 is AC-coupled 
through capacitor 234 to node 246, which is nominally 
biased by resistors 235, 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 superimposed an AC signal corre­
sponding to changes in the magnitude of the peak charge 
transfer coil current. This node 246 is coupled to an input of 
a band-pass filter/amplifier 264, which includes an amplifier 
237, resistors 239, 241 and capacitors 240, 248. Specifically, 
node 246 is coupled to the non-inverting input of amplifier 
237. Feedback resistor 239 and capacitor 240 are each 
coupled between the output node 238 of amplifier 237 and 
the inverting input node 247 of amplifier 237. 

The band-pass filter/amplifier 264 generates on its output 
node 238 an analog signal representing received data. This 
analog data signal is coupled through resistor 242 to gen­
erate an analog "back telemetry" signal BKTELEM_ANA. 
The band-pass filter/amplifier 264 also generates on node 
245 a reference signal corresponding generally to the mid­
point ofthe transitions ofthe analog data signal on node 238, 
which is the same bias level (e.g., VBAT/2) as node 246. 
This signal is coupled through resistor 256 to generate a 
reference "back telemetry" signal BKTELEM_REF. Both 
the BKTELEM_ANA and BKTELEM_REF signals may be 
conveyed to control circuitry (not shown) and may be used 
as diagnostic test points. 

The gain of the band-pass filter/amplifier 264 is deter­
mined by the value of resistor 239 divided by the value of 
resistor 241. In certain preferred implementations, the gain 
may be equal to 10. The value of capacitor 240 is selected 
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to provide the desired high frequency rolloff, and the value 
of capacitor 248 is selected to provide the desired low 
frequency rolloff. 

The analog data signal on node 238 and the analog 
reference signal on node 245 are coupled to a comparator 
circuit 265 to generate on its output node 250 a digital signal 
representing the back telemetry data signal. The comparator 
circuit 265 includes a comparator 249 having a local (4VG) 
power supply node 254 which is coupled to the battery 
voltage VBAT (conveyed on node 785) using a small 
noise-isolation resistor 253 and a local filter capacitor 255. 
In this implementation, the comparator circuit 265 is pref­
erably configured to provide a voltage gain of 27, which is 
determined by the input resistor 243 connected between 
node 238 (i.e., the output node of the band-pass filter/ 
amplifier circuit 264) and the non-inverting input node 244 
of comparator 249, and the feedback resistor 252 connected 
between the output node 250 of comparator 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 comparator 249 to generate on output node 250 the 
digital signal representing the back telemetry data signal. 
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/boost circuit, such as the buck/boost circuit 787 shown 
in FIG. 17. In this embodiment, the buck/boost circuit 
utilizes a commercially available high efficiency single­
inductor buck-boost converter circuit 369, such as the 
TPS36020 from Texas Instruments, Inc. The VBAT voltage 
conveyed on node 785 is coupled to an input filter circuit 
that includes capacitor 351, ferrite bead 352, and capacitors 
354, 355, whose output on node 353 is coupled to a pair of 
voltage input pins VINl, VINZ of the converter circuit 369. 
A single inductor 371 is coupled between a first pair of 
connection pins Ll, L2 (node 370) and a second pair of 
connection pins L3, L4 (node 372). The output of converter 
circuit 369 is provided on a pair output pins VOUTl, 
VOUT2, which are coupled via node 367 to an output filter 
circuit that includes capacitors 374, 375, 376 and ferrite 
bead 380, to provide the VBOOST voltage on node 786. A 
precision resistor divider 377, 378 provides a monitoring 
voltage BOOST_MON on node 379. 

A boost enable input signal BOOST_EN is coupled via 
node 359 to an enable input EN of the converter circuit 369, 
and also coupled to an RC-filter circuit formed by resistor 
357 and capacitor 356, whose output on node 358 is coupled 
to a VINA pin (supply voltage for the control stage) and 
SYNC pin (enable/disable power save mode; clock signal 
for synchronization) of the converter circuit 369. The con­
verter output voltage on node 366 is coupled to a voltage 
divider circuit that includes resistors 373, 365 to generate on 
node 366 a feedback voltage which is coupled to the FB 
input of the converter circuit 369. A boost PC input signal 
BOOST_PC is coupled via node 360 to a voltage divider 
adjustment circuit that includes resistors 361, 363 and 
capacitor 364, each coupled to node 362, and whose output 
is coupled to node 366. In this manner the BOOST_PC 
signal can essentially alter the voltage divider ratio to adjust 
the output voltage of the converter 369 and thus alter the 
VBOOST voltage. 

As noted above, FIGS. 19A, 19B, and 19C illustrate 
voltage waveforms of selected signals depicted in the 
embodiment shown in FIG. 18, and also several signals 
depicted in FIG. 23A. FIG. 19A generally illustrates wave­

forms related to sensing the charge transfer coil current and 
generating the TRIGGER signal accordingly. The various 
waveforms show the charge transfer coil current, the I-to-V 
Converter 260 output signal on node 202 without the effect 
of the ground restore circuit 261, the I-to-V Converter 260 
output signal on node 202 with the effect of the ground 
restore circuit 261, the demodulator node 257, the reference 
node 226 (shown having a value equal to 60% of the peak 
voltage on node 257), and the resulting TRIGGER signal on 
node 106. The left half of the figure corresponds to a lower 
magnitude of charge transfer coil current, and the right half 
of the figure corresponds to a higher magnitude of charge 
transfer coil current. 

FIG. 19B generally illustrates waveforms related to the 
driver control 162 and the resonant amplifier 163. Shown are 
the TRIGGER signal on node 106, the resulting waveform 
on NAND 108 input 2 (node 109), the NAND 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 drain terminal of transistor 133 
(node 134), and the current through the charge transfer coils 
151, 152. The resonant oscillation frequency in this exem­
plary embodiment corresponds to an oscillation period of 
about 1.33 microseconds. 

FIG. 19C generally illustrates waveforms related to for­
ward telemetry operation. The upper waveform illustrates 
the FWDTELEM signal on node 101 conveying a serial bit 
stream data signal conveying several bits of information, 
with each bit interval, for this exemplary embodiment, being 
about 100 microseconds long. When the FWDTELEM sig­
nal is driven high at transition 322, the NAND 108 input 1 
(node 104) is driven to ground, as shown in the second 
waveform, to disable the charge transfer coil driver 161. As 
a result, the previously oscillating signal on the gate node 
131 of transistor 133 is likewise driven to ground, as shown 
in the third waveform, which disables the resonant amplifier 
163 and causes the charge transfer coil 151, 152 current to 
decay and eventually cease, as shown in the fourth wave­
form. The fifth and sixth waveforms are described below in 
detail with regard to FIG. 22A, and illustrate the current in 
the receive coil 402 likewise decays and ceases, resulting in 
a corresponding signal on the negative peak detector output 
node 410, and a resulting falling transition 323 on the FWD 
TELEM RX DATA signal on node 419. An additional 
logical inversion of this signal may be easily accomplished 
to generate a data signal having the same polarity as the 
FWDTELEM signal. 

When the FWDTELEM signal is driven low at transition 
324, the NAND 108 input 1 (node 104) charges back to a 
high level, which allows the driver control 162 to again 
oscillate, initially controlled by its own feedback "watchdog 
timer" operation, and later under control of the TRIGGER 
signal. As a result, the gate node 131 of transistor 133 again 
exhibits an oscillating signal causing transistor 133 to peri­
odically "pump" the resonant amplifier 163, and the charge 
transfer coil 151, 152 once again oscillates, as shown in the 
fourth waveform. As described below in detail with regard 
to FIG. 22A, the current in the receive coil 402 is induced 
because of the charge transfer coil current, resulting in a 
corresponding signal on the negative 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. 21 is a block diagram of an exemplary body­
implantable active device 400, such as an implantable pulse 
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generator (IPG) device. A receive coil 402 (also referred to 
as a secondary coil 402) is connected to a RECTIFIER 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 connected to a 
TELEMETRY/DE-TUNE block 451 that receives a forward 
telemetry signal on the RFIN node 414, and which interacts 
with the PWRIN node 408 to de-tune the receive coil 402 to 
thereby communicate back telemetry information and/or 
disable further energy transfer to the receive coil 402. The 
PWRIN node 408 is also connected to a POWER/CHARGE 
TRANSFER block 453 that is responsible for generating one 
or more internal voltages for circuitry of the body-implant­
able device 400, and for transferring charge to a superca­
pacitor 532 and for providing charge to the electrode of one 
or more electrodes 533. 

A microcontroller (MCU) 457 provides overall configu­
ration and communication functionality and communicates 
forward and back telemetry information via a pair of data 
lines 419, 425 coupled to the TELEMETRY block 451. Data 
line 419 conveys a forward telemetry RX signal, and data 
line 425 conveys a back telemetry TX signal. The MCU 457 
receives information from and provides configuration infor­
mation to/from the POWER/CHARGE TRANSFER block 
453 via control signals PWR CTRL conveyed on control 
lines 452. A programmable electrode control and driver 
block 454 (DRIVERS 454) generates electrical stimulation 
signals on each of a group of individual electrodes 455. An 
adjustable voltage generator circuit BOOST 458, which is 
coupled via signals VSUPPLY (node 430), SW (node 433), 
and VBOOST DRY (node 438) to components external to 
the ASIC 450 (including capacitor 431, inductor 432, and 
rectifier block 437) provides a power supply voltage VS TIM 
to the DRIVERS block 454. 

The MCU 457 provides configuration information to the 
DRIVERS block 454 via configuration signals CONFIGU­
RATION DATA conveyed on configuration lines 456. In 
some embodiments, the POWER/CHARGE TRANSFER 
block 453, the TELEMETRY block 451, the BOOST circuit 
458, and the DRIVERS block 454 are all implemented in a 
single application specific integrated circuit (ASIC) 450, 
although such is not required. In the overall operation, 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 
control system (not shown) to allow a user to download 
configuration data to the MCU 457. The MCU 457 then 
transfers this configuration data to ASIC 450 in order to 
configure the state machine therein. In this manner, the 
MCU 457 does not have to operate to generate the driving 
signals on the electrodes 455. This reduces the power 
requirements. Other embodiments may implement these 
three functional blocks using a combination of multiple 
ASIC's, off-the-shelf integrated circuits, and discrete com­
ponents. 

Charge transfer is monitored by the ASIC 450 and 
adjusted to provide the most efficient charge transfer con­
ditions and limit unnecessary power dissipation to provide a 
constant current to the supercapacitor 532 and electrodes 
533. Preferable conditions for charging the supercapacitor 
include a charging voltage of approximately 4.5 V for most 
efficient energy transfer (with a minimum charge voltage of 
about 4.0 V). Also, it is particularly desirable to maintain a 
constant charge transfer current into the supercapacitor in a 
charging charge transfer operation during the entire charge 
transfer time, even as the battery voltage increases as it 
charges. Preferably this constant charge transfer current is 

about C/2, which means a 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 sensors and 
monitors (not shown) may be included within the body­
implantable device 400 to measure power levels, voltages 
(including the battery voltage itself), charge transfer current, 
and one or more internal temperatures. 

As a further description of the overall operation of the 
IPG, the general operation is that of a state machine utilizing 
the ASIC 450. In general, the MCU 457 is utilized as an 
instruction based processor for communication and configu­
ration operations. The state machine 450 is more efficient in 
carrying out a simple repetitive program, once configured 
and initiated. Thus, in operation, the state machine or ASIC 
450 is normally running the stimulation program and con­
trolling the current to the lead 535 and the various electronic 
connections 455. During the operation of the state machine, 
however, there are certain times when information has to be 
transmitted back to the headset in order to change, for 
example, the transmittal power level. As noted hereinabove, 
it is important to minimize the amount of power that is 
transmitted across the dermis to the coil 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 goes 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 to effect the communication. Once current regulation is 
achieved, it is then not necessary to have the MCU operating 
and it will be placed into a "sleep" mode of operation. 
Whenever configuration information is required to be sent to 
the IPG from the headset, the headset then sends a request 
to the IPG, which wakes up the MCU 457. The MCU 457 
then services this request and downloads configuration 
information to the internal Flash memory, a nonvolatile 
memory. The configuration is stored in the MCU 457 and 
then the MCU 457 uploads the configuration data to the 
ASIC 450. Thus, the MCU 457 is basically utilized for the 
communication operation with the headset and also as a 
repository for configuration information for the ASIC 450. 

Referring now to FIG. 22A, there is illustrated a five block 
diagram of the IPG. As noted hereinabove, there is provided 
overall state machine 460 to control the operation of the 
system to control drivers to provide a constant current level 
to electrodes on any one of multiple leads 535 or 536. The 
driver 454 is provided current through a current controlled 
regulator 459. The power level is adjusted via communica­
tion with the headset to adjust the power transferred to the 
coil 402 vary the voltage out of the rectifier block 401. This 
current controlled regulator 459 is controlled to both charge 
and maintain charge on the supercapacitor 532 and also 
provide current to the driver 454. Once the supercapacitor 
532 is charged, and the current required by the driver 454 is 
more than can be provided by the supercapacitor 532, the 
driver 454 receives all of the power from the headset across 
the coil 402. As long as the voltage level on the node 408 is 
at a sufficient level to maintain current regulation in the 
regulator 459, current can be provided at the appropriate 
regulated level. However, if the voltage level increases at 
node 408, heat will be dissipated in the regulator 459 
unnecessarily. Therefore, communication is maintained with 
the headset to minimize the amount of power transferred to 
lower the voltage on node 408 to a point that is high enough 
to maintain current regulation but no higher. Thus, when the 
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voltage required to drive the coil on the headset side is 
lowered, the regulator 459 falls out of regulation, at which 
time, the request will be sent back to the headset to increase 
the power in order to just maintain the necessary voltage on 
node 408 to maintain current regulation for a particular 
neurostimulation program being run. 

Referring now to FIG. 22B, there is illustrated a flowchart 
depicting the overall operation of running a program, which 
is initiated at a Start block 802. The program then flows to 
a decision block 804 to determine if a program has been 
initiated on the IPG to provide stimulation to the individual. 
If so, this will then require the electrodes 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 a low power mode is minimal. This can 15 

be facilitated by maintaining the supercapacitor 532 in a 
charge configuration. The supercapacitor 532 is a type of 
capacitor that functions as a battery in that it will maintain 
a small, charge their own for short duration of time. When 
the system is initially turned on, there will be no power to 
the unit and the supercapacitor 532 must be charged from a 
zero value. Thus, the system is placed into an initial Power 
Up mode of operation to power on the MCU 457 and the 
ASIC 450, at which time the current is limited to the 
supercapacitor 532. Once power is at a sufficient level to 25 

power the MCU 457, charge will be delivered to the 
supercapacitor 532, but this will be delivered at a maximum 
current level to ensure that the amount of charge transfer 
crossed the dermis to the coil 402 is minimize to reduce 
heating. Once the supercapacitor 532 is charged, then the 
system will go into a normal operating mode and, ifthere is 
no stimulation program that is required to be run at that time, 
MCU 457 will put into a sleep mode and the coil 402 
detuned to eliminate power transfer thereto, such that all 
power provided in the sleep mode is provided by the 35 

supercapacitor 532. As the charge falls on the supercapacitor 
532, the coil 402 will be tuned to allow power to be 
transferred to the IPG from the headset. This will maintain 
the supercapacitor 532 in a charged state. In the event that 
the headset is removed, and tuning of the coil 402 in order 
to allow charge to be transferred results in no charge being 
transferred, this indicates a possible powerdown mode. All 
compliments we placed in their lowest power mode to 
ensure that the supercapacitor 532 can maintain the IPG in 
a low power sleep mode for as long as possible. Since all 45 

configuration data for the ASIC 450 is stored in the MCU 
457, it is not necessary to modify the configuration data, as 
it can always be uploaded back to the ASIC 450 in the power 
of mode. The supercapacitor 532 is provided to allow the 
IPG to be maintained in a low power mode for a short 
duration of time. If, for example, the IPG were in the middle 
of a stimulation program, delivering current to the elec­
trodes, and the headset were removed, then the ASIC 450 
would terminate the program to prevent additional current 
from being drawn from the supercapacitor 532. 55 

Once the program is initiated, the program will flow to a 
function block 808. This will result in constant current being 
delivered to the select electrodes on the lead 535 by the 
drivers 454 in accordance with the stimulation program. The 
stimulation program could activate certain electrodes on the 
lead, define certain electrodes as cathodes or anodes or 
isolate certain electrodes and also define the amount of 
current that is the being delivered to a particular electrode, 
the waveform that is been being delivered thereto, etc. The 
program then flows to a decision block 810 in order to 65 

determine if the current is at a defined current threshold. If 
the current is below current threshold, i.e., the amount of 

power being delivered necessary to maintain current regu­
lation, ASIC will recognize that the current regulator has 
fallen out of regulation and move to function block 814, 
where the MCU 457 will affect a transmit of a request to 
raise the power at the headset in order to increase power 
transfer to the coil 402. It may be that other IPGs have sent 
a request to lower power, but each IPG will independently 
request a higher power to maintain current regulation for its 
drivers. If, however, the current is not below the threshold, 
the process moves to block 812, where the MCU 457 will 
transmit a request to the headset to lower the headset power 
and power transfer. In some embodiments, function block 
812 is optional, and the headset may, on its own, lower the 
power if, after a certain period of time, none of the IPGs 
have requested increased power. The headset will lower the 
power only if there is no request to 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 IPG, but it is only important that the IPG requir­
ing the most power transfer be serviced by the headset and 
the power transfer maximized for that IPG. As soon as an 
IPG goes into a sleep mode, it will no longer send requests 
for 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 increased 
at the headset and the power transfer increased. Once current 
regulation is established, the program flows to a decision 
block 816 to determine if the neurostimulation program at 
the IPG has been terminated. If so, the program flows to a 
Return block 818 and, if not, the program flows along a "N" 
block back to the input of the function block 808. 

FIG. 23A is a schematic diagram of an exemplary REC­
TIFIER block 401 and TELEMETRY/DE-TUNE block 451, 
both such as those shown in FIG. 21. The exemplary 
RECTIFIER block 401 includes a resonant half-wave rec­
tifier circuit 421 and a half-wave data rectifier circuit 422. 
The resonant half-wave rectifier circuit 421 may be viewed 
as an "energy receiving circuit" and the half-wave data 
rectifier circuit 422 may be viewed as a "data receiving 
circuit." The exemplary TELEMETRY/DE-TUNE block 
451 includes a current mirror circuit 420, and a de-tuning 
transistor 424. 

The circuitry depicted in FIG. 23A may be viewed as a 
portion of a charge receiving system which includes a 
secondary coil 402, an energy receiving circuit (421), and a 
data receiving circuit (422). The resonant rectifier circuit 
421 includes diode 405, capacitor 404, and capacitor 407, 
which, together with the secondary coil 402, operates as a 
resonant half-wave rectifier circuit. When the secondary coil 
402 is disposed in proximity to its associated charge transfer 
coil, such as one of the charge transfer coils 151, 152 (see 
FIG. 18), during a time when the resonant amplifier 163 is 
operating, the charge transfer coil and the secondary coil 
may be inductively coupled and may have, with careful 
design of the coils and reasonably close physical proximity, 
a Q that approaches 100. Consequently, the resonant ampli­
fier circuit 163 and the resonant rectifier circuit 421 will 
operate as a resonant Class E DC-to-DC voltage converter. 
During such operation, energy is coupled to the secondary 
coil 402 due to magnetic induction. 

This induced energy in secondary coil 402 is manifested 
as a sinusoidal voltage on node 403 that traverses above and 
below the ground reference level on node 440. This AC 
voltage on node 403 is half-wave rectified to provide a DC 
voltage on node 408 that may be used to provide power to 
both operate and/or charge the supercapacitor (if present) 
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within the IPG. Specifically, because a single diode 405 is charge, the right portion 472 corresponds to the receive coil 
used in this circuit, and due to the polarity of this diode, only 402 being "de-tuned" to inhibit charge transfer, in response 
the positive voltage transitions on node 403 are rectified, to the transition 473 of the DE-TUNE gate signal to a high 
thus creating a positive DC voltage on node 408. A zener level, as shown in the second waveform. This high voltage 
diode 406 is coupled between node 408 and ground to level turns on transistor 424, which grounds node PWRIN, 
prevent an excessive positive voltage from being generated as shown in the third waveform, and likewise "clamps" the 
at node 408. voltage on node 403 to a small positive voltage 474 due to 

The above description of the resonant rectifier circuit 421 diode 405, while not affecting the negative induced voltage 
and its half-wave rectifier circuit operation has assumed that 475 on node 403, and similarly without affecting the nega­
transistor 424 remains off. This ensures that the Q of the tive peak detector voltage on node 410 and the voltage on 
combined primary charge transfer coil 151 and the second­ current mirror output node 419. 
ary coil 402 remains high, and energy is efficiently trans­ The rightmost portion 476 of the figure shows the induced 
ferred. However, if transistor 424 is turned on (when the voltage in receive coil decaying when the resonant amplifier 
DE-TUNE/BACK TX DATA signal on node 425 is high), in the external charge transfer system is disabled. This could 
the secondary coil 402 is "de-tuned" which significantly 15 occur because the external charge transfer system turned off 
reduces the Q of the resonant circuit, and thereby reduces its resonant amplifier in response to detecting a long term 
charge transfer and thus reduces coupled power into the de-tuning of the receive coil in the body-implantable active 
secondary coil 402. This may be useful at times to reduce device (i.e., when charge transfer is no longer desired). This 
power, such as when the supercapacitor has been fully could also occur in response to a back telemetry communi­
charged or when no charge delivery is required. It is also cation calling for charge transfer to cease. This could also 
useful to turn on transistor 424 to communicate back telem­ occur merely because another bit of forward telemetry 
etry information to the charge transfer system. Analogous information is communicated. In any of such possible situ­
back telemetry operation is described above in reference to ations, the resonant amplifier 163 is disabled, which allows 
FIGS. 14A and 18, and corresponding waveforms are shown the resonant operation (and AC current through the charge 
in FIGS. 14B and 19A. 25 transfer coils) to decay, and as a result the induced negative 

The data receiving circuit 422 includes diode 409, capaci­ voltage at node 403 of the receive coil likewise decays, as 
tor 411, and resistor 412, which together may be viewed as shown by waveforms 477. This causes a corresponding 
a negative half-wave rectifier circuit or negative peak­ decay in the voltage ofnegative peak detector node 410, and 
detector circuit. Irrespective of whether the de-tune transis­ an eventual change of state 478 of the current mirror output 
tor 424 is active, the generated voltage on node 410 corre­ node 419. 
sponds to the peak negative voltage ofthe sinusoidal voltage FIG. 24 is a schematic diagram of portions of an adjust­
signal on node 403. If the peak negative voltage increases in able voltage generator circuit, such as the adjustable voltage 
magnitude (i.e., becomes more negative) over multiple generator circuit BOOST 458 shown in FIG. 22, and par­
cycles, the diode 409 will quickly drive node 410 to a ticularly highlights the external components to the ASIC 
correspondingly more negative voltage, and capacitor 411 35 450, in accordance with some embodiments ofthe invention. 
serves to maintain this voltage. Conversely, if the peak In this embodiment, a VSUPPLY voltage generated within 
negative voltage decreases in magnitude (i.e., becomes less the ASIC 450 and conveyed on node 430 is coupled to filter 
negative) over multiple cycles, the resistor 412 will drive capacitor 431 and inductor 432. The other end of the 
node 410 to a correspondingly less negative voltage. The inductor 432 is coupled via node 433 to the drain terminal 
value of resistor 412 and capacitor 411 may be chosen to of switch transistor 439 within the ASIC 450, which is 
provide a response time that is consistent with forward controlled by a BOOST CTRL signal connected to its gate 
telemetry data rates. Exemplary forward telemetry data rates terminal. A pair of diodes 434, 435 and capacitor 436 
may be on the order of 10 kHz. together form a rectifier block 437 and serve to rectify the 

The data receiving circuit 422 together with the current SW signal voltage on node 433 and thus generate the 
mirror circuit 420 generates on node 419 a signal FWD 45 VBOOST DRY voltage on output node 438. 
TELEM RX DATA reflecting the forward telemetry received FIG. 25 is a diagram representing a headset 580 that 
data. The current mirror 420 is powered by a VDD voltage includes an external charge transfer system 581 for two 
conveyed on node 417, and generates a reference current separate body-implantable devices, each implanted behind a 
through resistor 413 and P-channel transistor 415, which is patient's respective left and right ears. Each of the body­
mirrored by P-channel transistor 416 to generate a current implantable devices may be a head-located neurostimulator 
through resistor 418 which generates a corresponding volt­ system, such as that described below. The charge transfer 
age signal on node 419. Depending upon the current gain of system 581 is connected to a pair of headset coils 582, 592 
the current mirror 420, node 419 may be either driven by respective wire pairs 583, 593. When the headset 580 is 
virtually all the way to the VDD voltage (less a V nssAr worn by a patient, the headset coils 582, 592 (charge transfer 
voltage of transistor 416), or may be pulled by resistor 418 55 coils) are placed in proximity to the corresponding receive 
well toward ground, to generate a "quasi-digital" forward coil 584, 594 in each respective IPG. 
telemetry receive data signal. Additional digital regeneration The exemplary headset 580 includes an IPGS driver, 
circuitry (e.g., within the ASIC, and not shown) may be telemetry circuit, a microcontroller (MCU), a battery, and a 
employed to create a truly digital data signal. Bluetooth wireless interface. The headset 580 may also 

FIG. 23B generally illustrates voltage waveforms of communicate with a smartphone or PDA 596, for monitor­
selected signals depicted in the embodiment shown in FIG. ing and/or programming operation of the two head-located 
23A. In particular, waveforms are shown for the induced neurostimulator systems. 
voltage at node 403 (one end of the receive coil 402), the FIG. 26 depicts two implanted IPGs with leads to cover 
DE-TUNE gate signal on node 425, the PWRIN signal on both sides of the head. Prominent here are Pronto-Parietal 
node 408, the negative peak detector signal on node 410, and 65 Lead (FPL) 20b and Occipital Lead (OL) 30b, which lie 
the current mirror output node 419. The left portion 471 within the subcutaneous layer 82. The two structures are 
corresponds to the receive coil 402 being "tuned" to transfer numbered identically with respect to their compliments, and 
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they are implanted identically, one on the left side of the 
head and one on the right side of the head, as described 
above. Also illustrated is zygomaticotemporal nerve 62 and 
the supratrochlear nerve 72. 

FIG. 27 depicts one implanted IPG with leads to cover 
both sides of the head. In this embodiment, the FPL 20b 
extends from the IPG lOa on one side of the head around the 
parietal region on that side of the head, the two frontal 
regions and on the parietal region on the opposite side of the 
head such that there are two PEAs 26, two FEAs 25 and two 
OEAs 35. This, ofcourse, requires an incision to be made on 
the temporal region on the side ofthe head on which the IPG 
10 is implanted and a frontal incision made to allow the FPA 
20 to be routed to and in a frontal incision and then to a 
temporal incision on the upside the head and finally to the 
parietal region on the upside the head. This is the same with 
respect to the occipital lead 30 that must be routed through 
possibly an additional acetylene incision of the back of the 
head. All that is required is the ability to route particular 
leads to the respective regions proximate the nerves asso­
ciated therewith. This will allow a single IPG 10 to cover 
two frontal regions, two parietal regions and two occipital 
regions. 

The exemplary headset 580 includes an IPG driver, telem­
etry circuitry, a microcontroller (MCU), a battery, and a 
Bluetooth wireless interface. The headset 580 may also 
communicate with a smartphone or PDA 596, for monitor­
ing and/or programming operation of the two head-located 
neurostimulator systems. 

0. First Embodiment 

The first embodiment provides for a system that incorpo­
rates one or more of the features outlined above and includes 
a head-mounted, radiofrequency coupled, unibody neuro­
stimulating system comprising an IPG 10 and at least two 
neurostimulating leads (FPL 20 and OL 30). The system 
may be implanted in a manner such that the IPG 10 and two 
leads 20, 30 are disposed as illustrated in FIG. 5, FIG. 6, 
FIG. 7 and FIG. 9. The IPG 10 is capable of, via a 
radiofrequency couple, functionally connecting to and com­
municating with an ECU 100, which houses a power supply, 
as well as electronic components that provide for diagnostics 
and programming functionality. 

In this embodiment, the leads are constructed as described 
above and as depicted in the drawings. The FPL 20 is 
approximately 26 cm in length from its proximal end 22 to 
its distal end 21. The FPL 20 has a distal non-stimulating tip 
of approximately 3 mm in length that abuts the FEA, which 
may have ten SME 24 uniformly 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 
eight SME 24 uniformly disposed over approximately 6 cm, 
and finally a proximal lead segment 22a that ends at the 
proximal end 22, where the lead transitions to the IPG 10 
and the lead internal wires 29, 38 connect to the ASIC 13. 

In this embodiment, the occipital lead may comprise a 
plastic body member 39 over which six SME 34 may be 
disposed uniformly over approximately a 10 cm length of 
the lead, and the lead terminates in approximately a 3 mm 
distal non-stimulating tip 33. 

In this embodiment, the IPG 10 comprises the elements 
described above and depicted in the drawings, including an 
ASIC 13, an internal magnet 12, and an internal radiofre­
quency receiver coil 11, which all may be housed in a 
medical grade metal can with plastic cover 14. In this 
embodiment the dimensions of the IPG 10 measured along 

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. 3A the implantable 
pulse generator 10. The ASIC 13 is comprised of multiple 
chips disposed on a substrate or supporting PC board 13'. 
The coil 11 and the magnet 12 are disposed on a similar PC 
board 11' for support thereof. They are connected together 
by connecting wires 12' for providing power between the 
coil 11 and the ASIC 13. If the coil 11 is disposed in the 
distally disposed body 10', the wires in 12' are run through 
the lead 20' illustrated in FIG. lB. On the opposite end ofthe 
PC board 13' from the wire connection 12', there are 
provided a bundle of wires 29, associated with the FPL 20, 
for example, although the wires 38 associated with the OL 
30 are not illustrated. 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
ciated structures and ASIC 13. The magnet 12, although not 
shown, can be disposed within an open well within the cover 
14 to allow removal thereof. This is typically done whenever 
a patient is subjected to an MM, requiring the removal ofthe 
magnet and reinsertion of it at a later time. The cover 14 
extends downward along the lead 20 to provide a seal 
therewith and a distal end 24'. This provides a unibody 
construction, such that the proximal ends of the leads 29 are 
attached to the PC board 13' during manufacture and then the 
coating 14 applied thereto. 

Turning to FIGS. 8 and 9, the system includes an ECU 
100, which functionally couples to the IPG by a radiofre­
quency couple mechanism. The purpose of the ECU 100 is 
to provide power to the implanted unit, as well as program­
ming and diagnostic functionality. 

In this embodiment, the system is capable of handling a 
program from the ECU 100 that includes such parameters as 
pulse amplitude, frequency and pulse width. 

In this embodiment, the ECU 100 is positioned "behind 
the ear" and held in place by an ear clip 1110. The ECU's 
EBC 1120 contains the main 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 external and internal magnets 
1142, 12. By an RF coupling mechanism, the ECU 100 is 
capable of providing power, as well as overall unit control, 
including programming and diagnostic functionality. 

P. Alternate Embodiments 

There are multiple alternate embodiments that preserve 
the features of the neurostimulation system disclosed herein, 
which include variations in the dimensions of the fronto­
parietal and occipital leads which, along with their respec­
tive surface metal electrode arrays, extend to cover multiple 
regions of the head. In various embodiments, the spacing 
and dimensions of the electrode array(s) may be constant, or 
the electrode arrays may be specifically designed with 
respect to electrode type, dimensions, and layout for improv­
ing the therapeutic effectiveness. 

Other embodiments may include variations in the design 
ofthe external control unit. For example, instead of securing 
to the head via an ear clip mechanism, it may secure through 
an "ear muffs" type of mechanism. 

Other embodiments may include variations in the design 
and location of the internal RF coil and internal magnet with 
respect to the location of the IPG proper. In our primary 
embodiment here, the IPG is disclosed as having two 
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lobes---one for the ASIC and the other for the internal RF 
receiver coil and magnet. In one example of an alternate 
embodiment, the IPG may be provided as a single lobe, 
which houses the ASIC, internal RF receiver, and internal 
magnet together. 

In another example of an alternate embodiment, the 
internal RF coil/magnet may be located some distance from 
the leads and IPG proper and be functionally connected by 
an extended lead containing internal connecting wires. This 
embodiment would allow for the RF coil/magnet component 
to be located at various locations in the head, neck and torso. 

Thus, the disclosure comprises extended electrode array 
designs (two or more regions by a single lead), and/or 
multiple arrays and optimized intra-array electrode disposi­
tions. The disclosure also comprises lead configurations, 15 

which include the capability of a modular lead design that 
provides for ports on either the standard FPL or OLs. In 
another embodiment, the IPG receive additional separate 
leads, if and as necessary either at the time of initial implant 
or in the future. 

Further, the lead lengths, along with the specific technical 
makeup and dimensions of the individual surface metal 
electrodes and electrode arrays, may be varied to include 
more or less than three unilateral regions of the head 
(occipital, parietal, and frontal) contemplated by the first 25 

embodiment. For example, a single IPG may energize and 
control multiple additional leads of varying lengths that 
ultimately could be disposed over virtually every region of 
the head and face bilaterally. 

At least two electrodes may be included per region, and 
while the first embodiment calls for a total of 24 electrodes 
disposed over three arrays 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 first embodiment calls for three elec­ 35 

trade arrays, the disclosure contemplates two, or even one, 
array (so long as the array covers at least two regions). There 
is also no limiting maximum for the number of arrays. Also, 
there may be multiple variations of design within each 
separate array, including for example, variations in the 
number, dimensions, shape, and metal composition of the 
individual electrodes, as well as the distance and constancy 
of distance between electrodes, within each array. Further, 
each array may have the same or completely different 
designs. 45 

While the neurostimulation system has been described for 
implantation as a peripheral neurostimulator in the head and 
for head pain, it is capable of being implanted 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 embodiments may incorporate an adjustable volt­
age generation circuit (e.g., a buck/boost circuit as shown in 
FIG. 17 and FIG. 20) that utilizes a local power supply 
voltage, such as a battery voltage, to generate a VBOOST 55 

voltage that is typically higher in voltage than the local 
power supply. However, the VBOOST voltage in certain 
embodiments may be higher or lower than the local power 
supply voltage, depending upon the battery voltage, the 
desired energy transfer to the body-implanted active 
devices, and other factors. 

Q. Operation 

When functioning, the implanted neurostimulator is func­ 65 

tionally connected to the ECU by an RF couple, the internal 
circuit of lead internal wires is connected to an IPG, and the 

SME of the various arrays are programmed to function as 
anodes and cathodes. The generated electrical pulse wave 
then passes from the ASIC of the IPG to the associated 
internal lead wire and ultimately to its associated terminal 
surface metal electrode. The current then passes a short 
distance from the subcutaneous tissue to a contiguous, or 
nearby, electrode, whereby it passes back up the lead to its 
associated proximal metal contact, and then back to the IPG 
to complete the circuit. The generated pulse waves pass 
through the subcutaneous tissue between two terminal elec­
trodes and stimulate the sensory nerves of the area. When 
active, the IPG may be programmed to produce continuous 
series of pulse waves of specified frequency, amplitude, and 
pulse width. It is this series of pulse waves actively stimu­
lating a patient's locally associated nerves that underpins the 
therapeutic effect of the implanted unit. The electrical pulse 
wave then passes from a connected proximal surface metal 
contact, along the associated internal lead wire, and ulti­
mately to its associated terminal surface metal contact. 

Referring now to FIG. 28, there is illustrated a headset 
1902 disposed about the cranium for interfacing with the 
two implants lOa 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 implants lOa. The coil enclosures 1904 and 1906 
interface with a main charger/processor body 1908 which 
contains processor circuitry and batteries for both charging 
the internal battery in the implants lOa and also communi­
cating with the implants lOa. Thus, in operation, when a 
patient desires to charge their implants lOa, all that is 
necessary is to place the headset 1902 about the cranium 
with the coil enclosures 1904 and 1906 in close proximity to 
the respective implants lOa. This will automatically effect 
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 is received from the headset via the inductive 
coupling. This is provided on the node 408. As noted 
hereinabove also, this drives the current regulator 459, 
which is operable to output a regulated current on a node 
2902. This is operable to drive the supercapacitor 532, with 
the voltage noted as V BAT for the overall storage voltage, it 
being understood that the supercapacitor 532 could be 
replaced with a regular battery. The current regulator 459 is 
a logic circuit that will operate on any voltage. Thus, when 
the voltage is input thereto and rises above a predetermined 
threshold voltage above which the regulator 459 will main­
tain current regulation, the current provided to the node 2902 
will be regulated at, in an exemplary disclosed embodiment, 
30 mA. This is utilized to charge the supercapacitor 532 and 
to minimize the maximum output current that can be sinked 
to the supercapacitor 532. The reason for this is to minimize 
the amount of power delivered through the inductive cou­
piing to the IPG. If there were no limit on the amount of 
current, then the supercapacitor would be charged at a very 
high rate initially until it reached its maximum charge at the 
voltage applied. Thus, the current regulator 459 is operable 
to charge the supercapacitor 532 up to its maximum charge 
level, which will be the maximum voltage applied on the 
node 2902. As will be described hereinbelow, the voltage on 
the node 408, the induced voltage, VINDUCED' will be 
maintained at a level that will be sufficiently above the 
voltage on the node 2902 to maintain current regulation. 
This is typically a voltage of 1.0 Volts, but this depends upon 
the design of the current regulator 459. There is also 
provided a resister 2904 disposed in series between the node 



10 

20 

30 

40 

50 

60 

US 9,889,308 B2 
49 50 

2902 and the upper plate of the supercapacitor 532. This is voltage or having a current regulator with a lower voltage 
an alternative current sensing resistor which has a very small drop associated therewith. Thus, a variable current current 
value of, for example, 0.1 ohms. By measuring the voltage regulator 459 could be implemented. The whole purpose is 
across this resistor 2904, a measurement of the current to reduce the amount of voltage on the node 408 to the 
delivered directly to the supercapacitor 532 can be deter­ minimum amount required for the overall operation to 
mined. Additionally, there are provided to sensing lines 2906 reduce any heating at the inductive coupled point across the 
and 2908 for measuring the voltage across the current skin. 
regulator 459. With knowledge of the voltage drop across Referring now to FIG. 30, there is illustrated a diagram­
the current regulator 459 required to maintain regulation, it matic view of the voltage during charging. Initially, when 
would then be possible to maintain the voltage on the node the supercapacitor 532 is discharged below the required 
408 slightly at or above that voltage in order to maintain voltage for the linear regulator 2910, the IPG will be 
current regulation. Of course, as the supercapacitor 532 powered down. This is represented by a voltage 3002. In 
charges, the voltage will increase, requiring the voltage on order to increase his voltage, the induced voltage from the 
the node 408 to be increased. headset must be at least, in one example, 1.0 Volts above the 

The CPU 457 and the current driver 454 (the current 15 voltage of node 2902. This will allow 30 mA of current to 
driver being realized with current DACs) are logic circuits flow through the current right regulator 459. Thus, if the 
that required a fixed operating voltage, below which they headset were intelligent enough to provide a time to increase 
will not operate. Thus, there is provided a linear regulator to follow charging pattern of the supercapacitor 532, it 
2910 which is operable to provide an operating voltage, would follow a dotted line 3004. However, the headset does 
VDD' for operating all of the logic circuit and the current not have knowledge of this. Thus, a predetermined voltage, 
driver 454 in the ASIC. When the voltage falls below V DD' VINm will be applied as the induced voltage 408. This 
the logic associated with the circuits will not operate and that would be a voltage that was known to be above required to 
they will be placed into some type of hibernating or sleep operate the linear regulator 2910. However, it should be 
mode. When the voltage on the supercapacitor 532 rises understood that the voltage required by a headset in order to 
above the level that allows the linear regulator 2910 to 25 have an induced voltage at a particular level can be affected 
regulate the voltage to V DD' the CPU 457 will go into a by multiple factors such as the positioning of the headset 
Power Up Reset mode of operation and initiate the operation relative to the IPG, the particular manner by which the IPG 
of the IPG to run the programmed stimulation. Once opera­ was implanted in a particular patient, etc. Thus, the voltage 
tional, it will also be able to communicate with the headset can initially be increased well above the worst-case to 
via the transceiver 451. scenario. This will allow the voltage on the node 2904 to 

During operation, the CPU 457 is operable to determine increase from the voltage 3002 up to a voltage at a point 
the various voltages associated with the current sensing 3006 that represents the point at which the linear regulator 
operation. The minimum that is required is to sense the 2910 will provide operating voltage to CPU 457. At this 
voltage on the lines 2906 and 2908. These voltages are input point, voltages across the current regulator 459 or any of the 
to ADCs 2914 to provide a digital voltage for the CPU 457 35 sensing resistors 2904, 2924 2922, can be transmitted to the 
to encode and transferred to the headset. As noted above, the headset. The headset can then decrease the voltage or 
resistor 2904 could be an alternate current sensing element increase the voltage to influence the voltage on the node 408 
that measures the direct current to the supercapacitor 532. to maintain that induced voltage as low as possible in order 
Additionally, it is desirable to sense the current to the current to maintain current regulation on the current regulator 459. 
DACs 454 both to the anodes via a sensing resistor 2920 and This will continue until the supercapacitor 532 is fully 
from the cathodes via a sensing resistor 2922. Each of these charged, at a point 3008. There can be some hysteresis 
has an associated set of sensing lines that are input to an programmed into the operation of the headset such that the 
associated one of the ADCs 2914. Thus, the CPU 457 can voltage on the supercapacitor 532, i.e., the voltage on the 
provide to the headset voltage information regarding the node 2902, will have to decrease by a predetermined per-
voltage drop across the current regulator 459, the voltage 45 centage before additional charging will be effected by an 
drop across the sensing resistor 2904, the voltage drop increase in the voltage on node 408. At the point 3006, the 
across the sensing resistor 2920 and the voltage drop across regulated voltage is output to the CPU 457. 
the sensing resistor 2922. Referring now to FIG. 31, there is illustrated a flowchart 

In operation, the supercapacitor 532 is charged up and for the operation of the headset. The operation is initiated at 
provides the necessary driving current to the rest of the a block 3102 and then proceeds to a block 3104 wherein the 
circuit during operation. During operation of the IPG and maximum power is transmitted, i.e., that being the power 
driving of the electrodes E1-Ewto provide the stimulation to required to provide the initial voltage on the node 408. This 
the associated nerves, current is drawn off of the superca­ could be the maximum voltage of the headset or could be an 
pacitor 532 by the logic circuitry associated with the CPU intermediate voltage that was predetermined. The program 
457 and the ASIC and also by the driving current required 55 then flows to a decision block 3106 to determine ifthe CPU 
to drive the electrodes. The maximum current for this is 457 is transmitting information regarding sensed voltages. If 
approximately 3.0 mA. Depending upon the size of the not, the program loops back to a block 3104 to provide the 
supercapacitor 532, there will be a finite time within which initial charging power to the supercapacitor 532. Once 
the supercapacitor 532 will require additional charge to be sensed voltages have been received, this is an indication that 
provided by the current regular 459. Initially, upon connec­ the CPU 457 is operating and that the headset can vary the 
tion of a headset, the supercapacitor 532 might have an voltage to ensure that only the minimum amount of voltage 
operation where it is desirable to quickly charge the super­ is induced on the node 408 in order to maintain current 
capacitor 532 to the maximum voltage. After this initial regulation. Anything above that results both in dissipation of 
charge, required in order to get the IPG up and running heat in the current regulator 459 and also unwanted con­
quickly, any replenishment of this charge might not require 65 ductivity in the coils. The program, after the sensed voltages 
30 mA of charge but, rather, a lower charge rate. This lower have been received, flows to a block 3108 to measure the 
charge rate could be affected by pulsing in the induced induced voltage and the battery voltage at the minimum. As 
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noted hereinabove, all of the other sensed voltages associ­
ated with operation of the system could also be sensed. The 
program then flows to a decision block 3110 to determine if 
the difference in the voltage is greater than a predetermined 
threshold voltage. If yes, then the program flows to a block 
3112 in order to reduce the induced voltage and, if not, the 
program flows to a block 3114 to increase the induced 
voltage. The program then flows to a decision block 3116 in 
order to wait for the next transmitted sensed voltages, which 
are periodically measured and transmitted by the CPU 457. 
In general, however, this is a polled system. The IPGs, 
whether there are one or two IPGs, are given addresses and 
requests sent to a particular IPG for information regarding 
its sensed voltage. Alternatively, a request can be sent to a 

15 
particular IPG for any information it has queued up for 
transmission. Thus, a request is sent to an IPG and then a 
certain period of time is allowed for receipt of that infor­
mation. Thus, when the charging operation is initiated, the 
maximum power is transmitted along with periodic requests 
for information. Until this information is received, no 
changes 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. 25 

In the overall charging operation, the initial charge is 
approximately 30 mA and the voltage is adjusted to maintain 
this 30 mA with the minimum level ofan induced voltage on 
node 408. Once the supercapacitor 532 is fully charged, is 
only necessary to maintain a current of approximately 3 mA. 
Since the supercapacitor 532 is provided for buffering and 
storing charge, it is only necessary to periodically recharge 
supercapacitor 532. Thus, once charged, as indicated by the 
receive voltage on the node 2902, the headset can make a 
determination that the charge is above the charge necessary 35 

to maintain regulation operation ofthe linear regulator 2910. 
As long as the voltage on the supercapacitor 532 is above 
that voltage, no additional charge is required. Thus, by 
monitoring this voltage, a certain level can be determined, 
below which the headset will again increase the voltage at 
the headset to maintain the induced voltage on the node 408 
above the threshold necessary to drive 30 mA to the super­
capacitor 532. In this operation, the amount ofcurrent driven 
to the IPG is managed to reduce unnecessary heating in both 
the IPG and at the inductive interface. 45 

Certain embodiments disclosed herein may be described 
as including an external charging system (or external charge 
transfer system) for charging (or transferring charge to) one 
or more implantable devices. Strictly speaking, in the 
described embodiments using a transmit coil and a receive 
coil, energy is stored per cycle as a magnetic field in the 
transmit coil, and some ofthis energy is transferred per cycle 
by magnetic induction to the receive coil. In other words, 
energy is transferred over a certain duration of time from the 
transmit coil to the receive coil, and the rate of such energy 55 

transfer is power. However, the words "energy" and "power" 
are frequently used somewhat interchangeably when 
describing a magnetic induction circuit, since a circuit that 
transfers power (i.e., at a certain rate) also transfers a 
corresponding amount of energy over a duration of time. As 
such, disabling power transfer also likewise disables energy 
transfer when disabled for a certain period of time. More­
over, reducing power transfer also likewise reduces energy 
transfer over a period of time. For this reason, in context 
there is seldom confusion between usage of the phrases 65 

"transferred energy" and "transferred power", or between 
the phrases "received energy" and "received power," as it is 

usually clear in context whether the reference is to total 
transfer over a duration of time, or to an instantaneous rate 
of transfer. 

The phrases "power transfer" or "energy transfer" may 
also be somewhat informally referred to as "charge transfer" 
because such transferred charge may be for delivering 
power, in the form of a current (i.e., moving electronic 
charge) at a certain voltage, to operate circuitry within the 
implantable device, in addition to (or instead of) charging a 
supercapacitor, battery, or other charge storage device within 
the implantable device. Consequently, as used herein, an 
external charging system may also be viewed as an external 
charge transfer system or an external power transfer system, 
and references herein to an external charging system, an 
external charge transfer system, and an external power 
transfer system may be used interchangeably with no spe­
cific distinction intended unless clear in the context of such 
use, even if no charge storage device is "charged" in a given 
embodiment. Similarly, a charge receiving system may also 
be viewed as a power receiving system, and references 
herein to a charge receiving system and a power receiving 
system may be used interchangeably with no specific dis­
tinction intended unless clear in the context of such use. 

It is to be understood that the implementations disclosed 
herein are not limited to the particular systems or processes 
described which might, of course, vary. It is also to be 
understood that the terminology used herein is for the 
purpose of describing particular implementations only, and 
is not intended to be limiting. As used in this specification, 
the singular forms "a", "an" and "the" include plural refer­
ents unless the content clearly indicates otherwise. 

As used herein, "exemplary" is used interchangeably with 
"an example." For instance, an exemplary embodiment 
means an example embodiment, and such an example 
embodiment does not necessarily include essential features 
and is not necessarily preferred over another embodiment. 
As used herein, "coupling" includes direct and/or indirect 
coupling of circuit components, structural members, etc. As 
used herein, a group of one or more transmit coils disposed 
in series can mean only one transmit coil, or can mean two 
or more transmit coils disposed in series. 

Regarding terminology used herein, it will be appreciated 
by one skilled in the art that any of several expressions may 
be equally well used when describing the operation of a 
circuit including the various signals and nodes within the 
circuit. Any kind of signal, whether a logic signal or a more 
general analog signal, takes the physical form of a voltage 
level (or for some circuit technologies, a current level) of a 
node within the circuit. Such shorthand phrases for describ­
ing circuit operation 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 
and nodes. 

Although the present disclosure has been described in 
detail, it should be understood that various changes, substi­
tutions and alterations may be made herein without depart­
ing from the spirit and scope of the disclosure as defined by 
the appended claims. Moreover, the scope of the present 
application is not intended to be limited to the particular 
embodiments of the process, machine, manufacture, com­
position of matter, means, methods and steps described in 
the specification. As one of ordinary skill in the art will 
readily appreciate from the disclosure, processes, machines, 
manufacture, compositions of matter, means, methods, or 
steps, presently existing or later to be developed that per­
form substantially the same function or achieve substantially 
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the same result as the corresponding embodiments described 
herein may be utilized according to the present disclosure. 
Accordingly, the appended claims are intended to include 
within their scope such processes, machines, manufacture, 
compositions of matter, means, methods, or steps. 

It will be appreciated by those skilled in the art having the 
benefit of this disclosure that this implantable neurostimu­
lation system for head pain provides an implantable neuro­
stimulation system having a plurality of electrode arrays 
spaced along a portion of its length such that when neuro­
stimulation lead is implanted, at least one electrode array is 
positioned over the frontal region, at least one electrode 
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 is 15 

connected to an implantable pulse generator, the single lead 
can provide medically acceptable neurostimulation coverage 
over the supraorbital, the auriculotemporal, and the occipital 
nerves unilaterally. It should be understood that the drawings 
and detailed description herein are to be regarded in an 
illustrative rather than a restrictive manner, and are not 
intended to be limiting to the particular forms and examples 
disclosed. On the contrary, included are any further modi­
fications, changes, rearrangements, substitutions, alterna­
tives, design choices, and embodiments apparent to those of 25 

ordinary skill in the art, without departing from the spirit and 
scope hereof, as defined by the following claims. Thus, it is 
intended that the following claims be interpreted to embrace 
all such further modifications, changes, rearrangements, 
substitutions, alternatives, design choices, and embodi­
ments. 

What is claimed is: 
1. A system for driving at least two implantable neuro­

stimulator leads, each having a plurality of electrodes dis- 35 

posed in at least one array, comprising: 
at least two implantable pulse generators (IPGs ), each 

respectively including: 
an electrode driver for driving the electrodes, 
a current limiting current regulator for limiting the 

current to the IPG, 
a load system for determining a minimum load require­

ment of the IPG to provide the necessary power to 
the current regulator, 

an IPG power coupler for receiving power across a 45 

dermis layer for interface of the power with the 
electrode driver, and 

an IPG communication system for transmitting the 
determined minimum load requirement of the IPG 
across the dermis layer; and 

an external unit including: 
an external variable power generator, 
an external power coupler for coupling power across 

the dermis layer to each respective IPG power cou­
pler, 55 

an external communication system for polling each 
respective IPG, and in response thereto, for receiving 
from each respective IPG communication system the 
determined minimum load requirement of the 
respective IPG, and 

a controller for varying the power level of the variable 
power generator as a function of the received deter­
mined minimum load requirement of each respective 
IPG. 

2. The system of claim 1, wherein each respective elec- 65 

trade driver drives the respective electrodes with a constant 
current. 

3. The system of claim 1, wherein each respective load 
system comprises: 

a detector for detecting the state of the current regulator; 
and 

a processor for determining the necessary power from the 
external unit required by the electrode driver as the 
determined minimum load requirement of the IPG to 
maintain the current regulator in regulation. 

4. The system of claim 3, wherein each respective current 
regulator delivers a predetermined constant current. 

5. The system of claim 4, wherein the determined mini­
mum load requirement comprises at least enough power 
from the external unit to provide the predetermined constant 
current from the current regulator. 

6. The system of claim 1, wherein each respective IPG 
further includes a charge storage device. 

7. The system of claim 1, wherein each respective IPG is 
head-located beneath the dermis layer of a patient. 

8. The system of claim 1, wherein each respective IPG 
communication system comprises at least one coil and the 
external communication system comprises at least two 
series-connected coils, each such series-connected coil cor­
responding to a respective IPG. 

9. A system for driving a plurality of implantable neuro­
stimulator leads, each lead having an associated plurality of 
electrodes disposed in at least one array on the lead, the 
system comprising: 

at least two implantable pulse generators (IPGs ), each 
IPG including: 
an electrode driver for driving the electrodes associated 

with the IPG, 
a current limiting current regulator for limiting the 

current to the IPG, 
a load system for determining a minimum load require­

ment of the IPG to provide the necessary power to 
the current regulator, 

an IPG power coupler for receiving power across a 
dermis layer for interface of the power with the 
electrode driver of the IPG, and 

an IPG communication system for transmitting the 
determined minimum load requirement of the IPG 
across the dermis layer; and 

an external unit for providing power to the at least two 
IPGs, the external unit including: 
an external variable power generator, 
an external power coupler for coupling power across 

the dermis layer to the IPG power couplers, 
an external communication system for polling each 

respective IPG, and for receiving from each respec­
tive IPG communication system, in response to 
being polled, the respective determined minimum 
load requirement of the respective IPG, and 

a controller for varying the power level of the variable 
power generator as a function of the received deter­
mined minimum load requirement of the IPG with 
the greatest minimum load requirement. 

10. The system of claim 9, wherein the communication 
systems of each IPG is operable to transmit the determined 
minimum load requirement to the external communication 
system independently ofthe communication systems of each 
of the other IPGs. 

11. The system of claim 9, wherein each of the IPG 
communication systems transmit its respective determined 
minimum load requirement to the external unit communi­
cation system inductively. 

12. The system of claim 9, wherein each IPG power 
coupler is for receiving levels ofpower across a dermis layer 
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that are independent of the levels of power received by the 
power couplers of each of the other IPGs. 

13. The system of claim 9, wherein at least one of the 
IPGs further includes a charge storage device. 

14. The system of claim 9, wherein each respective IPG 
communication system comprises at least one coil and the 
external communication system comprises at least two 
series-connected coils, each such series-connected coil cor­
responding to a respective IPG. 

15. A neurostimulation system comprising: 10 

at least two implantable pulse generators (IPGs ), each 
IPG including: 
an electrode driver for driving a plurality of electrodes 

associated with the IPG, 
a load system operable to determine a minimum load 15 

requirement of the IPG, 
an IPG power coupler operable to receive power across 

a dermis layer for interface of the power with the 
electrode driver of the IPG, and 

an IPG communication system operable to transmit, in 20 

response to receiving a request, the determined mini­
mum load requirement of the IPG across the dermis 
layer; and 

an external unit for providing power to the at least two 
IPGs, the external unit including: 25 

an external variable power generator, 
an external power coupler operable to couple power 

from the external variable power generator across the 
dermis layer to the IPG power couplers, 

an external communication system operable to send a 30 

respective request to each respective IPG communi­
cation system, and receive from each respective IPG 

communication system, in response to such request, 
the respective determined minimum load require­
ment of the respective IPG, and 

a controller operable to vary the power level of the 
variable power generator as a function of the 
received determined minimum load requirement of 
the IPG with the greatest minimum load require­
ment. 

16. The system of claim 15, wherein the communication 
systems of each IPG is operable to transmit the determined 
minimum load requirement to the external communication 
system independently ofthe communication systems of each 
of the other IPGs. 

17. The system of claim 15, wherein each of the IPG 
communication systems transmits its respective determined 
minimum load requirement to the external unit communi­
cation system inductively. 

18. T~e system of claim 15, wherein each IPG power 
coupler 1s operable to receive levels of power across a 
dermis layer that are independent of the levels of power 
received by the power couplers of each of the other IPGs. 

19. The system of claim 15, wherein each IPG further 
includes a charge storage device. 

20. The system of claim 15, wherein each respective IPG 
comprises at least one coil coupled to both the IPG com­
munication system and the IPG power coupler, and the 
external unit comprises at least two series-connected coils 
together shared by the external communication system and 
the external power coupler, each such series-connected coil 
corresponding to a respective IPG. 

* * * * * 
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