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(57) ABSTRACT 

To avoid charge accumulation on capacitive connections to 
implanted electrodes during delivery of stimulation pulses, 
stimulation pulses are followed by active discharge pulses 
having opposite polarity of the stimulation pulses. The 
active discharge pulses preferably have at least one pulse 
attribute magnitude (e.g., duration, voltage, and/or current) 
different than a corresponding stimulation pulse and are 
preferably programmable. Approximately the same total net 
current How is delivered during active discharge pulses as 
during the stimulation pulses, but in the opposite direction 
and optionally at a loWer amplitude. In addition, by reducing 
the driving voltage and a variable load Within the electrical 
path for delivery of the pulses, poWer dissipation during 
active discharge is preferably reduced. 
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ACTIVE DISCHARGE SYSTEMS AND METHODS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application claims priority to co-pend 
ing US. Provisional Patent Application Ser. No. 60/561,437, 
entitled “PULSE GENERATION CIRCUIT UNIVERSAL 
CUSTOM OUTPUT DRIVER,” ?led Apr. 12, 2004, the 
disclosure of Which is hereby incorporated herein by refer 
ence. The present application is related to concurrently ?led 
and commonly assigned US. patent application Ser. No. 
[Attorney Docket No. 03-034] entitled “SYSTEMS AND 
METHODS FOR PRECHARGING CIRCUITRY FOR 
PULSE GENERATION,” US. patent application Ser. No. 
[Attorney Docket No. 03-035] entitled “SYSTEMS AND 
METHODS FOR PROVIDING AMPLITUDE SELEC 
TION FOR PULSE GENERATION,” US. patent applica 
tion Ser. No. [Attorney Docket No. 03-038] entitled “FRAC 
TIONAL VOLTAGE CONVERTER,” and US. patent 
application Ser. No. [Attorney Docket No. 03-040] entitled 
“VOLTAGE LIMITED SYSTEMS AND METHODS,” the 
disclosures of Which are hereby incorporated herein by 
reference. The present application is also related to co 
pending and commonly assigned US. Patent Application 
Ser. No. 60/648,556 entitled “EFFICIENT FRACTIONAL 
VOLTAGE CONVERTER,” ?led Jan. 21, 2005, the disclo 
sure of Which is incorporated herein by reference. 

TECHNICAL FIELD 

[0002] The present invention is directed, in general, to 
pulse generation and, more speci?cally, to active discharge 
of a pulse generator. 

BACKGROUND OF THE INVENTION 

[0003] In delivering constant current electrical stimulation 
pulses by an implantable pulse generator to electrodes 
implanted near a stimulation site, capacitive connections of 
the electrodes to a pulse generator circuit output driver can 
accumulate charge if balanced pulses are not employed, 
resulting in skeWing the pulses over time. Simply using 
balanced pulses, hoWever, dissipates tWice the poWer. 

[0004] Simple passive discharge, on the other hand, 
requires time to dissipate accumulated charge, potentially 
limiting the frequency at Which pulses can be delivered. In 
addition, signi?cant charge may remain accumulated 
betWeen pulses, skeWing the pulses over time. 

BRIEF SUMMARY OF THE INVENTION 

[0005] To address the above-discussed de?ciencies of the 
prior art, it is a primary object of an embodiment of the 
present invention to provide, for use in an implantable pulse 
generator, active discharge pulses folloWing stimulation 
pulses and having opposite polarity of the stimulation pulses 
as Well as programmable amplitude and duration. Approxi 
mately the same total net current How is delivered during 
active discharge pulses as during the stimulation pulses, but 
in the opposite direction and optionally at a loWer amplitude. 
By reducing the driving voltage and a variable load Within 
the electrical path for delivery of the pulses, poWer dissipa 
tion during active discharge is reduced. 

[0006] The foregoing has outlined rather broadly the fea 
tures and technical advantages of the present invention in 
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order that the detailed description of the invention that 
folloWs may be better understood. Additional features and 
advantages of the invention Will be described hereinafter 
Which form the subject of the claims of the invention. It 
should be appreciated by those skilled in the art that the 
conception and speci?c embodiment disclosed may be 
readily utiliZed as a basis for modifying or designing other 
structures for carrying out the same purposes of the present 
invention. It should also be realiZed by those skilled in the 
art that such equivalent constructions do not depart from the 
spirit and scope of the invention as set forth in the appended 
claims. The novel features Which are believed to be char 
acteristic of the invention, both as to its organiZation and 
method of operation, together With further objects and 
advantages Will be better understood from the folloWing 
description When considered in connection With the accom 
panying ?gures. It is to be eXpressly understood, hoWever, 
that each of the ?gures is provided for the purpose of 
illustration and description only and is not intended as a 
de?nition of the limits of the present invention. 

BRIEF DESCRIPTION OF THE DRAWING 

[0007] For a more complete understanding of the present 
invention, reference is noW made to the folloWing descrip 
tions taken in conjunction With the accompanying draWing, 
in Which: 

[0008] FIG. 1 depicts a stimulation system according to 
one embodiment of the present invention; 

[0009] FIG. 2 is a high-level block diagram of a controller 
for an implantable pulse generator according to one embodi 
ment of the present invention; 

[0010] FIG. 3A is a block diagram for a portion of a pulse 
generator circuit including an output driver for an implant 
able pulse generator according to one embodiment of the 
present invention; 
[0011] FIG. 3B is a simpli?ed equivalent circuit diagram 
for a portion of a pulse generator circuit including an output 
driver for an implantable pulse generator according to one 
embodiment of the present invention; 

[0012] FIG. 4 is a timing diagram illustrating operation of 
a pulse generator circuit Within an implantable pulse gen 
erator according to one embodiment of the present inven 
tion; 
[0013] FIG. 5 illustrates possible voltage accumulation at 
capacitive connections betWeen the output sWitches of a 
pulse generator circuit and lead electrodes during stimula 
tion pulse delivery if only passive discharge is employed; 

[0014] FIGS. 6A and 6B are a block diagram and a 
simpli?ed equivalent circuit diagram of portions of a high 
ef?ciency capacitive voltage multiplier that may be 
employed for the output driver of an implantable pulse 
generator according to one embodiment of the present 
invention; and 

[0015] FIG. 7 is a circuit diagram for a constant current 
voltage limited pulse generator circuit Within an output 
driver for an implantable pulse generator according to one 
embodiment of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0016] FIGS. 1 through 7, discussed beloW, and the 
various embodiments used to describe the principles of the 
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present invention in this patent document are by Way of 
illustration only and should not be construed in any Way to 
limit the scope of the invention. Those skilled in the art Will 
understand that the principles of the present invention may 
be implemented in any suitably arranged device. 

[0017] Before undertaking the detailed description beloW, 
it may be advantageous to set forth de?nitions of certain 
Words or phrases used throughout this patent document: the 
terms “include” and “comprise,” as Well as derivatives 
thereof, mean inclusion Without limitation; the term “or” is 
inclusive, meaning and/or; the phrases “associated With” and 
“associated thereWith,” as Well as derivatives thereof, may 
mean to include, be included Within, interconnect With, 
contain, be contained Within, connect to or With, couple to 
or With, be communicable With, cooperate With, interleave, 
juxtapose, be proximate to, be bound to or With, have, have 
a property of, or the like; the terms “couple” and “connect” 
refer to any direct or indirect connection betWeen tWo or 
more components, unless speci?cally noted that a direct 
coupling or direct connection is present; and the term 
“controller” means any device, system or part thereof that 
controls at least one operation, Whether such a device is 
implemented in hardWare, ?rmWare, softWare or some com 
bination of at least tWo of the same. It should be noted that 
the functionality associated With any particular controller 
might be centraliZed or distributed, Whether locally or 
remotely. De?nitions for certain Words and phrases are 
provided throughout this patent document, and those of 
ordinary skill in the art Will understand that such de?nitions 
apply in many, if not most, instances to prior as Well as 
future uses of such de?ned Words and phrases. 

[0018] The general principles of the present invention are 
described With respect to an implantable pulse generator 
(IPG) for generating electrical stimulation for application to 
a desired area of a body, such as a spinal cord stimulation 
(SCS) system. It Will be understood that the concepts of the 
present invention are not limited to an implantable pulse 
generator for use in an spinal cord stimulation system, but 
has broad applicability, including but not limited to different 
types of implantable devices such as spinal and neural 
stimulators and sensors, deep brain stimulators, cochlear 
stimulators, drug delivery systems, muscle tissue stimula 
tors, and the like, including sensors and sensing systems. 
Moreover, the concepts of the present invention are not 
limited to use With respect to an IPG or any particular form 
of IPG. For example, embodiments of the present invention 
may be implemented With respect to a fully implantable 
pulse generator, a radio frequency pulse generator, an exter 
nal pulse generator, a micro-implantable pulse generator, 
etcetera. 

[0019] FIG. 1 depicts a stimulation system according to 
one embodiment of the present invention. The stimulation 
system 100 generates and applies a stimulus to a tissue or to 
a certain location of a body. In general terms, the system 100 
includes an implantable pulse generator (IPG) 101 providing 
a stimulation or energy source and a lead 102 for application 
of the stimulus pulse(s). 

[0020] Lead 102 includes a lead body 103 extending 
betWeen a distal end 104 and a proximal end 105. Lead body 
103 contains internal conductors, eight in the exemplary 
embodiment shoWn, extending a substantial distance of the 
length of lead 102 from the proximal end 105 toWards the 

Nov. 3, 2005 

distal end 104, With the leads having lead connectors (not 
shoWn) at the proximal end 105 and terminating at exposed 
contact or ring stimulation electrodes 106-113 near the distal 
end 104. The conductors provide electrical connection from 
individual lead connectors to each of a corresponding one of 
electrodes 106-113. In the exemplary embodiment, the lead 
102 is generally con?gured to transmit one or more electri 
cal signals from implantable pulse generator 101 for appli 
cation at, or proximate to, a spinal nerve or peripheral nerve, 
or other tissue via stimulation electrodes 106-113. 

[0021] As Will be appreciated, the connectors for elec 
trodes 106-113 are situated Within a receptacle of the 
implantable pulse generator 101 and are therefore not visible 
in FIG. 1. The connectors electrically connect electrodes 
106-113 in lead 102 to individual outputs of a pulse gen 
erator circuit Within the implantable pulse generator 101. 
The implantable pulse generator 101 generates and sends 
electrical signals via the lead 102 to the electrodes 106-113. 
The electrodes 106-113 are positioned at or proximate to one 
or more stimulation sites (not shoWn) Within the body that is 
to receive electrical stimulation. Each stimulation site may 
be, for example, adjacent to one or more nerves in the central 
nervous system (e.g., spinal cord). The implantable pulse 
generator 101 is capable of controlling the electrical signals 
by varying signal parameters such as intensity, duration 
and/or frequency in response to control signals provided to 
the implantable pulse generator 101. 

[0022] As Will be appreciated, any number of conductors 
and corresponding stimulation electrodes may be utiliZed 
Within lead 102, and lead 102 is shoWn With eight conduc 
tors/electrodes for purposes of illustration only. In addition, 
other types, con?gurations and shapes of stimulation elec 
trodes (and lead connectors) knoWn to those skilled in the art 
may be used. An optional lumen (not shoWn) may extend 
through the lead 102 and may be used for different purposes, 
including the delivery of chemicals or drugs. 

[0023] Lead body 103 is a structure typically having a 
round cross-section, as in the exemplary embodiment, 
although the cross-section of the lead body 103 may be 
con?gured in any number of cross-sectional shapes appro 
priate for the speci?c application. Lead body 103 generally 
includes a lead body insulator con?gured to surround and 
insulate the conductors and present a biocompatible external 
surface to the body tissue, While leaving stimulation elec 
trodes 106-113 exposed. 

[0024] As shoWn in FIG. 1, the lead 102 in stimulation 
system 100 is coupled to the stimulation implantable pulse 
generator 101. In the exemplary embodiment, the implant 
able pulse generator 101 is either a self-contained implant 
able pulse generator (SCIPG) having an implanted poWer 
source such as a long-lasting or rechargeable battery or an 
externally-poWered implantable pulse generator (EPIPG) 
receiving at least some of the required operating poWer from 
an external poWer transmitter, preferably in the form of a 
Wireless signal, Which may be radio frequency (RF), induc 
tive, etc. As is knoWn in the art, the implantable pulse 
generator 101 is capable of being implanted Within the body 
(not shoWn) selected to receive electrical stimulation from 
the implantable pulse generator 101. 

[0025] Stimulation system 100 also optionally includes an 
external programmer/controller 114 to program and/or con 
trol the implantable pulse generator 101 via a Wireless 
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communications link 115 between the implantable pulse 
generator 101 and the external programmer/controller 114. 
Implantable pulse generator 101 preferably includes an RF 
receiver (or transceiver) operative for Wireless communica 
tions With an RF transmitter (or transceiver) 116 Within 
programmer/controller 114. A controller 117 Within pro 
grammer/controller 114 operates to control implantable 
pulse generator 101 via the Wireless communications signals 
as described in further detail beloW. 

[0026] When implantable pulse generator 101 is self 
contained, the programmer/controller 114 may also provide 
poWer to the implantable pulse generator 101. Optionally, 
hoWever, a separate poWer controller may be provided for 
charging the poWer source Within implantable pulse genera 
tor 101. In some commercial embodiments, programmer/ 
controller 114 is referred to as an external patient controller/ 
programmer (EPP). 

[0027] As shoWn in FIG. 1, lead 102 is coupled to 
implantable pulse generator 101, and is implanted together 
With the implantable pulse generator 101 With the electrodes 
106-113 disposed proximate to the locations Within a body 
that are to receive electrical stimulation. Implantable pulse 
generator 101 in turn receives communication/poWer signals 
at the RF receiver/transceiver therein via the Wireless link 
115 from programmer/controller 114 located outside the 
body to receive electrical stimulation. 

[0028] Accordingly, a user of the stimulation system 100 
may use the programmer/controller 114 to provide control 
signals for the operation of the implantable pulse generator 
101 by operation of user controls (not shoWn) on program 
mer/controller 114 and functioning as inputs to controller 
117. The controller 117 provides control signals to the 
transmitter 116, Which transmits corresponding signals (and 
optionally poWer) to the receiver Within the implantable 
pulse generator 101, Which responsively varies the param 
eters of electrical signals transmitted through electrodes 
106-113 to the stimulation site(s). 

[0029] FIG. 2 is a high-level block diagram of a pulse 
generator controller Within an implantable pulse generator 
according to one embodiment of the present invention. Pulse 
generator controller 200 is implemented by circuitry and/or 
softWare disposed Within implantable pulse generator 101. 
In the exemplary embodiment, controller 200 includes a 
voltage regulator 201 and a reed sWitch 202 connected to an 
RF reset module 203, Which is coupled in turn to a micro 
processor (or microcontroller) 204. An RF receiver 205 is 
also connected to microprocessor 204, Which is connected to 
the pulse generator circuit universal custom output driver 
(UCOD) 206. Universal custom output driver 206, prefer 
ably implemented as a single integrated circuit, is connected, 
in turn, to electrode connectors 207 receiving the connectors 
for lead 102. 

[0030] FIG. 3A is a block diagram for a portion of a pulse 
generator circuit including an output driver for an implant 
able pulse generator according to one embodiment of the 
present invention. Universal custom output driver 206 of the 
embodiment illustrated in FIG. 3A includes a current con 
trol mechanism 300 setting the current driven through the 
electrodes during delivery of an electrical stimulation pulse. 
A digital-to-analog converter (DAC) 301 and a scale circuit 
302 current value set by current control 300 based on an 
eight-bit input signal and a four-bit input signal, respec 
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tively. In the exemplary embodiment, scale circuit 302 
includes or is connected to a current source or sink. 

[0031] Current control mechanism 300 is also connected 
via a high-voltage protection circuit 303 and the electrodes 
at Which the electrical stimulation pulse is to be delivered to 
another current source or sink (that is, if scale circuit 302 
includes or is connected to a current sink, the electrodes are 
connected to a current source and vice versa). In this manner, 
current control 300 forms part of a current path including the 
electrodes and the patient’s body. A shunt circuit 304 is used 
to selectively direct current around the electrodes and patient 
to an alternate current sink or source, Within or connected to 
shunt circuit 304, under control of a single input bit. 

[0032] FIG. 3B is a simpli?ed equivalent circuit diagram 
for a portion of a pulse generator circuit including an output 
driver for an implantable pulse generator according to one 
embodiment of the present invention. In the equivalent 
circuit, the current control circuit 300 Within universal 
custom output driver 206 includes an operational ampli?er 
(op-amp) 305. The output of the operational ampli?er 305 is 
connected to the gate of a ?eld effect transistor (FET) 306. 
One terminal of transistor 306 is connected to a terminal of 
a high voltage protection source-folloWer con?gured tran 
sistor 303 and, through a shunt resistor 307 and a shunt 
sWitch 308 forming the shunt circuit 304, to the battery 
voltage VBATT. 
[0033] The other terminal of transistor 303 is connected to 
the AMPOUT signal, Which in turn is coupled to the 
VCATHODE signal. The VCATHODE signal is connected 
by one of sWitches 309 to an electrode or optionally by 
sWitch 310 to a VAN ODE signal, corresponding to the 
voltage driven on the selected anode electrode. The VAN 
ODE signal is connected by one of programmable sWitches 
309 to an electrode, and selectively to one of (a) the VBATT 
voltage, available on an output of the voltage multiplier 311, 
(b) the VMULT voltage generated by voltage multiplier 311 or 
(c) the ZVBATT voltage generated by voltage multiplier 311. 

[0034] The other terminal of transistor 306 (the one not 
connected to transistor 303) is connected to the SCALE 
input signal, to one input of operational ampli?er 305, and 
to one terminal of scale circuit 302. Scale circuit 302 may be 
implemented, for example, by a digitally-controlled resis 
tance that may be selectively varied. The variable output of 
scale circuit 302 is also connected to the same input of 
operational ampli?er 305 as the terminal of transistor 306 
and the SCALE input signal. The other terminal of scale 
circuit 302 is coupled to ground. 

[0035] The variable output terminal of digital-to-analog 
converter 301 is connected to the other input of operational 
ampli?er 305. The other terminal of digital-to-analog con 
verter 301 is connected to a current mirror (not shoWn) 
transmitting a bias current IBIAS of approximately 800 nA 
through the digital-to-analog converter 301 to ground. The 
implementation of digital-to-analog converter 301 is pref 
erably selected for monotonicity of the output function (e. g., 
a ladder resistor). 

[0036] Current control 300 sets the amplitude of output 
current IOUT driven for the electrical stimulation pulse. Each 
of the outputs 312 for programmable sWitches 309 is con 
nected through a capacitor (not shoWn) to one of the 
electrodes 106-113. SWitches 309 programmably connect, 
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With timing controlled by input signals PULSE and 
INVERTCLK, one or more of the electrodes 106-113 to the 
anode voltage VAN ODE and one or more of the electrodes 
106-113 to the cathode voltage VCATHODE to deliver the 
electrical stimulation pulse to the desired location(s). In 
addition, each of outputs 312 may be selectively tri-stated 
(set to a high-impedance state), so that each electrode 
106-113 may be connected as an anode, connected as a 

cathode, or tri-stated (off). 

[0037] During operation, the universal custom output 
driver 206 stores sWitching patterns for controlling connec 
tion of sWitch outputs 312 Within a memory (not shoWn). 
The sWitching patterns de?ne parameters for electrical 
stimulation pulses, including the lead electrode 106-113 to 
be employed as anode and as cathode. For delivery of an 
electrical stimulation pulse according to embodiments of the 
invention, sWitches 309 connect at least one of the outputs 
312 to the selected anode voltage VAN ODE, and at least one 
other of the outputs 312 to a cathode voltage VCATHODE 
(Which is also the output voltage AMPOUT that may be 
employed for selective monitoring of any output pulse 
delivered). In this manner, an electrical pulse is selectively 
transmitted through selected one(s) of the electrodes 106 
113 and returned through other selected one(s) of the elec 
trodes 106-113 for delivery of that electrical pulse to the 
desired stimulation site(s) according to an embodiment. 

[0038] The functionality of universal custom output driver 
206 also includes inversion of the switching pattern(s) 
retrieved from the memory so that the previously selected 
anode electrode(s) becomes the cathode electrode(s) and the 
previously selected cathode electrode(s) becomes the anode 
electrode(s) (and all other electrodes remain unused). This 
functionality is employed for active discharge, as described 
in further detail beloW. 

[0039] The universal custom output driver 206 also con 
trols anode source voltage selection, selecting the anode 
voltage VAN ODE from one of tWice a battery voltage 
ZVBATT, a voltage multiplier output voltage VMULT, and the 
battery voltage VBATT, all generated by capacitive voltage 
multiplier (VMult) 311 as described in further detail beloW. 

[0040] SWitches 309 are also employed to provide transi 
tion blanking, controlled one clock cycle blanking of the 
anode electrodes Within the lead 102 upon a signal change 
for patient safety. Such blanking may be accomplished by 
selectively tri-stating the outputs 312 to provide blanking 
Without altering the stored memory or register sWitching 
patterns. During delivery of an electrical stimulation pulse, 
sWitch 310, controlled by an input signal DISCHARGE, is 
normally open. BetWeen pulses, sWitch 310 is closed to 
alloW passive discharge of the capacitive connections 
betWeen outputs 312 and corresponding electrodes 106-113. 

[0041] FIG. 4 is a timing diagram illustrating operation of 
a pulse generator circuit Within an implantable pulse gen 
erator according to one embodiment of the present inven 
tion. The traces depicted illustrate, respectively from top to 
bottom, the PULSE signal, the INVERTCLK signal, the 
voltage at the variable output terminal of the digital-to 
analog converter 301, the electrical stimulation constant 
current pulse IOUT delivered through the anode electrode, 
and the resistance at the variable output terminal of the scale 
circuit 302. 
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Ampli?er Pre-Charge 

[0042] In implementing universal custom output driver 
206 according to embodiments of the present invention, 
poWer consumption is balanced against sleW rate. Opera 
tional ampli?ers having a sleW rate acceptable for high 
frequency operation (i.e., short electrical stimulation pulse 
duration) typically have high poWer consumption, an impor 
tant consideration for battery life and/or the interval betWeen 
required recharging cycles. LoW poWer ampli?ers, on the 
other hand, have a poor sleW rate that can constrain the 
frequency or duration of electrical stimulation pulses, or 
simply provide poor stimulation performance. 

[0043] The electrical stimulation pulse delivered to the 
patient through the anode and cathode electrodes is a pro 
grammable constant current pulse produced by forcing a 
knoWn voltage across a very loW sampling resistor that is 
electrically connected in series With the patient via source 
folloWer 303 through the selected cathode. Embodiments of 
the present invention enables use of a loW poWer (and loWer 
cost) implementation for ampli?er used in delivering that 
pulse by providing a pre-charge period for each pulse. As 
illustrated in FIG. 4, the voltage at the variable output 
terminal of the digital-to-analog converter 301 is increased 
on the leading edge of the PULSE and INVERTCLK 
signals. This results in the output of operational ampli?er 
305 increasing to a predetermined voltage, preferably a 
voltage slightly above the voltage at Which source folloWer 
transistor 306 begins conducting. 

[0044] By pre-charging the internal electronics of the 
operational ampli?er 305, Which are biased using loW inter 
nal voltages, and the output of operational ampli?er 305 to 
an output voltage close to the threshold voltage at Which 
transistor 306 begins conducting, the time required for the 
ampli?er output voltage to be raised above that threshold 
voltage, turning transistor 306 on and initiating delivery of 
an electrical stimulation pulse through the anode and cath 
ode electrodes, is reduced. Transistor 306 has a large Width 
to-length ratio to minimiZe resistance, Which results in a 
high gate capacitance that can degrade sleW rate. The 
constant current pulses delivered for electrical stimulation 
therefore have very fast rise times (sleW rate). 

[0045] To provide fast rise and fall times at loW poWer 
consumption, an ampli?er pre-charge period preceding the 
output pulse is employed, during Which the ampli?er is 
poWered up but drives a loW output current (about 100 
microamperes) through the transistor 306 (by setting the 
scale circuit 302 to a high resistance value). Use of such a 
pre-charge period is facilitated according to embodiments 
since (a) a shunt path is provided, and (b) the ampli?er 
output needs only to be operable for short, predictable 
periods of time, and may in fact be poWered doWn (e.g., not 
a sleep mode) betWeen pulses to reduce poWer consumption. 
The output current produced by pre-charging is shunted 
around the patient, With sWitch 308 closed by the SHUNT 
signal so that the delivered current passes through resistor 
307. The output pulse to the patient starts immediately 
folloWing the ampli?er pre-charge period since the ampli?er 
is already near the operating point (a change of only milli 
volts rather than volts is required). 

[0046] The net pulse Width of the output pulse delivered to 
the patient is the duration betWeen the leading edge of the 
PULSE signal and the trailing edge of the INVERTCLK 
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signal minus the ampli?er pre-charge period. In the exem 
plary embodiment, the ampli?er pre-charge period is pro 
grammable from 1-3 clock cycles in half-cycle steps. The 
reduction of the output pulse duration by the ampli?er 
pre-charge period is automatic Within universal custom 
output driver 206 of the illustrated embodiment, signi? 
cantly reducing the burden on microcontroller or micropro 
cessor 204. 

[0047] In the illustrated embodiment of the present inven 
tion, transistor 306 at the output of operational ampli?er 
305, Within the current sink path, is a ?eld effect transistor 
(FET) rather than a bipolar junction transistor (BJT). This 
contributes to providing fast rise times following pre-charg 
ing, since a faster sWitching speed may be obtained. 

[0048] To minimiZe Wasted poWer during pre-charging, 
the resistance of scale circuit 302 is preferably set to the 
largest resistance value tolerable While still achieving 
acceptable rise time. 

Constant Current Pulse With Scaling 

[0049] The amplitude of the constant current output IOUT 
of the illustrated embodiment is controlled by the combina 
tion of digital-to-analog converter 301 and scale circuit 302. 
To deliver the electrical stimulation pulse at the end of the 
ampli?er pre-charge period according to embodiments of the 
invention, the resistance of scale circuit 302 is reduced to a 
value corresponding to the selected, desired output current 
range, and sWitch 308 is concurrently opened. The digital 
to-analog converter 301 of embodiments controls the precise 
output current Within the selected range for the electrical 
stimulation pulse that is delivered. At the end of the output 
pulse, the ampli?er is clamped and the resistance of scale 
circuit 302 is again raised to a higher value. 

[0050] Rather than employing a ?xed resistor Within the 
current sink path and varying the voltage input to opera 
tional ampli?er 305, or alternatively ?xing the voltage input 
to the operational ampli?er 305 and employing a variable 
resistance in the current sink path, embodiments of the 
present invention provide both a digitally-controlled vari 
able voltage input to operational ampli?er 305 and a variable 
resistance Within the current sink path to control the output 
current for an electrical stimulation pulse. Such use of dual 
variable controls over the current amplitude is facilitated at 
least in part because digital-to-analog converter 301 is 
monotonic, as described above. 

[0051] Use of dual variable controls alloWs the scale 
circuit 302 to be employed to set a range for the output 
current IOUT, or as a coarse resolution control. Strictly by 
Way of example, scale circuit 302 may be employed to select 
betWeen one of the folloWing ranges: 0-256 milliamperes 
(mA), 0-128 mA, 0-6.4 mA or 0-1.6 mA. 

[0052] Digital-to-analog converter 301 is then employed 
to select a particular (stepped) output current IOUT Within the 
selected range, or as a ?ne resolution control. In the exem 
plary embodiment, the resolution depends on the number of 
step increments provided by digital-to-analog converter 301 
and the range selected by scale circuit 302. That is, scale 
circuit 302 of embodiments provides ratiometric output 
current accuracy through resistance adjustment While digi 
tal-to-analog converter 301 provides monotonic output cur 
rent accuracy through voltage adjustment. For instance, 
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using the above-described exemplary ranges, a digital-to 
analog converter 301 capable of operation in 256 increments 
Would have a resolution of 100 microamperes (uA) for the 
largest range of 0-256 mA, a resolution of 50 pA for the 
second-largest range of 0-128 mA, a resolution of 25 pA for 
the next-to-smallest range of 0-6.4 mA, and a resolution of 
6.25 pA for the smallest range of 0-1.6 mA. 

[0053] In operation according to embodiments of the 
invention, scale circuit 302 is programmably controlled to 
automatically select the smallest range permitting delivery 
of the target output current amplitude. For example, if an 
output current amplitude of 6.2 mA is desired for an elec 
trical stimulation pulse, scale circuit 302 of an embodiment 
Will automatically be set for the above-described exemplary 
range of 0-6.4 mA, rather than the higher ranges of 0-128 
mA or 0-256 mA. Selection of the smallest range including 
the desired stimulation pulse amplitude both reduces poWer 
dissipation by the output driver to conserve poWer and 
alloWs maximum (?ne) stimulation pulse amplitude adjust 
ment resolution to be used in any adjustment by the patient. 

[0054] Abene?t of the coarse and ?ne resolution approach 
described above is that the ?ner resolution inherently 
achieved at loWer output current ranges is better suited for 
patient adjustment. If a large amplitude current pulse is 
required for stimulation (say, 20 mA), coarse adjustment 
(e.g., in increments of 100 MA) Will be acceptable to the 
patient, Who might not perceive any difference if ?ner 
resolution adjustment (e.g., in increments of 6.25 MA) Were 
provided at that output current pulse amplitude level. 

[0055] In embodiments of the present invention, scale 
circuit 302 serves three functions: selection of the output 
current IOUT or range during delivery of the electrical 
stimulation pulse; scaling of the output current IOUT by 1:1, 
1:2 or 1:4 during the active discharge (described beloW); and 
scaling of the output current IOUT to a loW level during the 
ampli?er pre-charge period, as described above. From the 
above, it should be appreciated that the use of digital-to 
analog converter 301 and scale circuit 302 of embodiments 
of the present invention provides control With respect to the 
output pulse current for providing scaling (e.g., magnitude 
selection), ramping (e. g., selection of incrementally larger or 
smaller magnitudes Within a series of pulses), stimulation 
pulse/active discharge pulse ratio selection (e.g., 1:1, 1:2, or 
1:4 ratio selection), and pulse Wave shaping (e.g., selection 
of different magnitudes Within a pulse to provide a stepped 
pulse etcetera). 
[0056] In addition to contributing to providing fast rise 
times through pre-charging, the use of ?eld effect transistor 
306, digital-to-analog converter 301 and scale circuit 302 in 
combination With operational ampli?er 305 in the present 
invention improves relative accuracy (versus less-important 
absolute accuracy) during scaling of the output pulse cur 
rent. Use of ?eld effect transistor 306 also facilitates direct 
error measurement based on the gate voltage, and results in 
less overhead voltage being “throWn aWay.” Use of digital 
to-analog converter 301 and scale circuit 302 further facili 
tates scaling for active discharge, described beloW. 

Patient Shunt 

[0057] In addition to enabling pre-charging of operational 
ampli?er 305, the shunt path provided by resistance 307 and 
sWitch 308, under the control of SHUNT signal, improves 
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reliability of operation and patient safety by preventing 
delivery of leakage current to the stimulation site betWeen 
pulses. Optionally an overvoltage or other exceptional con 
dition may also close sWitch 308 to make the shunt path 
available in lieu of driving current through the patient. 

[0058] SWitch 310, around sWitches 309 and electrode 
outputs 312, could optionally be sWitched in conjunction 
With sWitch 308, providing a loW-resistance path around the 
lead 102 to minimize any current ?oWing through the 
electrodes should a current pulse be inadvertently delivered. 

Active Discharge Control 

[0059] As previously described, the electrodes 106-113 
Within lead 102 are connected to sWitches 309 by capacitors 
(not shoWn). Because ?eld effect transistor 306 is employed 
Within the current sink path of the illustrated embodiment 
rather than a bipolar junction transistor (for Which a base 
current is required in order to have collector current), simply 
removing poWer does not ensure that passive discharge 
(capacitive bleed-off) does not include delivery of an inad 
vertent and potentially stimulating current to the electrodes. 
In addition, Where high pulse rates are used—e.g., occurring 
at frequencies above approximately 250 HertZ (HZ)—pas 
sive discharge may not fully discharge the capacitors and 
may result in charge accumulation, as illustrated in FIG. 5. 

[0060] In embodiments of the present invention, folloWing 
delivery of an electrical stimulation current pulse, a signal 
having the opposite polarity is driven to discharge the 
capacitors, as depicted in FIG. 4. After a one clock cycle 
blanking period folloWing the trailing edge of the INVERT 
CLK signal, in the illustrated embodiment, a non-stimulat 
ing current (stimulation is direction-speci?c) is driven in the 
opposite direction through the electrodes used to delivery 
the stimulation pulse. During delivery of that non-stimulat 
ing pulse, sWitches 309 reverse the anode and cathode 
electrodes that Were employed to deliver the stimulation 
pulse. That is, if electrode 112 Was the anode and electrode 
111 Was the cathode for the stimulation pulse, electrode 111 
Will be the anode and electrode 112 Will be the cathode for 
the subsequent active discharge pulse. 

[0061] In addition, despite the direction-speci?c nature of 
stimulation pulses, inadvertent stimulation may be further 
avoided by driving the (negative) active discharge pulse 
With 1/nth of the magnitude and n times the duration of the 
stimulation pulse. That is, the active discharge pulse may 
have one-fourth the current amplitude of the electrical 
stimulation pulse just delivered, but four times the duration, 
resulting in substantially the same net charge or current flow. 
The capacitive connections betWeen the pulse generator 
circuit and the electrodes may thus be substantially fully 
discharged (although nominal remaining charge or reverse 
charge is acceptable, and may be depleted by passive 
discharge betWeen pulses). The scale circuit 302 provides 
the necessary scaling of the current magnitude, While active 
discharge timing control to the operational ampli?er 305 
provide scaling of the active discharge pulse Width (dura 
tion). In the present invention, the current and pulse Width 
scaling is programmable to 1:1, 2:1 or 4:1 (i.e., n=1, n=2 or 
n=4). 
[0062] By delivering consecutive pulses of opposite polar 
ity but equal energy, the net charge remaining on the output 
capacitors connecting sWitches 309 to electrodes 106-113 is 
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reduced to near Zero. Passive discharge, facilitated by sWitch 
310, should easily dissipate any remaining charge accumu 
lation before the next stimulation pulse is initiated. 

[0063] Those skilled in the art Will note that active dis 
charge could as much as double (200%) the poWer con 
sumed during delivery of stimulation pulses, shortening the 
battery life or recharge cycle interval. In the present inven 
tion, hoWever, both the anode voltage and the pulse current 
can be controlled simultaneously (or individually), With the 
pulse current controlled by the variable output of digital-to 
analog converter 301, the variable resistance of scale circuit 
302, or a combination of the tWo. Simultaneous selection of 
(a) a different anode source voltage than used for delivery of 
the stimulation pulse, and (b) a loWer variable output value 
of scale circuit 302 may reduce overall poWer consumption 
for active discharge, taken together With stimulation, from 
200% to 125%. That is, the same current is driven betWeen 
the electrodes, but at less poWer since the resistance (pro 
vided by scale circuit 302) Within the sink path is reduced. 
Alternatively, poWer consumption may be someWhat 
reduced by adjustment of only one of the anode source 
voltage and the variable output of digital-to-analog con 
verter 301 alone, With a corresponding adjustment of the 
variable output for scale circuit 302. In either case, hoWever, 
active discharge is asymmetrical and loW poWer relative to 
simple use of balanced pulses driven for identical durations 
and With identical current amplitude, Without variation of 
the driving voltage and the sink path resistance. 

[0064] Since the combined stimulation and active dis 
charge pulses have a total duration of up to ?ve times the 
desired stimulation pulse Width, a malfunction resulting in 
the stimulation and active discharge pulses being delivered 
in the same direction (rather than opposite directions) at the 
stimulation site could present a haZard to the patient. For this 
reason, output sWitches 309 are preferably monitored to 
con?rm polarity change and mitigate the potential haZard. 

High Ef?ciency Capacitive Voltage Multiplier 

[0065] Voltage multiplier 311 depicted in FIG. 3B 
receives as an input at least the battery voltage signal VBATT, 
and produces and outputs a set of voltages selected from 
1/2VBATT> VBATT’ 11/2VBATT> 2VBATD 21/2VBATT> 3VBATT> 
and 4VBATT, or alternatively has the outputs shut off. 
Accordingly, voltage multiplier 311 of the illustrated 
embodiment provides a fractional voltage converter. The 
particular set of voltages from those listed that are produced 
and output by voltage multiplier 311 is programmably 
controlled, but alWays includes VBATT and ZVBATT in the 
exemplary embodiment. Moreover, the particular voltages 
provided by a voltage multiplier implemented according to 
embodiments of the present invention are not limited to 
those set forth above. For example, voltage multiplier 311 
may receive as an input at least the battery voltage signal 
VBATT, and produces and outputs a set of voltages selected 
from 1A1 VBATT, 1/2 VBATT, 3%; VBATT, VBATT, 1% VBATT, ll/z 
VBATT’ 1% VBATT’ 2 VBATT’ 2% VBATT’ 21/2 VBATT’ 2% 
VBATT, 3 VBATT, 3% VBATT, 31/z VBATT, and 3% VBATT, or 
off. 

[0066] FIGS. 6A and 6B are a block diagram and a 
simpli?ed equivalent circuit diagram of portions of a high 
ef?ciency capacitive fractional voltage multiplier that may 
be employed for the output driver of an implantable pulse 
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generator according to one embodiment of the present 
invention. As depicted in FIG. 6A, voltage multiplier 311 
includes a clock level shifter 600, medium voltage (up) level 
shifter(s) 601, high voltage (up) level shifters 602, a trans 
mission gate netWork 603, clock doWn voltage level shifter/ 
delay units 604 and 605, loW, medium and high voltage level 
sWitching ?eld effect transistors 606, 607 and 608, and a 
multiplexer 609. 

[0067] To provide the different anode voltages (e.g., 
1/2VBATT> VBATT> 1/2VBATT> 2VBATT> 21/2VBATT> 3VBATT and/ 
or 4VBATT) employed for both precise current magnitude 
control and reduced poWer active discharge, a sWitch capaci 
tive voltage multiplier 311 is implemented by a charge 
multiplier (charge pump) using level shifters and ?eld effect 
transistors driven by a non-overlapping clock. Conventional 
techniques for implementing a charge multiplier using level 
shifters may be employed, using an array of selectable loW 
impedance sWitches to charge and discharge a set of pump 
capacitors into larger output capacitors to produce the 
desired output voltage from the voltage multiplier (VMult) 
311. 

[0068] For reliability, high-voltage ?eld effect transistors 
are generally preferred, for example, for output sWitching 
(or in level shifting or connection by the transmission gate 
netWork in the implementation of the present invention) of 
the higher voltages produced by the voltage multiplier. Such 
high-voltage ?eld effect transistors consume a much larger 
area (three to ?ve times as much) than loW-voltage ?eld 
effect transistors having similar conductivity, and are sub 
stantially less poWer ef?cient. 

[0069] In addition, capacitive multipliers exhibit accept 
able ef?ciency in generating exact multiples of an input 
voltage, but poor ef?ciency in betWeen such voltage points. 
It Would be useful to provide fractional multiples of the input 
voltage at an output (i.e., 1/zVBATT, 11/2VBATT, and/or 
zl/zvBm) 
[0070] Accordingly, in embodiments of the present inven 
tion, a combination of high-voltage, medium-voltage, and 
loW-voltage ?eld effect transistors 606-608 are employed in 
different portions of the voltage multiplier 311 depending on 
the voltage level produced. High-voltage ?eld effect tran 
sistors are employed for level shifting, in the transmission 
gate netWork, and for output sWitching of, for example, 
4VBATT voltages. Medium-voltage ?eld effect transistors are 
employed for level shifting, in the transmission gate net 
Work, and for output sWitching of 2VBATT voltages. LoW 
voltage ?eld effect transistors are employed in the transmis 
sion gate netWork and for output sWitching of VBATT 
voltages. 

[0071] For the higher output voltages (e.g., 3V3ATT or 
4VBATT), the output sWitches 607-608 of the illustrated 
embodiment are clocked by a higher voltage signal consis 
tent With the output voltage being sWitched. Accordingly, the 
received clock signal is level shifted up to the appropriate 
voltage level (e.g., from 2.2 V up to 14 V). Use of three 
separate level shifters Would unduly complicate clock syn 
chroniZation. Accordingly, in embodiments of the present 
invention, all clocks instead are synchroniZed through a 
single up level shifter 600, Which shifts the clock signal up 
to the maximum voltage level. The clock signal is then level 
shifted back doWn as needed in level shifters/delay units 
604-605. Since high-voltage ?eld effect transistors require 
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longer sWitching speeds, use of high-voltage ?eld effect 
transistors to level shift up to the highest voltage (and 
partially back doWn, as appropriate), and medium-voltage 
and loW-voltage ?eld effect transistors in level shifting back 
doWn to the medium and loW voltages, reduces the com 
plexity of synchroniZation, requiring that less delay be 
introduced in level shifters/delay units 604-605. 

[0072] The clock signals are passed through the transmis 
sion gate netWork, but preferably only to those sWitching 
devices 607-608 necessary to output the appropriate voltage 
transmitted by level shifters 601-602. The transmission 
gates Within netWork 603 are preferably pull-up and/or 
pull-doWn transmission gates, such that When a transmission 
gate is off, the corresponding sWitching device Within ?eld 
effect transistors 607-608 is also off. Since source-drain 
connections are used to pass voltages through the transmis 
sion gate netWork 603, (gate) capacitance effects are 
reduced, loWering the poWer consumed by voltage multi 
plier 311. 

[0073] The minimum number of high-voltage ?eld effect 
transistors possible are preferably employed to level shift up 
to the maximum voltage. Medium-voltage and loW-voltage 
?eld effect transistors are then used to truncate doWn to other 
desired output voltages (less than the maximum). PoWer 
consumption from charging and discharging the gates of the 
medium-voltage and loW-voltage ?eld effect transistors is 
thereby reduced, since level shifting doWn requires less 
through-current than level shifting up. In addition, this 
con?guration of high-voltage, medium-voltage and loW 
voltage ?eld effect transistors reduces control clock speed 
requirements. 

[0074] Use of high-voltage ?eld effect transistors to level 
shift up to the maximum then truncating doWn using 
medium-voltage and loW-voltage ?eld effect transistors sug 
gests the use of a non-overlapping clock at the highest 
voltage, and to maintain synchronous timing through the 
netWork. HoWever, using a non-overlapping clock at each 
stage also minimiZes through-current and sWitched capaci 
tance. 

[0075] FIG. 6B is a simpli?ed equivalent circuit diagram 
illustrating generation of different voltages by voltage mul 
tiplier 311. SWitches SW1-SW7 sWitch the three capacitors 
C1-C3, to charge one or more of the capacitors in charge 
mode and to output a desired voltage in pump mode. SWitch 
SW1 sWitches a loWer terminal of capacitor C1 betWeen 
either the battery voltage VBATT or the ground voltage GND. 
SWitch SW2 connects the upper terminal of capacitor C2 
(and, depending on the state of sWitch SW3, possibly also 
the loWer terminal of capacitor C3) to either the battery 
voltage VBATT or the output voltage terminal VMULT. 

[0076] SWitch SW3 connects the loWer terminal of capaci 
tor C3 to either the battery voltage VBATT, the ground 
voltage GND, the upper terminal of capacitor C1 (and, 
depending on the state of sWitch SW5, possibly also the 
doubled battery voltage output terminal 2 VBATT), or the 
upper terminal of capacitor C2. SWitch SW4 connects the 
upper terminal of capacitor C3 to either the battery voltage 
VBATT, the output voltage terminal VMULT, or the doubled 
battery voltage output terminal 2 VBATT. 

[0077] SWitch SW5 connects the upper terminal of capaci 
tor C1 (and, depending on the states of sWitches SW3 and 
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SW6, possibly also the lower terminals of capacitors C2 
and/or C3) to either the battery voltage VBATT or to the 
doubled battery voltage output terminal 2 VBATT. SWitch 
SW6 connects the loWer terminal of capacitor C2 to either 
the battery voltage VBATT, the ground voltage GND, or the 
upper terminal of capacitor C1. SWitch SW7 selectively 
connects the output voltage terminal VMULT to the doubled 
battery voltage output terminal 2 VBATT. 

[0078] In accordance With the knoWn art, sWitches SW1 
SW7 are controlled for charge doubling. For instance, the 
voltage 2 VBATT may be generated by connecting the loWer 
terminal of capacitor C1 to the ground voltage GND and the 
upper terminal of capacitor C1 to the batter voltage VBATT 
during charge mode, then connecting the loWer terminal of 
capacitor C1 to the battery voltage VBATT and the upper 
terminal of capacitor C1 to the doubled battery voltage 
output terminal 2 VBATT in pump mode. Similarly, charging 
capacitors C1-C3 to the battery voltage VBAIT in charge 
mode, then connecting the capacitors C1-C3 in series, With 
the loWer terminal of capacitor C1 connected to the battery 
voltage VBATT and the upper terminal of capacitor C3 to the 
output voltage terminal VMULT to produce the voltage 4 
V at the output voltage terminal VMULT. 

BATI 

[0079] In addition, voltage multiplier 311 of the illustrated 
embodiment of the present invention is also capable of 
producing half-step increments for the output voltage. For 
instance, capacitors C2-C3 may be connected in series and 
jointly charged to the battery voltage VBATT in charge mode, 
then connected at the common point (the upper terminal of 
capacitor C2 and the loWer terminal of capacitor C3) to the 
output voltage terminal VMULT to produce the voltage 1/2 
VBATT. While not implemented by the exemplary embodi 
ment of voltage multiplier 311, the principle described 
above for generating half-step increments of the battery 
voltage VBATT could be readily eXtended to efficiently gen 
erate other fractional multiples of the battery voltage (e.g., 
1/3 VBATT, 1A1 VBATT, 2/3 VBATT, 3%; VBATT, etc.). 

Constant Current Voltage Limited Operation 

[0080] In delivery of constant current electrical stimula 
tion pulses, the output of universal custom output driver 206 
is optionally voltage limited in the present invention (imple 
mented as a programmable mode). FIG. 7 is a circuit 
diagram for a constant current voltage limited pulse genera 
tor circuit Within an output driver for an implantable pulse 
generator according to one embodiment of the present 
invention. The voltage-limiting portion of output driver 206 
of the illustrated embodiment employs the digital-to-analog 
converter 301 and the voltage multiplier 311. The clock 
signal driving voltage multiplier 311 is generated by a clock 
divider 701 operating on a reference clock signal, such as a 
40 kiloHertZ (KHZ) local oscillator signal. 

[0081] A comparator 702 compares a voltage-divided 
value of the output of voltage multiplier 311 to the output of 
digital-to-analog converter 301. As long as the voltage 
divided output of voltage multiplier 311 is less than the 
output of digital-to-analog converter 301, the clock divider 
701 is alloWed to run, causing the voltage multiplier to 
produce more voltage. Once the voltage-divided output of 
voltage multiplier 311 reaches the output of digital-to-analog 
converter, hoWever, the clock divider 701 is stopped, caus 
ing voltage multiplier 311 to stop producing additional 
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voltage and holding the eXisting voltage until delivery of a 
current pulse attenuates that voltage. When the voltage 
divided output of voltage multiplier 311 again drops beloW 
the output of digital-to-analog converter 301, the clock 
divider 701 is restarted, together With production of addi 
tional voltage by voltage multiplier 311. 

[0082] Voltage limited operation of constant current pulse 
delivery by the output driver 206 provides increased safety. 
If a jump in the resistance of the current sink path occurs 
(e.g., the patient moves, signi?cantly increasing the resis 
tance betWeen the anode and cathode electrodes selected 
from electrodes 106-113), the amplitude of the voltage 
delivered could spike. Limiting the voltage used to drive the 
current pulse prevents an unsafe jump in the amplitude of the 
voltage across the electrodes 106-113. 

[0083] In addition, because the voltage multiplier 311 is 
not operated continuously, the poWer consumed by output 
driver 206 is reduced. Thus, While not helpful for heavy load 
conditions or high duty cycle and/or fast pulse conditions, 
constant current voltage limited operation may be employed 
With less poWer being consumed and greater patient safety 
provided. 
[0084] Although the present invention and its advantages 
have been described in detail, it should be understood that 
various changes, substitutions and alterations can be made 
herein Without departing from the spirit and scope of the 
invention as de?ned 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, composition of matter, means, methods and 
steps described in the speci?cation. As one of ordinary skill 
in the art Will readily appreciate from the disclosure of the 
present invention, processes, machines, manufacture, com 
positions of matter, means, methods, or steps, presently 
eXisting or later to be developed that perform substantially 
the same function or achieve substantially the same result as 
the corresponding embodiments described herein may be 
utiliZed according to the present invention. Accordingly, the 
appended claims are intended to include Within their scope 
such processes, machines, manufacture, compositions of 
matter, means, methods, or steps. 

What is claimed is: 

1. A system comprising: 

an electrical pulse delivery circuit; and 

a control circuit coupled to said electrical pulse delivery 
circuit and controlling said electrical pulse delivery 
circuit to provide output operation and active discharge 
operation, Wherein said control circuit causes at least 
one of a pulse duration, a pulse voltage magnitude, and 
a pulse current magnitude to be different betWeen a 
pulse of said output operation and a corresponding 
pulse of said active discharge operation. 

2. The system of claim 1, Wherein said pulse of said active 
discharge operation has a pulse duration greater than a pulse 
duration of said pulse of said output operation. 

3. The system of claim 2, Wherein said pulse of said active 
discharge operation has a pulse voltage magnitude less than 
a pulse voltage magnitude of said pulse of said output 
operation. 
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4. The system of claim 2, wherein said pulse of said active 
discharge operation has a pulse current magnitude less than 
a pulse current magnitude of said pulse of said output 
operation. 

5. The system of claim 1, Wherein said pulse of said active 
discharge operation delivers a same magnitude of net current 
as said pulse of said pulse of said output operation. 

6. The system of claim 1, Wherein said electrical pulse 
delivery circuit comprises a fractional voltage converter 
providing said different pulse voltage magnitude betWeen 
said pulse of said output operation and said pulse of said 
active discharge operation. 

7. The system of claim 1, Wherein said control circuit 
provides programmable amplitude and duration With respect 
to at least one of said pulse of said output operation and said 
pulse of said active discharge operation. 

8. The system of claim 1, Wherein said electrical pulse 
delivery circuit and said control circuit comprise a stimula 
tor for delivering therapy to a patient, Wherein said pulse of 
said output operation provides stimulation therapy. 

9. A system comprising: 

an electrical pulse delivery circuit; and 

a control circuit coupled to said electrical pulse delivery 
circuit and controlling said electrical pulse delivery 
circuit to provide an output pulse having a pulse 
attribute magnitude Which is different than a pulse 
attribute magnitude of a corresponding active discharge 
pulse. 

10. The system of claim 9, Wherein said control circuit 
controls said electrical pulse delivery circuit to provide an 
output pulse having at least tWo pulse attribute magnitudes 
Which are different than pulse attribute magnitudes of a 
corresponding active discharge pulse. 

11. The system of claim 9, Wherein said active discharge 
pulse delivers a same magnitude of net current as said output 
pulse. 

12. The system of claim 9, Wherein said electrical pulse 
delivery circuit comprises a fractional voltage converter 
providing said different pulse attribute magnitude betWeen 
said output pulse and said active discharge pulse. 

13. The system of claim 9, Wherein said pulse attribute 
magnitude is different by at least one-to-tWo (1:2). 
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14. A method comprising: 

providing an output pulse having at least a ?rst predeter 
mined pulse attribute magnitude; and 

providing an active discharge pulse having at least a 
second predetermined pulse attribute magnitude, 
Wherein said ?rst predetermined pulse attribute mag 
nitude is different than said second predetermined pulse 
magnitude. 

15. The method of claim 14, Wherein said output pulse 
further has at least a third predetermined pulse attribute 
magnitude, and said active discharge pulse has at least a 
forth predetermined pulse attribute magnitude, and Wherein 
said third predetermined pulse attribute magnitude is differ 
ent than said forth predetermined pulse magnitude. 

16. The method of claim 15, Wherein said ?rst and second 
predetermined pulse attribute magnitudes comprise a pulse 
duration, and Wherein said third and forth predetermined 
pulse attribute magnitudes comprise a same one of a pulse 
voltage or a pulse current. 

17. The method of claim 16, Wherein said pulse duration 
of said second predetermined pulse attribute magnitude is 
greater than said pulse duration of said ?rst predetermined 
pulse attribute magnitude, and Wherein said pulse voltage or 
pulse current of said fourth predetermined pulse attribute 
magnitude is less than said pulse voltage or pulse current of 
said third predetermined pulse attribute magnitude. 

18. The method of claim 14, further comprising: 

controlling a fractional voltage converter to provide pulse 
voltages having said ?rst predetermined pulse attribute 
magnitude and said second predetermined pulse 
attribute magnitude. 

19. The method of claim 14, Wherein said providing said 
output pulse and said providing said active discharge pulse 
are provided by a stimulation system. 

20. The method of claim 19, further comprising: 

providing therapy to a patient using said output pulse and 
said active discharge pulse. 


