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(57) Abstract: Disclosed is a voltage monitoring circuit for use in detecting if a voltage supplied to current-generating circuit is suf-
ficient to allow the current-generating circuit to produce a desired current. In one embodiment the circuit is designed for use in an
implantable device that is configured to deliver therapeutic pulses to a patient. The voltage monitoring circuit is configured to pro-
duce a signal if a supplied voltage is insufficient to allow a current-generating circuit to deliver a requested current to a set of elec -
trodes. In one embodiment, the voltage monitoring circuit detects a change in a difference between the voltage at a node in the cur-

rent-

generating circuit and the supplied voltage.
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CONTROLLER FOR NERVE STIMULATION CIRCUIT AND
ASSOCIATED SYSTEMS AND METHODS

TECHNICAL FIELD

[0001] The disclosed technology relates generally to implantable nerve
stimulation circuits and in particular, to circuits for adjusting battery power

consumption in an implantable nerve stimulation circuit and associated systems and

methods.
BACKGROUND
[0002] Neurological stimulators have been developed to treat pain, movement

disorders, functional disorders, spasticity, cancer, cardiac disorders, and various
other medical conditions. Implantable neurological stimulation systems generally
have an implantable signal generator and one or more leads that deliver electrical
pulses to neurological or muscle tissue. For example, several neurological
stimulation systems for spinal cord stimulation (SCS) have cylindrical leads that
include a lead body with a circular cross-sectional shape and one or more conductive
rings (i.e., contacts) spaced apart from each other at the distal end of the lead body.
The conductive rings operate as individual electrodes and may be implanted
percutaneously through a needle inserted into the epidural space, with or without the

assistance of a stylet.

[0003] Once implanted, the signal generator applies electrical pulses to the
electrodes, which in turn modify the function of the patient's nervous system, such as
by altering the patient's responsiveness to sensory stimuli and/or altering the
patient's motor-circuit output. In SCS for the treatment of pain, the signal generator
applies electrical pulses to the spinal cord via the electrodes. In conventional SCS,
‘low frequency” electrical pulses are used to generate sensations (known as
paresthesia) that mask or otherwise alter the patient's sensation of pain. For
example, in many cases, patients report paresthesia as a tingling sensation that is

perceived as less uncomfortable than the underlying pain sensation.



WO 2017/116760 PCT/US2016/067217

[0004] As with any implantable device, battery life is an important design
concemn. If the supply voltage that is applied to the current-generating circuitry is too
low, then the circuits will not operate as desired. On the other hand, if the supply
voltage applied to the circuitry is too high, then battery power is being unnecessarily
wasted and the battery will have to be re-charged sooner rather than later. The
amount of supplied voltage that is above the level required to operate the circuitry is

generally referred to as the current source supply voltage “headroom.”

[0005] As will be explained in detail below, the disclosed technology relates to
circuitry for detecting if a supply voltage is insufficient to allow the current-generating

circuitry in an implantable nerve stimulation device to operate properly.
BRIEF DESCRIPTION OF THE DRAWINGS

[0006] Figure 1 is a partially schematic illustration of an implantable spinal cord
stimulation system positioned at a patient’'s spine to deliver therapeutic signals in

accordance with several embodiments of the present technology.

[0007] Figure 2 is a simplified block diagram of an implantable therapeutic

device in accordance with a disclosed embodiment of the present technology.

[0008] Figure 3 is a circuit diagram of a therapeutic current-generating circuit
that includes a voltage monitoring circuit in accordance with a disclosed embodiment

of the present technology.

[0009] Figure 4 is a simulation of the operation of the voltage monitoring circuit

shown in Figure 3.

[0010] Figure 5 is a flow chart of steps performed by a logic device in an
implantable therapeutic device in accordance with a disclosed embodiment of the

present technology.
DETAILED DESCRIPTION

[0011] The disclosed technology relates generally to systems and methods for
managing battery power in an implantable medical device that delivers therapeutic
currents to a patient. In one embodiment, the disclosed technology determines
when a voltage supplied to a current-generating circuit is not sufficient to allow the

current generating circuit to supply a requested current to one or more electrodes. In

1
.2
1
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one embodiment, a processor is programmed to control the voltage supplied to the

current-generating circuit to minimize unnecessary power drain from a battery.

[0012] General aspects of the environments in which the disclosed technology
operates are described below under Heading 1.0 ("Overview") with reference to
Figure 1. Particular embodiments of the technology are described further under
Heading 2.0 ("Representative Embodiments") with reference to Figures 2-5.
Additional embodiments are described under Heading 3.0 ("Additional

Embodiments").

1.0  Overview

[0013] Figure 1 schematically illustrates a representative patient therapy system
100 for providing relief from chronic pain and/or other conditions, arranged relative to
the general anatomy of a patient's spinal column 191. The system 100 can include a
signal generator 101 (e.g., an implanted or implantable pulse generator or IPG),
which may be implanted subcutaneously within a patient 190 and coupled to one or
more signal delivery elements or devices 110. The signal delivery elements or
devices 110 may be implanted within the patient 190, typically at or near the patient's
spinal cord midline 189. The signal delivery elements 110 carry features for
delivering therapy to the patient 190 after implantation. The signal generator 101
can be connected directly to the signal delivery devices 110, or it can be coupled to
the signal delivery devices 110 via a signal link or lead extension 102. In a further
representative embodiment, the signal delivery devices 110 can include one or more
elongated lead(s) or lead body or bodies 211 (identified individually as a first lead
111a and a second lead 111b). As used herein, the terms signal delivery device,
lead, and/or lead body include any of a number of suitable substrates and/or support
members that carry electrodes/devices for providing therapy signals to the patient
190. For example, the lead or leads 111 can include one or more electrodes or
electrical contacts that direct electrical signals into the patient's tissue, e.g., to
provide for therapeutic relief. In other embodiments, the signal delivery elements
110 can include structures other than a lead body (e.g., a paddle) that also direct

electrical signals and/or other types of signals to the patient 190.
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[0014] In a representative embodiment, one signal delivery device may be
implanted on one side of the spinal cord midline 189, and a second signal delivery
device may be implanted on the other side of the spinal cord midline 189. For
example, the first and second leads 111a, 111b shown in Figure 1 may be positioned
just off the spinal cord midline 189 (e.q., about 1 mm offset) in opposing lateral
directions so that the two leads 111a, 111b are spaced apart from each other by
about 2 mm. In particular embodiments, the leads 111 may be implanted at a
vertebral level ranging from, for example, about T8 to about T12. In other
embodiments, one or more signal delivery devices can be implanted at other
vertebral levels, e.g.,, as disclosed in U.S. Patent Application Publication No.

2013/0066411, which is incorporated herein by reference in its entirety.

[0015] The signal generator 101 can transmit signals (e.g., electrical signals) to
the signal delivery elements 110 that up-regulate (e.g., excite) and/or down-regulate

(e.g., block or suppress) target nerves. As used herein, and unless otherwise noted,

the terms "modulate,” "modulation,” "stimulate," and "stimulation" refer generally to
signals that have either type of the foregoing effects on the target nerves. The signal
generator 101 can include a machine-readable (e.g., computer-readable) or
controller-readable medium containing instructions for generating and transmitting
suitable therapy signals. The signal generator 101 and/or other elements of the
system 100 can include one or more processor(s) 107, memory unit(s) 108, and/or
input/output device(s) 112. Accordingly, the process of providing modulation signals,
providing guidance information for positioning the signal delivery devices 110,
establishing battery charging and/or discharging parameters, and/or executing other
associated functions can be performed by computer-executable instructions
contained by, on or in computer-readable media located at the pulse generator 101
and/or other system components. Further, the pulse generator 101 and/or other
system components may include dedicated hardware, firmware, and/or software for
executing computer-executable instructions that, when executed, perform any one or
more methods, processes, and/or sub-processes described herein; e.g., the
methods, processes, and/or sub-processes described with reference to Figures 2-5
below. The dedicated hardware, firmware, and/or software also serve as "means
for" performing the methods, processes, and/or sub-processes described herein.

The signal generator 101 can also include multiple portions, elements, and/or
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subsystems (e.g., for directing signals in accordance with multiple signal delivery
parameters), carried in a single housing, as shown in Figure 1, or in multiple

housings.

[0016] The signal generator 101 can also receive and respond to an input signal
received from one or more sources. The input signals can direct or influence the
manner in which the therapy, charging, and/or process instructions are selected,
executed, updated, and/or otherwise performed. The input signals can be received
from one or more sensors (e.g., an input device 112 shown schematically in Figure 1
for purposes of illustration) that are carried by the signal generator 101 and/or
distributed outside the signal generator 101 (e.g., at other patient locations) while still
communicating with the signal generator 101. The sensors and/or other input
devices 112 can provide inputs that depend on or reflect patient state (e.g., patient
position, patient posture, and/or patient activity level), and/or inputs that are patient-
independent (e.g., time). Still further details are included in U.S. Patent No.

8,355,797, incorporated herein by reference in its entirety.

[0017] In some embodiments, the signal generator 101 and/or signal delivery
devices 210 can obtain power to generate the therapy signals from an external
power source 103. In one embodiment, for example, the external power source 103
can by-pass an implanted signal generator and generate a therapy signal directly at
the signal delivery devices 110 (or via signal relay components). The external power
source 103 can transmit power to the implanted signal generator 101 and/or directly
to the signal delivery devices 110 using electromagnetic induction (e.g., RF signals).
For example, the external power source 103 can include an external coil 104 that
communicates with a corresponding internal coil (not shown) within the implantable
signal generator 101, signal delivery devices 110, and/or a power relay component

(not shown). The external power source 103 can be portable for ease of use.

[0018] In another embodiment, the signal generator 101 can obtain the power to
generate therapy signals from an internal power source, in addition to or in lieu of the
external power source 103. For example, the implanted signal generator 101 can
include a non-rechargeable battery or a rechargeable battery to provide such power.
When the internal power source includes a rechargeable battery, the external power
source 103 can be used to recharge the battery. The external power source 103 can

in turn be recharged from a suitable power source (e.g., conventional wall power).

]
(31}
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[0019] During at least some procedures, an external stimulator or trial modulator
105 can be coupled to the signal delivery elements 110 during an initial procedure,
prior to implanting the signal generator 101. For example, a practitioner (e.g., a
physician and/or a company representative) can use the trial modulator 105 to vary
the modulation parameters provided to the signal delivery elements 110 in real time,
and select optimal or particularly efficacious parameters. These parameters can
include the location from which the electrical signals are emitted, as well as the
characteristics of the electrical signals provided to the signal delivery devices 110. In
some embodiments, input is collected via the external stimulator or trial modulator
and can be used by the clinician to help determine what parameters to vary. |n a
typical process, the practitioner uses a cable assembly 120 to temporarily connect
the trial modulator 105 to the signal delivery device 110. The practitioner can test
the efficacy of the signal delivery devices 110 in an initial position. The practitioner
can then disconnect the cable assembly 120 (e.g., at a connector 122), reposition
the signal delivery devices 110, and reapply the electrical signals. This process can
be performed iteratively until the practitioner obtains the desired position for the
signal delivery devices 110. Optionally, the practitioner may move the partially
implanted signal delivery devices 110 without disconnecting the cable assembly 120.
Furthermore, in some embodiments, the iterative process of repositioning the signal

delivery devices 110 and/or varying the therapy parameters may not be performed.

[0020] The signal generator 101, the lead extension 102, the trial modulator 105
and/or the connector 122 can each include a receiving element 109. Accordingly,
the receiving elements 109 can be patient implantable elements, or the receiving
elements 109 can be integral with an external patient treatment element, device or
component (e.g., the trial modulator 105 and/or the connector 122). The receiving
elements 109 can be configured to facilitate a simple coupling and decoupling
procedure between the signal delivery devices 110, the lead extension 102, the
pulse generator 201, the trial modulator 105 and/or the connector 122. The
receiving elements 109 can be at least generally similar in structure and function to
those described in U.S. Patent Application Publication No. 2011/0071593,

incorporated by reference herein in its entirety.

[0021] After the signal delivery elements 110 are implanted, the patient 190 can

receive therapy via signals generated by the trial modulator 105, generally for a

@
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limited period of time. During this time, the patient wears the cable assembly 120
and the trial modulator 105 outside the body. Assuming the trial therapy is effective
or shows the promise of being effective, the practitioner then replaces the trial
modulator 105 with the implanted signal generator 101, and programs the signal
generator 101 with therapy programs selected based on the experience gained
during the trial period. Optionally, the practitioner can also replace the signal
delivery elements 110. Once the implantable signal generator 101 has been
positioned within the patient 190, the therapy programs provided by the signal
generator 101 can still be updated remotely via a wireless physician's programmer
(e.g., a physician's laptop, a physician's remote or remote device, etc.) 117 and/or a
wireless patient programmer 106 (e.q., a patient's laptop, patient's remote or remote
device, etc.). Generally, the patient 190 has control over fewer parameters than
does the practitioner. For example, the capability of the patient programmer 106
may be limited to starting and/or stopping the signal generator 101, and/or adjusting
the signal amplitude. The patient programmer 106 may be configured to accept pain

relief input as well as other variables, such as medication use.

[0022] In any of the foregoing embodiments, the parameters in accordance with
which the signal generator 101 provides signals can be adjusted during portions of
the therapy regimen. For example, the frequency, amplitude, pulse width, and/or
signal delivery location can be adjusted in accordance with a pre-set therapy
program, patient and/or physician inputs, and/or in a random or pseudorandom
manner. Such parameter variations can be used to address a number of potential
clinical situations. Certain aspects of the foregoing systems and methods may be
simplified or eliminated in particular embodiments of the present disclosure. Further
aspects of these and other expected beneficial results are detailed in U.S. Patent
Application Publication No. 2013/0066411 (previously incorporated by reference as
Appendix A), and U.S. Patent Application Publication Nos. 2010/0274314,
2009/0204173; and 2010/0274317, each of which is incorporated herein by

reference in its entirety.

2.0 Representative Embodiments

[0023] Figure 2 shows a simplified block diagram of an implantable therapeutic
device 200 configured in accordance with an embodiment of the disclosed

technology. The implantable device includes a current-generating circuit 202
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(labelled current generator) that produces therapeutic currents for one or more
electrode leads 240 or other signal delivery device(s). The therapeutic device further
includes a rechargeable battery 204 and an inductive charging circuit 206 that is
used to recharge the battery from an external charger 103. Alternatively, the battery
204 may be a single-use battery that must be periodically replaced. The therapeutic
device also includes a logic circuit or processor (CPU) 210 (e.g., a microprocessor, a
microcontroller, digital signal processor FPGA, ASIC or the like). Voltage from the
battery 204 is supplied to a programmable voltage regulator 208 that produces a
variable supply voltage to the current-generating circuit 202 under the control of the
processor 210. In one embodiment, the battery 204 is a lithium ion battery that
produces a voltage of approximately 3.2 volts when fully charged. The
programmable voltage regulator 208 can increase this voltage to a higher level (e.q.,
4-20 volts) or can decrease the voltage, e.qg. down to approximately 2.0 volts or

lower.

[0024] In one embodiment, the processor 210 is programmed to send signals to
the programmable voltage regulator 208 to adjust the voltage supplied to the current
generating circuit 202 so that the current generating circuit 202 can supply a
requested current to the electrodes on the lead(s) 240 but not supply a voltage that

is so high that battery power is wasted.

[0025] A programmable switch assembly 214 in the implantable device 200 is
used to configure connections to the electrodes 242 on the leads 240 in order to
control how the requested current is delivered to the patient. The switch assembly
214 is controlled by the processor 210 so that currents can be delivered between
any of the electrodes 242 on the lead (e.q., between one or more “anode” contacts
and one or more cathode contacts to operate the device in a bi-polar or other multi-
polar manner). Alternatively, the programmable switch assembly 214 can configure
the connections to the contacts so that currents flow between one or more of the
contacts 242 and a remote common electrode or contact (such as the case of the

implantable device) in order to operate the contacts 242 in a uni-polar manner.

[0026] In one embodiment, the implantable device 200 includes a wireless
communication circuit 220 that transmits and receives signals from an external
programmer 106, 117 shown in Figure 1, in order to control the therapies that are

delivered to the patient, to supply a doctor or technician with information about the
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operation of the device, to update the operating program or parameters of the device

and for other uses.

[0027] As discussed above, it is desirable that the voltage supplied by the
programmable voltage regulator 208 is sufficient to allow the current-generating
circuit 202 to generate the requested currents for delivery to the contacts. On the
other hand, if the voltage supplied to the current-generating circuit is more than the
voltage needed, battery power is wasted and battery power will be depleted

unnecessarily.

[0028] Figure 3 shows one embodiment of the current-generating circuit 202
that includes a voltage monitoring circuit and is configured to manage the competing
requirements described above. The current-generating circuit 202 includes a current
mirror circuit. The current mirror circuit includes a control portion and a controlled
portion including a number of MOSFET or other transistors labelled M1, M2, M3 and
M4. Each of the transistors M1 and M2 is actually a number of MOSFET transistors
that are connected in parallel although only one transistor is shown for ease of
illustration. In the embodiment shown, the controlled portion of the current mirror
includes a first number of parallel-connected MOSFET transistors M1 that are in
series with a second number of parallel-connected MOSFET transistors M2. The
first number of parallel-connected transistors M1 have their source terminals
connected to the supply voltage Vpp and their drain terminals connected to the
source terminals of the second number of parallel-connected transistors M2. The
drain terminals of second number of parallel-connected transistors M2 are connected

to the load (e.g., the electrodes or contacts on the leads).

[0029] The control portion of the current mirror includes a third MOSFET
transistor M3 and a fourth MOSFET transistor M4 that are connected in series
between a supply voltage Vpp and a programmable current source li,. In the
embodiment shown, the source terminal of the third transistor M3 is connected to
Vpp and the drain terminal is connected to a source terminal of the fourth transistor
M4. The gate electrodes of transistors M1 and M3 are connected together and are
tied to the drain terminal of transistor M4. The drain terminal of the fourth transistor

M4 is connected to the programmable current source .
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[0030] Because the transistors in the current mirror are matched and because
the third transistor M3 and the first number of parallel-connected transistors M1 are
commonly biased, the current flowing though the controlled half of the current mirror
(parallel sets of transistors M1 and M2) will be N times the current set by the
programmable current source |y, where N is the number of transistors connected in
parallel. In one embodiment, N is equal to 100 so the current delivered to the load is
100 times the programmable current l;,. In one embodiment, the programmable
current |, is controlled by a digital-to-analog converter (DAC) to produce a current
between 0 and 150 microamps. The current delivered to the load is therefore
controllable between 0 and 15 milliamps. Although the disclosed current mirror uses
P-channel MOSFETS, it will be appreciated that other suitable transistors can be
used to implement the current mirror. The details of a current mirror circuit are
considered well known to persons of ordinary skill in the art of electronics and are

therefore not discussed in further detail.

[0031] To determine if the voltage level supplied by the programmable voltage
regulator 208 is sufficient to allow the current mirror to deliver the requested current,
a current source supply voltage monitoring circuit is included in the current-
generating circuit 202. The supply voltage monitoring circuit includes a comparator
260 having inputs that compare the voltage at two nodes labelled “A” and “B.” The
voltage at node A is taken at a point in a reference current path that is formed by fifth
and sixth MOSFET transistors M5 and M6. The fifth and sixth transistors M5 and M6
in the reference current path are connected in series between the supply voltage Vpp
and a constant current source lnias. The source terminal of the fifth transistor M5 is
connected to the supply voltage Vpp and the drain terminal of transistor M5 is
connected to a source terminal of the sixth transistor M6. The drain terminal of the
sixth transistor M6 is connected to the constant current source lyas. In one
embodiment, the constant current source lyiss is implemented with a band gap circuit
and a precision resistor. The gates of the fifth and sixth transistors M5 and M6 are
tied to the constant current source lyias. The gates of transistors M2 and M4 in the
current mirror are also tied to the constant current source lyias SO that the gates of
transistors M6, M4 and the second set of parallel-connected transistors M2 in the
current mirror are commonly biased. In one embodiment, the current l,ss is set so

the transistor M6 remains in saturation regardless of the level of Vpp or the level of

-ig-
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the requested current while transistor M5 will usually be in the linear (or triode)

region.

[0032] To monitor the voltage Vpp that is supplied to the current-generating
circuit 202, the comparator 260 compares the voltage at node A (between the drain
terminal of the fifth transistor M5 and the source terminal of the sixth transistor M6 in
the reference current path) with the voltage at node B (between the drain terminals
of the first set of parallel-connected transistors M1 and the source terminals of the
second set of parallel-connected transistors M2). When the voltage at node A is
larger than the voltage at node B, the output of the comparator 260 is negative or -
zero. Conversely, when the voltage at node B exceeds the voltage at node A, the
output of the comparator 260 is positive. The comparator 260 may be a separate
integrated circuit or if the comparator 260 is to be integrated with other circuitry of the
system, the comparator may be made of discrete components including a differential
pair of transistors. The details of designing a comparator are considered well known

to those of ordinary skill in the art of circuit design.

[0033] The voltage at node A tracks the supply voltage Vpp. Accordingly as the
voltage Vpp increases, the voltage at node A increases. Similarly, as the supply
voltage Vpp decreases, the voltage at node A also decreases. When the supply
voltage is set high enough so that the first and second sets of parallel-connected
transistors M1 and M2 can supply the requested current to the load, the transistors
will be operating in the saturation region. However, if the supply voltage is
decreased to the point that the transistors can no longer supply the requested
current, the parallel-connected transistors M2 and/or M1 will come out of saturation
and the voltage at node B increases with respect to the voltage at node A. When the
difference between Vpp and the voltage at node B becomes less than the difference
between Vpp and the voltage at node A, the comparator 260 produces an output
signal V¢ (voltage non-compliant) that indicates that the supply voltage Vpp is

insufficient to allow the current mirror to produce the requested current.

[0034] In one embodiment, the output Vyc of the comparator 260 is fed to the
processor 210, which is programmed to interpret the V¢ signal. In one embodiment,
the processor 210 is programmed to instruct the programmable voltage regulator
208 to increase the supply voltage to a point where the comparator output, V¢ once

again becomes negative after detecting a positive V¢ signal. On the other hand, if

-i1-
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the signal Vnc is negative, the processor can instruct the programmable voltage

regulator 208 to reduce the supplied voltage and save battery power

[0035] Figure 4 shows a plot of voltages in the current-generating circuit 202
versus changes in the supplied voltage Vpp. A first line 401 represents the supply
voltage Vpp as it is decreased. A second line 402 represents the voltage at node A
in Figure 3 and a third line 403 represents the voltage at node B in Figure 3. As
shown, the voltage at node A varies with changes in the supply voltage. The voltage
at node A tracks (e.g., remains a constant difference with respect to) variations in the
supply voltage Vpp. The voltage at node B tracks the supply voltage until the point
410 (circled) when the transistors of the current mirror can no longer supply the
requested current. At this point, the voltage across the transistors in the controlled
portion of the current mirror decrease and the voltage at node B becomes larger than
the voltage at node A. Accordingly, the output of the comparator (indicated by line
404) changes states. The comparator 260 can be very sensitive and in one
embodiment, can change states when the current difference is less than 0.5-0.9%

from the requested current.

[0036] Figure 5 is a flow diagram of steps performed by a programmed
processor to monitor and adjust the voltage supplied from a battery to a current-
generating circuit in accordance with particular disclosed embodiments. Beginning
at block 500, the processor controls the programmable voltage regulator 208 to
provide an initial operating voltage. Such a voltage may be the highest operating
voltage that the voltage regulator is able to produce from the battery or may be a
lessor voltage that is selected according to a previously determined mapping of a
supply voltage versus a requested current to be delivered to the electrodes. Such a
mapping can be based on circuit testing as the current-generating circuit 202 is

being designed or tested.

[0037] At block 502, the processor determines if the trigger signal Ve from the
comparator indicates that the supply voltage is non-compliant for the requested
current to be delivered. In one embodiment, the processor can periodically poll an
input port that is connected directly or indirectly to the output of the comparator. In
another embodiment, the output of the comparator can be connected directly or
indirectly to an interrupt port that triggers the processor to perform a desired

sequence of actions when the comparator changes states.

i3
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[0038] If the answer at block 502 is yes and the comparator indicates that the
supply voltage is non-compliant, then the processor instructs the programmable
voltage regulator 208 to increase the supply voltage Vpp at block 508. For example,
the processor may execute instructions that direct the programmable voltage
regulator to supply a desired voltage to (e.g. supply 6.3 Volts). Alternatively, the
processor may execute instructions that cause the processor to produce a signal
(digital or analog) that is detected by the programmable voltage to increase or
decrease the supplied voltage. Other instructions are also possible that, for
example, cause the processor to instruct the programmable voltage supply to
increase or decrease the supplied voltage by a determined amount (e.g. +2.3 Volts, -
1.6 Volts). In one embodiment, this process continues until such time as the

comparator changes states to indicate that the supply voltage is compliant.

[0039] If the answer at block 502 is no, the processor determines if a time-out
period has elapsed at block 504. In one embodiment, the time out period is set to
prevent the processor from changing the supply voltage too rapidly. If the time-out
period has not elapsed, processing returns to block 502 to check for the trigger

signal.

[0040] If the time-out period has elapsed at block 504, then the processor
instructs the programmable voltage regulator 208 to lower or reduce the supply
voltage Vpp at block 506. In this manner the supply voltage is kept at a level that is
just above the level needed by the current-generating circuit to supply the requested

current to the load.

[0041] As will be appreciated, other embodiments of the presently disclosed
technology can include other algorithms for adjusting the supply voltage. For
example, once a non-compliant supply voltage is detected or determined, the supply
voltage can be increased and then not changed until a new trigger signal is received.
In yet another embodiment, the processor can be programmed to increase or
decrease the supply voltage by non-uniform steps in order to quickly determine the

voltage level at which the supply voltage is compliant.

[0042] Embodiments of the subject matter and the operations described herein
can be implemented in digital electronic circuitry, or in computer software, firmware,

or hardware, including the structures disclosed herein and their structural
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equivalents, or in combinations of one or more of them. Embodiments of the subject
matter described in this specification can be implemented as one or more computer
programs, i.e., one or more modules of computer program instructions, encoded on
or in computer storage media for execution by, or to control the operation of, a data

processing apparatus.

[0043] A computer storage medium can be, or can be included in, a computer-
readable storage device, a computer-readable storage substrate, a random or serial
access memory array or device, or a combination of one or more of them. Moreover,
while a computer storage medium is not a propagated signal, a computer storage
medium can be a source or destination of computer program instructions encoded in
an artificially generated propagated signal. The computer storage medium also can
be, or can be included in, one or more separate physical components or media (e.g.,
RAM, ROM, EPROM, EEPROM, or other storage devices). The operations
described in this specification can be implemented as operations performed by a
data processing apparatus on data stored on one or more computer-readable

storage devices or received from other sources.

[0044] The term “processor” encompasses a wide variety of suitable of
apparatus, devices, and machines for processing data, including for example, a
programmable processor, a computer, a system on a chip, or multiple ones, or
combinations of the foregoing. The apparatus can include special purpose logic
circuitry, e.g., an FPGA (field programmable gate array) or an ASIC
(application-specific integrated circuit). Logic circuitry as used herein therefore
includes both special purpose logic circuitry and general purpose logic circuity like a

programmed processor.

[0045] A computer program (also known as a program, software, software
application, script, or code) can be written in any form of programming language,
including compiled or interpreted languages, declarative or procedural languages,
and it can be deployed in any form, including as a stand-alone program or as a
module, component, subroutine, object, or other unit suitable for use in a computing
environment. A computer program may, but need not, correspond to a file in a file
system. A program can be stored in a portion of a file that holds other programs or

data (e.g., one or more scripts stored in a markup language document), in a single
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file dedicated to the program in question, or in multiple coordinated files (e.qg., files

that store one or more modules, sub-programs, or portions of code).

[0046] The processes and logic flows described herein can be performed by
one or more programmable processors executing one or more computer programs to
perform actions by operating on input data and generating output. The processes
and logic flows can also be performed by, and apparatus can also be implemented
as, special purpose logic circuitry, e.g., an FPGA (field programmable gate array) or

an ASIC (application-specific integrated circuit).

[0047] Processors suitable for the execution of a computer program include, by
way of example, both general and special-purpose microprocessors, and any one or
more processors of any kind of digital computer. Generally, a processor will receive
instructions and data from a read-only memory or a random access memory or both.
The essential elements of a computer are a processor for performing actions in
accordance with instructions and one or more memory devices for storing

instructions and data.

[0048] In another embodiment, the processor that receives the signal from the
voltage monitoring circuit is replaced with an FPGA, ASIC or other dedicated logic
circuit that implements a control algorithm to control the programmable voltage

regulator in response to the signal from the voltage monitoring circuit.

3.0 Additional Embodiments

[0049] In one embodiment, the system includes an implantable control unit
having a rechargeable battery and a processor. The control unit further includes one
or more current-generating circuits that use a current mirror to deliver a requested
current to one or more electrodes. A voltage monitoring circuit includes a detector
that detects when a supply voltage is not sufficient to allow the current mirror to

produce the requested current.

[0050] In some embodiments, the voltage monitoring circuit includes a
comparator that compares the voltage at two reference nodes in the current-
generating circuit. The first reference node produces a voltage that tracks changes
in the supply voltage while the second reference node produces a voltage that tracks

changes in the supply voltage until a point where the current delivered to the
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electrodes differs from a requested current. At this point, the comparator produces
an output signal that indicates that the supply voltage is insufficient to allow the

current mirror to produce the requested current.

[0051] In one embodiment, a processor is configured to receive the output
signal of the comparator and to adjust the supply voltage produced from the battery
to a level that is sufficient to allow the current-generating circuit to produce the

requested current but not so great that excess power from the battery is wasted.

[0052] From the foregoing, it will be appreciated that specific embodiments of
the disclosed technology have been described herein for purposes of illustration, but
that various modifications may be made without deviating from the technology.
Certain aspects of the technology described in the context of particular embodiments
may be combined or eliminated in other embodiments. Further, while advantages
associated with certain embodiments of the disclosed technology have been
described in the context of those embodiments, other embodiments may also exhibit
such advantages, and not all embodiments need necessarily exhibit such
advantages to fall within the scope of the technology. Accordingly, the disclosure
and associated technology can encompass other embodiments not expressly shown

or described herein.
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CLAIMS

[/We claim:

1. A voltage monitoring circuit for use with a system that delivers

therapeutic pulses to a patient of the type that includes:

a battery;

a processor;

a voltage regulator coupled to the battery and that is configured to produce a
variable supply voltage;

a current-generating circuit configured to supply a requested current to one or
more electrodes and is powered with the supply voltage produced by
the voltage regulator, wherein the voltage monitoring circuit comprises

a circuit configured to supply a signal when the supply voltage produced by
the voltage regulator is insufficient to allow the current-generating
circuit to produce the requested current; and

wherein the processor of the system is configured to receive the signal from
the voltage monitoring circuit and to control the voltage regulator to

increase the supply voltage provided to the current-generating circuit.

2. The voltage monitoring circuit of claim 1, wherein the voltage
monitoring circuit includes a comparator configured to compare a voltage at a first
node that tracks variations in the supply voltage against a voltage at a second node
that tracks variations in the supply voltage when the current-generating circuit
produces the requested current but changes with respect to the supply voltage when

the current-generating circuit cannot supply the requested current.
3. The voltage monitoring circuit of claim 2, wherein the first node is
located between a pair of transistors connected in series between the supply voltage

and a constant current source.

4. The voltage monitoring circuit of claim 3, wherein the second node is

located between transistors that produce the requested current such that when the
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transistors cannot produce the requested current, the difference between the supply

voltage and the voltage at the second node changes.

5. The voltage monitoring circuit of claim 2, wherein the comparator
produces the signal when the voltage at the second node in the current-generating

circuit exceeds the voltage at the first node.

6. A circuit for detecting if a supply voltage that is supplied to a current
generating circuit in an implantable neural stimulation device is sufficient to power
the current generating circuit, comprising:

a detector configured to produce a signal upon detecting a decreasing voltage
difference between a point between serially connected transistors in
the current-generating circuit and a supply voltage from a voltage
regulator; and

logic circuitry configured to control the voltage regulator by adjusting the
variable supply voltage to a level where the transistors of the current-

generating circuit can produce the requested current.

7. The circuit of claim 6, wherein the logic circuitry is configured to control

a voltage regulator to decrease the variable supply voltage produced.

8. The circuit of claim 6, wherein the detector is a comparator having a
first input connected to a point between serially connected transistors that produce
the requested current and a second input connected to a reference point that tracks

the variable supply voltage produced by the voltage regulator.

9. A voltage monitoring circuit for use with an implantable device that is
configured to deliver therapeutic pulses to a patient, comprising:

a battery;

a programmable voltage regulator that produces a variable supply voltage;

and
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means for detecting a change in a difference in voltage between a node in a
current-generating circuit and the variable supply voltage when the
variable supply voltage is insufficient to allow a current-generating

circuit to produce a requested current.

10.  The voltage monitoring circuit of claim 9, further comprising means for
producing a signal when the variable supply voltage is insufficient to allow the
current-generating circuit to produce a requested current, and logic circuit that is
configured to direct the programmable voltage regulator to increase the variable

supply voltage.

11.  The voltage monitoring circuit of claim 10, wherein the logic circuit is
configured to direct the programmable voltage regulator to decrease the variable

supply voltage.

12. A method of operating a voltage monitoring circuit in an implantable
nerve stimulation device, comprising:

producing a variable supply voltage from a battery with a programmable
voltage regulator;

detecting when the variable supply voltage from the voltage regulator is
insufficient to allow a current-generating circuit to produce a requested
current by detecting a change in a voltage difference between the
variable supply voltage and a voltage at a node in the current-
generating circuit; and

controlling the voltage regulator to increase the variable supply voltage that is

provided to the current-generating circuit.

13. The method of claim 12, wherein detecting when the variable supply
voltage from the voltage regulator is insufficient to allow the current-generating circuit

to produce the requested current comprises: determining when a voltage across
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transistors that produce the requested current changes with respect to the variable

supply voltage from the voltage regulator.

14. A circuit configured to monitor if a supply voltage is insufficient to allow
a current-generating circuit to deliver a requested current, comprising:

a battery;

a processor;

a programmable voltage regulator coupled to the battery and configured to
produce a variable supply voltage;

a supply voltage monitoring circuit configured to produce a signal that is
indicative of whether the variable supply voltage produced by the
programmable voltage regulator is sufficient to allow a current-
generating circuit to produce the requested current;

wherein the processor is configured to receive the signal from the supply
voltage monitoring circuit and is configured to execute instructions to
control the programmable voltage regulator to change the supply

voltage provided to the current-generating circuit.

15.  The circuit of claim 14, wherein the processor is configured to execute
instructions that cause the processor to control the programmable voltage regulator
to increase the variable supply voltage if the signal from the supply voltage
monitoring circuit indicates that the variable supply voltage is insufficient to allow the

current-generating circuit to produce the requested current.

16.  The circuit of claim 14, wherein the processor is configured to execute
instructions that cause the processor to control the programmable voltage regulator
to decrease the variable supply voltage if the signal from the supply voltage
monitoring circuit indicates that the variable supply voltage is sufficient to allow the

current-generating circuit to produce the requested current.

17.  The circuit of claim 16, wherein the processor is configured to execute

instructions that cause the processor to wait a period of time after the processor
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detects the signal from the supply voltage monitoring circuit before controlling the

programmable voltage regulator.

18.  The circuit of claim 14, wherein the supply voltage monitoring circuit is
configured to detect when a current produced by the current generating circuit differs

from the requested current.

19. The circuit of claim 18, wherein current generating circuit includes a
number of transistors that are saturated when the current generating circuit is
producing the requested current and wherein the voltage monitoring circuit is
configured to detect when the current produced by the current generating circuit
differs from the requested current by detecting a decrease in a voltage across one or

more transistors of the current generating circuit.

20. A circuit configured to produce a signal if a supply voltage is insufficient to
allow a current-generating circuit to deliver a requested current, comprising:

a battery;

a processor;

a programmable voltage regulator coupled to the battery and that is
configured to produce a variable supply voltage;

means for generating a signal that is indicative of whether the variable supply
voltage produced by the programmable voltage regulator is sufficient to
allow a current-generating circuit to produce the requested current;

wherein the processor is configured to receive the signal and to execute
instructions that control the programmable voltage regulator to change
the supply voltage provided to the current-generating circuit to a level
such that the current-generating circuit can produce the requested

current.

21. A method of operating an implantable nerve stimulation device,
comprising:
producing a variable supply voltage from a battery with a programmable

voltage regulator;
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supplying a current to one or more electrodes with a current-generating circuit
that is powered by the variable supply voltage from the voltage
regulator;

detecting when the variable supply voltage from the voltage regulator is
insufficient to allow the current-generating circuit to produce a
requested current by detecting a change in a voltage difference
between the variable supply voltage and a voltage at a node in the
current-generating circuit; and

controlling the voltage regulator to increase the variable supply voltage that is

provided to the current-generating circuit.

22. A system for delivering therapeutic pulses to a patient, comprising:

a battery;

a processor;

a programmable voltage regulator coupled to the battery and that is
configured to produce a variable supply voltage;

a current-generating circuit configured to supply a requested current to one or
more electrodes and that is powered with the supply voltage produced
by the programmable voltage regulator; and

a voltage monitoring circuit configured to generate a signal that is indicative of
whether the variable supply voltage produced by the programmable
voltage regulator is sufficient to allow the current-generating circuit to
produce the requested current;

wherein the processor is configured to receive the signal from the voltage
monitoring circuit and is configured to execute instructions to control
the programmable voltage regulator to change the supply voltage

provided to the current-generating circuit in response to the signal.

23. The system of claim 22, wherein the voltage monitoring circuit includes
a comparator configured to compare a voltage at a first node that tracks variations in
the supply voltage against a voltage at a second node that tracks variations in the

supply voltage when the current-generating circuit produces the requested current
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but changes with respect to the supply voltage when the current-generating circuit

cannot supply the requested current.

24. The system of claim 23, wherein the first node is located between a
pair of transistors connected in series between the supply voltage and a constant

current source.

25. The system of claim 24, wherein the second node is located between
transistors that produce the requested current such that when the transistors cannot
produce the requested current, the difference between the supply voltage and the

voltage at the second node changes.

26. A system for delivering therapeutic pulses to a patient, comprising:

a battery;

a programmable voltage regulator coupled to the battery and that is
configured to produce a variable supply voltage;

a current-generating circuit that is configured to supply a requested current to
one or more electrodes and that is powered with the supply voltage
produced by the programmable voltage regulator;

a voltage monitoring circuit that is configured to generate a signal that is
indicative of whether the variable supply voltage produced by the
programmable voltage regulator is sufficient to allow the current-
generating circuit to produce the requested current; and

logic circuitry that is configured to receive the signal from the voltage
monitoring circuit and to control the programmable voltage regulator to
change the supply voltage provided to the current-generating circuit in

response to the signal.

27. The system of claim 26, wherein the voltage monitoring circuit includes
a comparator configured to compare a voltage at a first node that tracks variations in
the supply voltage against a voltage at a second node that tracks variations in the

supply voltage when the current-generating circuit produces the requested current
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but changes with respect to the supply voltage when the current-generating circuit

cannot supply the requested current.

28. The system of claim 27, wherein the first node is located between a
pair of transistors connected in series between the supply voltage and a constant

current source.

29. The system of claim 28, wherein the second node is located between
transistors that produce the requested current such that when the transistors cannot
produce the requested current, the difference between the supply voltage and the

voltage at the second node changes.
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