STIMULATOR AND METHOD FOR PROCESSING A STIMULATION SIGNAL

Cross-reference to Related Applications

[0001]  The present application claims the benefit of the Singapore patent application
201203745-3 filed on 22 May 2012, the entire contents of which are incorporated herein

by reference for all purposes.

Technical Field

[0002] Embodiments relate generally to a stimulator and a method for processing a

stimulation signal.

Background

[0003] Neural and muscular electrical stimulation has been used as an effective
method in clinical treatment for neurological and physiological disorders for decades
since the first fully electrical based stimulator was reported in early 1930s. In recent
years, advanced semiconductor technology is taken advantage of to implement the
stimulators for implantable biomedical applications, such as deep brain stimulation
(DBR), retinal/cochlear prosthesis, functional electrical stimulation (FES) and brain to
brain interface. Power efficiency of these implantable stimulators becomes increasingly
important, since the power needs to be minimized to avoid frequent battery changing or

to adapt a smaller power transmission coil.



[0004] There are basically three stimulation modes for a stimulator: voltage mode,
charge mode and current mode. Voltage mode has the highest power efficiency but is
rarely used in modern stimulators. The main problem of the voltage mode is that it cannot
provide control on the total stimulation charge/energy as the load impedance is varying
over time, probe location and stimulation polarity. The uncontrollable charge/energy may
lead to serious safety issue. Charge mode can accurately control the stimulation energy
and achieve high power efficiency. However, it requires very large capacitors (~uF) to
deliver sufficient charge/energy into the stimulation site. Thus the charge mode may not
be suitable for implantable applications. Current mode is the most popular mode used in
the stimulators because of its safety and effectiveness over a wide range of load
impedance. Its major drawback is the low power efficiency which is of great importance
for these advanced implantable stimulators.

[0005] The low power efficiency of current mode stimulators originates from the
nature of the bioelectrical interface between the stimulator and the targeted
neuron/muscle tissue. Variable or unpredictable site impedance is one of the main
sources responsible for the energy efficiency drop. In a stimulation system, for example,
a stimulation system 100 as shown in Fig. 1, the load impedance 104 for a stimulator 102
includes stimulation probe impedance and tissue impedance. The load impedance may
vary when using different shaped probes 106 or at different stimulation sites 108 when
stimulating different body tissue as shown in Fig. 1. Moreover, the load impedance may
change over time in the chronic clinical stimulation. Thus, the maximum load impedance
must be accommodated in the stimulator design, which means enough voltage

compliance must be provided for a certain current level. For example, in the case of 1mA



current stimulation with 10kQ resistive load, ideally 10V voltage compliance needs to be
provided by the stimulator. In most of the stimulators a fixed high voltage power supply
is used to provide the high voltage compliance. In another case, for example when the
10k load is changing to a smaller value of 1kQ for some reason such as switching to
other stimulation site or probe movement, assuming the stimulation current is still kept as
ImA, the power efficiency drops dramatically from ideal 100% to 10%. This power
efficiency problem is illustrated in Fig. 1, wherein when the load impedance is high
(Ruign), the Voverhead 18 small and the wasted power Py, is low. Accordingly, the power
efficiency is about 80%. When the load impedance is low (Ryoy), the Vgvernead is large
and the wasted power Py, is high. In that case, the power efficiency is about 20%.

[{0006] Closed loop configuration is widely used in many stimulation systems. Many
research groups are now working to improve the power efficiency for the current mode
stimulators based on closed loop supply voltage adaptation method.

[0007] In the supply voltage adaptation method (e.g. as shown in Figs. 2A and 2B),
the supply voltage of the output stage VDD h is varying based on the load impedance.
Two tmportant building blocks are required for this method: 1) impedance detection
block to acquire the load impedance information and 2) the adaptive supply block (DC-
DC converter) to adjust the supply voltage so as to increase the power efficiency.

[0008] Fig.2A shows a diagram of an adaptive power supply stimulator 200. The
stimulator 200 includes a digital control block 202, a digital to analog converter 204
(DAC), a high voltage output stage 206 (HVOS), a high voltage (HV) monitoring block

208 and a DC-DC converter 210. The HV monitoring block 208 is used as the impedance



detection block, since the voltage on the stimulation electrode is proportional to the load
impedance. The voltage across the load is the direct indication of the power efficiency.
[0009] Fig. 2B shows a chart 250 illustrating the supply voltage adaptation provided
by the adaptive power supply stimulator 200. Using a simplified resistive dummy load,
the stimulation signal (e.g. the stimulation current) used in the supply voltage adaptation
may have the same stimulation waveform as the voltage 260 on the stimulation electrode,
e.g. a square stimulation waveform of the voltage 260. As shown in Fig. 2B, when the
voltage 260 on the stimulation electrode is detected to be low, e.g., when low load
impedance R,y is detected wherein the power efficiency is indicated to be about 20% as
in FIG. 1 above, the DC-DC converter 210 is used to adjust the supply voltage VDD h
270 to a lower value. This would help to improve the power efficiency to be about 80%.
[0010] In K. Sooksood el al. “A Neural Stimulator Front-End with Arbitrary Pulse
Shape, HV Compliance and Adaptive Supply Requiring 0.05mm? in 0.35 pm HVCMOS,”
in IEEE ISSCC 2011, pp. 306-307, a high voltage comparator is used to detect the output
voltage. This voltage comparator is used to control a two-level (20V and 5V) supply for
the output stage. The estimated power efficiency for the output stage is from 20% to 90%
using 100pA stimulation current with 1ms duration on the load impedance ranging from
10k to 100k£2.

[0011] The supply voltage adaptation approach normally requires large inductors and
consumes a lot of power. In some approaches, inductors and capacitors are required to
provide different level of supply voltage to the output stage.

[0012] However, the supply voltage adaptation method requires extra circuit block

(e.g. DC-DC converter) that causes extra power efficiency drop, and requires large



inductors/capacitors for each voltage level and each channel, which may not be suitable

for implantable applications. The resolution for voltage levels is also low.

Summary

[0013] Various embodiments provide a method for processing a stimulation signal.
The method may include monitoring an output voltage on an electrode, the electrode
being provided with the stimulation signal; determining whether the output voltage is
lower than a threshold voltage; if it is determined that the output voltage is lower than the
threshold voltage, modifying the waveform of the stimulation signal; and providing the

modified stimulation signal to an object via the electrode.

Brief Description of the Drawings

[0014] In the drawings, like reference characters generally refer to the same parts
throughout the different views. The drawings are not necessarily to scale, emphasis
instead generally being placed upon illustrating the principles of the invention. In the
following description, various embodiments are described with reference to the following
drawings, in which:

Fig. 1 shows a stimulation system.

Fig.2A shows a diagram of a supply voltage adaptation stimulator; Fig. 2B shows
the adaptive supply voltage provided by the supply voltage adaptation stimulator.

Fig. 3 shows a flowchart illustrating a method for processing a stimulation signal
according to various embodiments.

Fig. 4 shows a stimulator according to various embodiments.



Fig. 5A shows a diagram of a stimulator according to various embodiments; Fig.
5B shows a chart illustrating adjustment of stimulation signal by the stimulator according
to various embodiments.

Fig. 6 illustrates the operation of a finite state machine according to various
embodiments.

Fig. 7 shows a stimulator according to various embodiments.

Fig. 8 shows a schematic of the HV monitoring block according to various
embodiments.

Fig. 9 shows the microphotography of a high voltage neural/muscular stimulator
according to various embodiments.

Fig. 10 shows a chart illustrating the measurement result using the

method/stimulator of various embodiments.

Description

[0015] Various embodiments provide a stimulator and a method for processing a
stimulation signal, which can achieve high power efficiency without requiring area
consuming components.

[0016] Various features described below in the context of the method for processing a
stimulation signal may analogously hold true for the stimulator, and vice versa.

[0017) In this context, the stimulator as described in this description may include a
memory which is for example used in the processing carried out by the stimulator. A
memory used in the embodiments may be a volatile memory, for example a DRAM

(Dynamic Random Access Memory) or a non-volatile memory, for example a PROM



(Programmable Read Only Memory), an EPROM (Erasable PROM), EEPROM
{Electrically Erasable PROM), or a flash memory, e.g., a floating gate memory, a charge
trapping memory, an MRAM (Magnetoresistive Random Access Memory) or a PCRAM
(Phase Change Random Access Memory).

[0018] In this context, the stimulator as described in this description may be or may
include one or more circuits for carrying out the method of processing a stimulation
signal.

[0019] In an embodiment, a "circuit" may be understood as any kind of a logic
implementing entity, which may be special purpose circuitry or a processor executing
software stored in a memory, firmware, or any combination thereof. Thus, in an
embodiment, a "circuit" may be a hard-wired logic circuit or a programmable logic
circuit such as a programmable processor, e.g. a microprocessor (e.g. a Complex
Instruction Set Computer (CISC) processor or a Reduced Instruction Set Computer
(RISC) processor). A "circuit" may also be a processor executing software, e.g. any kind
of computer program, e.g. a computer program using a virtual machine code such as e.g.
Java. Any other kind of implementation of the respective functions which will be
described in more detail below may also be understood as a "circuit” in accordance with
an alternative embodiment.

[0020] Fig. 3 shows a flowchart 300 illustrating a method for processing a
stimulation signal according to various embodiments.

[0021] At 302, an output voltage on an electrode may be monitored, wherein the

electrode may be provided with a stimulation signal, e.g. generated by a stimulator.



[0022] At 304, it is determined whether the output voltage is lower than a threshold
voltage.

[0023] At 306, if it is determined that the output voltage is lower than the threshold
voltage, the waveform of the stimulation signal may be modified.

[0024] At 308, the modified stimulation signal may be provided to an object via the
electrode,

[0025] In various embodiments, if it is determined that the output voltage is higher
than or equal to the threshold voltage, the stimulation signal may be provided to the
electrode, e.g. without being modified.

[0026] In various embodiments, the threshold voltage may be a predetermined
voltage. In various embodiments, the threshold voltage may be determined based on a
supply voltage (e.g. a supply voltage provided to a stimulator). By way of example, the
threshold voltage may be determined to be about 20% - 70% of the supply voltage, e.g.,
20% of the supply voltage, 30% of the supply voltage, 40% of the supply voltage, 50% of
the supply voltage, 60% of the supply voltage, etc., such that when the output voltage is
below this threshold voltage, the corresponding power efficiency may not be satisfactory.
[0027] In various embodiments, the waveform of the stimulation signal may be
modified such that the modified stimulation signal provides a constant charge as
compared to an original stimulation signal. In this context, the original stimulation signal
refers to the stimulation signal before waveform modification, in other words, the initial

stimulation signal provided to the electrode.



[0028] In various embodiments, the waveform of the stimulation signal may be
modified such that the modified stimulation signal provides higher power efficiency as
compared to the original stimulation signal.

[0029] In various embodiments, modifying the waveform of the stimulation signal
may include modifying at least one of the amplitude, the duration (e.g. pulse width), or
the shape of the stimulation signal. In various embodiments, the stimulation signal may
be a pulse signal including a pulse, or a pulse signal including two or more pulses with
different polarities, or a pulse signal including two or more pulses with alternately
different polarities. In various embodiments, the stimulation signal may be a pulse train
of pulses having the same polarity or different polarities. The pulse signal including one
or more pulses may be repeated or iterated at predetermined intervals, e.g. every few
microseconds, every few milliseconds; etc.

[0030] In various embodiments, the stimulation signal may be a current pulse signal.
In various embodiments, modifying the waveform of the stimulation signal may include
increasing the current amplitude of the stimulation signal and decreasing the duration
(e.g. pulse width) of the stimulation signal. In various embodiments, the current
amplitude may be increased and the duration may be decreased to an extent such that the
modified stimulation signal provides higher power efficiency as compared to the original
stimulation signal.

[0031] In various embodiments, modifying the waveform of the stimulation signal
may include modifying the shape of the stimulation signal, such as modifying from one
shaped signal to another shaped signal selected from square, rectangle, triangle, sine or

sawtooth shaped waveforms. In various embodiments, modifying the waveform of the



stimulation signal may include modifying at least one of the shape, the amplitude, or the
duration (e.g. pulse width duration) of the stimulation signal.

[0032] According to various embodiments, modifying the waveform of the
stimulation signal may include modifying one or more stimulation parameters and
generating the modified stimulation signal based on the one or more stimulation
parameters. In various embodiments, the stimulation parameters may include amplitude,
duration (e.g. pulse width duration} and shape.

[0033] In various embodiments, the output voltage on the e¢lectrode may be
monitored periodically or instantaneously.

[0034] Fig. 4 shows a stimulator according to various embodiments.

[0035].  Various embodiments described in the context of the method of Fig. 3 above
may analogously hold true for the stimulator of Fig. 4, and vice versa.

[0036] The stimulator 400 may include a stimulation circuit 402 configured to
provide a stimulation signal to an object via an electrode; and a monitoring circuit 404
configured to monitor an output voltage on the electrode and determine whether the
output voltage is lower than a threshold voltage.

[0037] The stimulation circuit 402 may be further configured to modify the
waveform of the stimulation signal, and provide the modified stimﬁlation signal to the
electrode, if it is determined that the output voltage is lower than the threshold voltage.
[0038] In various embodiments, the stimulation circuit 402 may be configured to
provide the stimulation signal to the electrode, if it is determined that the output voltage

is higher than or equal to the threshold voltage.
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[0039] In various embodiments, the threshold voltage may be a predetermined
voltage, ¢.g. determined based on a supply voltage (e.g. a supply voltage provided to a
stimulator) described above.

[0040] In various embodiments, the stimulation circuit 402 may be configured to
modify the waveform of the stimulation signal such that the modified stimulation signal
provides a constant charge as compared to an original stimulation signal. In various
embodiments, the stimulation circuit 402 may be configured to modify the waveform of
the stimulation signal such that the modified stimulation signal provides higher power
efficiency as compared to the original stimulation signal. In this context, the original
stimulation signal refers to the stimulation signal before waveform modification, in other
words, the initial stimulation signal provided to the electrode.

[0041] According to various embodiments, the stimulation circuit 402 may be
configured to modify at least one of the amplitude, the duration (e.g. pulsé width), or the
shape of the stimulation signal, if it is determined that the output voltage is lower than the
threshold voltage. In various embodiments, the stimulation signal may be a pulse signal
including a pulse, or a pulse signal including two or more pulses with different polarities,
or a pulse signal including two or more pulses with alternately different polarities. In
various embodiments, the stimulation signal may be a pulse train of pulses having the
same polarity or different polarities. The pulse signal including one or more pulses may
be repeated or iterated at predetermined intervals, e.g. every few microseconds, every few
milliseconds, etc.

[0042] In various embodiments, the stimulation signal may be a current pulse signal.

In various embodiments, the stimulation circuit 402 may be configured to increase the
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current amplitude of the stimulation signal and decrease the duration (e.g. pulse width) of
the stimulation signal. In various embodiments, the current amplitude may be increased
and the duration may be decreased to an extent such that the modified stimulation signal
provides higher energy efficiency as compared to the original stimulation signal, if in is
determined that the output voltage is lower than the threshold voltage.

[0043] According to various embodiments, the stimulation circuit 402 may include a
controller (not shown} configured to modify one or more stimulation parameters, if it is
determined by the monitoring circuit 404 that the output voltage is lower than the
threshold voltage. The stimulation circuit 402 may further include a stimulation signal
generétor (not shown) configured to generate the stimulation signal based on the one or
more stimulation parameters, and generate the modified stimulation signal based on the
one or more modified stimulation parameters.

[0044] In various embodiments, the stimulation parameters may include amplitude,
duration (e.g. pulse width duration) and shape.

[0045] In various embodiments, the controller included in the stimulation circuit 402
may be a digital controller comprising a state machine configured to modify the one or
more stimulation parameters. The controller may also be an analog controller in other
embodiments.

[0046] In various embodiments, the stimulation signal generator in the stimulation
circuit 402 may include a digital to analog converter configured to convert the
stimulation parameters into the stimulation signal, or convert the modified stimulation

parameters into the modified stimulation signal,
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[0047] According to various embodiments, the monitoring circuit 404 is configured
to periodically or instantaneously monitoring the output voltage on the electrode.

[0048] According to various embodiments, the stimulator 400 may include a
neurostimulator or a muscular stimulator.

[0049] The method for processing a stimulation signal and the stimulator of various
embodiments will be described in more detail below.

[0050] Fig. 5A shows a diagram of a stimulator 500 according to various
embodiments; Fig. 5B shows a chart 550 illustrating adjustment of stimulation signal by
the stimulator 500 according to various embodiments.

[0051] As shown in Fig. 5A, a stimulator 500 according to various embodiments may
include a local digital controller (LDC) 502, a digital to analog converter (DAC) 504, a
high voltage output stage (HVOS) 506 and a HV (high voltage) monitoring (HVM)
block 508. Compared to the stimulator 200 of FIG. 2A, the DC-DC converter is
eliminated from the stimulator 500,

[0052] The LDC 502 may receive serial commands from external blocks, such as a
wireless receiver. The LDC 502 may decode the received command and store the
stimulation parameters (e.g., amplitude, duration, waveform, etc.) in local registers. The
LDC 502 may also control the stimulation timing of the HVOS 506, e.g. when to provide
a stimulation signal to an object.

[0053] The DAC 504 may convert the digital data (e.g. the stimulation parameters)

stored in the register into corresponding stimulation current level.
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[0054] The HVOS 506 may amplify the DAC current which may be provided to a
load, e.g. an electrode. The HVOS 506 may provide high voltage compliance using a
high voltage supply (VDD _h).

[0055] The HVM 508 may monitor the output voltage of the HVOS 506 which is the
voltage on the load, e.g. on the stimulation electrode. The HVM 508 may feed the
monitored voltage information back to the LDC 502. The LDC 502 may modify or
maintain the waveform of the stimulation signal provided to the load according to the
method of various embodiments. By way of example, the LDC 502, e.g. a state machine
embedded in the LDC 502, may adjust the stimulation waveform parameters (e.g.,
amplitude, durétion, shape, etc.) according to the method of various embodiments.

[0056] Fig. 5B shows adjustment of the stimulation signal by the stimulator 500
according to various embodiments,

[0057] In Fig. 5B, the current-time (I-t) curve of the stimulation signal 560 and the
voltage-time (V-t) curve of the output voltage 570 are shown, wherein the axis 552
represents the time (t), the axis 554 represents the current (I), and the axis 556 represents
the voltage (V). In various embodiments illustrated in Fig. 5B, the stimulation signal 560
is a square wave signal, but it is undérstood that the stimulation signal 560 may be other
types of wave signals. When the load impedance becomes low, the output voltage 570 at
the load is low, e.g. as depicted at 562, and accordingly the wasted power depicted by
558 is high.

[0058] In various embodiments when the monitored output voltage 570 is determined
to be lower than a threshold voltage, e.g. when the corresponding power efficiency (PE)

1s lowered to about 20% as depicted at 562, the LDC 502 may be configured to modify
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the waveform of the stimulation signal 560 to trace the supply voltage VDD _h 580,
instead of adjusting the supply voltage VDD _h 580 to accommodate the waveform of the
stimulation signal 560 as in Fig. 2B. In various embodiments as shown in Fig. 5B, the
LDC 502 may be configured to modify the waveform of the stimulation signal 560 by
increasing the current amplitude of the stimulation signal and decreasing the duration
(e.g. pulse width) of the stimulation signal as depicted at 564. In various embodiments,
the modified stimulation signal 560 having a waveform depicted at 564 may provide
higher power efficiency as compared to the stimulation signal 560 having a waveform
depicted at 562 before modification, as shown in the corresponding voltage-time curve
wherein the output iroltage 570 at the corresponding location 564 is increased to improve
the power efficiency to be about 80%. The stimulation signal 560 having a modified
waveform at 564 keeps the wasted voltage low and accordingly the wasted power 558 at
564 is low.

[0059] Fig. 5B shows that the waveform of the stimulation signal at 562 is modified
to the waveform at 564 after an entire period of the stimulation signal 560, which is for
illustration purpose only. It is understood that the waveform of the stimulation signal 560
may be modified during the initial period of the stimulation signal 560 or after several
periods of the stimulation signal 560, when the corresponding output voltage is low
enough. By way of example, when the HVM 508 is configured to instantaneously
monitor the output voltage, the output voltage may be immediately detected to be lower
than the threshold voltage, and the stimulation signal 560 may be modified immediately,
e.g. during the initial period. By way of example, when the HVM 508 is configured to

periodically monitor the output voltage, the output voltage may be determined to be
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lower than the threshold voltage after one or more periods of the simulation signal 560,
and the stimulation signal 560 may be then modified.

[0060] The extent of medification to the waveform of the stimulation signal 560 (e.g.
one or more of the amplitude, the duration, or the shape of the stimulation signal) may be
determined such that a constant charge can be provided by the adjusted stimulation signal
as compared to the initial stimulation signal. The extent of modification to one or more of
the amplitude, the duration, or the shape of the stimulation signal 560 may also be
determined based on constant bio-response to be achieved by the adjusted stimulation
signal as compared to the initial stimulation signal, e.g. by using the charge-duration
relationship between stimulation amplitude and stimulation duration.

[0061] The energy efficiency may be defined according to equation (1)

I R S— 1)
E in VDD _h { stint L stim

in which S is the bio-response strength induced by the input energy E;,. In current-mode
stimulator, § is independent to ¥pp , but is a function of Jy;, (stimulation current, e.g. the
current amplitude of the stimulation signal) and ¢, (duration or pulse width of the
stimulation signal). In the waveform adaptation method of various embodiments, the
stimulation waveform parameters I, and #, may be adjusted, instead of adjusting the
supply voltage Vpp 4, to obtain high energy efficiency. Since the bio-response strength S
will change when Iy, and t, are modified, the relationship between E.; and the
waveform parameters under fixed S may be derived. In order to achieve a fixed amount
of bio-response strength (Sp), the relationship between I, and ¢, may be described by

the known strength—duration characteristics as in equation (2) below:
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Loim = ﬁ (2)

stim s,
in which 7sp is the strength-duration time constant of a given stimulation configuration.
I, is Rheobase current which is the minimum required stimulation current. Compared to
embodiments wherein the modified stimulation signal is to provide a constant charge as
compared to the initial stimulation signal, the .ts,,»,,, can be smaller in the embodiments
wherein the modified stimulation signal is to achieve constant bio-response, which means
the input energy can be smaller (£, can be higher) to achieve the same bio-response.
[0062] According to the embodiments of Fig. 5A and Fig. 5B, the percentage of
wasted power is reduced, and thus the power efficiency is improved, e.g. to about 80%,
when the load impedance is low.

[0063] In various embodiments, the LDC 502 may include an embedded state
machine configured to adjust the stimulation waveform parameters (e.g., amplitude,
duration, shape, etc.) according to the method of various embodiments. Fig. 6 shows a
diagram 600 illustrating the operation of the stage machine according to various
embodiments.

[0064] At initialization, amplitude and duration of a stimulation signal may be
provided at 602. Depending on a feedback signal fd provided by a voltage detection block
604, e.g. the HVM 508 of Fig. 5A, the state machine may adjust the stimulation
waveform parameters accordingly.

[0065] When the feedback signal fd indicates that the load impedance is low, e.g.
when the detected voltage at the load is lower than a predetermined threshold voltage

which provides a feedback signal of fd = 0, the amplitude parameter may be increased

and the duration parameter may decreased at 606. The extent of adjustment to the
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amplitude parameter and the duration parameter may be determined such that a constant
charge can be provided by the adjusted stimulation signal as compared to the initial
stimulation signal. The extent of adjustment to the amplitude parameter and the duration
parameter may also be determined based on a constant bio-response to be achieved.
[0066] When the feedback signal fd indicates that the load impedance is high, e.g.
when the detected voltage at the load is higher than or equal to the predetermined
threshold voltage which provides a feedback signal of fd = 1, the amplitude and duration
parameters may be maintained at 608.

[0067] A stimulation signal generated according to the stimulation waveform
parameters determined at 606 or 608 may be provided to the load for stimulation at 610.
[0068] The embodiments of Fig. 6 illustrate the adjustment of the amplitude and the
duration parameters, it is understood that the shape parameters may also be adjusted. For
example, the adjustment may be made by changing from one shaped wave signal to
another shaped wave signal, and the examples of various shaped wave signal may include
but are not limited to square, rectangle, triangle, sine or sawtooth wave signals.

[0069] Fig. 7 shows a stimulator 700 according to various embodiments.

[0070] Fig. 7 shows a schematic of the circuit diagrams and the interconnections
among various circuit blocks of the stimulator 700 according to various embodiments,
including the blocks of a local digital controller (LDC) 702, a 10-bits DAC 704, a HVOS
706 and a HV monitoring 708. These circuit blocks may be configured to carry out the

processing similar to the blocks 502, 504, 506, 508 of Fig. 5A.
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[0071] The stimulator 700 may provide power efficiency (at the output stage only)
above 80%, using current stimulation signals equivalent to 100pA current and 500us
duration over the load impedance ranging from 10kQ to 100k$.

[0072] In the embodiments of Fig. 7, the 10-bits DAC has a current steering DAC
structure with non-cascode/cascode current sources controlled by an ouput b<0:9> from
the LDC 702. The DAC input current I,.r is set externally. The DAC output current Ipc
is further amplified by the HVOS 706 which may include five high-voltage transistors
(MNp, MN,, MN2, MPq and MP,) and four low voltage switching transistors 710. Ipse
may be amplified 6 times and delivered to the load through MNg and MN; in cathodic
phase, while in anodic phase In4c may also be amplified 6 times and delivered to the load
through MNg, MN;, MPy and MP;.

[0073] Fig. 8 shows a schematic of the HV monitoring block 800 according to
various embodiments. The HV monitoring block 800 may be used as the HVM 508 in
Fig. 5A, or the HVM 708 in Fig. 7.

[0074] The HV monitoring block 800 may include a voltage divider 802 having two
capacitors Cl and C2, which proportionally scales a high voltage (e.g., 0~20V) on the
stimulation site to a low voltage (e.g. 0~3.3V) on an internal node A. Before each
stimulation pulse, the two capacitors C1 and C2 may be respectively reset to a higher
voltage reference Vem (e.g. 10V) and a lower voltage reference Vem_1 (e.g. 1.65V),
through a reset switch 804 and an operational amplifier (OPA) 806. Voltage at node A,
V4, may be initialized to the lower voltage reference Vem | of 1.65V by the voltage

follower, i.¢., the connected OPA 806.
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[0075] During stimulation pulse the reset switch 804 is open and V, tracks the
voltage (Vg;) on the stimulation site E;. C; and C; mdy be chosen to be very small (~pF)
so that the leakage current to C; and C; can be neglected during the stimulation.
Meanwhile the value of C; and C; may also be chosen to be large enough to maintain a
stable voltage in the presence of leakage current for the on-chip capacitor. In various
embodiments, the ratio of C; to C; may be set to 1pF:5pF to make ¥, stay within the
range from 0 to 4V while Vg, ranges from 0 to 20V. The voltage at the stimulation site
Vg1 may be monitored indirectly through monitoring ¥, which is in low voltage domain.
[0076) During the stimulation phase, the comparator of a site voltage detector 808
compares the voltage V4 onnode A to a threshold voltage Vth (e.g. the threshold voltage
described in the embodiments above for comparison with the monitored output voltage
on the electrode). If V4 exceeds Vith, a logical high will be given (e.g. by provide a
feedback signal f& = 1) to indicate that the voltage on the electrode is large enough to
maintain high power efficiency. If V4 is smaller than Vth, a logical low will be given
(e.g. by provide a feedback signal f& = 0) to indicate that the voltage on the electrode is
not large enough, and the LDC controller 502 or 702 shown in Fig. 5A and Fig. 7 will
change the stimulation waveform parameters to achieve higher power efficiency, e.g.
according to the algorithm shown in Fig. 6. The LDC controller 502 or 702 may, for
example, increase the stimulation current amplitude and reduce the stimulation duration
while keeping the same amount of stimulation charge/energy as illustrated in Fig. 5B.
[0077] The stimulator and the corresponding method described in various
embodiments provide a closed loop control of system input parameters, e.g., stimulation

parameters, with high voltage monitoring circuit. By adjusting the waveform of the
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stimulation signal to accommodate the power supply level, power efficiency is improved
for varying or unpredictable load impedance.

[0078] The existing supply voltage adaptation method used in Fig. 2A and 2B may
heavily rely on the dynamic power supply, such as DC-DC converters. These dynamic
power supplies themselves have low power efficiency problem, for example, the normal
DC-DC conversion efficiency is about 75%, wherein 25% power efficiency is lost on the
dynamic power supply block. Compared to the supply voltage adaptation method, the
waveform adaptation method and stimulator of various embodiments can achieve higher
power efficiency since there is no power efficiency drop on extra DC-DC converter
circuit blocks.

[0079] Further, the supply voltage adaptation stimulator of Fig. 2A uses the dynamic
power supply block (such as the DC-DC converter), which normally requires large
inductors and capacitors which are difficult to be integrated on chip. The situation
becomes worse when large number of stimulation channels is required. Each channel
would require one dynamic power supply to provide a voltage according to the channel
load impedance. For example, 100 stimulation channels would require 100 individual
dynamic power supply blocks (e.g. requiring extra chip area of about 300um x
300 pm/channel or off-chip components), which require 100 inductor/capacitors.
Compared to the supply voltage adaptation stimulator of Fig. 2A, the waveform
adaptation stimulator and method of various embodiments eliminate the dynamic power
supply block and do not require area-consuming components such as large inductor or

capacitor, which can provide faster stimulation suitable for very large number of
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stimulation channels and can also achieve reduced area and higher flexibility at reduced
system complexity.

[0080] The waveform adaptation method described in various embodiments above
may be implemented in Global Foundry 0.18-um CMOS HV process. The
microphotography of a high voltage neural/muscular stimulator 900 (e.g. the stimulator
500, 700) fabricated in Global Foundry 0.18-um CMOS 24V HV process is shown in
Fig. 9. The stimulator 900 has high compliance voltage up to 24V accommodating high
load impedance.

[0081) The stimulator 900 may use high voltage monitoring circuit (OVM) to detect
output voltage on the stimulation electrode and usé this information as feedback to adapt
stimulation waveform. The waveform of the stimulation signal may be optimized based
on the monitored voltage, for improved power efficiency over the varying load
impedance. The stimulator 900 achieves a minimum power efficiency of 80% under
100pA amplitude and 500ps pulse width biphasical current stimulation with load
impedance varying between 10k and 100kQ.

[0082] Fig. 10 shows a chart 1000 illustrating the measurement result using the
method/stimulator of various embodiments.

[0083] In Fig. 10, the measured stimulation waveform of the stimulator and the
operation of the waveform adaptation method of various embodiments are shown. In Fig.
10, the voltage-time curve of the output voltage signal 1010 is shown, wherein the axis
1002 represents the time, and the axis 1004 represents the voltage. When the output

voltage at the load is detected to be low enough, e.g. as indicated by the feedback signal
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1020 (e.g. a low level of the feedback signal 1020), the wasted power depicted by 1030 is
high at 1032.

[0084] In the waveform adaptation method according to various embodiments, when
the wasted power is high enough, the waveform of the stimulation signal is adjusted to
increase the current amplitude and to decrease the duration, and the waveform of the
output voltage 1010 changes accordingly to have increased amplitude and decreased
duration as shown in the enlarged view depicted at 1012. The waveform of the
stimulation signal may be the same as the waveform of the output voltage 1010. In the
embodiments shown in Fig. 10, a fixed charge algorithm is used which means the total
charge delivered to the load is kept the same. The total charge may be represented by
Q@ =I*1 =1 %1, wherein Q represents the charge, I and I’ represent the initia} current
amplitude and the modified current amplitude, T and 7’ represent the initial duration and
the modified duration. After the waveform adaptation, the wasted power 1030 is
significantly reduced at 1034, and the stimulation signal does not need to be modified so
that the corresponding output voltage 1010 maintains the same.

[0085] It should be noted that the algorism of the waveform adaptation method in
various embodiments above can also be changed based on different applications. In the
demonstration of Fig. 10, the initial pulse has a low power efficiency of 38%, and after
the waveform adaptation the power efficiency is increased to 88%. For different load
impedance the initial power efficiency may be different because the voltage drop on the
load may be different. After the waveform adaptation optimization according to various

embodiments, the power efficiency can be increased. The minimum power efficiency of
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80% can be achieved over the impedance range from 10kQ to 100k@2 when using 100pA
current and 500us duration as the initial condition in the stimulation.

[0086] The stimulator and the corresponding method described in various
embodiments may be used for neural/muscle stimulation system, deep brain stimulation
(DBS), spinal cord stimulation (SCS), functional electrical stimulation (FES), multi-
channel recording, or other suitable stimulation systems. The stimulator and the
corresponding method described in various embodiments may be used in many different
applications such as implantable stimulation systems which require high power efficiency
or large number of stimulation channels, or high frame speed stimulation systems.

[0087] While the invention has been particularly shown and described with reference
to specific embodiments, it should be understood by those skilled in the art that various
changes in form and detail may be made therein without departing from the spirit and
scope of the invention as defined by the appended claims. The scope of the invention is
thus indicated by the appended claims and all changes which come within the meaning

and range of equivalency of the claims are therefore intended to be embraced.
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Claims

What is claimed is:

1. A method for processing a stimulation signal, the method comprising:
monitoring an output voltage on an electrode, the electrode being provided with
the stimulation signal;
determining whether the output voltage is lower than a threshold voltage;
if it is determined that the output voltage is lower than the threshold voltage,
modifying the waveform of the stimulation signal; and

providing the modified stimulation signal to an object via the electrode.

2. The method of claim 1, further comprising:
if it is determined that the output voltage is higher than or equal to the threshold

voltage, providing the stimulation signal to the electrode.

3. The method of claim I, further comprising
modifying the waveform of the stimulation signal such that the modified
stimulation signal provides higher power efficiency compared to an original

stimulation signal.
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The method of claim 1, further comprising
modifying the waveform of the stimulation signal such that the modified
stimulation signal provides a constant charge compared to an original stimulation

signal,

The method of claim 1, wherein
modifying the waveform of the stimulation signal comprises modifying at least

one of the amplitude, the duration, or the shape of the stimulation signal.

The method of claim 1, wherein

the stimulation signal is a current pulse signal.

The method of claim 6, wherein
modifying the waveform of the stimulation signal comprises increasing the
current amplitude of the stimulation signal and decreasing the duration of the

stimulation signal.

The method of claim 1, wherein
modifying the waveform of the stimulation signal comprises modifying one or
more stimulation parameters and generating the modified stimulation signal based

on the one or more stimulation parameters.
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10.

11.

12.

The method of claim 8, wherein

the stimulation parameters comprise amplitude, duration and shape.

The method of claim 1, wherein
monitoring the output voltage on the electrode comprises -periodically or

instantaneously monitoring the output voltage on the electrode.

A stimulator, comprising:

a stimulation circuit configured to provide a stimulation signal to an object via an
electrode;

a monitoring circuit configured to monitor an output voltage on the electrode and
determine whether the output voltage is lower than a threshold voltage;

wherein the stimulation circuit is further configured to modify the waveform of
the stimulation signal and provide the modified stimulation signal to the electrode,

if it is determined that the output voltage is lower than the threshold voltage.

The stimulator of claim 11, wherein
the stimulation circuit is configured to provide the stimulation signal to the
electrode, if it is determined that the output voltage is higher than or equal to the

threshold voltage.
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13.

14.

15.

16.

The stimulator of claim 11, wherein
the stimulation circuit is configured to modify the waveform of the stimulation
signal such that the modified stimulation signal provides higher power efficiency

compared to an original stimulation signal.

The stimulator of claim 1], wherein
the stimulation circuit is configured to modify the waveform of the stimulation
signal such that the modified stimulation signal provides a constant charge

compared to an original stimulation signal.

The stimulator of claim 11, wherein
the stimulation circuit is configured to modify at least one of the amplitude, the
duration, or the shape of the stimulation signal, if it is determined that the output

voltage is lower than the threshold voltage.

The stimulator of ¢claim 11, wherein

the stimulation signal is a current pulse signal, and

the stimulation circuit is configured to increase the current amplitude of the
stimulation signal and decrease the duration of the stimulation signal, if it is

determined that the output voltage is lower than the threshold voltage
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17.

18.

19.

20.

The stimulator of claim 11, wherein the stimulation circuit comprises

a controller configured to modify one or more stimulation parameters, if it is
determined by the monitoring circuit that the output voltage is lower than the
threshold voltage; and

a stimulation signal generator configured to generate the stimulation signal based
on the one or more stimulation parameters, and generate the modified stimulation

signal based on the one or more modified stimulation parameters.

The stimulator of claim 17, wherein
the controller is a digital controller comprising a state machine configured to

modify the one or more stimulation parameters.

The stimulator of claim 17, wherein
the stimulation signal generator comprises a digital to analog converter configured
to convert the stimulation parameters into the stimulation signal, or convert the

modified stimulation parameters into the modified stimulation signal.

The stimulator of ¢laim 11, wherein

the stimulator comprises a neurostimuiator or a muscular stimulator.
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