IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 14, NO. 5, OCTOBER 2020 961

Design of Dual-Mode Stimulus Chip With Built-In
High Voltage Generator for Biomedical Applications

Ting-Yang Yen

Abstract—In this work, a dual-mode stimulus chip with a built-in
high voltage generator was proposed to offer a broad-range current
or voltage stimulus patterns for biomedical applications. With an
on-chip and built-in high voltage generator, this stimulus chip
could generate the required high voltage supply without additional
supply voltage. With a nearly 20 V operating voltage, the over-
stress and reliability issues of the stimulus circuits were thoroughly
considered and carefully addressed in this work. This stimulus
system only requires an area of 0.22 mm? per single channel and is
fully on-chip implemented without any additional external compo-
nents. The dual-mode stimulus chip was fabricated in a 0.25-pm
2.5V/5V/12V CMOS (complementary metal-oxide-semiconductor)
process, which can generate the biphasic current or voltage stim-
ulus pulses. The current level of stimulus is up to 5 mA, and the
voltage level of stimulus can be up to 10 V. Moreover, this chip has
been successfully applied to stimulate a guinea pig in an animal
experiment. The proposed dual-mode stimulus system has been
verified in electrical tests and also demonstrated its stimulation
function in animal experiments.

Index Terms—Biphasic stimulus, charge pump circuit, constant
current mode (CCM) stimulation, constant voltage mode (CYVM)
stimulation, dual-mode stimulus, high voltage generator.

1. INTRODUCTION

LTHOUGH modern medical technology has been quite
A advanced, there are still some neurological disorders
those cannot be cured with even known methods. Attempts to
curb the progression of some of diseases include pharmaco-
logical treatments or surgery. However, the solutions suffered
some limitations. For instance, some patients are allergic to
specific medicines. The surgical treatment would not be per-
formed in some particular cases, if the abnormal region is a
controlled physiological region of the brain. Fortunately, the
well-developed microelectronic technologies have become in-
strumental to the medical applications. For instance, electrical
stimulators, such as cochlear implants to treat hearing damage
[1], deep brain stimulators [2]-[5], spinal cord stimulations for
the restoration of motor functions [6], [7], applications for retinal
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Fig. 1. Block diagram of implantable system on chip (SoC) for biomedical
applications and tissue (neuron cell) with its equivalent impedance network.

implants [8]-[10], seizure suppression techniques [11]-[13],
artificial pacemakers, and those used for other biomedical ap-
plications [14], [15], have been widely used in the medical field.
Among these applications, stimulations are sometimes used to
suppress abnormal nerve potentials and to trigger a nervous
response. Stimulators are crucial in delivering stimulus signals
to receptors. A typical implantable stimulator system on chip
(SoC)isshowninFig. 1. The whole SoC is powered by the power
management unit (PMU), such as the rectifier and regulator, and
the power source of the PMU is transmitted wirelessly through
an external chip. The bio-signal processor always monitors the
nerve potential. Once the potential of the neural signal is higher
than the threshold potential set in the bio-signal processor, the
processor will deliver the control signal to the stimulus system
that in turn send out the desired stimulus current or voltage
pattern to the biological tissue.

The biological tissue can be modeled as a lump circuit net-
work, which includes a solution resistor R, a faradaic resistance
Ry, and a double-layer capacitance Cg; [16]. Unfortunately, the
value of components is nonstationary due to the application
fields of stimulators, the type of electrode, the location and dis-
tance of sticking to biological tissues, and even the implantation
time of the electronic device [17], [18]. For example, the C;,
Ry, and R, are found as 500 nF, 10 M), and 4 k2, respectively,
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Fig. 2. Stimulators designed with (a) constant current mode (CCM) and
(b) constant voltage mode (CVM).

in the seizure suppression applications [19]. But, another case
showed that the range of R, is 24 ~ 200 k2 and C4;is 1 uF [20].

There are implementation tradeoffs in the stimulator design,
including the mode of stimulation, electrode configuration, and
the stimulus pattern. In this work, the bipolar (H-bridge) elec-
trode configuration is used with the design and operation of the
corresponding circuit. When a complete stimulation phase is
needed, two sets of driver circuits are co-operated to perform the
desired biphasic stimulus current or voltage pulse. For the other
unselected drivers, their switches are fully turned off to avoid
unnecessary stimulations in the inactive channels. Moreover,
the biphasic stimulus pattern is applied with the consideration
of charge balance. There are two main stimulation modes in this
stimulator design, including the constant current mode (CCM)
and the constant voltage mode (CVM). The circuit topology
and corresponding waveforms of these two modes are depicted
in Figs. 2(a) and (b), respectively. As aforementioned, the Ry is
usually with a higher value of mega-ohm, so its effect can be
almost negligible in this lumped model. Therefore, the model
can be further simplified into the form of one resistor (R;) in
series with one capacitance (Cy;). If the stimulus current Ig is
constant, the charge injected into the tissue during the 7, period
will be Ist x Ti. Delivering an identical reverse current pulse
at a later time period is the simplest way to achieve the charge
balance in the CCM operation. Even with the same amplitude
and biphasic pulse, the charge balance is somewhat challenging
to be accomplished in the CVM operation. The charge injected
in the first pulse of CVM will be remained on Cg4; to cause
the residual voltage Vrgwm, as shown in Fig. 2(b), which will
seriously affect the stimulus current (charge injected) caused by
the next pulse.

Some studies on the accuracy and improvement of the charge
balance techniques in the CCM had been reported [21]-[23].

However, fewer studies were done in the CVM. Calculating
or measuring the residual charge to achieve charge balance in
the CVM is necessary [24]. Due to the therapeutic effects of
stimulation and the charge features for safety, the CCM has
been widely adopted for most stimulators. There are also some
other current stimulation patterns those are implemented in the
current mode [25]. However, the CCM requires a higher supply
voltage than the CVM under the same stimulus current level.
For a rectangular current pulse, the minimum supply voltage for
the CCM can be calculated as

VDDuiy = Vir + (Ist % Rs) + ISTTZTl (1)
where Vjy represents the minimum voltage headroom for the
circuit of current source, the second term /st X Rg can be
understood as Vrp, and the last term is the voltage difference
between Vi and Vry due to the charging of Cy; which has
been depicted in Fig. 2(a). For instance, if the given Ist, Cyqy,
and T; are 3 mA, 10 nF, and 50 us, respectively, this condition
will produce a voltage difference of up to 15 V during the T
period. In other words, the minimum supply voltage required by
the CCM may often exceed the general chip specifications. As
comparing to the CCM, the VDD 1n in the CVM operation only
requires 9 V to generate a stimulus current of 3 mA onto the Rs of
3 k€. The power efficiency in the CCM is worse than that in the
CVM [26], [27]. Although some works had proposed to adjust
their supply voltages dynamically [28], [29], those proposed
methods still need to satisfy the Equation (1).

Furthermore, in practical medical applications, the CVM was
still efficacious and necessary for some patients [30]. There-
fore, some CVM stimulators were reported. In addition, there
are some stimulator works implemented with the technique of
switching mode power supply (SMPS), which required huge ex-
ternal components, such as inductances, thereby increasing the
difficulty for implantable applications [31], [32]. In summary,
the CCM and CVM have different electrical characteristics and
loading ranges in stimulus operations. If these two modes in
stimulus operations can be combined, the stimulator system will
become more comprehensive.

In this work, a dual-mode stimulus system was proposed,
which can output 5 mA in CCM or 10 V in the CVM under
the given load conditions. For example, R is in the range of
several kilo-ohm, Cg; is in the range of nano-farad, and Ry is
in the range of the mega-ohm. Adapting to such an impedance
range in biomedical applications, the specifications of CCM and
CVM stimulations were designed at 5 mA and 10V, respectively.
In addition, considering such loading conditions and stimulus
amplitudes, a supply voltage up to a range of 10 V~20 V will
be needed. The standard supply voltage (2.5 V and 5 V) in a
microelectronics system is not enough, so a built-in charge pump
(CP) was also implemented in the stimulus chip together. This
stimulus system can be implemented fully on-chip without any
external components, which is quite suitable for implantable
SoC with multi-channel applications.

The paper is organized as follows. Section II explains the
details of the dual-mode operation. Section III demonstrates the
measurement results in silicon, the animal experiment results,
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Fig. 3. (a) Block diagram of the dual-mode stimulus system. (b) Transistor-
level schematic of a single driver (channel) circuit.

and some biomedical applications. Finally, Section IV is the
conclusion.

II. PROPOSED DUAL-MODE STIMULUS CIRCUIT

A dual-mode stimulus system was designed to generate either
current or voltage stimulus pulses, which can deliver the stimulus
current of several milli-amps or the stimulus voltage of several
volts. A built-in high voltage generator was implemented by the
charge pump circuit to support the broad power requirement.
Due to the high voltage operation, reliability and overstress
issues were carefully considered in this work.

A. Overall Architecture

The proposed stimulus system is composed of a high voltage-
bias (Vpias) generator, a decoder, a 6-bit digital-to-analog cir-
cuit (DAC), the CCM and CVM control circuit, a current sink, a
4-channel driver, and a high voltage generator, as demonstrated
in Fig. 3(a). Since the proposed stimulator works under 4Vppy,
the power voltage (Vcp) is supplied by the charge pump. The

decoder is in charge of selecting stimulus modes, stimulus levels,
and stimulus sequences. In each driver circuit, the decoder
gives control signals through level shifters to drive the output
stage. The high-side level shifter (HSLS) and low-side level
shifter (LSLS) can transfer the control signals to a proper power
domain. With the high voltage operational amplifier (HVOP),
the driver can produce a precise, steady, and constant stimulus
pulse. As shown in Fig. 3(b), the operation of a driver is sorted
into the CCM or CVM operation by a switch (Mp4s). The
current-mode high-side level shifter (C-HSLS) and low-side
level shifter (C-LSLS) pass the corresponding signals for the
primary switches (M pc and M y¢) in the CCM operation. In
the CVM operation, the driving switches (Mpp and Myp)
are controlled by other voltage-mode level shifters (V-HSLS
and V-LSLS). Mpy and My 4 in Fig. 3(b) are mainly used to
reset the driver and biological tissue. Moreover, the 6-bit DAC
provides the reference voltage for CVM operation or an accurate
current source for CCM operation. Thus, the proposed stimulus
system can offer constant stimulation under the selected modes.
Furthermore, the 6-bit DAC was adopted as the thermometer
type to achieve a decreased number of switching current glitches.
The ramp pattern of the stimulus pulses is beneficial for some
biomedical applications.

B. Dual-Mode Stimulus: Current Mode Operation

Fig. 4 shows the complete operation and control sequences in
the CCM operation. There are four operation phases, including
the cathodic stimulus (C), inter-delay (I), anodic stimulus (A),
and discharge (D) phases. In the CCM, HVOP is disabled while
the current sink is enabled. The current sink can adjust the current
stimulus levels. Initially, most of the transistors stay off except
Mpp1 and Mpas.

As shown in Fig. 4, the driver 2 delivers a current stimulus
pulse to the driver 1 as a cathodic stimulus current (/caT) on
the biological tissue. In the cathodic stimulus phase, Mpa1 and
Mpas are also turned on, so that the voltage at nodes G1 and G2
will be charged to 4Vpp. Mpp1 and Mpps, which used in the
voltage stimulus mode, are turned off to prevent the unnecessary
current path. After the control signals pass through C2-HSLS
and C1-LSLS, the gates of Mpco and M are biased at 3Vppy
(15 V) and 1Vppu (5 V), respectively. The current sink can
draw charges from power node Vcp and compose the cathodic
stimulus path (shown with the red line). The cathodic current
sequentially flows through Mpco, Mpp2, EouTrs2 (one of the
electrode nodes), biological tissue, EoyT; (another electrode
node), MNDI, and MNCl-

During stimulation, the Eoyt nodes might be raised to some
voltage levels between 0 and 4Vppp (20V). Since the 12-V
devices used in the circuit is with 2Vppy tolerance in the given
process, the voltage limiting technique was applied. Vpror
was designed to bias at 2Vppy, so that the voltage differ-
ence between the two arbitrary terminals would not exceed
2Vppu. The voltages at the nodes Y2, Eour2, EouTi, node
Z1, and Vot are approximately 4Vppy, 4Vppu, 4Vppu —
IcaTRs, 2Vppa—Vra, and 1Vppy— Vg, respectively. Like-
wise, nodes Y1 and Z2 are about 2Vppy because Mpp; and
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Fig. 4. Detailed circuit architecture and phasic operation for the CCM.

Mnpo are turned off. As stated above, each voltage difference
is less than 2Vppy. Due to the fixed Vpror, the EoyT nodes
are also prevented from the coupling of the switching signal,
therefore the tissue would not be influenced during stimulation.
In addition, the voltages at the Vo node vary severely due
to the broad stimulus current range. The gain-boosted current
mirror with the op-amp was applied for the current sink circuit
to adopt this variety. The output impedance (Royr) can be
expressed as:

Rout = gmarozros(1+ Av) 2)

where g.,3 is the transconductance of M3, ro2 and ros are the
output resistance of My and M3, respectively, and A y represents
the DC gain of the op-amp. The output impedance of a gain-
boosted current mirror is more than 10* times, while that of a
traditional current mirror is only roo.

An inter-delay time is essential for biphasic stimulus opera-
tion. Tissues might be damaged without a delay time between
the cathodic and anodic stimulus pulses. Except for Mpa; and
Mpao, most of the transistors are cut off during the inter-delay
phase. In other words, no current path is established on both
terminals of the tissue during the inter-delay phase.

In the anodic stimulus phase, the operation is similar to that
of the cathodic stimulus phase. But, in reverse, the driver 1
delivers a current stimulus pulse to the driver 2 as an anodic

Current Mode Control and Current Sink

Se2| Se3|

\LIDAC

6-bit (Thermometer) DAC

stimulus current ([ano) on the biological tissue. Mpc; and
M2 are entirely conducted. The anodic current sequentially
flows through Mpc1, Mpp1, EouTi, biological tissue, EquTe,
Mnp2, and Mnc2 (shown with the blue line). Typically, IcaT
and /ano are marked with the same current value but con-
trary directions. Thus, the biphasic current stimulus pattern
can be generated in this system. Similarly, the voltages at
nodes Y1, Eouti, EouTse, node Z2, and Vpor are approx-
imately 4Vppwu, 4Vppn, 4Vppu — IaxoRs, 2Vopn — Vra,
and 1Vppyg — Vru, respectively. The proper bias conditions
allow the stimulator to avoid the overstress issue on the devices
those used in the circuit.

After a short inter-delay phase, the next period of operation
will reset the tissue by discharging the electrode nodes to ground.
Due to the possible cathodic and anodic current mismatch, some
residual charges may be left around the biological tissue. Those
residual charges are eliminated and reset to 0 by conducting
Mna1, MNB1, M2, and Myp2 (shown with the green lines).

C. Dual-Mode Stimulus: Voltage Mode Operation

The completed operation and control sequences in the CVM
operation are depicted in Fig. 5. In the CVM, the control se-
quences are classified in three main phases: cathodic stimulus
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the CCM are turned off to avoid unnecessary current paths in
voltage stimulation.

As illustrated in Fig. 5, the cathodic stimulus voltage (Vcoar)
with constant voltage stimulation is given from driver 2 to driver
1 (shown with the red line). During the cathodic stimulus phase,
HVOPI is asleep, and Mpp; is turned off, to keep the upper part
of driver 1 at high impedance state. Driver 2 is responsible for
generating the stimulation. Thus, HVOP2 drives the output stage
with Mpps and a negative feedback loop. Once the feedback loop
is built, the node W2 is locked by Vrgr with a capacitive divider
(Cr and 9Cy). Thus, the proposed system can generate different
voltage stimulus levels by adjusting Vrgr. A steady Eoure
is regulated by this loop, and the desired stimulus voltage is
delivered to the tissue. The voltage at Eoyr; node is near OV
due to the fully turned-on Mxp; and Myp:. Therefore, a voltage
difference across the biological tissue is established as Vcar.

Additionally, Fig. 6 shows the configuration of HVOP. The
overall closed-loop gain Ay in the CVM can be expressed as

Avu = Agvopr - gmp2 [(9mpp2rop2ropp2) || Req ]

Cr

X Cr 190 )

where Agyop represents the DC gain of HVOP. The g, ppo2,
gmPD2, F'OPB2, and ropp2 are the transconductance and output
resistance of Mpga and Mppso, respectively. R, denotes the

High-Voltage OPAMP
and High-VBias Generator 5

Mn1;

Fig. 6. Detailed circuit schematic for the high-voltage op-amp (HVOP) and
high-Vpras generator.

resistive part of the tissue model in series with a triode-region
resistance of Myp1 and Mnp1. Typically, Ay can reach about
60 dB to 80 dB, so the voltage error between the two input ter-
minals of HVOP will be tiny. For the aforementioned overstress
concern, any two terminals in the circuit operations are designed
within the voltage range of 2 X Vppy. The voltage of node Y2
is at the flexible analog level (between 2Vppy and 4Vppm),
the voltage at Equrs is 10Vrer (lower than 2Vppyp), and the
voltages at nodes EoyTi and Z1 are near OV.

Unlike the CCM stimulus, the inter-delay phase of the CVM
also plays a role in dismissing the residual charges. During this
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inter-delay phase, all of HVOP are shut down, but Mxa1, MnB1,
M2, and Mnpo are fully turned on, therefore the charges
remaining on the tissue can be discharged directly (shown with
the green lines).

During the anodic stimulus phase, the reverse voltage stimu-
lation on the biological tissue is driven from driver 1 to driver 2
(shown with the blue line). The operation is similar, but the
current direction is opposite. HVOP1, Mpg;, and Mpp; are
charged to deliver an anodic stimulus voltage (Vano) on the
tissue. Hence, Mnp2 and Mnpe are fully turned on to form a
stimulation path in the lower part of driver 2. Meanwhile, the
voltage difference across the biological tissue is Vano. Finally,
the CVM operation goes back to the inter-delay phase. Most
nodes are reset, and the drivers return to the original state.
Vear and Vano are provided with the same voltage value but
opposite polarity. Thus, the biphasic voltage stimulus pattern
can be generated in this system.

D. High Voltage Generator

Fig. 7 is ablock diagram of the high voltage generator realized
with three-stage charge pump circuit. The charge pump was
used to create the highest voltage supply of 4 x Vppg in this
work. Because the current stimulus range is extensive, the high
voltage generator must be able to withstand the current loading
for stimulus and still to maintain the desired power voltage level.
The pulse frequency modulation (PFM) technique was applied.
Once the load current increases, the operation frequency of
the charge pump will be raised. Therefore, the output voltage
(Vep) can maintain its level even under heavy current loading.
An analog voltage (Vcrry) is given by PFM feedback to the
voltage-controlled oscillator (VCO). Consequently, the system
clock (CLK) becomes faster and causes the output voltage to
increase. Therefore, the output voltage can maintain a range
by using the feedback control. For implantable biomedical ap-
plications, the efficiency and reliability of the charge pump is
significant. Thus, the cross-coupled structure is used in the pump
circuit to avoid neither the dropout of the threshold voltage nor
the over-stress problem [33]. In addition, a phase-shifted clock
control is designed to generate four non-overlap phase clocks,
which are used to further reduce the return-back leakage current
[34].

III. SILICON VERIFICATIONS AND ANIMAL EXPERIMENTS

The proposed dual-mode stimulus chip has been fabricated
in tsme 0.25-pym 2.5V/5V/12V CMOS process, and the die
microphotograph is shown in Fig. 8. The entire chip area is
3.85 mm?. The high voltage generator occupies a silicon area

2.23mm

\
-§ CH3.
§ Driver
g ,
£ High
5 Voltage |BiAs| DAC
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'§. ém} s
g [orver oriver
T ] e -
!
mn m ; |
, SWLEY R _._5

Fig. 8. Die microphotograph of the dual-mode stimulus chip, all of the sub-
circuit blocks are also marked.

of 1.64 mm?, and the common-shared circuits (bias circuit,
DAC, and operation mode control) occupy a silicon area of
1.33 mm?. Thus, the 4-channel driver without the shared part
is only 0.88 mm?, and the silicon area per channel is about
0.22 mm?. When adding more channels, each additional area
per channel is 0.22 mm?. The required area per channel is also
important, when the stimulus channels are extended for more
compenhansive applications.

A. Silicon Verifications

The current stimulus results in the CCM operation are shown
in Fig. 9(a). To verify the CCM, AMP [6:1] was set to logic
110010 for generating the target maximum stimulus current of
5 mA. In Fig. 9(a), the cathodic signal (CAT) elicited a desired
neural response, and the anodic signal (ANO) is used to achieve
charge balance. A stimulus current was produced in the cathodic
phase, followed by the inter-delay, and then the anodic phase.
The stimulus pulse width (both CAT and ANO) was set as 50 ys,
and the tissue took a rest within an inter-delay time of 10 us.
In addition, the tissue load for verifications is set with Ry, C g,
and Ry of 3 k€2, 150 nF, and 1 M(), respectively. First of all,
the high voltage generator verified in the silicon was able to
provide a high supply voltage of 17.8 V for CCM and CVM
operations. Due to the mechanism of PFM, the output ripples
of Vep in the cathodic and anodic stimulus phases were found
to be smaller than that in the inter-delay phase. Overall, the
stimulator was able to produce the stimulus currents of —5.02
mA (Icat)and +5.01 mA (Iano) in the CCM. In this work, the
fabricated silicon chip was able to output the stimulus current
from 0.1 mA to 5 mA (0.1 mA per step). Fig. 9(b) shows the
specified current stimulus results, such as | mA, 2 mA, 3 mA, 4
mA, and 5 mA, respectively. The CCM stimulus with a built-in
high voltage generator was successfully proven to be functional
and stable with the maximum stimulus current of up to 5 mA.

In the CVM operation, AMP [6:1] was set to logic 010100
for generating the target maximum stimulus voltage of 10 V.
The corresponding voltage stimulus waveforms are shown in
Fig. 10(a). The control operations, regarding CAT and ANO
signals, are the same as those in the CCM. The stimulator
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Fig. 9. Measurement results of the CCM operation with built-in high voltage
generator and the R, Cq1, and Ry of tissue load are set as 3 k€2, 150 nF, and 1
M(, respectively. (a) 5 mA in CCM. (b) 1 mA, 2 mA, 3 mA, 4 mA, and 5 mA
in CCM.
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Fig. 10. Measurement results of the CVM operation with built-in high voltage
generator and the R, Cq1, and Ry of tissue load are set as 3 k€2, 150 nF, and 1
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Fig. 11. (a) Animal experimental setup for the conventional auditory
brainstem response (ABR) measurement. (b) Experimental setup for the
electrically elicited auditory brainstem response (ee-ABR) measurement.
(c) Enlarged photo of a guinea pig’s middle ear with the implanted electrodes.

was able to produce the stimulus voltages of —10.05 V (Vcar)
and +10.06 V (Vano) in the CVM. Through the measurement
results, the fabricated silicon chip was demonstrated to generate
the maximum stimulus voltage up to 10 V. In the CVM, the
proposed system was able to output the stimulus voltage from
0.5 Vto 10V (0.5 V per step). Fig. 10(b) presents the specified
voltage stimulus results with the voltage levels of 2V, 4V, 6V,
8V, and 10 V. In conclusion, the proposed dual-mode stimulus
system was successfully verified in the fabricated silicon chip.

B. In-Vitro Animal Experiments

The proposed dual-mode stimulus function was verified via
the in-vitro animal experiment. The animal experiment analyzed
the neural responses in guinea pigs through the auditory brain-
stem response (ABR) plot. The ABR is a technique that stimu-
lates the peripheral hearing nerves with sound to induce a lot of
nerve discharges before recording the nerve change potentials
[35], [36]. The data acquired by ABR usually consists of six to
seven peak waves. Furthermore, the waves [ to V normally occur
within the first 10 ms after the stimulation sequence, which are
evaluated more often in the medical field. Generally speaking,
different peak waves are caused by different auditory structures.
For instance, the source of wave V may come from the upper
brain stem. Fig. 11(a) illustrates the experimental setup for the
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Fig. 12.  Measured ABR waveform results in the animal experiments. (a) 2
mA in CCM. (b) 6 V in CVM.
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Fig. 13.  Finite state machine (FSM) plot for the digital controller.

conventional ABR measurement in more detail. The software
program in the computer used in the experiment will judge
whether the stimulus is successful, or not.

The SmartEP box (processing unit) and the Opti-Amp 8002
pre-amplifier (Intelligent Hearing Systems company, IHS) were
used. First, the processing unit plays a sound to the subject to
cause a nervous reaction. The wave passes through the recording
electrode and amplifier back to the processing unit to perform

TABLE I
STATE DESCRIPTIONS FOR DIGITAL CONTROLLER

State/Trigger Action
KEEP Maintain the current state and do nothing.
UPpP Keep increasing AMP [6:1] by one.
DWON Keep decreasing AMP [6:1] by one.
+1 Increase AMP [6:1] by one through the counter.
-1 Decrease AMP [6:1] by one through the counter.
Enable=1/0 The state would change to UP/DOWN.

Count=MAX/MIN The counter reaches the upper/lower limit.

signal processing. Eventually, the software program performs
the calculation and outputs the required ABR plots.

To verify the stimulator chip, the experimental setup was
slightly modified. The voice trigger was changed to electrical
stimulation signals through the function generator, and the stim-
ulus chip is used to produce the corresponding neural responses
by applying the stimulus current or voltage to the hearing
nerves through the implanted electrodes. This electrical trigger-
ing method is called as electrically elicited auditory brainstem
responses (ee-ABR), and the experimental settings for measure-
ment are shown in Fig. 11(b). Similarly, the neural signals can be
also converted to the ABR plot through the commercial hardware
and software in the computer.

The experimental photo on the guinea pig’s middle ear with
the implanted electrodes is shown in Fig. 11(c). In this animal
test, the stimulus current and voltage levels were set to 2 mA
and 6 V, respectively. The values  of Ry, Cg;, and Ry were
measured as 5 k2, 80 nF, and 6 M(2, respectively. Therefore,
the maximum equivalent current formed in the CVM was about
6 V/5 k) = 1.2 mA, which is lower than the current of 2 mA set
in the CCM. Based on the viewpoint of total charges in stimulus,
the stimulation effects of the CVM should be weaker than that
of the current one.

The measured waveforms of current and voltage stimulus with
the assistance of the ABR system are shown in Fig. 12(a) and
Fig. 12(b), respectively. The wave I to wave V can be clearly
observed in both pictures. Furthermore, it can be observed from
the figures that the response of voltage stimulation is smaller than
that of the current stimulation. However, these two stimulation
modes were judged as successful by the ABR system. From
animal experiment, the result illustrates that the dual-mode
stimulus chip works successfully not only in the silicon but also
in the practical biomedical experiments.

C. Other Applications

For some biomedical applications, such as the treatment of
Parkinson’s disease, the climbing stimulus waveform was re-
quested [37]. When abnormal nerve electricity was detected,
a control signal was sent, and the stimulus waveform climbed
slowly. With a mild rising stimulus waveform, the patient would

Authorized licensed use limited to: National Chiao Tung Univ.. Downloaded on October 18,2020 at 01:54:10 UTC from IEEE Xplore. Restrictions apply.



YEN AND KER: DESIGN OF DUAL-MODE STIMULUS CHIP WITH BUILT-IN HIGH VOLTAGE GENERATOR FOR BIOMEDICAL APPLICATIONS 969

TABLE II
PERFORMANCE COMPARISON WITH RELATED PRIOR WORKS

Z. Luo [28] M. Haas [15] D. Jiang [14] N. Butz [22] A. Urso [25] This work
(TBioCAS 2017) (SSC-L 2018) (TBioCAS 2018) (JSSC 2018) (TBioCAS 2019)

Technology 0.18-pum CMOS 0.18-pm CMOS 0.6-um CMOS 0.35-um CMOS 0.18-pum CMOS 0.25-pm CMOS
Supply Voltage 1.8V/33V 9V S5V/12vV 3V/22V 35V 25V/5V
Stimulus Mode CCM CCM/CVM Chopped CCM CCM *UFH CM CCM/CVM

Stimulus Current 0~3mA 0~10.2mA 0~1 mA 0~5mA 0~10mA 0~5mA
Stimulus Voltage N/A 6V N/A N/A N/A 0~10V
Load Condition 1 kQ/ 100 nF N/A 2kQ/ 100 nF 1 kQ/ 100 nF 1 kQ/ 500 nF 3KkQ/ 150 nF
(Rs/ Ca)
High Voltage Yes No No No Yes Yes

Generator

Oft-Chip No N/A No No Yes No

Components

Number of Channels 16 1 1 8 4
Area 2 2 2 2 2 2
0.1 mm 0.24 mm 0.5 mm 1.24 mm 0.23 mm 0.22 mm:
Per Channel

*UFH CM represents the ultra-high frequency current mode and realized through DC-DC converter.

Vee 5VIDIV

AR L, Al
Enable¢—| L L 1 E—
0:5ms

Fig. 14.  Measurement results of the climbing stimulus voltage waveform.

not suffer from sudden and excessive stimulation. A digital
controller was used to control the ANO and CAT signals and
the amplitude signal AMP [6:1] of the proposed dual-mode
stimulus chip to achieve the requested function. Fig. 13 shows
the finite state machine (FSM) plot of the digital controller. In
the beginning, AMP [6:1] was set to 000000. The initial state
of the digital controller was “KEEP,” which would maintain
the current state and do nothing. Once the “enable” signal was
turned to high, the state was then changed to “UP.” Then, the
counter in the digital controller started to count and increase the
AMP [6:1]. When the enable signal becomes low or the counter
reaches the upper limit, the state can be changed again. A more
detailed explanation of the FSM states and the corresponding
actions are described in Table I.

Consequently, the results of the climbing stimulus waveform
are measured and exhibited in Fig. 14. As the enable signal goes
high state with the supply voltage Vcp of 17.8 V, the dual-mode
stimulus system starts to output the biphasic voltage stimulus
pulses. The maximum voltage value for this experiment was set
at 3 V. When the output voltage (Vgr) reaches 3 V, the digital
controller is in the “KEEP” state, and then waits for the next
control signal to convert its state. When the enable signal is high
longer in time, the higher voltage stimulus level is generated.

This experiment exhibited the high flexibility and reliability of
the proposed dual-mode stimulus system for wide biomedical
applications.

IV. CONCLUSIONS

In biomedical applications, neuromodulation by electrical
current or voltage stimulus has been widely used to treat neuro-
logical disorders. A dual-mode stimulus system is proposed to
generate the biphasic current or voltage stimulation for biomed-
ical applications, which has been successfully verified in a
0.25-pm 2.5V/5V/12V CMOS process. The stimulus system
only requires an area of 0.22 mm? per single channel, and the
built-in high voltage generator was also fully on-chip integrated
without additional external components. Performance compar-
isons to prior works are shown in Table II. This work has been
practically verified with in-vitro animal experiments. With the
features of dual-mode operation, flexibility, and reliability, the
proposed stimulator is very suitable for being integrated with
analog frond-end circuits and bio-signal processor together via
the SoC technology for most biomedical applications.
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