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Design of Multi-Channel Monopolar Biphasic
Voltage Stimulator

for Implantable Biomedical Applications

Student: Chia-Chi Hsieh Adyvisor: Prof. Ming-Dou Ker

Institute of Electronics
National Chiao-Tung University

Abstract

Neurological disorder causes unusual electrical activity in the brain that further
affects the motor system, such as‘Parkinson’s disease and epilepsy, and there are
seventy million population around the world suffer from these symptoms. Instead of
drugs, electrical stimulation therapy has been proven to effectively restore some
physical functions of patients by stimulating the abnormal nerve sites. With the
development of CMOS process and bioelectronics, an implantable system-on-chip
(SoC) device is able to be realized. Combing with microelectronics, medicine and
biochemistry, the biomedical chip is made for different therapeutic applications. For
example, closed-loop deep brain stimulation (DBS) system, implantable SoC for
seizure control, and cochlear implant.

According to the research of our biomedical group, a multi-channel voltage

stimulator is proposed for Parkinson’s disease treatment. It completes every



stimulation by delivering biphasic stimulus voltage to implantable pulse generator
(IPG) case from one of the stimulator outputs. Considering of loading adaptation due
to electrode-tissue impedance variation, a wide-range of stimulus voltage from +0.5V
to £8V is designed. The adjustable output voltage is controlled by 4-bit binary code,
which allows the system to generate 16 different amplitudes. Therefore, the proposed
stimulator can be used in many biomedical applications through providing a proper
stimulus voltage. In the treatment of Parkinson’s disease, voltage stimulation under
3.5V is often used. However, a voltage that is larger than 5V might be needed in the
animal experiment of cochlear.

For implantable SoC integration, safety, power consumption, and reliability have
to be taken into consideration. A multi-charge-pump (MCP) system, which serves as
power supply to stimulator and-provides £10V to support the circuit operation. The
whole stimulator circuit has “been fabricated -in. TSMC 0.25-um HV USG
2.5-V/5-V/12-V CMOS process. without device. overstress, p-n junction breakdown
issue, or p-n junction forward-leakage problem under 20V compliance voltage and

negative voltage operation.
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Chapter 1

Introduction

1.1 Motivation

Neurological disorder causes abnormal electrical activity in the brain that further
affects the motor system, such as Parkinson’s disease and epilepsy that affect almost
seventy million people, over 1% of the world population. Fortunately, as biomedical
science and electronics have been developed rapidly, we are able to combine these
two magnificent fields to the new technology known as bioelectronics. Nowadays,
bioelectronics devices are used to replace drug treatment to avoid its side effects such
as dyskinesia which influences the patient’s quality of life. Furthermore, there are
nearly one-third of the epilepsy patients remain either drug-resistant or develop
limiting adverse effects.

Several  applications like the resonance imaging (MRI) [1],
electroencephalography (EEG) [2], electrocorticography (ECoG) [3], and deep brain
stimulation (DBS). The biomedical implant device are proposed are helpful not only
to patients but also doctors in the surgery. According to the research of neuroscience,
some physical dysfunctions can be restored by functional electrical stimulation (FES)
[4]. For instance, cochlear implants for treating profound hearing loss [5], retinal
prostheses for treating blindness [6], spinal cord stimulators for blocking chronic pain
[7], closed-loop electrical stimulation for epileptic seizure control [8], [9], and deep

brain stimulators for treating Parkinson's disease [10].



1.2 Thesis Organization

This thesis consists of five chapter.
Chapter 1 includes motivation of this work and organization of the thesis. In chapter 2,
basic introduction of neuro-stimulation therapy and implantable SoC device is
presented. After that, some prior works of stimulator will be discussed in chapter 3,
which also includes the design considerations and details of this proposed stimulator
circuit. And then chapter 4 shows measurement results and in-vivo animal experiment
tests. The last chapter, chapter 5, provides the conclusion of above chapters and three

research directions for the future work of stimulator structure.



Chapter 2
Introduction of Implantable Device and

Stimulation Therapy

2.1 Introduction of Implantable SoC

Implantable devices are developed recently for electrical stimulation therapy.
However, open-loop stimulation type dissipates higher power and has to change the
battery often, and disrupt pathological neural synchrony. Several researches has
proposed that closed-loop is a. better way of treatment comparing to open-loop
[10]-[12]. Fig. 2.1 shows block diagram of closed-loop implantable DBS SoC with
wireless telemetry [13]. The external monitor system is a user-friendly interface for
medical personnel that can communicate to the implant part inside human body from
outside. The implanted DBS electrodes is for stimulating and detecting the behavior
of brain. Take Parkinson’s disease as an example, the B-band (12-30Hz) activity of
local field potential (LFP) in subthalamic nucleus (STN) can be detected through
electrodes, this bio-signal will be obtained by local field potential acquisition unit in
Fig. 2.1, and then the bio-signal processer will give commands to stimulator. The
power of implantable SoC is provided by power system and can be recharged by

wireless power system.
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Fig. 2.1 Block diagram of closed-loop implantable DBS SoC with wireless telemetry.

2.2 Introduction of Neuromodulation

Electrical stimulation seen as an effective way on suppressing those abnormal
activities of the cell. Fig. 2.2 explains the phenomenon of neurons behavior. At first,
the cell is resting, so the membrane potential remains negative. When it needs to be
activated for passing messages to other cells, depolarization phase caused by Na+
channel is opening, as long as membrane potential exceed the threshold voltage of

-55mV, the cell starts to work and an action potential is able to be observed [14].
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Fig. 2.2 Bio-reaction of nerve cells. (a) The behavior of nerve cells when Na+ channel

is opened opened. (b) Action potential.

If unpredictable depolarization of cell happens, it will disturb normal cell and
affects the nervous system. In implantable SoC system, unusual rising membrane
potential can be detected, and it delivers biphasic. (cathodic/anodic) stimulation pulse
shown in Fig. 2.3 to suppress the changing of membrane potential. The cathodic
stimulation usually starts first-to elicit a desired neural response [15], while the anodic
pulse, cancels charge across stimulating electrode pair. The interphase delay separates
the cathodic/anodic pulse so that anodic pulsed does not reverse the physiological
effect of the cathodic current. No matter which stimulator structure is required, the
biphasic pulse is needed for minimizing redundant charges in the body to avoid
physiological harm [16]
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Fig. 2.3 Biphasic stimulation pulse known as FES.



2.3 Introduction of Electrode-Tissue Impedance Model

Since the metal electrode will be implanted to human body, there is an interface
between these two. According to [6], [17], the electrode-tissue impedance can be
modeled as right-hand side of Fig. 2.4. In the model, Rs is the solution spreading
resistance decided by the resistivity of the tissue fluid (set by ionic species in solution).
Ca represents the double-layer capacitance, which is created by the accumulation of
tightly adsorbed ions at the electrode surface and more loosely attracted ions in a
diffusion layer behind it. The Faradaic resistance, Rr is determined by diffusion of
reactive species to the electrode for charge-transfer reactions. The Ry indicated as a
time-varying variable resistor because its-value varies based on the dynamics of redox

charge-transfer reactions occurring at the electrode.

P

; Layer of oriented
Metal walter molecules
Electrode —

cdl
Double Layer Capacitance

__I |__ Solution Spreading

Resistance

Metal ___| —AM— T
faradaic Tissue
charge Electrode

Ze

-~ y: -

— //j “e=* % injection m R,
- !: ) -
;A O Faradaic Impedance
-~

C%] Q%j Ry

—e—» Zb e @—— i # C,: Double layer capacitance
Z o (D [mesim @ Ry: Faradaic resistance
- C‘%J © %\ ) ® R.: Solution spreading resistance
f/{] Hydrated cations

Adsorbed anions

Fig. 2.4 Equivalent circuit model of electrode-tissue impedance to illustrate the

interface of metal electrode and tissue.

For implantable biomedical application, electrode-tissue impedance vary with
the size and position of the electrode, but the scale of Rs, Cqi, and Rr can be measured.

Fig. 2.5 shows the measurement result of human brain measured from Solartron SI



1260A Impedance Analyzer. The electrode used in this case is platinum material. The
impedance analyzer sweeps frequency from 0.05 to 10° Hz and the sets ac amplitude
0.1V. The result is shown in red line in Fig. 2.5 (a), and then the component model of
Fig. 2.6 (b) is selected to be fitted. Finally, all the values of the equivalent circuit will

be obtained (the green line in Fig. 2.5 (a) is the fitting result).
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Fig. 2.5 Electrode-tissue impedance measurement result. (a) The curve fitted by
impedance/gain-phase analyzer and converted to (b) typical value of human brain

impedance.

Every kind of electrode metal material has its own safety AV margin in case of
hydrolysis and it is called “water window” of the specific material. That is to say, the
voltage difference on double layer capacitance Cqi must not exceed this range. Table
2.1 presents the charge-injection limits of several types of electrode material that are

common used in-vivo [18]. The AV from —0.6V to 0.6V is the safest region.



Table 2.1 Charge-injection limits of electrode materials

Potential
Limits V
Maximum Q;y; versus
Material Mechanism (mC cm™2) Agl|AgCl Comments References
Ptand Pdr alloys | Faradaic/capacitive | 0.05-0.15 -0.6-08 71
Acuvated indium | Faradaic 1-5 0.6-0.8 Positive bias required 72,73
oxide for high Qinj.
Damaged by extreme
negative potentials
(<—0.6 V)
Thermal irdium | Faradaic ~1 0.6-0.8 V| Positive bias required 74
oxide for high Qy,j
Sputtered Faradaic 1-5 0.6-0.8V || Benefits from positive 75; S.F. Cogan, . Ehrlich,
iridium oxide bias. Damaged by T.D. Plante, A. Smirnov,
extreme negative D.B. Shire, M. Gingerich,
potentials (<—0.6 V) J.E. Rizzo, unpublished
Tantalum/Ta;Os | Capacitive ~).5 Requires large positive 76, 77
bias
Titanium nitride | Capacitive ~1 0910 0.9 | Oxidized at positive 78
potentials
PEDOT Faradaic 15 0.9t 0.6 J Benefits from positive 79
bias

2.4 Introduction of Stimulation Patterns

Table 2.2 lists all the combinations of stimulation patterns, there are two
stimulation methods (voltage and current), two system configurations (monoplar and
bipolar), and two kinds of stimulation pulses (monophasic and biphasic). Difference
between voltage and current stimulation is that distinct type of source of the circuit
will be delivered to tissue, which shown as Fig. 2.6, both the stimulation methods are
used in clinical treatment. But the therapeutic effects of bipolar or monopolar
stimulation had been discussed in some articles [10], [19], and the monopolar
configuration was a general usage in laparoscopic electrosurgery [20]. As for
stimulation pulses, biphasic pulse is preferred since the charge can be balanced after
stimulation. Even though the amplitude of anodic and cathodic pulse are not the same

[21], it can still remain charge balance by adjusting the pulse width of stimulation.



Table 2.2 Combination of stimulus pulse

Stimulation Methods : Voltage / Current

Stimulation Configurations Stimulation Pulses
Monopolar ﬁ H Monophasic |—| |—| |—|
_"VV\"1 —‘ ,—l ’—b—l |— or

Electrode Tissue Biphasic
Model Impedance
Bipolar E ] — J
Electrode Tissue Electrode W
Model Impedance Model (Lilly pulse)

After summarized all the stimulation patterns above, brief circuit structure of
monopolar and bipolar with voltage (current) stimulation, and the biphasic output

waveform are illustrated in Fig: 2.6

tvee 1veC High-Z state

¢ 10us 10us
(/@) (/@) CAT _|_

3

/ ) ANO

| —q—.

> DiSCharge
: = | =l
y Vs —
(&) \ v I—' |
-VCC -i-
(a) (b) (c)

Fig. 2.6 Brief circuit structure of stimulation configurations with voltage (current)
stimulation. (a) Monopolar configuration. (b) Bipolar configuration. (c) Biphasic

output waveform generated by (a) and (b).



Basically, monopolar configuration needs two high voltage power supplies to
realize the biphasic stimulation, where the positive one (+VCC) is for anodic pulses
and the negative one (—VCC) is for cathodic pulses. Although one more power supply
is needed as comparing to the bipolar configuration, the characteristic of one
interconnect lead per site reduces the risk during surgery [16]. Besides, monopolar
system generates biphasic pulse through one channel that can be realized with half of
the number of stimulator drivers and less the chip area, as comparing to the bipolar
configuration.

The design consideration of two stimulation methods is that for current
stimulator, output voltage is decided by the product of stimulus current and
impedance value. However, if the loading. impedance becomes larger due to tissue
fluid between eclectrodes and tissue surface, the desired stimulus current will be
limited by the voltage headroom of output driver. On the other hand, as long as the
voltage stimulator can deliver-an expected stimulus voltage to ideal impedance, when
wide range of stimulus voltage is-designed; it ‘may be more suitable to cover

impedance variation.
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Chapter 3
Design  of Monopolar Biphasic Voltage

Stimulator

3.1 Prior Works of Stimulator

In the last chapter, simple circuit structures of stimulator have been introduced.
As the development of electrotherapy, a variety of implantable stimulators have been
researched and presented. Here, several stimulus drivers will be shown as examples of

bipolar and monopolar stimulation configuration.

3.1.1 Bipolar Configuration

Fig. 3.1 is an example of bipolar voltage driver [5]. This work is used for
cochlear device, and is realized in 0.18-pum LV CMOS process. The high voltage
(VDDH) in this design is +8.4V and output range from 1V to 7V. The driver can be
divided into three parts, high-voltage-tolerant amplifier, output stage, and dynamic
bias circuit. By feedback loop of the amplifier and Ri, Rz, Vourp is able to deliver
desired stimulus voltage. Realized by LV CMOS process but to support stimulus
voltage of 7V, it needs a proper gate bias in output stage. The dynamic bias circuit can
prevent MOSFETs in output stage from overstress with a logic gate when the most

significant bit (MSB) of amplitude signal is logic high.
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ligh-Voltage-Tolerant Amplifier Output Stage Dynamic Bias Circuit

diode%
string
Vopour

Re

=

C

Voo delay ©

: kq»anodic
Mswitch nodic
amp[2]

bdic

Fig. 3.1 Bipolar configuration with biphasic voltage stimulation.

The next prior work of bipolar configuration shown in Fig. 3.2 is a dual-mode
driver structure, which implies voltage or current stimulation are able to be delivered
[22]. Due to high output specifications of 10V. and 5SmA, the stimulus driver is
proposed in 0.25-um HV CMOS process with power supply 18V. When in
voltage-mode stimulation, Vin that 1s generated by voltage source will be delivered to
tissue model through high voltage op and feedback capacitors controlled by voltage
mode switches. However, in current-mode stimulation, only current mode switches

are used, and a current sink source is used to generate stimulus current.

| Vec(4xVDDH) Ve (4xVDDH)
| | High velfape op
I | 2xVDDH
3xVDDH
L [ 1
| Ci -I Tissue model Ci
I 9Cs 2xVDDH —' l-_T_l | F_'l '— 2xVDDH 9Cs
I Mn4 Mn8 I
1 Voltage mode § I + Voltage mode
| (| i
Mn1 Mn2 Mns
— __ — — — —— — —— Isink -

1 channel

Fig. 3.2 Bipolar configuration with biphasic voltage or current stimulation.
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3.1.2 Monopolar Configuration

Different from bipolar configuration stimulus driver, they output the biphasic
stimulation pulses on tissue with positive and negative voltage or current relatively. If
a monopolar configuration driver has to deliver the biphasic pulses, it has to be
capable of driving the anodic stimulation to tissue and urging the cathodic stimulation
back from tissue. Typically, monopolar circuit design included positive and negative
high voltage to achieve the biphasic output.

Fig. 3.3 shows a monopolar stimulus driver with positive and negative high
voltage (VDD is +5V and VSS is —5V) exist simultaneously [23]. By controlling the
switches, biphasic current stimulation can be completed. It realized in 0.35-um HV
CMOS process. To minimize. current-mismatch- between cathodic and anodic
stimulation pulses for achieving the charge balance, this work describes a compact
negative feedback self-calibration technique. Thus, maximum output current ImA can

be provided with current mismatch is-less than 0.3pA.

VD

vl |2¢, NS

. J

+
V2 € ¢ Vs
Anodic -
Current SW; SW. Negative
— Feedback Loop

Vss

Fig. 3.3 Monopolar configuration with biphasic current stimulation when positive and

negative high voltage exist simultaneously.
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Fig. 3.4 is also a monopolar stimulus driver that can deliver biphasic stimulus
current [24]. Different to the design in Fig. 3.3, the positive and negative high voltage
(+7.2V and —7.2V) do not exist simultaneously. Thus this work can be fabricated in
0.18-um LV CMOS process because the power domain is OV to +7.2V during anodic
stimulation and becomes 0V to —7.2V for cathodic stimulation. With high output
loading impedance (k€2 scale) in this application, the maximum output of the driver is
50pA. Also, it has dynamic gate bias technique included to prevent device overstress,
the value before “/” in Fig. 3.4 is the bias condition of anodic stimulation while the

number after ““/”” represents the bias voltage of cathodic stimulation.

(7.2/0)

(6/0)

(3.6/0)—d
(3_6,_3_6)E Vout (3/-3)
(01-3.6)—] RL (100kQ)
(0/-6)

(0/-7.2)
Fig. 3.4 Monopolar configuration with biphasic current stimulation when positive and
negative high voltage do not exist simultaneously.
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3.2 Specifications and Design Considerations of Stimulator

The stimulator is designed for biomedical applications with SoC integration, so
the operating voltages of 1.8V and 3V are provided from power management unit. For
negative output, a negative DAC is contained to generate a negative reference voltage,
thus a low negative voltage supply (—3V) is needed. A MCP system, consisted with a
positive charge pump and two negative charge pumps, serves as voltage generator to
provide the desired positive and negative voltages. Because the high voltages +VCC
and —VCC exist simultaneously, the driver voltage compliance is as high as 20V.

Table 3.1 lists the specifications of stimulator.

Table 3.1 Specifications of stimulator

Process 0.25-pm 2.5V/5V/12V CMOS process
Electrode Configuration Monopolar
Mode Voltage (Biphasic)

1.8V, 3V (From power management unit)

Sl Uit -3V, 210V (From charge pump)
Stimulation Amplitude 10.5V ~ 18V (Amplitude step: 0.5V)
Pulse Width 20 ~ 450ps
Stimulation Frequency 2 ~250Hz
Channel Number 4 channels
Output Resistance Load (Ry) 2 500Q

Fig. 3.5 shows monopolar configuration of stimulus driver. With the maximum
output voltage of +8V, the voltage difference between +VCC (—VCC) and Vout can be
as large as 18V if the £10V power supplies are given. For Gsw, Vout is either a
positive or negative voltage, but the other side of the switch is always grounded, so in

this work, a different way of discharge operation will be used instead of connecting
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Vout to ground directly. Because of the negative voltage is including in the design, it
has been realized in a 0.25-pm 2.5-V/5-V/12-V CMOS process with the grounded

p-type substrate.

+VCC

-VCC
Fig. 3.5 Monopolar configuration of stimulus driver.

3.2.1 Negative Voltage Operation Analysis

With negative voltages involved, p-n junction breakdown and forward-leakage
issues have to be taken into design considerations, when the p-type substrate is
grounded instead of the most negative voltage in the system.

Table 3.2 is the cross section view of LV devices. It can be seen that if
P-substrate is 0V, PMOS will be dysfunctional due to junction forward-leakage
between P-substrate and N-Well (the bulk biased at a voltage less than 0V). Even if
the bulk is biased at 0V, the four terminals (source, gate, drain, and bulk) of the
PMOS may suffer from device overstress. As for NMOS, it can be surrounded by
deep N-Well to deal with negative voltage situation [25]. However, for LV device, the

junction breakdown voltage of P-Well and N-Well is less than 15V, and that is not
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enough to support this design. Hence, HV MOSFETs are needed for the proposed
stimulator due to their high breakdown voltage. Table 3.3 indicates the cross section
view of 12-V HV devices. With suitable HVPW and HVNW bias of 12-V devices, the
driver can avoid three difficulties that LV devices may face of, device overstress, p-n

junction breakdown issue, and p-n junction forward-leakage problem.

Table 3.2 Cross section view of LV devices

LV NMOS with
LV PMOS LV NMOS Deep N-Well
Sm?rcs Gate D?in B%Ik Source Gate Drain Bulk oW
% T % _3\, T I Source Gate Drain Bulk
I I | IS ) O | T T | I %L

N-Well -3V P-Well ov N-Well L pwen -3V |Nwen
$ " ow 20V
P-sub ov P-sub ov -T- P-sub oV

Table 3.3 Cross section view of 12-V HV devices

Bulk Bulk ring
I Source  Gate Drain
. e— N
H V P M OS \iW STI P STI N STl/
¥ “P-body
(1 ZV) ov 20V 20V | oV
HVPW HVNW HVPW HVNW | HVPW
NBL
P-sub
P* iso-ring
NEL
1 Bulk ring Bulk Source Bulk ring
Hv N M OS Gate Drain
ST P ST N STI L STI L N N STl [l sT N STI Lad STI
(12V) [ — | | [ S
ov |20V -10V ww__|=10V|20V | OV
HVPW | HVNW HVPW C DFW HPw | Hvnw | Hvew
NBL
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3.3 Design of Stimulator

The block diagram of proposed monopolar biphasic voltage stimulator is shown
in Fig. 3.6. The system consists of control circuit, DACs, switch control circuits
(high-side level shifter), bias circuit, and the stimulus driver. And there are three kinds
of devices in the 0.25-pum are used in this design, 2.5-V/5-V LV CMOS and 12-V HV

CMOS. Their symbols are indicated in Table 3.4 to explain following circuit blocks.

Table 3.4 Device symbols of 0.25-um CMOS for following circuit blocks

Source Source Source
PMOS Gate—l %Bulk Gate—l %Bulk Gate—I % Bulk
Drain Drain Drain
Drain Drain Drain
NMOS Gate—l %Bulk Gate—I %Bulk Gate—l I_JT Bulk
Source Source Source
Paositive High
Voltage Generator

\I/ +V/CC

18v av \
I ] —E\a: / Channel 4 :
AMP[3:0] ... :
— Positive e | Channel 3 ]
A"-W‘,D'S) Voltage DAC :
AL I’ Channel 2
Channel 1 ' :
Positive reference voltage (Pref) ' : Positi
C[1:0] ; : i (I,)?Ialsve .:
oAt Positive bias —————— : : Bias
it H i Negative Circuit
9 Control . ‘ lPOSIlIVe ] Psw : : bias <—
% Circiut _\e 1 High-side level shifter 3 :
. | :
ey | 8 - Driver —x : -7
DIS o Negative Nsw :
ST EN AMP DIS 1 High-side level shifter
Negative bias —————>
Negative reference voltage (Nref)
1.8V
|
AMP[3:0] "\ -Vee
Negative
AMPfD'E‘) Voltage DAC Negative High
Voltage Generator

-3V

Fig. 3.6 Block diagram of proposed stimulator system.
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To minimize the leakage current, all stimulus drivers remain to high-Z state
when enable signal (ST _EN) is logic low, i.e. the three switches Psw, Nsw and Gsw in
Fig. 3.5 are open. During stimulation period, where ST EN is logic high, the
parameters such as frequency, pulse width, amplitude, and cathodic/anodic pulse
order are programmable, and one of the four channels will be selected to deliver
biphasic pulses. Digital input signals will be processed through control circuit block,
then those signals serve as one of the input signal to DAC or pass to the drivers for
switches control. There are 2-bit channel choosing signals defined by C[1:0] in Fig.
3.6. The output waveform is decided by the input information of cathodic (CAT),
anodic (ANO), discharge (Discharge), and 4-bit amplitude (AMP[3:0]) signals.
Control circuit makes the operation_interface user-friendly with simple setup to

produce the desired stimulus voltage

3.3.1 Stimulus Driver

There are four driver channels within the stimulator, where the driver circuit of one
channel is shown in Fig. 3.7. The 12-V HV PMOS and NMOS are used for 20-V
high-voltage-tolerant design. Each driver comprises a pair of folded cascade Op-amps,
switches (Mpl and Mnl), power MOSFETs (Mp2 and Mn2), and stack transistors
(Mp3 and Mn3). A feedback loop is built in the driver, and the ratio of feedback
resistors is ten times of the reference voltages (Pref and Nref), that are connected to
the input of Op-amps. Thus, the driver output voltage at the Vout node can be locked
at the expected stimulus voltage. Psw and Nsw are the input signals of driver those
coming from control circuit. By passing through high-side level shifter which will be

explained in section 3.3.2, the voltage level of control circuit output is shifted from
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1.8V to +VCC or to —VCC, so 0V remains logic low to positive side but becomes

logic high to negative side

+VCC

Mp1
Pref Psw p

[ Mp2

R ov-ll}_an3

S

Nref
Nsw {7 Mn1

L
-vce

Fig. 3.7 Circuit implement of one-channel stimulus driver.

Before the stimulation begin (ST_EN signal is logic low) or for those channels
that are not selected, stimulus driver is in high-Z state. At this time, Psw is logic low
and Nsw is logic high (both ANO and CAT signal are logic low), that turned off both
power MOSFETs Mp2 and Mn2. With unit R is designed as 100kQ, there will be
IMQ impedance and two open circuit seen from Vout, a high-Z state and low leakage
situation is completed.

When Psw of a specified channel is logic high, that implies this channel is
selected for anodic stimulation. Mp1 turned off due to gate voltage level equals to
+VCC, thus the Pref at the input of OP-amp, Mp2, and resistors compose a complete
LDO feedback loop. At the meantime, Nsw for cathodic stimulation is also logic high,
that makes Mn1 on and Mn2 off since the gate of Mn2 is biased at —VCC. Therefore,

break the loop of Nref at the input of Op-amp, Mn2, and feedback resistors.
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Cathodic stimulate operation is similar, but the logic states of Psw and Nsw are
opposite to anodic stimulation. When cathodic stimulus voltage is delivered, Nsw is
logic low and makes Mn2 on while Psw becomes logic low to turn off Mp2. As a
result, a totally contrary operation to anodic stimulation will be realized.

During discharge phase, all switches in DACs are turned off, thus the Pref and
Nref are biased at a voltage level of OV, and then 0V will be pass to Vout by negative
side feedback loop to make sure that the Vout pad is grounded.

As aforementioned, Vout can be as large as 18V if the +10V power supplies are
given. To prevent device overstress, the Mp3 and Mn3 are stacked there and biased at
OV regardless of the positive or negative output. And thanks to the stack MOSFETs,
even if Vout of disable channels with some variation due to the stimulation voltage at
the enabled neighborhood channel under high-Z circumstance, all the driver devices
do not suffer from overstress issue. The drain voltage of Mp3 and Mn3 is changing
either positive or negative, but-with suitable HVPW/HVNW bias of 12-V devices, the

driver can avoid p-n junction forward-leakage when the P-substrate is OV.

3.3.2 Driver Switch Control

To control the driver switches (Mpl and Mnl in Fig. 3.7), the control signal
0V~1.8V are shifted to the voltage level that is needed by the circuit named high-side
level shifter in Fig. 3.6. In brief, positive high-side level shifter shifts “OV to 1.8V to
“OV to +VCC”, and negative high-side level shifter shifts “OV to 1.8V to “OV to

—VCC” which shown in Fig. 3.8
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1.8V »
) Positive

Low-side level Shifter

3 Negative
_/_ Low-side level Shifter

ov

+VCC

-vCC

(a) (b)
Fig. 3.8 Control signals used in driver circuit control with (a) digital input 1.8V
shifted to +VCC as logic high and (b) digital input 1.8V shifted to —~VCC as logic low.

Since the threshold voltage of 12-V device is high, 3V and —3V are created first
from the positive and negative low-side level shifter to serve as input voltage to the
high-side level shifter. Both the level shifter circuits are a common structure of level
shifter. The key point of design coneept is that the size of input pair transistors (Mnpl,
Mnp2, Mpnl, and Mpn2) must be larger than cross coupled pair (Mppl, Mpp2, Mnnl,
and Mnn2). So that input pairs are able to pull their drain voltage low enough to 0V
when they are on. Through the cross coupled pair, the positive feedback will turn on
Mppl and Mnnl, and then Mpp2 and Mnn2 will be turned off when the input of 12V
inverter begins to be lower. Finally, the input of 12V inverter will have a full swing
and the output can transit 0V to +VCC and 0V to —-VCC.

Main difference of these two high-side level shifters is that positive one use
NMOS as input pair, but negative one use PMOS as input pair. That is because if
NMOS are used in negative level shifter, both 0V and —3V concerned as high voltage
to —VCC, therefore they will lose their judgement on logic state. After OV to 1.8V
shifted by positive high-side level shifter, the input signal becomes 0V to +VCC, so

logic low keeps at 0V and logic high turns into +VCC. On the other hand, OV to 1.8V
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turned into OV to —VVCC by negative high-side level shifter, under this circumstance,

0V becomes logic high while 1.8V changes to logic low (-VCC).

3.3.3 Voltage Reference DAC

Fig. 3.9 presents the DAC circuit in detail. With 4-bit of amplitude input, the
stimulus voltage can be provided from 0.5V to £8Vwith step amplitude of 0.5V. In
order to deliver the target voltage, the positive and negative reference voltages (Pref
and Nref) will be generated first. Different from traditional binary code DAC,
thermometer code DAC is used owing to the advantage of reducing glitch current [26].
Besides, same weighted of MOSFETs in the thermometer code DAC is beneficial to
layout matching and array arrangement, thus output accuracy is also improved.
Another input signal called AMP_DIS in Fig. 3.9 (a) is related to discharge. In

discharge phase, AMP_DIS is logic high to turn-off'all switch transistors in the DAC.

1.8V 3V
1 T
Positive
P [15:0
1.8v Low-side (oL o0
1 N
AMP [3:0] - Level shifter
E—— 4-bit _—
[15:0]
AMP DIS Thermometer code 1.8V
— Decoder T
P051t|_ve N [15:0]
Low-side
Level shifter
L
3v
(a)
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Fig. 3.9 Voltage reference DAC circuit including (a) control circuit of DAC and (b)
positive voltage DAC (upper part) and negative voltage DAC (lower part).

Positive voltage DAC will be explain first. In the beginning, digital inputs
transfer to 16-bit thermometer code by the decoder. However, low-side level shifter is
required to shift 1.8V to 3V for correct logic control of DAC. Next, a reference
current source is generated by a structure similar to LDO. Output voltage of the
amplifier used as bias voltage of Mpb0 to Mpb15 (PMOS string). By sizing the ratio
of Mpb to PMOS string and controlling turn-on or turn-off operations of Mps0 to
Mps15 (PMOS switches), a corresponding current is provided and converted to the
positive reference voltage (Pref) by resistor.

Second, we talk about negative voltage DAC. The operating principle of
negative voltage DAC is similar to that of positive voltage DAC. The major

difference is to change PMOS string by NMOS string (Mnb0O to Mnbl5), and
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replacing PMOS switches by NMOS switches (MnsO to Mnsl5). Under the
circumstance of negative voltage operation, unlike the LV NMOS that can be
surrounded by deep N-well, the PMOS device may suffer from N-well and
P-substrate junction forward-leakage when P-substrate voltage is OV. To avoid the
leakage issue, all the bulk voltage of LV PMOS should be biased at 0V, which has to
be careful of overstress issue and junction breakdown problem with consideration of
process limitation. Another reason for using NMOS of negative DAC is that NMOS
switches turn on with gate bias at high, therefore voltage level of OV and -3V act as
logic high and logic low to negative DAC. On the contrary, PMOS switches turn on

with a lower gate voltage which is more negative than —3V.

3.3.4 Folded Cascode Op-amp

There are Op-amps in DACs and. stimulus-driver, both included a positive and a
negative Op-amp (in Fig. 3.10 and Fig. 3.11). In DACs, they are used to bias PMOS
and NMOS string, and in driver, they are used to complete voltage stimulation. All the
Op-amps in this design are folded cascade structure [27], because the circuit can fit
low voltage region and high voltage region simultaneously. The left part of Op-amps
are low voltage operation region (marked as green area in Fig. 3.10 and Fig. 3.11), it
contains start-up circuit (three MOSFETs left in green area) and constant gm circuit
(four MOSFETs right with named in green area and a resistor). Constant gm circuit
can generate current source [28], and this current is decided by the size of Mnpl
(Mnnl), Mnp2 (Mnn2), and the value of R in positive (negative) Op-amp. However,
there is a probability that constant gm circuit will not work correctly. When power on,

the gate voltage of PMOS is high and is low for NMOS due to parasitic capacitance.
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If this situation just happened, the constant gm circuit cannot produce any current, in
other words, the current is zero. Thus a start-up circuit is added to constant gm circuit
in order to avoid the failure. After adding start-up circuit, it will pull down the gate
voltage of PMOS and pull up the gate voltage of NMOS to prevent zero current
circumstance.

Both Op-amps in DAC used 5-V LV devices, but in negative DAC, the bulk
terminal of PMOS has to connect to ground (the highest voltage of negative part) to
prevent junction leakage issue. The Op-amp of positive side feedback loop in the
stimulus driver also used 5-V LV devices, to enhance the gain of folded cascode
structure, the output stage of this Op-amp added two more pairs of NMOS compare to
the Op-amp in positive DAC. Both gain.of Op-amps in stimulus driver are designed
as 100dB high to make sure they are able to push the loading. However, the Op-amp
of negative side feedback loop in'stimulus driver used two pairs of 12-V HV PMOS to
replace the 5-V LV PMOS in output stage. That.is because even if HV PMOS has its
HV-ring which makes it functional under negative voltage operation, this HV-ring
cannot be used on LV PMOS. Thus, for avoiding device overstress, HV device is used

imnstead of LV device.

Start-up &
Constant gm 3v Output Stage

out

(2)
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Start-up &
Constant gm Output Stage

(b)
Fig. 3.10 Folded cascode Op-amps in DAC circuit. (a) Op-amp used in positive DAC

and (b) Op-amp used in negative DAC.
Output Stage
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Mpp2
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"~ startup&
Constant gm
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(b)
Fig. 3.11 Folded cascode Op-amps in stimulus driver. (a) Op-amp of positive side
feedback loop in driver and (b) Op-amp of negative side feedback loop in driver.
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Chapter 4

Simulation Results and Measurement Results

4.1 Simulation Results

The proposed stimulator had been simulated in HSPICE with TSMC 0.25-um
HV USG 2.5-V/5-V/12-V CMOS process. First, the output waveforms of stimulator
will be demonstrated. Next, the simulation results of 12-V HV devices overstress test
in the stimulus driver under three circumstances are going to be shown.

Despite several control signals decide the output waveform of stimulator, ST EN
dominates whether there is output signal delivered to the tissue or not. Fig. 4.1 shows
that even though the logic state of CAT, ANO, and Discharge signals are changed, as
long as ST _EN remains logic low, Vout stays O0V..Once ST EN is logic high, with
combination of CAT, ANO, and Discharge input pulses, biphasic output voltage can

be seen continuously at Vout.

ST_EN::
- * 75
:

;
=
<125
CAT =
> 75
:
-
;
=
<125
ANO ::
> 78
E
:

Dischar@é_f ’ ’ ‘ ‘ ‘

[Birsmrerst

L

5.

Vout =%
25

Fig. 4.1 Waveform of input signal ST EN, CAT, ANO, Discharge, and output signal
Vout.
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With programmable digital inputs, the output of stimulator is able to be
generated in different ways. Fig. 4.2 (a) is an example for delivering all the scales of
stimulus voltage with output channel vary from channel 1 to channel 4, and Fig. 4.2 (b)
enlarges the waveform of 16 steps biphasic pulses from +0.5V to £8V. Although one
channel outputs stimulus pulse at once, during next stimulation period, changing

output channel and adjusting the amplitude of stimulus voltage are achievable.

~__ Channel1 Channel 2 Channel 3

- i

v

,,,{_,WHIJ'\

a 10,000000%056997

$0.000002009H9906 AD000604000POCO01

........

Tissue model

3MQ
Vout 2k0) GND
= faueey
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J

5.505V

6.005V

6.505V

7.006V

7.506V

8.006V

(b)
Fig. 4.2 (a) Simulation results of biphasic stimulus voltage output with different input
signals of channel (C[1:0]) and amplitude (AMP[3:0]). (b) Enlarge waveform of all

scale stimulus voltage pulse from (a).
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The driver circuit is designed by 12-V HV devices, and overstress test is
necessary for reliability concern. Thus the voltage difference between any two points
of the device has to be within 12V to prevent gate oxide breakdown or junction
breakdown. Following pictures are overstress test results which show the voltage
between drain, gate, source, and bulk of all transistors in stimulus driver under three
different situation.

To make the system work, it needs to be power on at first. At the meantime,
driver circuit is at high-Z state to minimize the power consumption. Fig. 4.3 shows
the overstress test result of stimulus driver when power on, and it tells all 12-V HV
devices will not suffer from overstress problem.

After the power (£tVCC) are given, the system is ready for stimulation. During
stimulation phase, no matter «which amplitude of biphasic stimulus voltage is
generated at Vout, as shown in Fig. 4.4. The wvoltages between gate-to-source,
gate-to-drain, source-to-drain; and bulk to -one of three terminals (drain, gate, and
source) of all 12-V transistors arealso.indicated in Fig. 4.4. It proves that none of HV

devices overstressed.

10v
TBIG 710 Tran 007 v 7~ TOv: ran ) ¢
f iov
o +VCC 100

-10v

-Is e
12v

:’ 10.4 -
= = s.0] /
Voltages between f
¢ L any two terminals of © =
Nref-

12V HV devices S~

oV vee 12V ] i
i 3 g
A0V S6ausT -a18.11mv time (us)

Fig. 4.3 Driver overstress test when power on.
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16 steps of stimulus voltage (from 0.5V to +8V)

= 6.005V
4.004V

-8.008V|

12v
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——

BESESSSSSe e aswa.
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54
Voltages between
any two terminals of |
12V HV devices .

A2V

Fig. 4.4 Driver overstress test when stimulation.

There are four output channels, but simultaneously stimulation is not provided.
Therefore, the third circumstance of overstress test simulates those channels who are
not enabled, but their Vout may have some variations due to the stimulus voltage at
the enabled neighborhood channel. The result is shown in Fig. 4.5, by putting a
biphasic signal of maximum ‘amplitude +10V into Vout with turning-off Mp2 and
Mn2 to make the driver disable, 12-V devices remain stable without any overstress

1SSue.

Mp2 Vout ¢ ¢
ov{[= Mp3

-10.

Vout

et e
i 10v 12\5
b

Mn3 OV .
Voltages between

4ov any two terminals of 4
Mn2 12V HV devices L

=

-10.
-12v

B

200 250 300 350
time (us)

Fig. 4.5 Driver overstress test under multi-channel consideration.
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4.2 Measurement Results

The proposed monopolar biphasic voltage stimulator has been fabricated in
TSMC 0.25-pum HV USG 2.5-V/5-V/12-V CMOS process, and the microphotograph
of the chip is shown in Fig. 4.6, which consists of 4 stimulus drivers, switch control
circuits, positive voltage DAC, negative voltage DAC, bias circuit, and decoder. Total
area of the silicon chip is 1.952 x 1.317mm?, and it has been bonded on PCB for

measurement.

€ 1.317Tmm ——>

<€ 1.952mm >
Fig. 4.6 Microphotograph of the 4-channel stimulator chip with a die size of 2.57mm?,
which was fabricated in a 0.25-um 2.5-V/5-V/12-V CMOS process.

Fig. 4.7 (a) shows the measurement setup. All powers of the chip are provided by
Agilent B2902A, so it is also used to measure power consumption. Input pulse signals
CAT, ANO, and Discharge are controlled by function generator, Agilent 8110A.
Tektronix MSO 5140 is used to observe the waveforms of the stimulation. The whole

measurement environment is shown in Fig. 4.7 (b).
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Power Supply 3 - o Function Generator
Agilent B2902A - , Stimulator (COB) Agilent 81110A

Mixed Signal Oscilloscope
Tektronix MSO 5104

"**‘ =

(b)
Fig. 4.7 The measurement setup. (a) Input/output relationship between power supply,
function generator, oscilloscope, and the chip. (b) The measurement environment. The

outputs of stimulator are connected to test electrode-tissue equivalent circuit.

Loading impedance value of electrode-tissue in the measurement are R=5MQQ,
Ca=1pF, and Rs=2kQ. The pulse width of CAT and ANO signals are 60us, and 110us
duration is set for Discharge signal, and a 10us delay between CAT to ANO, and ANO
to Discharge. The 4-bit digital input AMP[3:0] and responding output voltage
amplitudes are in Table 4.1, and Fig. 4.8 (a) shows 8 different voltage levels of
stimulator output. Besides, the line photo of 16-step cathodic/anodic voltages is
shown in Fig. 4.8 (b), and there are small mismatching between cathodic/anodic

voltages.
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Table 4.1 4-bit digital input AMP[3:0] and responding output voltage

AMP([3:0] 0000 | 0001 | 0010 | OOI1 | 0100 | 0101 | O110 | O111

Output Voltage | 0.5V 1Y 1.5V | 2V | 2.5V 3v. | 3.5V | 4V

AMP[3:0] 1000 | 1001 | 1010 | 1011 | 1100 | 1101 | 1110 | II11

Output Voltage | 4.5V 5V 5.5V 6V | 6.5V 7V | 7.5V 8V

10 T T T T YT —TT 7T T T T T T T T
8 Tissue model sk
MO L
6 7L
4 o sl
>, o
< 2} = 5L
@ 5]
D 0 pd >
| w 4k
- 3
o -2} 2
= “ Stimulus Voltage g 3
5 — v —5v & of _
-6 | 2v 6V ] —H— Cathodic Voltage
3V v 1F —O— Anodic Voltage
-8 b ! —— 4y ——aV
10 N T PP oy PR
0 50 100 150 200 250 A A S
Time (ps) 4-bit Amplitude Signal
(a) (b)

Fig. 4.8 The measurement result of stimulator-output. (a) Biphasic stimulus voltage
under Rs=2kQ. (b) Line photo of cathodic/anedic voltages with 4-bit amplitude

signal.

Although the 4 channels cannot be chosen simultaneously, they can be
programmed to change rapidly, as the function verified in Fig. 4.9. The 2-bit C[1:0]

control signals make the stimulator more flexible to different stimulation spots.

CAT o
ANO @
DIS @
CH1 @ - 8V/div
s
CH2 ¢ —nvn—r— 8V/div
CH3 »- O 8V/div
CH4 o L e o - ——— 8VIdiv
i
100ps

Fig. 4.9 Changing operation among different output channels of the stimulator.
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A comparison of 4 output channels of one chip is in Fig. 4.10, from the
measurement results it can be observed that small variations exist among those
channels. And the percentage of cathodic/anodic stimulus voltage mismatching is

calculated by Eq. (4-1), which also shown in Fig. 4.11 is under 4.3%.

[|[Vear|-Vano|

Voltage Mismatch= ‘ x100% (4-1)
CAT
g Ll L L] L] 1 T T T T
— 8 4 2 .
S S
N ] < it 4
g e
g 6 4 E -4+ i
(2] — ]
> s { S .
(7] L
= 4L 4 g s 4
2 —=—CH1 2 —=—CH1
E st {1 E 7t ]
- —e—CH2 = —+—CH2 ]
a —a—cH3  [Ills o] —+—cH3 _
—wy—CH4 —v—CH4
1 1 1 1 1 -9

L L
-2 8

-4 -6 -
Specification Voltage (V)

(a) (b)
Fig. 4.10 Output voltages of each channel. (a) Positive outputs. (b) Negative outputs.

2 4 6 8
Specification Voltage (V)

Mismatch (%)

0 L 1
2 = 6 8

Stimulus Voltage Amplitude (V)

Fig. 4.11 The mismatch of cathodic/anodic stimulus voltage of each channel.
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Discharge function designed is for remedying the mismatch. The residual
charges on Cgq can be minimized after discharge phase. If there is no discharge, the
residual charges (Qwso dgis) can be obtained by Eq. (4-3), which AV equals to the
voltage difference between absolute value of cathodic/anodic stimulus voltage (Eq.
(4-2)), and also can be calculated from Eq. (4-1).

AV=|Vcar|-|Vano|=|Vcar|xVoltage Mismatch (4-2)
Q=CaxAV (4-3)

Under the worst case, stimulus voltage is £8V and voltage mismatch is 4.3%,

which cause the AV=344mV. With Cq of electrode model is 1uF in the measurement,

Quwo dis 18 344nC. The residual charges decrease as Eq. (4-4).

QUQ(0) e (4-4)

Rs is 2kQ, so the time constant (RC) equals to 2ms. In measurement, stimulus
period is set to 250us, cathodic stimulus pulse width 1s the same duration as anodic
pulse, which is 60us, and the interphase delay cathodic to anodic is 10us, thus the
time left for Cq to discharge itself 18 250ps—(60ps+10us+60us)=120us. As a result, it
can only decrease by e%6=0.942 times of the residual charges. Quwo dgis(t)=324nC.

With discharge, AV can be reduced after anodic stimulation. According to
measurement results, AV will be less than 10% of the above value. Take 34.4mV as an
example, the residual charges Qu;s is only 34.4nC left.

In real treatment for Parkinson’s disease, a stimulation frequency usually sets to
130Hz (=7.6923ms) [10], assume all the durations of cathodic, anodic, and discharge
are as above, there is still 7.4423ms allows the residual charges Quis to decrease
e372115 times, in other words, 2.4% of 34.4nC will left. The rest of charge is less than
0.9nC, which is safe enough for biomedical application according to [29] and [30]

indicate that the safe charge density of Pt electrode is less than 50uC/cm?.
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After charge balance has been discussed, we talk about water window during
cathodic/anodic stimulation. The water window of the electrode should be within a
specific range as mentioned in chapter 2.1, and the range of —0.6VV~0.6V is safe for all
materials. Fig. 4.12 shows the measurement result of water window under +8V, and
Table 4.2 presents the AV of Cg under different loading with £8V stimulus voltage,

both results confirm the safety issue of implantable electrodes.

5MQ
Vout 2kQ GND
4 VT
CAT ® = 1uF
. e —
ANO @ = Ven
DIS @ =

[ Tissue model

Vout ¢ : il | . e——— 1 8Vidiv

Vo %’H ey SCT—

! l
Max.=0.165V
Avcdl M ¢ " " A PrI ’

=Vout—V-|- T -, 1 0.6V/div

Min.=-0.46V

«——
50us
Fig. 4.12 Water window test of electrodes under £8V.

Table 4.2 Water window test under different loading with +8V stimulus voltage

Load AV of C

Rs=1kQ -0.588V ~ 0.181V

Rs=2kQ -0.46V ~ 0.165V
W;T_[;‘mﬂd_;ﬁ_@ Rs=2kQ, w/ Cout -0.305V ~ 0.653V
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If Eq. (4-3) is changed to Eq. (4-5), then the relationship between stimulus
voltage and water window of double layer capacitor can be calculated. In Eq. (4-5), L
means the stimulus current, which is equivalent to stimulus voltage Vi divided by
output load resistor Rs (2k€2). And At represents the pulse width of cathodic/anodic
stimulation pulse, as mentioned before, 60us will be used for the calculation. Since

the water window has a limitation of —0.6VV~0.6V, AV in Eq. (4-5) defined as 0.6V.

Vsti
Rs

Q=T At=—=2 X A=C XAV (4-5)

From Eq. (4-5), we obtain the result as Ve =0.6V=+60usx2kQ=2x10". If Cq is

Ca
moved to the right hand side of the equation, it causes that V=2X10"XCar. It can be
told from the result that the maximum stimulus voltage will be decide by the value of
double layer capacitor, and it’s a‘linear relation. In this case, Cq=1pF, which means
the maximum stimulus voltage for the safety consideration cannot larger than 20V,

and the maximum equivalent stimulus current is 10mA.
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The MCP system serves as high-voltage generator, it provides +9V to the
stimulator, and in the following measurement result shows in Fig. 4.13, full-scale of
+8V stimulus voltage can still be delivered by stimulator under the tissue loading
Rs=500Q. Also, considering SoC integration with other circuit blocks, the £VCC
power of the stimulator may not be so stable, thus the results of power variation test

are indicated in Table 4.3, where proves the chip has a good ability against power

variation.
CAT © = : :‘;:)sue model
ANO @ x 1 Vout 5000  GND
DIS @ = 1 E{mv‘”v—@
Avg.=9.019V |
— e ' . 110V/div
+VCC§*
-VCCe® ‘
110Vv/di
Avg.=-9.074V v
L ‘ +8.073V
Vout ¢——— " - 3 W = ‘ .
‘ J 8157V [‘ | —1 8VI/div
~~~~~~~~~~~~~~~~~~ —d 1
e

Fig. 4.13 £VCC (19V) provided by MCP system for stimulator to deliver £9V under
Rs=500Q.

Table 4.3 Power variation test of maximum stimulus voltage

Supply Voltage Stimulus Voltage (Cathodic/Anodic)
+ov -8.019Vv /8.171V
19V -8.027V / 8.166V
8.5V -7.974V [ 8.003V
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4.3 Animal Experiment Results

Functions of the proposed stimulator chip are verified with both electrical
measurements and in-vivo animal tests. Fig. 4.14 (a) is the block diagram of

experimental setup, and Fig. 4.14 (b) shows the experimental environment.

100us

CAT (ANO)

ANO (CAT) | ]

+VCC=9V
vcc -9V
Guinea

Stimulator (COB) U
\

Tngger

Function generator
Agllant 81110A

Charge pump (COB)

VDDL=1.8V
VDDH=3V

?
ks
dsass =
- ve. o BB B
: - S——aBR system
Power supply Mixed Signal Oscilloscope Intelligent Hearing Systems
Agilent B2902A Tektronix MSO 5104 SmartEP

(2)

Animal experimental area ABR system

" window
Stimulator Charge pump Electrode
Power supply (Chip on board) (Chip on board)
(b)

Fig. 4.14 (a) Experimental setup of in-vivo test. (b) The whole experiment

environment under in-vivo test.
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Under in-vivo test on guinea pigs, the origin commercial stimulator (Isolated
pulse stimulator A-M Systems Model 2100) is replaced by the stimulator chip. And
the power of stimulator (£VCC), are generated by MCP system directly. Then the
plate electrodes (length=1.397mm, width=0.392mm, used Pt+IrO, as material) are
placed on the surface of cochlear bone and round window.

After deciding the stimulation channel and setting a proper stimulus voltage, the
computer delivers continuous command to auditory brainstem response (ABR) system,
and then the ABR system triggers the function generator to make stimulator chip
generate biphasic stimulation pulses. Once the electrical stimulation is done, the
action potentials are recorded by the ABR system. By observing the Wave IV of
evoked ABR (EABR) waveforms [31] in Fig. 15, and calculating the action potential
amplitude as shown in Fig. 16 [32]-[34],iit can be proved that the proposed stimulator

chip is as good as the commercial stimulus equipment for biomedical applications.

]

Amplitude (pV)
8 2 & 8 o 8 &8 8 8

[ «:+ee- Commercial_3V —— Chip_3v 7] / ) )
/ .- Commercial_aV Chip_aV 10 VAR S Commercial_3V —— Chip_3V
b | - Commercial 5V —— Chip 5V | S A e Commercial_4V —— Chip_4V
100 ‘ { . R -, - - / ------ Commercial_5V —— Chip_5V 1
’ 0 1 2 3 4 .15 L lJ YAV L N 1
Time (ms) 0 1 2 3 4
Time (ms)

Fig. 4.15 The evoked Wave IV of EABR waveforms on guinea pig induced by the
commercial stimulator and the proposed stimulator silicon chip.
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/ Wave IV

» Action potential amplitude
_A+B

2

Fig. 4.16 The method of calculating action potential amplitude.

During the experiment, it has been found that if electrode GND is placed on
round window, EABR signal will be same phase as stimulation pulse at first. On the
contrary, EABR will be opposite phase to stimulation pulse at first when electrode

GND is on middle, as illustrated in Table 4.4.

Table 4.4 Corresponding EABR waveform to electrode GND position

Stimulation pulse
Electrode GND position VS.

(Placed on window or middile) EABR waveform
(Evoked Auditory Brainstem Response)

GND on window (PN—PN)

Ry g

GND on middle (PN—NP)

window

Ven EABR

“f\, * e
middle | I

For observing convenience, the EABR waveform is preferred to react positive to
negative (PN) than negative to positive (NP), because the waveform shows in NP will
hide the Wave I (the first peak) of EABR reaction. Also, the action potential

amplitude of Wave IV (calculated by Fig. 4.16) indicates that waveform shows in PN
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increase linearity when stimulus amplitude (the X axis) is in log scale, which is more
reasonable than waveform is in NP as shown in Fig. 17 (b). Fig. 17 presents the action
potential reaction stimulate by commercial stimulator delivering current stimulation
and stimulator chip delivering voltage stimulation. In Fig. 17 (a) different pulse
widths are given, it can be told from the amplitude of action potential that 100us
cathodic/anodic pulse width has the best therapeutic effect under current stimulation.
However, both curves in Fig. 4.17 (b) are stimulated by 100us cathodic/anodic pulse
width. As a result, the action potential amplitude evoked by stimulus voltage (Fig. 17

(b)) seems larger than those induced by stimulus current (Fig. 17 (a)).

Current stimulation

from commercial stimulator —35.5 Voltage stimulation from stimulator chip
20- a— 50uS 13 T T T T T T LI
- 103«5 ol ) _ ]
16 4 . Linearity
3 S Increase ]
= i i 0| ]
<12, Linearity 2
3 Increase 3 °r :
s 8 l = :
E ’l‘ E 7L ]
< 4. ¥ <. ]
i*iﬁ 1 EABR PN —=—EABR PN 1
0 - i T °r —e—EABR_NP ]
o0 1000 fooo RN R R E T
current (uA) Voltage (V)
(a) (b)

Fig. 4.17 Action potential amplitude stimulate by (a) commercial stimulator with
current stimulation using different cathodic/anodic pulse widths and (b) stimulator

chip with voltage stimulation using 100us cathodic/anodic pulse width.
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4.4 Measurement Results of Other Applications

4.4.1 Modified for Bipolar Stimulator

With two stimulator chips, the proposed monopolar stimulator can be used as

bipolar configuration. Fig. 4.18 illustrates the output driver that includes two chips.

Pref1 Pref2

Electrode-tissue
Model

11 AAA LA
VWV Wy

Nref1 Nref2

} |5 vnt2

Chipl vee

Fig. 4.18 Output driver includes two chips-for bipolar configuration.

Using as bipolar stimulator, negative output voltage is no longer needed. By
delivering bi-direction stimulus voltage to electrode-tissue model, biphasic
stimulation pulses can pass through the impedance. As a result, Nrefl and Nref2 will
be OV at most of the time, which means both negative DACs are off.

There are also four states in bipolar operation, high-Z state, cathodic stimulation,
anodic stimulation, and discharge. During high-Z state, both drivers in two chips are
in high-Z. All switches (Pswl, Nswl, Psw2, and Nsw2) are on, and break the
feedback loop as explained in section 3.4. When in stimulation mode, if we define the
voltage pass from chipl to chip2 as cathode, the inverse direction will be anode. For

bipolar cathodic (anodic) stimulation, chipl (chip2) delivers the stimulus voltage to
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Voutl (Vout2), meanwhile chip2 (chipl) is in discharge operation to make Vout2
(Voutl) OV. Stimulus voltage at Voutl (Vout2) comes from Prefl (Pref2), by turning
off Pswl (Psw2), Mpl12 (Mp22) serves as power MOSFET and the positive side
feedback loop is functional. In the phase of bipolar discharge, both positive side
feedback loop are break due to Pswl and Psw2 are on, but Nswl and Nsw2 are off to
make negative side feedback loops work. The reference voltage (Nrefl and Nref2) are
biased at 0V and thus the impedance is grounded since Voutl and Vout2 are OV.

The measurement setup is a little different from monopolar configuration, which

is shown in Fig. 4.19.

:;:’;z; g;ggz\ Two separated stimulator chips

T3

4 ‘J[
S -
atEZE

e e

A L R
Mixed Signal Oscilloscope
Tektronix MSO 5104

Function Generator
Agilent 81110A

Chip1 ANO I |
Chip2 Discharge
Bipolar Electrode-Tissue
Chip1 Discharge I I Impedance Model
Chip2 ANO

(b)

Fig. 4.19 Bipolar stimulator measurement. (a) The measurement setup. (b) The

measurement environment.
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The impedance is the same as monopolar measurement, both Rs=2k€. Since it is

bipolar configuration, there are two electrode model instead of one, as in Fig. 4.19 (a),

which includes two pairs of Cq1 and Rs. The measurement result is shown in Fig. 4.20,

the biphasic pulses do generate between Voutl and Vout2, but the visible ripples exist.

Tissue model
5MQ 5MQ
.' D Chip1:anodic & Chip2:discharge = W
@ Chip1:discharge & Chip2:anodic

L
= an

Voutz

g RS ‘ [FE S
Vout1 ._ ' S L 7,-‘ | 8Vidiv
Vout2 0[ \]-J“ 8Vidiv

Vsn & . 8Vv/div
=Vout1-Vout2 |

TN T

«—>
50us

Fig. 4.20 Measurement result of bipolar stimulator with Rs=2kQ.

Those ripples are about 3MHz, it may happened because of the discharge

operation is not exactly grounded by a switch connects to GND, but similarly

grounded by delivering 0V to Voutl or Vout2 through feedback loop. Therefore, the

simulation has been checked with Rs=2kQ, and a smaller impedance Rs=500€2 has

used to replace the original one in the measurement. Both results in Fig. 4.21 show

there are no ripple in the stimulus voltage.
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Fig. 4.21 (a) Simulation result of bipolar stimulator with Rs=2kQ. (b) Measurement
result of bipolar stimulator with Rs=500Q2.

By using two chips to complete. the ,stimulation, Prefl and Pref2 are from
separate positive DAC, so the amplitude of the cathodic/anodic stimulus voltage can
be different. Under the following measurement, cathodic pulse width is 60us with
amplitude £8V. The amplitude of anodic voltage is set to +4V (half of the amplitude
of cathodic voltage) with 60us pulse width in Fig. 4.22 (a) and 120us pulse width in
Fig. 4.22 (b). Comparing the results in Fig. 4.22, AV decreases a lot when the anodic
pulse width is twice than cathodic, thus reduces the unbalanced charge to

micro-Coulomb level [35].
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N\
Vout2 e~ \M\M ————— 8V/div

¢+332V

RO | 0.3V
Vs @ 8V/div

=Vout1-Vout2 120 i-s_osv

60us

50ps

(b)
Fig. 4.22 Unbalanced charge left when cathodic pulse width is 60us with amplitude
—8V and anodic voltage is +4V with (a) pulse width 60us and (b) pulse width 120us.

4.4.2 8-Channel Monopolar Stimulator System

This design based on the idea of portable usage. As mentioned, the high-voltage
generator provides +VCC to the stimulator, which realized in another silicon chip
called MCP system. Fig. 4.13 is measured when stimulator chip and MCP chip are
bonded on their own PCB. In other words, two separate systems connected by wires.
Now, they are related to each other since they are bonded on a piece of PCB. And two
stimulator chips extend the output channels from 4-channel to 8-channel. This PCB
also contains micro-USB socket, so it can be powered like our cellphone. During the
whole measurement, power supply machines are replaced by USB charger. Fig. 4.23
illustrates the block diagram of 8-channel monopolar stimulator system, and Table 4.5

lists the specifications of the proposed system.

48



8-Channel Monopolar Stimulator System

7

A SV 3V .
& _1 LDO 1.8V Stimulator
” GND A -3V Chip1
— ray P Output Waveform

Micro-USB

+VCC
n i —> 1 ’-| L
osnwse | L Multi-Charge-Pump Stimulator
| Digital Input_] [ (MCP) System ] Chip2
Control

Fig. 4.23 Block diagram of proposed 8-channel monopolar stimulator system.

Table 4.5 Specifications of the proposed stimulator system

Process

0.18-pm 1.8V/3.3V CMOS process (MCP)
0.25-pm 2.5V/5V/12V CMOS process (Stimulator)

Stimulation Pattern

Monopolar Biphasic Voltage

Supply Voltage

5V (From USB)

Output Amplitude

10.5V ~ 18V (Amplitude step: 0.5V)

Pulse Width 20 ~ 450us
Stimulation Frequency 2 ~ 250Hz
Channel Number 8 channels
Output Load Range R 2 500Q

Not only is the PCB designed for easy carrying, the function generator and

4.24.

oscilloscope also replaced by a small device known as Analog Discovery 2 (AD2). All
you have to do is to download the “WaveForms” from the official site of Digilent, and
install the software on your computer, then it can be served as a multi-functional

device. The measurement setup and measurement environment are shown in Fig.
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Fig. 4.24 Measurement for 8-channel stimulator system by AD2. (a) Measurement

setup. (b) Measurement environment.

Fig. 4.25 is the control signals CAT, ANO, and Discharge given by AD2 as
shown in Fig. 4.24 (a), with this input pulse pattern, biphasic output pulses can be
generated. But first, the outputs of MCP system are measured in Fig. 4.26 to make
sure £VCC achieve the specifications. After the supply powers of stimulator have
been confirmed, Fig. 4.27 demonstrates stimulator output amplitude with low, middle,

and high voltage levels.
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Fig. 4.25 Control signal CAT, ANO, and Discharge given by AD2.
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Fig. 4.27 Stimulator output amplitude with different voltage levels. (a) Low level,
+0.5V. (b) Middle level, +4V. (c) High level, +8V.
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4.5 Summary

The performances of the stimulator chip are summarized in Table 4.6. The
measurement results are close to the simulation results and stick to the specifications.
The standby power increase may due to the leakage of voltage reference DAC circuit,
but it can be reduced by adding enable switch. Table 4.7 lists the performance of this

work and compare to other related designs.

Table 4.6 Summary of the fabricated stimulator chip

Pre-layout Post-layout | Measurement
Simulation Simulation E IS

Vpp (From power management unit) 1.8V /3V
V¢c (From charge pump) =3V /-10V 10V

+1.0, -1.001, 1.004, -1.012, 1.010, -1.037, 1.055,
2.0, -2.002, 2.004, -2.006, 2.002, -2.012, 1.985,
. . 13.0, -3.003, 3.003, -3.015, 3.009, -3.080, 3.057,
St""‘:;’; e +4.,0, -4.004,4.004,  -4.008,4.007,  -4.021,4.080,
Upnder R =2pkﬁj ! 15.0, -5.005, 5.004, -5.013, 5.008, -5.119, 5.000,
3 16.0, -6.006, 6.005, -6.010, 6.001, -6.006, 5.954,
17.0, -7.007, 7.006, -7.001, 7.002, -6.968, 7.016,
18.0, -8.008, 8.006, -8.011, 8.013, -8.038, 8.096,

Cathodic / Anodic Matching Minimum <1% <1% <4.3%

Standby Power Minimum 520pW 636pW 853uW

Process TSMC 0.25-uym HV USG 2.5V/5VI12V CMOS Process

Table 4.7 Performance comparison

[40] 2013 [41] 2007 [42] 2010
TBCAS JSSC JSSC

CMOS Process 0.18um HV 0.35um HV 0.18um HV 0.25um HV
Max. Voltage 11.5V 20V oV 8V
Cathodic/Anodic 4 450, <5% <2.9% <4.3%
Mismatching
Supply Voltage 0~-12v 0~-22.5V +1.8VIH12V 1.8V/E3V/L9V
Standby Power NA >100pW NA 853uW
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Chapter 5

Conclusions and Future Works

5.1 Conclusions

A silicon chip for neuromodulation stimulation has been designed, fabricated,
and verified with both electrical measurements and in-vivo animal tests successfully.
Without device overstress, p-n junction breakdown issue, or p-n junction
forward-leakage problem under 20V compliance voltage and negative voltage
operation. The proposed chip istable to deliver adjustable stimulus voltage from
+0.5V to £8V (+0.5V per “step) with- monopolar configuration for biomedical
applications against wide range of loading impedance (Rs above 500Q2).

The advantage of flexible inputs‘control and tiny physical dimension (the die size
is only 1.952x1.317mm?) makes the stimulator chip can be integrated with other
circuit blocks together into a SoC for implantable usage easily. Moreover, as demoed
in section 4.4, the proposed chip is able to transform to different applications with

proper hardware.
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5.2 Future Works

5.2.1 Parkinson’s Disease Application

By using digital control such as Verilog coding, the input signal CAT, ANO,
Discharge, and AMP[3:0], as illustrated in the top of Fig. 5.1, the biphasic output
pulses will become stepwise biphasic ramp waveform [10]. When the enable signal of
stimulator is rising edge, the stimulus waveform should ramp up. As long as the
enable signal maintain logic high state’s time is long enough, the target stimulus
amplitude should hold after ramp up. Otherwise, the output waveform will ramp down
immediately when enable signal is falling edge. Fig. 5.1 shows the detail of output
waveform (Vout), and the pattern of ramp pulse is decided by the rising, falling edge,

and logic high state’s time of enable signal.

AMP{3:0)

Digital CAT Stimulator |vout .,
Control ANO Chip =

Discharge

vout |»— <@ DD >

5 =y [,
g I~
” — ~
Vout — :
= &
. A
B I | | [ P
« b + -
~ - v "
Ramp up/s(lmulation Vmp down
Vout

~ A
Stimulation period=7.69ms
(freq=130Hz)

Fig. 5.1 Ramp stimulation pattern for Parkinson’s disease application.
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5.2.2 Stimulator with Output Capacitor

Some research indicates that adding DC blocking capacitor at the output of
stimulus driver can ensure there is no unpredictable current flows into body [36], [37].
Fig. 5.2 shows three different stimulation patterns by using DC blocking capacitor ((a)
monopolar biphasic stimulation, (b) bipolar biphasic stimulation, and (¢) monopolar
monophasic stimulation). But unfortunately, those capacitors are usually in
micro-scale level for desired stimulus current outputs from stimulus driver completely
due to RC time constant from the tissue impedance (Rs) and DC blocking capacitor.
For micro-scale capacitance, it is difficult to be realized on-chip. Furthermore, even if
those capacitance will be add off-chip, a longer duration of discharge time is needed
to discharge the residual charge on tissue (also ¢an be calculated by the formula of RC
time constant). To reduce -the scale of blocking. capacitor, a high-frequency
current-switching (HFCS) technique is used, and it can scale down those capacitor to
pico-scale level. Fig. 5.3 shows the circuit design based on monopolar monophasic

stimulation [38], [39].

"Ill)
A: anodic electrode
C: cathodic electrode

blocking

capacitor

(a) (b) (c)

Fig. 5.2 Conventional stimulator output stage configurations for two-electrode setup.
(a) Dual supplies with active cathodic and active anodic phases. (b) Single supply
with active cathodic and active anodic phases. (c) Single supply with active cathodic

phase and passive anodic phase.
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Fig. 5.3 (a) HFCS technique stimulus driver. (b) Timing waveforms. (c) The results of

stimulation.

After adding a DC blocking capacitor at output of stimulator, the monopolar
structure shown in Fig. 5.4. With the output capacitor Cout, redundant DC leakage
will not pass from Vout to Vr, thus improved the safety concern when used in human
body. When stimulation is happening, Cout will couple the voltage of Vout to VT, so
this extra capacitor will not have impact on stimulus- waveform that is delivered to

tissue.

+VCC +VCC

_@d%—“‘mﬁ

-VCC -VvCC

Fig. 5.4 Stimulus driver of monopolar configuration with output capacitor Cout.
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Another design consideration is that negative power supply (=VCC) is no longer
needed due to the characteristic of charge storage of capacitance. Under the situation
indicates right in Fig. 5.5, if Vout biased at a voltage first, AV of Cout equals to this
voltage because the tissue is grounded. For instance, Rs=2kQ (tissue impedance),
+VCC=6V, —-VCC=-6V, +2VCC=12V, and a 6V bias voltage is delivered from node
Vhias. In this case, the left-hand side structure in Fig. 5.5 is able to deliver a maximum
stimulus current of +3mA as explained in previous paragraph. As for the right-hand
side, the AV of Cout is 6V. Therefore, if +2VCC is delivered, Vout equals to 12V, at
the same time, Vr will rise to 6V since the AV on Cout. On the contrary, if 0V is
delivered to Vout, V1 will be pulled to —6V. Consequently, +3mA stimulus current can
be generated at V1 without negative power supply, which may easier the design on

monopolar stimulus driver.

+VCC +2VCC
Cout

v Cout
out Vout

vT
L L

-VCC

Fig. 5.5 Stimulus driver of monopolar configuration with output capacitor Cout but

without negative voltage.

An advanced test of different bias voltages on Vout are in Table 5.1. It can be
told from Table 5.1, if Vout biased at half of +2VCC (i.e. +VCC=6V), the stimulus
current remain symmetrical biphasic output due to 6V voltage headroom to +2VCC

and GND. The left column shows the result when Vout biased at 0V which means that
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there is no charge be stored on Cout, so only positive stimulus current can be
delivered to Vr since the voltage headroom to +2VCC i1s 12V but 0V to GND. And
the right column shows completely opposite result when Vout biased at +2VCC

(12V).

Table 5.1 Initial bias voltage of Vout vs. stimulus output current on Vr

Vout biased at 0V Vout biased at 6V Vout biased at 12V
(GND) (VCC) (2vCCQ)
4.6mA 272mA__ I
i - —— _ 071mA
0.62mA
—-0.56mA
0.63mA— ) — | E—
B — = -2 TMA -4.86mA

Overall, stimulator with output capacitor has its pros and cons. The advantage of
DC blocking capacitor can enhance the safety level on bio-applications, but
pre-charge (the structure needs initial biased on Vout) time, discharge time and the

power consumption of a micro-scale level capacitor have to be taken into account.
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5.2.3 Design of Dual-Configuration and Dual-Mode Stimulator

The proposed circuit structure combines monopolar and bipolar configuration,
and either current or voltage stimulation can be chosen. And of course, no matter what
configuration and stimulus mode is decided, all the stimulations are able to be
monophasic or biphasic pulse. That means, it supports 8 stimulation patterns.

A brief driver circuit of one channel is shown in Fig. 5.6. Compare to the
monopolar voltage stimulator in chapter 2, three more switches (Csw and Gsw) are
added. In previous work, discharge function achieved by pass OV to Vout, but now
Gsw serves as a switch connects to ground. Since the upper terminal of Gsw (node
Vout) can be positive or negative voltage during stimulation, it has to be realized by
HV PMOS with dynamic bulk bias to  prevent junction forward-leakage when

P-substrate 1s OV.

+VCC
T
Pref Vsw
Tl
< Csw
:I>; _'“:ﬂ @ IPG case
Nref
Vsw/

-vce

Fig. 5.6 Driver circuit of one channel dual-configuration and dual-mode stimulator.
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For using as monopolar configuration, only one channel will be chosen, as the
diagram in Fig. 5.6. Those Vsw are for voltage output while Csw are for current
output, and the stimulus pulse will be deliver through tissue to IPG case (GND). That
is to say, IPGsw is for monopolar stimulation. The upper part of the driver is for
anodic stimulation, and the lower part is for cathodic stimulation.

If the driver is chosen as bipolar configuration, a pair of drivers will be operated
at the same time. However, only the upper part of the driver is functional as illustrated
in Fig. 5.7, since bipolar completes biphasic stimulation with bi-directional voltage or
current from two chosen drivers. As a result, Gsw here replace the IPGsw for

connecting to ground during stimulation and also serve as discharge switches.

+VCC

T
J Vsw

Pref

Csw

Vout1 Vout2
IPGsw

Csw
L
| CD IPG case

Fig. 5.7 Driver circuit using as bipolar configuration.
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