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Design of 16-Channel Biphasic Stimulus Driver
to Suppress Epileptic Seizure

in the Low Voltage Process

Student: Tzu-Yi Yang Advisor: Prof. Ming-Dou Ker

Department of Electronics Engineering & Institute of Electronics
National Chiao-Tung University

Abstract

Nowadays, the treatment of using electrical stimulation has been investigated
and verified, such as functional electrical stimulation (FES). By stimulating abnormal
nerve sites of the patients, they may restore some body functions. As the CMOS
process developed, using an implantable device to provide stimulus current can be
accomplished. The biomedical chip is made by the combination of microelectronics,

medicine and biochemical such as epilepsy prosthetic system-on-chip (SoC).
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Epilepsy is one of the most common neurological disorders. At epileptic seizure
beginning, a particular part of the brain will begin abnormal discharge. Then, it will
trigger some other part of the brain to discharge. By using electrical stimulation to
suppress seizures, the best way is to stimulate source position. In order to achieve this
object, we propose a multi-channel electrical stimulation circuit. When the circuit
detects the epileptic seizure, it will stimulate the source position to reduce seizures.

The methodology to suppress epilepsy seizure is constant current stimulation,
and the effective scale of stimulus current for human body is up to 0.5~3mA. In
addition, the electrode-tissue impedance varies with the position and size of the
electrodes in human body. Consider the loading adaptation, high voltage supply 12V
is required in the output stage. Conventional works are fabricated in high-voltage
process in order to sustain the high voltage at output of stimulus driver. To be
integrated into biomimetic systems and to achieve SoC, this work needs to be
implemented in low-voltage process.

The main considerations of designing an implantable device are safety, reliability,
and power consumption. By using self-adaption technique and stacked transistors, the
proposed multi-channel current stimulator, which consists of low voltage devices, is
able to sustain high voltage (12V) without gate-oxide overstress. 3-bit amplitude
signals are used to control the scale of stimulus current from 0.5mA to 3mA, with
0.5mA a step. The overall circuit has been fabricated by the 0.18um 1.8V/3.3V

CMOS process.
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Chapter 1

Introduction

1.1 Motivation

As biomedical science and electronics rapidly developed, the new technology
bioelectronics which combines with them is more and more popular. Nowadays,
bioelectronics is an important technology in enhancing the quality of life, especially
for those who are suffering from physiological difficulties. Several applications such
as the resonance imaging (MRI), electroencephalography (EEG), electrocorticography
(ECoG) and biomedical implant device are proposed and these are helpful to patients
and doctors in the surgery. According to the research of the neuroscience, some lose
physical functions can restore by functional electrical stimulation (FES). Novel
biomimetic microelectronic systems such as the stimulation system through FES will
enable treatment of some disease. For' example, cochlear implants for treating
profound hearing loss [1], retinal prostheses for treating blindness [2], spinal cord
stimulators for blocking chronic pain [b], deep brain stimulators for treating
parkinson's disease. Furthermore, epilepsy is also one of diseases investigated to be
treated by therapeutic electrical stimulation.

Epilepsy is a neurological disorders caused by excessive abnormal discharge in
the brain, and causes constant seizures. Seizures are the symptoms of epilepsy. It
causes patients fainted, falling to the ground, making the muscles stiffen or jerking
out of control. Nowadays, more than 60 million people suffer from epilepsy all over
the word. As medical science progressed, therapies of epileptic seizure include

pharmacologic treatment and surgical treatment. Pharmacologic treatment is always



applied in the first place. For patients who do not respond to the medicament, the
surgical treatment will be used. However, the surgical treatment is non-reversible
treatment and has high risks that might cause physical functions loss. Therefore, the
new therapeutic option is announced. Through EEG technology which is analyzed in
time or frequency domains [3], the probable disordered position which is
seizure-onset zone can be found and the source of abnormal discharge tissue position
can be predicted before seizure. It also has been demonstrated that the abnormal
discharge signal that causes epilepsy can be suppressed by FES when detecting the
abnormal brain wave [4]. In addition, accurately determining the location of the
source abnormal tissue by multi-channel stimulator can have more high efficiency to
suppress seizures.

Compared with the non-reversible surgical treatment, the advantages of electrical
stimulation treatment are flexible, recoverable and do not injure the brain tissue.
Although FES is a much better treatment for epileptic, there are several challenges in
designing the stimulus driver. Due to-different kinds of sizes, locations, and electrode
material, the equivalent impedance of electrode and tissue will vary in a wide range.
Moreover, the effective stimulus current to suppress epileptic seizures is up to 3mA.
The series resistance of equivalent impedance (Rs) is always 2~3kQ, so the stimulus
driver need to provide high voltage (more than 9V) to output. Moreover, not like the
epileptic system of rats, the electrodes which are used to record brain signal and
stimulate are at different place, but the epileptic system of human uses the same
electrodes. The stimulus driver need to deliver very small brain signal to signal
acquisition circuit and stimulate constant current by high voltage. To be integrated
into biomimetic systems and to achieve SoC, this work needs to be implemented in
low-voltage process. The problems of gate-oxide overstress, hot-carrier effect, and

other reliability issues will be considered [5]. In this thesis, the proposed stimulus
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driver is designed consider with both reliability and safety issue. The 16-channel
stimulus driver with high-voltage-tolerant structure with detect-mode and

stimulate-mode functions is investigated in this work.

1.2 Thesis Organization

The first chapter, chapter 1, includes the motivation of this work and the thesis
organization.

Chapter 2 of this thesis introduces some background knowledge of epilepsy,
epileptic seizures treatment, implantable prosthesis of epileptic SoC and stimulus
driver.

In chapter 3, design of 16-channel high-voltage-tolerance stimulus driver to
suppress epileptic seizure is proposed. The proposed stimulus driver has been
fabricated in the UMC 0.18um 1.8V/3:3V process.

In chapter 4, to consider the stimulus _driver need to deliver brain signal and
stimulate biphasic current by high voltage, the stimulus driver based on the proposed
circuit on chapter 3 is added detect-mode function. The proposed stimulus driver will
be fabricated in the TSMC 0.18pum 1.8V/3.3V process.

The last chapter, chapter 5, recapitulates the major consideration of this thesis

and concludes with suggestions for future investigation.



Chapter 2
Background of Epilepsy, Stimulus Driver and

Epileptic SoC Development

2.1 Overview of Epilepsy and Epileptic Treatment

Epilepsy is a chronic disorder characterized by recurrent self-limited seizures
with excessive discharges throughout localized or generalized groups of neurons in
the brain recurrent seizures if frequent interfere with the patients’ ability to perform
day-to-day activities. Fig. 2.1.1 shows: ithe electrodes on cerebral cortex and
waveforms of ECoG during the-epilepsy;seizure [6].'For an example to illustrate, Fig.
2.1.2 shows the process of the epilepsy seizure. At epileptic seizure beginning, the
electrodes 25 and 26 record the abnormal discharge signal which is consist by a low
frequency and different with other electrodes. At this time, the patient feels nothing
then the abnormal discharge will deliver to neighbor region and induce a big area
abnormal discharge like the right part of Fig. 2.1.2. All the electrodes record the
excessive electrical discharge signal and these make the epileptic seizures.

According to a Brodmann area which is shown in Fig. 2.1.3, it is a region of the
cerebral cortex in the human. Many of the areas Brodmann defined based solely on
their neuronal organization have since been correlated closely to diverse cortical
functions. For example, Brodmann areas 4 are primary motor cortex which manage
the function of human motion, and Brodmann areas 1,2,3 are primary somatosensory
cortex which manage the function of human sense.

If the abnormal discharge delivers to primary motor cortex, the patients will

make the muscles stiffen or jerk out of control. In other way, if the abnormal
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discharge delivers to primary somatosensory cortex, the patients will feel numb on
face or hand. The common two ways to treat the epilepsy are pharmacologic treatment
and surgical treatment.

Pharmacologic treatment is the priority way to suppress epileptic seizure. Due to
the diversification of epilepsy, there are more than 20 types of medications, and each
is developed for specific type of epileptic seizure. According to patients’ age, types of
epilepsy, syndromes, and intensity of seizure, doctors will choose suitable
medications (antiepileptic drugs or AED) for treatment [7]. Depakine is one of the
general AED. The mechanism of action is to inhibit GABA transaminase, which is an
enzyme that metabolizes GABA. Then, it increases levels of GABA, which is an
inhibitory neurotransmitter, and reduces abnormal discharge of nervous system (Fig.
2.1.4).

However judicious use .of “antiepileptic medications allows about 65-70% of
epileptic patients to be seizure-free. It means that about 25-30% of epileptic patients
can’t be cured by classical antiepileptic drugs.-This type of drug-resistant epilepsy is
called “intractable epilepsy”. The surgery treatment will be used. The method of
surgery treatment is to directly cut out the disorder region which is usually called
seizure-onset zone. But not everywhere in the brain can be cut out, the region like
primary motor cortex or primary somatosensory cortex is important place which
makes doctors carefully consider. If doctors cut the primary motor cortex, after
surgery the patients may become paralyzed or feel muscles stiff. For this reason,
surgery treatment has some necessary steps to be followed as Fig. 2.1.5. First, doctors
will use electroencephalography (EEG) which is typically a non-invasive method to
record electrical activity of the brain along the scalp to find the probable place of
epilepsy. Second, the electrocorticography (ECoG) which is the practice of using

electrodes placed directly on the exposed surface of the brain to record electrical
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activity from the cerebral cortex will be used to record clearer brain signal and find
more accurate position of seizure-onset zone. Third, the doctor will do brain mapping
to find where are the safe regions can be cut. During brain mapping, doctors will
stimulate each electrode on the cerebral cortex. According to the response of patient,
doctors can find what region on the cortex such as primary motor cortex and primary
sensory cortex. If the seizure-onset zone is not on the important region, doctors will
do resection surgery.

However, the seizure-onset zone of every patient is not always at safe region.
The advanced therapeutic option is announced. By automatic detection of the epileptic
seizures in ECoG [8] and using FES to suppress, the closed-loop neural prosthetic
system on the chip can be achieved. At next section, the neural prosthetic SoC will be

detailed illustrated.

v
L]
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Fig. 2.1.1 Pictures of an electrode array for recording of the brain activity [6].
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2.2 Closed-Loop Neural Prosthetic SoC for Suppressing Epileptic

Seizure, and Design of Implantable Stimulus Driver

2.2.1 Introduction of Functional Electrical Stimulation (FES)

Functional electrical stimulation (FES) is a technique that uses electrical current
applied in programmable patterns through electrical stimulators and electrodes to
excitable tissue to supple or replace function that is lost in neurologically impaired
individuals. In addition to the chronic applications for restoration of function,
electrical stimulation has also been used for many therapeutic applications [9].

The waveform of electrical stimulation pulse is characterized by three parameters:
amplitude, pulse width, and pulse frequency. To different position of neurons and
different human bodies, each of the parameters may. be different. Stimulus waveforms
are generally either biphasic or monophasic in shape." A monophasic can induce DC
charge accumulation on the neuron, and the neuron can be injured by chronic DC
charge accumulation. Thus, moest FES systems adopt biphasic stimulus waveforms
shown in Fig. 2.2.1. The cathodic current usually starts first to elicit a desired neural
response, while the anodic current, following the cathodic current, cancels charge
across stimulating electrode pair. The interphase delay separates the currents so that
the anodic current does not reverse the physiological effect of the cathodic current.

Nowadays, several applications used functional electrical stimulation (FES) has
successful achievements, such a cochlear prosthesis for hearing loss, shown in

Fig.2.2.2 [10], and retinal prosthesis for blindness, shown in Fig. 2.2.3 [11][12].
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Fig. 2.2.3 The implanted system of retinal prosthesis [12].
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2.2.2 Closed-Loop Neural Prosthetic SoC for Suppressing Epileptic Seizure

Fig. 2.2.4 shows the block diagram of the closed-loop neural-prosthetic SoC for
suppressing epileptic seizures [13]. The system consists of external chip and
implanted chip. The system has a signal acquisition unit (SAQ), a bio-singal processor
(BSP), an electrical stimulator, a wireless transceiver/receiver system (Tx/Rx), and a

power system.

Power svstem

( \ clkr —p :
Power High Voltage :
Amplifier Rectifier > LDO Generator with ;
feedback control :

trggT l\fcr.

Tx/Rx _Y I L
Tx/Rx =l Bsp DAC |- Driver

1 Stimulator |

Command/

Instruction ADC |« Amp e‘(lectrodes
—
< Implant
Neural Activity \ / \
Waveform(for

monitoring)

Fig. 2.2.4 The block diagram of an implantable system for epileptic treatment.

In the implanted chip, the SAQ is used to amplify the brain signal from electrode
on the cerebral cortex (ECoG) and through analog to digital converter (ADC) converts
signal to digital signal for BSP to analyze. The ECoG is calculated by specific
algorithms through time or frequency domains to predict when epileptic seizure will
happen and the position of seizure-onset zone. Then, the BSP controls stimulator by
programmable patterns through functional electrical stimulation to suppress the
abnormal brain activities.

The recorded ECoG signals can be transmitted by Tx/Rx to monitor system. Data

transmission is encoded through a reliable cyclic redundancy check (CRC). If the data
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transmission is not pass the CRC, the system will pass the data to ensure the accuracy
of data.

The power system consists of power amplifier, rectifier, regulator, and high
voltage generator. The power amplifier through the primary coil transmits the power
in the external part. In the implanted part, the rectifier converts the AC to DC from
secondary coil and low dropout regulator (LDO) converts the output voltage of
rectifier to a stable voltage source which supplies to the circuit of implanted part.
When the BSP detects the epileptic seizure, the high voltage generator will use the
output voltage which is supplied by LDO to generator a high voltage for stimulator.

In addition, the wireless system uses only one coil, so the data of ECoG is added on
the power signal to deliver. The wireless system can be transmitted of the industrial
scientific medical band (ISM) which is 13.56MHz.

Fig. 2.2.5 is an example for epileptic SoC which is treatment for rats and is
presented in 2014 [14]. A fast seizure detection response time of 0.8s and high
accuracy of above 92% are achieved.using the proposed portable embedded device.
The system provides biphasic current (30uA) to suppress and has the advantages of

low cost, compact size, low power and real-time detection.
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Fig. 2.2.5 Architecture of the.epileptic seizure SoC [14].
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Fig. 2.2.6  Another example of the closed-loop epileptic seizure monitor and

controller [15].
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2.2.3 Design of Implantable Stimulus Driver

As the development of electrotherapy, a variety of implantable stimulus drivers
have been researched and presented. In order to deliver the biphasic current pulses,
there two choices of chip-electrode interface for each stimulation site: (1) one
interface lead per site (monopolar stimulation) and (2) two interface leads per site
(bipolar stimulation) [16]. Fig. 2.2.7(a) shows the schematic of one interface lead per
site, when the monopolar stimulation is used, two supply voltages are required to
provide the cathodic and anodic stimulus currents. A return electrode, common to all
the stimulating electrodes, is connected to the ground potential in this case. Fig.
2.2.7(b) shows the schematic of two interface leads per site, when the bipolar
stimulation is used, only one supply voltage .is required because each stimulation site
has a dedicated return path. The anodicjand cathodic stimulus currents are provided

by reversing the current paths by switches.

Vad Vad

anodic current
source /@2 /gy

2 leads

1 lead

electrode

cathodic current /@y
source

Vssii v gnd
(a) One Interface lead per site (b) Two Interface leads per site
(Monopolar Stimulation) (Bipolar Stimulation)

Fig. 2.2.7 Different stimulation method affects the components in the stimulus

driver.
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Fig. 2.2.8 is an example of monopolar stimulation [17]. This work is used for the
retinal prosthesis devices. The stimulus driver is proposed in the 0.35um high voltage
CMOS process. The positive high voltage +5V and negative high voltage -5V are
required to generate cathodic and anodic stimulus currents. To consider the current
mismatch problem, this work describes a compact negative-feedback self-calibration
scheme to minimize the current amplitude mismatch between the anodic and the
cathodic pulses for achieving the charge balance. The device can provide 1mA

stimulus current in less than 0.3pA current mismatch by self-calibration technique.

curent  sw, ) sw, ) sw, ) Neostve

Wi

)u
+° —— I Vi ; :l: M;
umode o )

Vs

Fig. 2.2.8 Biphasic stimulator with one interface lead per site.
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Fig. 2.2.9 is an example of bipolar stimulation [18]. This work is also applied in

retinal prosthesis devices. By using the 0.35um high voltage CMOS process, the

device operates at 15V high supply voltage and controls transistors Myipz, Myps, Muno,

and Mpns as switches and uses dynamic current mirror to sample current source and

current sink through capacitance C; and C,. The device can generate 1mA biphasic

stimulus current in less than 3pA current mismatch.

Current Source Driver

HV PMOS (Thin oxide )

HV NMOS (Thin oxide )

HV NMOS (Thick oxide )

Generic PMOS
Generic NMOS

(b)

Electrodes Interface
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AN Voor | Lk
Bias P S ] :

Vep otaz | @2 | lsource:
| | L ~L :
......... Vesu .2 | Y.
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T Mz
S o
Mupr | @y b
Zgig\ Voo : Mus1
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: Veu
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Fig. 2.2.9 Biphasic stimulator with two interface leads per site.
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In two interface leads per site, the construction of the stimulus driver can be
discussed by three methods: (a) current source only, (b) current sink only, and (c) the
combination of a balanced current source and current sink (Fig. 2.2.10). [19] has
tested in retinal prosthesis devices and demonstrated that the combination of current
source and current sink has better direction and control of the current flow in

multi-channel simultaneously stimulating.

Vstimulus Vstimulus

(A)

(A) Active electrode connected to a current sink and guard electrodes connected to
Vstimulus. (B) Active electrode connected to circuit ground and guard electrodes
connected to a current source. (1,5 b, 1, and 14 are-the currents measured in each

electrode.)

Vstimulus
(Tb
ib1[ ib2( ib3 [ ib4 [ ibS[ ib6 Aidl id2 [id3 [ id4 | id5 [ id6

iaT ic
©)

(C) Active electrode connected to a current sink and guard electrodes connected to a

current source. (1a, Ip[i-6], lc, and 1q1-6] are the currents measured in each electrode.)

Fig. 2.2.10 Three constructions of the stimulus driver in two interface leads per site.
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Chapter 3
Design of 16-Channel High-Voltage-Tolerance
Biphasic Stimulus Driver to Suppress Epileptic

Seizure in the Low Voltage Process

3.1 Introduction

In this chapter, the illustration is separated into three parts. First, to consider the
device is used to suppress epileptic seizure on human body, the impedance of the
platinum electrodes on the cerebral:cortex-of human body is analyzed. According to
the result of impedance analysis and some architecture tradeoffs, the specifications of
stimulus driver will be proposed. Second, the 16-channel high-voltage-tolerance
stimulus driver is proposed. Third, the detailed circuit simulation and measurement

results of proposed design will be presented.

3.2 Design Considerations of stimulus driver

3.2.1 Impedance Analysis

According to the [20][21], the electrode-tissue impedance can be modeled by Fig.
3.2.1. In this simple model, Rg is the solution spreading resistance, which is determined
by the resistivity of the fluid (set by ionic species in solution). Cq; is 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. Ry is the

Faradaic resistance, which is decided by diffusion of reactive species to the electrode
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for charge-transfer reactions. The resistance Ry is indicated as a time-varying variable
resistor because its value varies based on the dynamics of redox charge-transfer
reactions occurring at the electrode. To illustrate Faradaic charge transfer and
capacitive redistribution of charge, Fig. 3.2.2 shows (a) physical representation and (b)

two-element electrical circuit model for mechanisms of charge transfer at the interface

to explain.
Faradaic Impedance
Rf
YW Solution Spreading
resistance
R
Metal S .
Electrode t VWV Tissue
| [
I'\
Double Layer Capacitance

Cal

Fig.3.2.1 The equivalent impedance of electrode-tissue.

Layer of oriented
water molecules

"
faradaic Faradaic Impedance
_charge Z faradaic
injection
AVAVAVS:

% metal electrolyte

Q = electrode
iti ||
I

capacitive

charge
injection Double Layer Capacitance
[% Cdl

¢ Hydrated cations
(a) Adsorbed anions (b)

Fig. 3.2.2 The electrode/electrolyte interface.
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Fig. 3.2.3 shows the resection of cerebral cortex. In this case, the area of cerebral
cortex is probable 1x1.5 cm® and the electrode is used by AD-TECH
IS04R-SP10X-000 which is platinum material (charge density limit 100~150puC/cm?)
and has 2.3mm diameters of contact area to meaure the equivalent impedance (Fig.
3.2.4). The impedance analyzer sweeps frequency from 1 to 10° Hz and the sets ac
amplitude 1V (Fig. 3.2.5). The result of the analysis is shown Fig. 3.2.6. The Rg is

2.78kQ, Cq4 is 319nF, and Rris 56.2kQ.

Fig. 3.2.3  The resection of cerebral cortex.

Catalog #: ISO4R-SP10X-000

4-contact, 1x4 IOM strip. Numbered. 4.0mm [o

Platinum, 10 mm spacing. —
2.3mm

10 mm
I—I i 375 mm i
8mm (v:—) @ @ @>={#'-é’-& =|'LI'=II'?'I
50 mm —I

Fig.3.2.4 AD-TECH IS04R-SP10X-000 electrode.
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Fig. 3.2.5 The result of impedance analyzer.
Element | Value [ Error | Error% |
Rs [2780 236.83 8.5191
C |3. 1941E-7 4,219E-08 13.209
Rp |56161 7817 13.919

Fig. 3.2.6  The analysis of impedance data.

3.2.2 Specifications of Stimulus Driver

This work is to improve effective suppressing epileptic seizure. The accurately
determining the location of the source abnormal tissue by using 16-channel stimulator
is proposed. To be integrated into biomimetic systems and to achieve SoC, this work

selects 0.18um 1.8V/3.3V process to achieve. However, because of Rg of the
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equivalent impedance is about 3kQ and following the demand of doctors that stimulus
current is up to 3 mA which can make valid stimulation, the high voltage supply needs
more than 9V. In this case, we set the high voltage which supports to 12V and do not
use negative supply voltage which is difficult to generator in the chip. The bipolar
stimulation (two leads per site) is used. Though the proposed 16-channel is used, but
only one pair of electrodes can stimulate. So, the construction of only current source
is used. According to [22], the tissue damage does not occur in chronic stimulation of
cochlear implants, where charge imbalance (residual DC current) is kept below
100nA, so we prefer the residual DC current will be under 100nA. Finally, the power
dissipation in an implanted stimulator will provide the thermal rise. 1 or 2°C above
the normal retinal temperature could lead to the retinal damage [23] so the standby
power must be less than tens of mW and-it is believed that the thermal rise will not

cause tissue damage.

Table-3:1

Specifications of stimulator.

Process 0.18um 1.8V/3.3V process

Bipolar (two leads per site)

Electrode Configuration (Only current source)

Supply Voltage 1.8V & 12V
Stimulus Current Amplitude 0.5mA ~ 3mA (tunable)
Output Resistance Load 1kQ ~ 3kQ
Channel Number 16 channels

Cathodic / Anodic

Current Mismatch <100nA (residual DC current)

Power Consumption <20mW

22



3.3 Design of 16-Channel High-Voltage-Tolerance Stimulus Driver

3.3.1 Architecture

The proposed 16-channel high-voltage-tolerance stimulator schematic is showed
at Fig. 3.3.1. The stimulator controls stimulus driver to make biphasic stimulus current
in three phases. In first phase, when the switches SWq, are turned on and SWo,p are
turned off, the driver can induce a cathodic current. In second phase, when switches
SWa2ap are turned on and SWe1.p are turned off, the driver can induce a anodic current.
In third phase, when switch SWq,, and SWep are turned on, the driver can induce a
discharge current to discharge residual charge which is made by current mismatch on
electrode. Fig. 3.3.2 shows the control signal and current level of 3-bit amplitude. The
control pins ANO, CAT and DISCHARGE control the output waveform and AMP[2:0]

decides the stimulus current amplitude.

Vee (12V)

(0:5mA~3mA)

Stimulus
Driver
N\ SWo1a Ist N\ SWaozp \\ AN AN
—
< —— —@— cdeeene —
N SWoz.a SWorp \ N N

Fig. 3.3.1 16-channel high-voltage-tolerance stimulator schematic.
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10us 10us
N Amplitude signal | Stimulus current

CAT I AMP[2:0] (Ist)
001 0.5mA
ANO 010 1.0mA
DISCHARGE | 011 1.5mA
100 2.0mA
lsT - 101 2.5mA
—I_ 110 3.0mA

b1 D2 (OF]

Fig. 3.3.2  Control signals and output waveform.

The block diagram of the stimulator which is shown in Fig. 3.3.3 consists of 16
stimulus units (level-shift (high-side), level-shift (low-side), and stimulus driver),
reference voltage generator, DAC, decoder, and high voltage generator. However, the

high voltage generator does not realize in this work.

ENABLE
—>

High Voltage Generator
Voo (12V) i
AMP[2:0] DAC &
’ Current Source

v | /I Region3
| svwen | Z Region?
Reference | Region1
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Generator i 1 Rl S
1XVpo (3V) L) channel
—— i ¢ Channel3 ; E
i' """""""""""" Channel2 § E :
CAT e Channel1 § § 8
—P ' - L
16 bits Level-Shift H '
_ANO_ ] 7 > (High-Side) [ RN
DISCHARGE ; g I
Decorder : Stimulus _x : : : '
R[1:0] (1.8V) E Driver i i E E
C[2:0] 16 bits : Level-Shift !
= 7 EV (Low-Side) ™ i E__i“
‘ L ' —
i Stimulus Unit T -

Fig. 3.3.3  16-channel high-voltage-tolerance stimulator block diagram.
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The proposed 16-channel stimulator is fixed on 4x4 electrode array (Fig. 3.3.4).
Only one pair of drivers can be chosen to stimulate current. Through control pins
(R[1:0], C[2:0] and PRI) we can decide which pair of drivers stimulates. The control
pins R[1:0] decide which region of four quadrants. The control pins C[2:0] decide
which pair in one quadrant. For example, if we choose C[2:0]=4, that means we choose

channel A and channel C. The control pin PRI decides the current direction.

4X4 Electrode Array

@ @ @ @ R[1:0] Select Region
c a c a C[2:0]

Select Channel
Reg2 Reg0 PRI Select Direction

@1 @, CHe

/ N\

CH4 CH5

® ©)|QO o o e
Reg3 Reg1 \é
e @lg =/ 0000

PRI=0:
-4 PRI=1

Fig. 3.3.4 4x4 electrode array.

3.3.2 Voltage Limiting Technique

The maximum voltage of the 0.18um standard CMOS process 1/O devices is 3.3V.
To prevent the devices from junction breakdown or gate oxide breakdown, we need
ensure any two points voltage of all devices smaller than this value (3.3V). Fig. 3.3.5
shows the concept of the voltage limiting technique. The main idea is to control the
source voltage of a transistor by giving a suitable gate voltage. Taking transistor Mn for
an example, if there is no current (Fig. 3.3.5 (a)) through Mn, the source voltage of Mn

will be charged up by leakage current until it is equal to its gate voltage. Otherwise, if
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there is a current flowing (Fig. 3.3.5 (b)) through Mn, the aspect ratio of the transistor is
designed to be large enough so that the Vs of Mn are slightly larger than the threshold
voltage (V). The drain voltage of Mn is controlled by the source voltage of the
transistor cascaded above. The body node of every transistor is connected to its own
source node to prevent large voltage leading gate oxide breakdown so that the deep
N-well layer is used to isolate the P-well region of each stacked NMOS from the
common P-substrate. The structure of PMOS works in a similar way. Following this
technique, when the gate voltages of all transistors are carefully determined, the

transistors will not overstress in high voltage condition and have more reliability.

2xVpp 4% 2xVpp ﬁlﬁ
2xVip ~2xVpp-Vin
1XVbp ~| Mn 1xVbp <IE]Mn
1XVpp ~1xVpp-Vin
1=0 10 \D
v

(@) (b)

Fig. 3.3.5 Voltage limiting technique [24].

3.3.3 Stimulus Driver

The stimulus driver which is designed to tolerate 4xVpp high voltage is modified
by [25]-[28]. Fig. 3.3.7 shows the schematic of stimulus driver which needs 1xVpp,
2xVpp, and 3xVpp bias. The driver is constructed from two parts, a self-adaption bias
circuit (Mg~M4) and stacked transistors (M;~Ms) using voltage limiting technique. To
prevent transistors overstressed problem during transient state, the protective diode

D;~Dg is added. All the transistors in driver are 3.3V /O devices. This driver can detect
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the voltage of node OUT and use self-adaption bias circuit to dynamically adjust the
suitable bias for stacked transistors to prevent overstressed problem.

To simply illustrate the complexity of driver operation, we set the driver circuit
like a 4xVpp high voltage-tolerant inverter (Fig. 3.3.6). However, the driver need
connect a current source above the driver in reality (Fig. 3.3.7). When transistor Mg is
turned on and transistor M; is turned off, the high voltage (4xVpp) delivers to node
OUT. V.4, Vs and V¢ will increase to 4xVpp, and transistors M; and M, will turn on.
Vg and Vo will increase to 3xVpp. When Vg increase to 3xVpp, transistor M4 will
turn off and transistor M3 will turn on. 2xVpp will deliver to V,7. Because transistor
M, is turned off, the I4s of M1~My is zero and the Vg, of M~My is zero. V3 will equal
Vis which is 3xVpp. The same result about: V,,=2xVpp and V,,;=1xVpp. Finally, all the
transistors in driver will not be-overstressed. In a similar way, when transistor Mg is
turned off and transistor M is turned on, the low voltage (0) delivers to node OUT.

4xVpp =
Level-Shift é Ms

| (High-Side) |

né

----------------- (] DGZF----'
3XVpp = Iﬂ .
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(]
'
2xVpp = ' E — OuUT
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- e
Mis . Ds H
Mio : —in3
' '
7y ¥ til IV
b o ¢
Mg : ' n2
. L}
(]
1xVpp =~ . E—I M.
-------------------- ' D '
Self-adaption bias circuit [ : | ; Stackc.ad
... Lt.d4--.o Transistors
Level-Shift ﬁ M
. (Low-Side) | :
GND =

Fig. 3.3.6  4xVpp high voltage-tolerant inverter.
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It is the same operation to accurately analyze in reality when we set a current
source above the driver and a resistor as a load connecting node OUT (Fig. 3.3.8). Let
the transistor Mg be turned on and transistor M; be turned off, the current is delivered by
transistors Ms~Mg to resistor. To consider transient state, current source is set from
small level to large level. Because of different current level, the voltage of node OUT
will be set to a specific voltage. In the following, we will separate four voltage
conditions at node OUT (~0, 1xVpp, 2xVpp, 3xVpp) to illustrate the voltage of all
nodes in driver.

In the previous state, the quiescent voltage at the nodes nl ton9 is 0, 0, 0, 1XVpp,
2xVpp, 3xVpp, 1xVpp, 1xVpp, 2XVpp respectively and Vour is 0.

Firstly, when current source is a very - small level, it makes Vour be almost zero.
The voltage at the nodes nl to n9 is ~0,~0,~0, 1xVpp+Vu, 2XxVpp+Vin, 3xVpptVin,
1xVpp, 1XVpp, 2xVpp respectively.

Secondly, when current source increases-current, it makes Vour be 1xVpp. The
voltage at the nodes nl to n9 is ~IxVpp, 1xVpp, 1xVpp, 1xVpp+t2Vi, 2XVpp+Vi,
3xVpptVim, 1XVppt+Vi, 1xVpptVin, 2XVpp respectively.

Thirdly, when current source increases current, it makes Vour be 2xVpp. The
voltage at the nodes nl to n9 is ~1xVpp, ~2xVpp, 2XVpp, 2XVppt2Vih, 2XVpp+3 Vi,
3xVpptVin, 2XVpp, 2XVppt Vi, 2XVpp+2 Vi, respectively.

Fourthly, when current source increases current, it makes Vour be 3xVpp. The
voltage at the nodes nl to n9 is ~1xVpp, ~2xVpp, ~3XVpp, 3xVpptVin, 3XxVpp+Vin,
3xVpptVim, 2XVpp, 3xVpp, 3xVpp respectively.

When current increases, it makes Vs and V,s increase. As a result, it makes
transistors M; and M, be turned on, then V.9 and Vg increases. When Vg increases, it
makes transistor M4 be turned off and M3 be turned on. The Self-adaption bias circuit

will track output voltage to decide the voltage at nodes n7, n8, and n9. As mentioned in
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section of voltage limiting technique illustrates, when V7~V is decided, the voltage at
nodes nl to n6 can be decided. Finally, all transistors in driver will not be overstressed
when the voltage at out node is from 0 to 4xVpp.

The same concept can also illustrate that when transistors both Mg and M, are
turned off, the wide range voltage source (0~4xVpp) put at output node. All the

transistors in driver will not be overstressed either.
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Fig. 3.3.7 High-voltage-tolerant stimulus driver.

3.3.4 Reference Voltage Generator
Fig. 3.3.8 shows the schematic of the reference voltage generator which divides
Vcee into 3 levels (1xVpp, 2xVpp, and 3xVpp) to provide the required reference

voltages for the stimulus unit. All the transistors in bias circuit are 3.3V /O devices.
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Transistors Mpgni~Mgpng, Mpi~Mps, and resistors Ri~Rj3 perform the function of the
voltage divider. Transistors Mp;~Mps and My;~Mns perform the function of the push
pull output stage. The dimension of transistors and the resistance of the resistors are set
to the same, S0 Vb1, Vb2, Vs Will be 1xVpp, 2xVpp, 3xVpp. The gate voltage of Mpp;
(Vp1) is 1xVpp-Vrrp and the gate voltage of Mgna (Vi) 1S 1XVpptVran. Thus, Vi
decided by transistors Mp; and My is 1xVpp. For the same principle, Vipn2 is 2xVpp

and Vi3 s 3xVpp. The transistors Mpy and My is used for resisting process variation.
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Fig. 3.3.8 Reference voltage generator.
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3.3.5 Level-Shift

As discussed in section 3.3.3, the transistors M; and Mg of the driver in Fig. 3.3.7
need to use level-shift to control it open and close. Thus, the Level-Shift (Low-Side)
(Fig. 3.3.9) and Level-Shift (High-Side) (Fig.3.3.10) are proposed.

Level-Shift (Low-Side) is a common level shift circuit. The key point of design
concept is that the size of transistors M; and M3 must be larger than M, and M, so that
Vy2 will be pulled down to low voltage enough when input control signal is low (0V) to
high (1.8V). Through the cross coupled pair, the positive feedback will let M4 will be
turned on and M, will be turn off when V,,; begins to be lower. Finally, the V,,, will have
a full swing and the output can transit OV to 3V. For the same principle, the input

control signal is high (1.8V) to low (0V),:the output will be 3V to OV.

1xVpp (3V)
-

Mg 5.

3v
n2 ouT
VboL (1 8V) T o
DD
\
18V no o
M,
GND

Fig. 3.3.9 Level-Shift (Low-Side).

Level-Shift (High-Side) can produce control signals which is operated in the range
of 3xVpp (9V) to Vee (12V). To avoid overstressed issue, the Level-Shift (High-Side)
consists of voltage limiting transistors. For an example to illustrate the circuit operate,
when input control signal is low (0V) to high (1.8V), Va1 is pulled down to 0. Because
of the gate voltage of M, and Masis 1XxVpp, Va2 Will be 0 and V.3 will be discharged

to 1xVpp. Following this procedure, the Va1 to Vya7 is 0, 0, 1XVpp, 1xVpp, 2XVpp,
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2xVpp, 3xVpp. In the other side, Vy is 0 and there is no current at this path. Because of
the gate voltage of Mgy is 1xVpp, Vi will be charged to 1xVpp. Following this
procedure, the Vo to Vibr is 1XVpp, 2XVpp, 2XVpp, 3XVpp, 3XVpp, 4XVpDp, 4XVDD.
Finally, the output will be 12V to 9V. For the same principle, the input control signal is
high (1.8V) to low (0V), the output will be 9V to 12V. The same key point of design
concept with Level-Shift (Low-Side), the size of Ma; to Ma7 and Mg, to Mgy must be

larger than Mg and Mpg to let circuit normal operate.
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Fig. 3.3.10 Level-Shift (High-Side).
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3.3.6 DAC & Current Source

Fig. 3.3.11 shows the schematic of DAC & current source. SpA current is
generated by the reference current source which has 3-bit trimming control pins to
adjust current inaccuracy by process variation. 3-bit amplitude signals control the DAC
to generate 5 to 30pA current (SpA per step). Then, the DAC current is multiplied by
100 times to the output (Ioyr) by current mirror. The voltage limiting transistors are

used to avoid overstressed issue.
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Fig. 3.3.11 DAC & Current source.
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3.4 Simulation and Measurement Results

3.4.1 Simulation Results

The proposed stimulator had been simulated in HSPICE with UMC 0.18um
1.8V/3.3V CMOS process. Fig. 3.4.1 shows the simulation result of the biphasic
stimulus current (Ist) at different amplitude and the 3.3V I/O devices overstressed test
shows the gate-to-source, gate-to-drain, and drain-to-source voltages of all the
transistors in stimulus driver. The simulation result observes that the driver is not
overstressed in steady state but has maximum voltage of Vpgs which is 3.7V in transient

state.

Tissue model
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VouTt TISSUE vourz @ gm igm In ZIm £l

..........................
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{lin)
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34
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Fig.3.4.1 The simulation result of all scale stimulus current.

To verify the stimulus driver will not have overstressed problem when another pair
of drivers stimulates the tissue, Fig. 3.4.2 shows the simulation result of the stimulus
driver by putting a ramp signal at output. When the ramp signal falls down from 12V to

0 V in 1ps, all the transistors in driver will not be overstressed.
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(b) The simulation result of 3.3V I/O device overstressed test.

Fig. 3.4.2 The simulation result of stimulus driver by putting a ramp signal at output.

Finally, Fig. 3.4.3 shows the simulation result of stimulus driver at power on state.

All the transistors in the driver will not be overstressed and can normal be started.

35



975u 980u 985u 980u 995u
PR T T N N YT T N Y T T S T T T N I WO

S T I

3.3V I/O devices

0
overstressed test
=14

2]

-37

L L e e o B e e s B B B e B e AL
975u 980u 985u 980u 985u

Fig. 3.4.3  The simulation result of stimulus driver at power on state.

3.4.2 Measurement Results

The proposed high-voltage-tolerance stimulus driver had been fabricated in UMC

0.18um 1.8V/3.3V CMOS process. The microphotograph of the fabricated chip which

includes 16 stimulus units, a reference voltage generator, DAC, and decoder is shown

in Fig. 3.4.4. The total area is 1852 %.999.98 umz. The chip had been bonded on the

PCB for measurement.

IR IRIBORURORORURCURCRURURCAC A e
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r 3

e ———— T

1852pm

Fig. 3.4.4 The microphotograph of the fabricated stimulator chip.
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Fig. 3.4.5(a) shows the measurement setup. Agilent B2902A is used to provide the
fixed voltage 1.8V (Vpp) and 12V (V¢c) and it is also used to measure power
consumption of the stimulator. Agilent 8110A is used to provide control signals CAT,
ANO, and DISCHARGE. Tektronix MSO 5104 is used to observe the waveforms of the

stimulation. The measurement environment is shown in Fig. 3.4.5(b).

Power supply
Agilent B2902A

Function generator
Agilent 81110A

Mixed Signal Oscilloscope
Tektronix MSO 5104

(b)

Fig. 3.4.5 The measurement setup of the source meter, the function generator, the

oscilloscope, and the chip is shown in (a). The measurement environment
is shown in (b). The outputs of the stimulator are connected to test

electrode-tissue equivalent circuit.
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The tissue model Rg, Cq4;, and R value are 3kQ, 100nF, and 10MQ. When the 3-bit
amplitude signal is set to logic 010 (1mA), the pulse width of CAT signal and ANO
signal are set to 50us, the interphase delay between them is set to 10us, and

DISCHARGE signal is set to120us, the biphasic stimulus waveform is measured in Fig.

3.4.6.
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Fig.3.4.6 The measurement result of stimulation.

To measure the stimulus current, we set only 1kQ resistance at output. Fig. 3.4.7
shows the result of the stimulus current. Fig. 3.4.8 shows the line graph of cathodic
current and anodic current. The current is 20% more than the specifications but still

remain linear.
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Fig. 3.4.7 The measurement result of all current levels.

35

N w
o o

N
o

Stimulus Current (mA)
> o

o
o

- —=a— cathodic current
- —e— anodic current

0.0

1 1 1 1 ! 1

001 010 011 100 101 110
3-bit Amplitude Signal

Fig. 3.4.8 The measurement result of comparing current and anodic current.
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The precision of the current balance is obtained by measuring the residual voltage
integrated on the 100nF Teflon capacitor at the end of the biphasic pulse. Fig. 3.4.9
shows the result of charge error. The tissue model is set by only Rg (1kQ) and Cgy
(100nF). To solve the dpi problem of oscilloscope, we set 10 continuous biphasic
stimulations to observe the residual voltage on the capacitor. The 3-bit amplitude signal
is set to logic 110 (3mA) and the pulse width of CAT signal and ANO signal are set to
100ps (Tstimuius)- The AVEerror 18 260mA, then the current mismatch is calculated as Eg.
(3-1) and Eg. (3-2). The current mismatch under different region and different channel

is shown in Fig. 3.4.10 and it is under 0.88% in all the condition.

AVERROR — |Icat_IanoC|><Tstimu1us (3_1)
dl
Current Mismatch = LeatZlanol o 1000, (3-2)

cat

In order the calculate the residual DC current with discharge signal, first, Eq. (3-3)

is used to illustrate the charge on Cg4 during discharge phase.

4() = q(0) X & ¢ (-3)

q(t) is the residual charge after discharge t second, q(0) is the residual charge
before discharge, and RC is time constant. In this case, the time constant is
1kQx100nF=100us and the discharge time is 500us-(50us+50us+30us)=370us
(assume the stimulus period is 500us, the pulse width of stimulus time is 50us,
interphase delay is 10us, the discharge control signal is given after 10us, and the
discharge control signal is turned off before 10us by next pulse of stimulus beginning),
so the allowed residual charge is reduced at least ¢>”’~1/40. Then the residual dc current

with discharge signal which can be calculated by Eq. (3-4) is 68nA.

IcatxCurrent MismatchXTgtimulus

Residual DC Current =

(3-4)

40xperiod
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Fig. 3.4.9 The measurement result of mismatch error voltage on Cg;.
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Fig. 3.4.10 The measurement result of current mismatch.

To verify the function of multi:channel stimulation, the tissue model is set as Fig.
3.4.11 and the oscilloscope can observe the stimulus current change by adjust the 2-bit

region control signal from 00 to 01.
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Fig. 3.4.11 The measurement result of changing region.
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Fig. 3.4.12 shows the function of priority control signal. We can observe when the
priority adjust from O to 1, the Irs will change the direction of stimulus current for first

cathode current to first anode current.
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Fig. 3.4.12 The measurement result of changing priority.
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3.5 Summary

The summary of the stimulator is shown in the Table 3.2. The measurement results
approach the simulation results and conform to the specifications. In the measurement
results, the cathodic/anodic matching is under 0.88%. The residual dc current is smaller
than 70nA and the power consumption is 36.33uW (1.8V) and 10.02mW (12V) when
the pulse width, period, and amplitude are set to 50us, 500us, and 3mA. The standby

power is 23.7uW.

Table 3.2

Summary of high-voltage-tolerance stimulator measurement results.

Pre-layout Post-layout
_

Voo (V) 1.8V
Vee (V) 12V
$0.5, $0.50, +0.50, +0.60, -0.61,
+1.0, +1.00, +0.99, +1.13, -1.17,
: ; £1.5, 2.5, 11.49, +1.71,-1.72,
Stimulus Current Amplitude (mA) 2.0, 2.00. +1.99, +2.15. -2.15,
12.5, 12.50, 12.49, +2.77, -2.73,
13.0, +3.01, +2.99, +3.27, -3.30,
Cathodic / Anodic Matching minimum 0.52% 0.70% <0.88%
Residual DC Current Error (nA)
(@biphasic, cat.=50us, ano.=50us, inter.=10us, <100nA 39nA 52.5nA <70nA
dis.=370us period=500us, amp.=3mA)
(g;;‘fgifg;ﬁgg:f‘;gg W) vop=tgv ..o 29.51uW 29.43uW 36.33uW
W10 T r i ey | NEC=12V. 8.73mW 8.65mW 10.02mW
Standby Power (W) minimum 18.54uW 18.34uW 23.7uW
Process UMC 0.18um 1.8V/3.3V CMOS process
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Chapter 4
Design of 16-Channel Biphasic Stimulus Driver
to Suppress Epileptic Seizure on Human Body In

the Low Voltage Process

4.1 Introduction

In the circuit design of epileptic treatment for rats [14], the signal acquisition and
stimulation are at different locations of cortex (Fig. 4.1.1 [29]). Different with rats,
because of the path of signal acquisition and stimulation through the same electrode in
human body, the stimulus driver on chapter 3 must be modified to add detect-mode
function. Based on the proposed 16-channel high-voltage-tolerance stimulus driver
which is already demonstrated ‘without gate-oxide overstress, hot-carrier effect, and
other reliability issues, the design of 16-channel biphasic stimulus driver with both

detect-mode and stimulate-mode functions is proposed in this chapter.

b LR Y Iy D/V 7.00 mm D/V 3.00 mm
b ek I W 1Wrrl /2 /7 » . J
% RN \ /// e v, - -
\.. 4= bE / 15F ::
|.o‘;‘. ] “’a Z ds
- 10F E
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\ 3 1-5
2 310
3 : 3-15
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10 5 [1] 5 10

Fig. 4.1.1 The cortex of rats and the position of ECoG electrodes and stimulating electrode.
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4.2 Design of 16-channel biphasic stimulus driver on SoC

4.2.1 Architecture
The modified stimulus driver is designed by two structures: driver (SWe1,p and
SWanap) and detect-switch (SWaeq). Fig. 4.2.1 shows a pair of drivers (2 channels) to

illustrate how the stimulator works.

High Voltage Generator
(Vee)

Current DAC

=

AN
lim
=
2

Signal Acquisition Unit

Fig.4.2.1 The modified stimulus driver schematic.

The modified stimulus driver operates in two modes: detect-mode and
stimulate-mode. In detect-mode (Fig. 4.2.2), the switch SW,q is turned on and the
switches SWq1,p and SWanap are turned off. The high voltage generator is at off state.

The brain signal can deliver to signal acquisition unit.
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High Voltage Generator
@Off state

(0mA)

Signal Acquisition Unit

Fig. 4.2.2 The modified stimulus driver schematic. (operating at detect-mode)

In stimulate-mode (Fig. 4.2.3), the switch SWyq is turned off. The operation of
driver is the same with high-voltage-tolerance stimulator in section 3.3.1. The stimulus
current is generated in three phases. Through controlling the switches SWei,, and

SWa2ap, the cathodic, anodic, and discharge current can be generated.
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Fig. 4.2.3 The modified stimulus driver schematic. (operating at stimulate-mode)
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The detail architecture of the stimulator which is shown in Fig. 4.2.4 consists of 16

stimulus units (stimulus driver, level-shift (high-side), and level-shift (low-side)),

reference voltage generator, DAC, quick-discharge circuit, control signal circuit, LDO,

level-shift (detect-mode), decoder and high voltage generator. In this case, the high

voltage generator uses cross-couple charge pump and provides 11V to stimulator.

However, the high voltage generator does not present in this work.

stimulate_enable

[
-

High Voltage Generator

Vee (11V)
¢ Y \
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Fig. 4.2.4 16-channel biphasic stimulator block diagram.
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4.2.2 Stimulus Driver

In the beginning, we mentioned that the path of signal acquisition and stimulation
through the same electrode in human body. The stimulus driver based on this function is
proposed as Fig. 4.2.5 and all the transistors in driver are 3.3V I/O devices. The
stimulus driver is consisted of detect-switch (Fig. 4.2.6) and driver (Fig. 4.2.8) and

operates in two modes: detect-mode and stimulate-mode.

High Voltage Generator
(Veo)

Current Source

Current DAC
| Level-Shift : )
(High-Side) Ms Stimulus Driver
n

v S
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n9 T —
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1xVpp & Ej M _T_
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DETECT_ENABLE_B DT DETECT_OUT

n
10| | Level-Shift
Vibo o>—I T M (Low-side) | Ms
Ma -

GND =

Fig. 4.2.5 Stimulus driver with detect-mode and stimulate-mode functions.

In the detect-mode, the brain signal through stimulus driver delivers to signal
acquisition unit. The driver turns on the detect-switch as Fig. 4.2.6 and the high voltage
generator is off state. The control pin DETECT ENABLE is set to 2.7V and
DETECT EBABLE B issetto OV. The 2.7V generated by Vipo through transistor M4,
diodes Da, Dg, D¢ delivers to the gate of My~M3 (Vis, Viz, 1XVpp). When Vg is

charged to 2.7V, the transistor Ms is turned off. Finally, the brain signal can deliver
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through by transistors M4, Mg from node OUT to node DETECT OUT. To avoid

leakage current in this path, the circuit needs other circuit to cooperate as Fig. 4.2.7.
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Fig. 4.2.6  Stimulus driver. (operating at detect-mode)
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In the stimulate-mode, the stimulus driver needs to stimulate a constant current to
tissue. In our measurement, the tissue resistor Ry is always about 3k ohm. When the
stimulus current is 3mA, a high voltage 9V will be at output node. To be integrated into
biomimetic systems and to achieve SoC, this work needs to be implemented in
low-voltage process. The operation of modified stimulus driver in the stimulate-mode
(Fig. 4.2.8) is the same in the concept of section 3.3.3. It can deliver low to high voltage
to output node and ensure that all transistors will not be overstressed. The diodes Da,
Dg, D¢ as off-state switch protect transistor M,y which will not be overstress in

stimulate-mode. In this case, the diodes maximum reverse voltage is 3XxVpp.
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Fig. 4.2.8  Stimulus driver. (operating at stimulate-mode)
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4.2.3 Voltage Reference Circuit

The bandgap voltage reference is used to generate the reference voltage of the
LDO and quick-discharge circuit. Fig. 4.2.9 shows the implemented bandgap reference
voltage circuit based on the architecture in [30]-[32]. The bandgap has high PSR
through feedforward ripple cancellation. The basic idea is to feed the supply noise
directly into the feedback loop and replicate ripples at the gate of the current mirror. By

this way, it would reduce the drain current variation from the current mirror and allow

the reference node to be less sensitive to the supply noise.

Voo (1.8V)
[ —

Feedforward Ripple
Cancellation

1

il

GND
[ —

g

OPAMP

Fig. 4.2.9 Bandgap voltage reference.

4.2.4 Low Dropout Regulator

Because the brain signal is very small and sensitive, the low dropout regulator
(LDO) is used to supply the clear bias as control signals for switches to stimulus driver
at detect-mode. The proposed LDO is capacitance-free architecture shown in Fig.

4.2.10. All the transistors in the LDO are 3.3V I/O devices and the LDO can regulate

3.3V to 2.7V.
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4.2.5 Quick-Discharge Circuit

Fig. 4.2.11 shows the quick-discharge circuit which is used to discharge Vcc made
by high voltage generator at initial stage of the detect-mode. To consider the
overstressed problem, the circuit separate two discharge paths to discharge current.
Firstly, the discharge current through Igjave Which is limited by Rymis is very small.
Secondly, when Va decreases under Vgg, the transistor M; will be turned on and the
large discharge current through Iyasier Will quickly discharge Vcc.
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Fig. 4.2.11 Quick-Discharge Circuit.
4.3 Simulation Results

The modified stimulator had been simulated in HSPICE with TSMC 0.18um
1.8V/3.3V CMOS process. Fig. 4.3.1 shows the layout photo of the 16-channel biphasic

stimulator. The post-layout simulation results will be presented in the following.

« 2740pm -

Fig. 4.3.1 The layout photo of the 16-channel biphasic stimulator.

Fig. 4.3.2 shows the results. of bandgap reference circuit. In Fig. 4.3.2(a), the
reference voltage is 1.2318V at 37°C by post-layout simulation result. The pre-layout
simulation and post-layout simulation have different voltage which is 0.2mV. Fig.
4.3.2(b) shows the MONTE CARLO analysis and the result is presented the voltage is

about 1.232V in different process corners and process mismatch.
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Fig. 4.3.2 The simulation result of bandgap voltage reference.

Fig. 4.3.3 shows the simulation result of quick-dischrge circuit. When control
signal Vouickpiscuarce 18 1.8V, the quick-discharge circuit will begin discharge the
high voltage (V) which is generated by charge pump by limited current 134uA. If
Vcc decreases to the particular voltage, the comparator makes control signal Vgw be
1.8V and lets the larger discharge current 2.42mA quickly decrease V¢c. Through this

protocol, all the transistors will not be overstressed.
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Fig. 4.3.3 The simulation result of quick-discharge circuit.

Fig. 4.3.4 shows the simulation result of stimulator during changing detect-mode
to stimulate-mode. When control signal Viode select 1S zero, the stimulator operates in
detect-mode and Vgetect out can successfully deliver the brain signal which is simulated
by sine wave which frequency is 1kHz and amplitude is 1mV. When control signal
Vimode-seleet 1S 1.8V, the stimulator operates in stimulate-mode. In this phase, the charge
pump begins to generate 11V and the stimulator delivers biphasic current to tissue.
Moreover, Fig. 4.3.5 shows the simulation result of all scale stimulus current which is

control by changing 3-bit amplitude signals.
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4.4 Summary

The summary of the stimulator is shown in the Table 4.1. The simulation results
conform to the specifications. In the simulation results, the cathodic/anodic matching is
0.317% in post-layout simulation. The residual dc current is 23.78nA and the power
consumption is 93.75uW (1.8V), 86.08uW (3.3V), and 7.3mW (11V) when the pulse

width, period, and amplitude are set to 50us, 500us, and 3mA. The standby power (in

detect-mode) is 82.9uW (1.8V) and 86.3uW (3.3V).

Table 4.1

Summary of 16-channel biphasic stimulator measurement results

Pre-layout
simulation

1.8V /3.3V
v

VooL / Voou (V)
Vee (V)

Stimulus Current Amplitude (mA)

Cathodic / Anodic Matching

Residual DC Current Error (nA)
(@biphasic, cat=50us, ano.=50us, inter.=10us, dis.=370us
period=500us, amp.=3mA)

Power Consumption(W) Voo =1.8V
(@stimulate-mode, Vene=3.3V
biphasic, cat.=50us, ano.=50us, inter.=10us, EOHR
dis.=370us, period=500us, amp.=3mA) Vee=11V
Standby Power (W) Voo =1.8V
(@detect-mode) Vppy=3.3V
Process
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10.5,
1.0,
1.9,
12.0,
+2.5,
13.0,

Minimum

<100nA

Minimum

Minimum

+0.502,
+1.002,
+1.507,
12.008,
12497,
+2.999,

0.406%

30.45nA

96.17uW
85.38uW
7.4mW

85uW
85.3uW

Post-layout
simulation

+0.502,
+1.002,
11.501,
11.999,
12.497,
12.994,

0.317%

23.78nA

93.75uW
86.08uW
7.3mW

82.9uW
86.3uW

TSMC 0.18um 1.8V/3.3V CMOS process



Chapter 5

Conclusions and Future Works

5.1 Conclusions

The advanced treatment for suppressing epileptic seizure by using multi-channel
biphasic stimulator is proposed. The advantage of using electrical stimulation has two
reasons. First, it is non-reversible surgical treatment, so the patients will not have the
injury problems of the important area of cerebral cortex such as the primary motor
cortex. Second, the multi-channel technique has more accurate prediction for
seizure-onset zone and makes more effective stimulation for suppressing epileptic
seizure.

In this work, the design of 16-channel high-voltage-tolerance stimulator had been
fabricated in UMC 0.18um 1.8V/3.3V CMOS process and is investigated and verified.
The high-voltage-tolerance stimulus driver through self-adaption bias circuit and
stacked transistors can operate with 12V high voltage and successfully deliver biphasic
current to tissue. The residual dc current is smaller than 66nA under the safe dc error
current 100nA, so this device might not cause injuries to the tissue during the
stimulation.

After demonstrating by 16-channel high-voltage-tolerance stimulator, the
16-channel biphasic stimulator with detect-mode and stimulate-mode functions is
proposed. Because the acquisition of brain signals and stimulation use the same
electrodes in human body, the circuit must be consider the gate-oxide overstress,
hot-carrier effect, and other reliability issues during changing detect-mode and

stimulate-mode. The simulation results present that the proposed circuit can fit this
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condition. The device will be taped out in TSMC 0.18um 1.8V/3.3V CMOS process

and integrated in epileptic SoC. The SoC layout photo is shown in Fig. 5.5.1.

R ERENEE [MERERS FEEEDT

- 4.8mm _>

Fig. 5.1.1 The layout photo of the epileptic SoC.
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5.2 Future Works

5.2.1 Electrode Monitoring Circuit

The electrode monitoring circuit (EMC) [33] can immediately measure the
electrode output voltage during stimulation and it has two advantages. First, the
electrode monitoring circuit can be used to control the high voltage generator. When
the electrode output voltage is smaller than V¢ and it means that the V¢c is high
enough to generate to stimulus current for the impedance of tissue, high voltage
generator can decrease the V¢ to reduce the power consumption by using the dynamic
high-voltage control signal [34]. Second, by using the impedance analyzer, the tissue
impedance can be calculated. Through ascertaining the abnormal of impedance such as

(open or short), the enable signal can control stimulus driver to stop the stimulation and

prevent the tissue damage.

Dynamic High-Voltage
Control Signal

High Voltage
Generator

Vee

\
Current
DAC

Stimulus
Driver

Enable
Signal

Fig. 5.2.1 Architecture of electrode monitoring system.

Stimulus
Driver
A
Electrode Monitoring
Circuit
h J
Enable
Impedance Signal
Analyzer
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5.2.2 DC Blocking Capacitance

Adding the DC blocking capacitance at the output of stimulus driver can ensure
the fail-safe condition because the capacitance will block the dc current to prevent
tissue damage when the circuit component fails as a short or open circuit. Fig. 5.2.2
shows the architecture of the monopolar biphasic stimulation (a), bipolar biphasic
stimulation (b), and monopolar monophasic stimulation (¢) by using dc blocking
capacitance. Unfortunately, the value of the capacitance is usually micro-scale level
and it is impossible to achieve on chip, so the volume of stimulus system is depended
on the number of discrete capacitances (Fig. 5.2.3). To achieve full on-chip system, the
high-frequency current-switching technique (HFCS) is used to reduce the dc blocking
capacitance to pico-scale level. Fig. 5.2.4 shows the proposed stimulus driver based on

monopolar monophasic stimulation [35][36]-

Voo Vop
A: anodic electrode

] C: cathodic electrode
stimA

blocking
capacitor

Sy

JF\lim

I stimC

w®
-

(a) (b) (c)

Fig. 5.2.2 Conventional stimulator output stage configurations for two-electrode
setup. (a) Dual supplies with active cathodic and active anodic phases. (b)
Singe supply with active cathodic and active anodic phases. (c) Single

supply with active cathodic phase and passive anodic phase.
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Fig. 5.2.3  The stimulus system. (The discrete off-chip capacitors (orange devices)

dictate the implant volume.)
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Fig. 5.2.4 (a) HFCS technique stimulus driver. (b) Timing waveforms. (c) The results

of stimulation.
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