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Institute of Electronics
Electrical and Computer Engineering College
National Chiao-Tung University

Abstract (English)

The novel design with the adaptability prevents from unexpected stimulus current
was proposed for medical safety, since the safety is the prime concern for human use.
The prototype of the stimulus driver circuit with voltage-mode adaptor for
micro-stimulator used in implantable device is presented in the first design of this work.
For epilepsy control, the target of the driver is to generate an output stimulus current of
30 pA, as the tissue impedance varies within 20~200 kQ. The driver, composed of the
output stage, current sensor, and control block, has been integrated in a single chip. The
averaged power consumption of the driver is 0.24~0.56 mW under 800-Hz stimulation
rate. Fabricated in a 0.35-um 3.3-V/24-V bipolar CMOS DMOS (BCD) process and

integrated into closed-loop epileptic seizure monitoring and controlling system, the
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performances of this first design have been confirmed by experiment results in the
Long-Evans rats with spontaneous absence seizures. The second design of this work
adopts charge pump circuit with consideration of integrity of whole therapeutic system
with other sub-system together. The second design, composed of the output stage,
current sensor, control block, and charge pump circuit, has been integrated in a single
chip. Utilized two-lead electrode set and current-mode adaptor, the stimulus driver is
able to generate bi-phase stimulus current and to regulate suitable operating voltage.
The averaged power consumption of the second design is 1.1~1.6 mW with a single

power supply of 3.3 V (Vpp).
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Chapter 1

Introduction

1.1 Motivation

As medical science and electronics engineering evolving, bioelectronics
combines knowledge of outstanding microelectronics technology and excellent
medicine, bioelectronics result in a new generation of healthcare and therapies. There
are several fabulous applications of bioelectronics such as magnetic resonance
imaging and electroencephalography (EEG). In recent decades, the inseparable
relationship between electrical transaction and nervous system has been researched
and verified [1]. Thus, functional electrical  stimulation (FES) and therapeutic
electrical stimulation (TES) that transmits artificial: electrical signal into nervous
system has been studied for innovative medical treatment in different application such
as cardiac pacing, muscle exercising and even vision restoration [2]. Epilepsy is one
of diseases related to nervous system also.

Epilepsy, caused by abnormal discharge activity in brain, is one of the most
common neurological disorders and seriously restrains patient’s daily life, the
incidence rates of epileptic seizures were found to be 134/100,000 [3]. That is to say,
millions of people suffer from epilepsy in the world. As medical science improved
continuously, therapies of epileptic seizure include pharmacologic treatment and
surgical treatment, pharmacologic treatment are applied in the first place, however, for
patients who do not respond to the medicament, non-reversible brain surgery is in
common used. This is risky surgery that might cause functional losses. In addition, in

these patients, only 75% do response well to traditional therapies [4]. Nowadays,



epilepsy becomes predictable by analyzing EEG in time or frequency domains,
several methods of prediction have been researched, including predictal features and
prediction by classification [5], [6]. It also has been demonstrated that the abnormal
discharge signal that causes epilepsy can be suppressed by TES before epilepsy
happen [7]. Compare to non-reversible surgery, electrical stimulation treatment is
more harmless to tissue in brain and it is more flexible.

Though, TES is a possible way to suppress epileptic seizure or cure other
diseases, stimulus driver for TES still faces to several challenges. Due to different
kind of tissue, location, and implanted time, effective impedance of electrode will
varies in a wide range. The impedance ranges from dozens of kQ to several hundreds
kQ. Under the condition, while required stimulus current is fixed, output voltage
varies in a wide range correspondingly.. High operating voltage might results in
problems of gate-oxide overstress; hot-carrier-effect, and other reliability issues [8]. In
addition, power consumption is alsa.the critical.consideration, because it is inversely
proportional to the use time in Amplantable device. Though power consumption,
reliability and safety are vital considerations of stimulus driver of TES, the stimulus
driver that takes both mentioned factors into consideration was never reported in the
past. This thesis proposes two stimulus drivers with the same concept of adaptive
loading consideration. By detecting feedback signal from stimulus drivers, method of

regulation of operating voltage is investigated and verified in this work.

1.2 Thesis Organization

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

The chapter 2 of this thesis introduces some background knowledge of epilepsy,



epileptic seizures treatment, and implantable stimulus driver.

In the chapter 3, a new design of single-phase stimulus driver to suppress
epileptic seizure with voltage-mode adaptive loading consideration is proposed, which
has been verified in a 0.35-um 3.3-V/24-V BCD process. The integration of the
prototype of proposed stimulus driver and closed-loop epileptic seizure monitoring
and controlling system has been implemented and verified.

In the chapter 4, a new design of bi-phase stimulus driver to suppress epileptic
seizure with current-mode adaptive loading consideration is proposed, in order to
integrate into implantable device with identical power supply, charge pump has been
integrated into the proposed design.

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

and concludes with suggestions for future.investigation.



Chapter 2

Background of Epilepsy, Epileptic Treatment
and Design of Implantable Stimulus Driver

2.1 Overview of Epilepsy and Epileptic Treatment

Epilepsy, one of the common neurological diseases, is caused by transient
abnormal discharge in brain [9]. Brain is the most complex organ of body with
hundreds of thousand of neurons which deliver signal by electrical and chemical
mechanism and are the basic component part of the nervous system. Nervous system
organizes and coordinates the action and: sensation of the organism and delivers the
signals between different parts of body. Action of organism is controlled by motor
neurons and sensation of organism is<controlled by-sensory neurons. These neurons,
excitable by electrical stimulation, transmit ‘information by transfer of ions such as
potassium, chloride, and sodium. By changing concentration of ions, voltage gradient
of membrane of neurons generate an action potential which transmits along nervous
system and triggers another neuron [10].

Under normal brain activity, brain generates constant and stable electrical signals
in certain patterns that depend on state of body as shown in Fig.2.1 [11], [12]. These
signals transmit along neurons of nervous system in the brain, spinal cord, and ganglia
to whole body via neurotransmitters. During epileptic seizure, abnormal discharges
burst and affect other tissue of nearby area, and trigger a chain of electrical discharges
that are more intensive than normal [13]. Fig. 2.2 is EEG of abnormal brain activity

and electrode array which is used to record brain activity [14].
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Fig. 2.2. Left side is electrode array that is used to record long-term brain activity of
patient. Right side is EEG of epileptic patient, channels with black mark indicates that

epileptic seizure occurs, channel with gray mark indicates nearby area that is affected
by abnormal discharge which forms epileptic seizure [14].



Thus, normal brain activity is interrupted by chain reaction of discharges and
patient’s physical, emotional functions are affected. Generally, there are two seizure
types including partial seizures and generalized seizures [13]. While partial seizures,
abnormal bursts of electrical energy occur in just one location of the brain.
Generalized seizures may affect entire nervous system in the brain with widespread
abnormal discharges. Partial seizures, the common form of seizure, include simple
partial seizures and complex partial seizures. The difference between them is whether
patients keep on conscious or unconscious during epilepsy. When simple partial
seizures, patients remain awake and can remember what happened during the period.
But, emotions, sensations, and motions are affected. Complex partial seizures
influence a greater area of the brain and patients usually become unconscious, patients
can not behave normally; control their.motions; talk with each other; and won’t
remember what happened after-epileptic seizures.

There are more than 40 types of epilepsy,-these epilepsies classify by location of
seizures, syndromes, and causes. Each. of epilepsy has unique seizure type, age group,
diagnosis, and treatment. Although most type of epileptic seizures won’t last a long
time, most of them prolong only one or two minute, epilepsy affects patient’s daily

life deeply.

2.2.1 Available Epileptic Treatment

Pharmacologic treatment is basic and the most used therapy. Due to
diversification of epilepsy, there are more than 20 medications that are developed to
treat different types of epileptic seizures. According to age, patient’s condition, and
what kind of epilepsy, doctors choose suitable medications (antiepileptic drugs or

AED) for treatment. Two types of AEDs can be used, narrow spectrum AEDs focus



on small number of epileptic seizures, and broad spectrum AEDs work for a large
group of seizures. However, epilepsy is a complicated disease. There is no standard
recipe to decide which medication to use for epileptic patient. The effectiveness and
side effects are mainly consideration of prescription. Most of patients’ condition can
be ameliorated by AEDs, however, every kind of medicines sometimes might lead to
side effects including blurry vision, dizziness, headaches, and fatigue [15], [16]. In
addition, these medications might lead to allergic in roughly 10% of people and can
impair blood cell or liver. Unfortunately, some patients do not respond to AEDs, their
epilepsy is medically refractory. They might take other treatments into consideration
such as surgical treatment.

Surgical treatment is an alternative option for patients whose seizures cannot be
controlled with medications [17]. Pros.and cons.of surgery should be measured
cautiously, because it is risky that-might causes functional loss. Besides, there is no
guarantee that epileptic seizures canbe cured.totally. Before the surgery, evaluation of
patient is taken, that locates the ‘brain areas, called epileptic focus, that discharge
abnormally and determine which brain areas and functions will be affected. The
evaluation includes long-term EEG recording, as shown in Fig. 2.3 [18], neurological
examination, MRI, etc. What kind of surgery is applied depends on different kind of
seizures and the location of the brain. There are two basic brain surgeries for epilepsy,
resection surgery and disconnection surgery. In former type, resective, surgeon
removes abnormal brain area that initiates seizures. The most common type of
resection surgery is temporal lobectomy. In latter type, sometime called functional
disconnection, surgeon interrupts the nerve direction that spread abnormal discharges.
However, surgical treatment is not a suitable option for every patient whose seizures
cannot be ameliorated by available medications. Because some section of brain are

too important to remove. For example, removal of the part of brain might results in
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palsy on side of the body.

Fig. 2.3. The electrode array Which is used, for Idng'-'term EEG recording [18].
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Expect for pharmacologic treatmeﬂt:émjﬂgical ,éreatment, electrical stimulation
is a treatment for drug-resistar.ft”jepiléblsy and_A ha‘ve"‘been investigated and approved
currently [19]. Advantages of eIecfril:aI 'stiurﬁl-JIation are flexible, recoverable, and
non-destructive. Vagus nerve stimulation (VNS), as shown in Fig. 2.4, is one of
electrical treatment [20]. The vagus nerve is autonomic nervous system, which
controls body functions that are not under voluntary control. The vagus nerve is
situated the neck and connect abdomen and the lower part of brain. Device of VNS
consists of pulse generator, flexible wire, and electrodes. By sending regular pulses of
electrical signal via vagus nerve, VNS system can suppresses epileptic seizures before
seizures happen. Currently, VNS is approved by Food and Drug Administration
(FDA). And a number of electrical treatments have been research such as deep brain

stimulation (DBS) as shown in Fig. 2.5 [21].



VAGAL NERVE STIMULATOR

Brain A pulse generator is implanted
on the left side of the chest,
and a lead connectsitto a
tether and two electrodes that
coil around the vagus nerve.
The VNS generates an electri-
cal pulse that stimulates the
/ vagus nerve. The pulse pre-
g:?vues vents the abnormal electrical
| ~ L activity that causes a seizure
and patients are able to acti-
vate the VNS when they feel a

seizure coming on.
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Fig. 2.4. Vagus nerve stimulation [20].

Fig. 2.5. Deep brain stimulation [21].

2.1.2 Epileptic Seizure Detecting and Controlling System

In recent decades, epilepsy becomes predictable by detecting epileptic seizures
from EEG in time or frequency domains, a number of methods of prediction have

been researched, including predictal features and prediction by classification [22],

9



[23]. It also has been demonstrated that the abnormal discharge signal that causes
epilepsy can be suppressed by TES before epileptic seizures happen [20]. A variety of
epileptic seizure detecting and controlling systems has been studied and implemented.
The systems for epileptic treatment are mainly classified by stimulus types, open-loop
systems and closed-loop systems [24].

Open-loop systems, or so called blind systems, do not respond to physiological
activity immediately. The neuroscientists intend to modulate seizures by activating
and inactivating region and set the required stimulus current for individual. Open-loop
systems regularly turn on and off at a fixed pattern which is determined by
neuroscientists before the event. Currently existing systems that approved by FDA are
all adopts open-loop systems [20]. Closed-loop systems, so called intelligent systems,
are more complicated. The systems are switched on by detecting seizures onset. In
comparison with open-loop systems, closed-loop systems can minimize the effect to
human body. Closed-loop systems consist.of detector, signal analyzer, and stimulus
driver. As current researches shown; epileptic seizures could be tracked back to tens
of seconds before onset. For example, closed-loop system may be quite effective for
epileptic seizure in the hippocampus, where seizures may remain confined for up to
10 seconds prior to propagation [25]. Therefore, a number of algorithms have been
proposed for rapidly detecting and classifying the sign of different kind of epileptic
seizures. These algorithms analyze the brain activities records from EEG or
electrocorticogram (ECOG) and extract the feature of seizure-like brainwave, and the
outcome of analysis can be utilized to switch on therapeutic intervention. Due to
complexity of closed-loop systems, power consumption is one of mainly
considerations of embedded systems. Fig. 2.6 is a closed-loop epileptic seizure

monitor and controller presented in 2009 [26].
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Fig. 2.6. The closed-loop epileptic seizure monitor and controller [26].

2.2 Brief Introduction of Implantable Stimulus Driver Technology

Therapeutic electrical stimulation (TES) and functional electrical stimulation
(FES) have been developed and implemented for a variety of applications in medical
science and clinical trials. Some diseases were, considered hard to cure in the past,
such as the retinitis pigmentosa (RP) [2],:Alzheimer’s disease [27], and damaged
central nervous system. Nowadays, these diseases hﬁight become curable through
implantable stimulus driver. Thereforé, a4 variety of irﬁplantable stimulus drivers have
been researched and presented. The mainly. considerations of implantable stimulus
driver include safety, reliability, charge balance, voltage compliance, power
consumption, and density of stimulus site. This subsection briefly introduces designs
of former proposed stimulus drivers and their advantages and disadvantages.

For consideration of safety, the stimulus driver without off-chip
blocking-capacitor was ever proposed in 2006 [28]. Some irresistible factors might
cause damage to implanted devices such as moisture, a failure in output stage of
stimulus device can results in fetal damage. Therefore, the use of blocking-capacitor
in output stage of stimulus drivers is common practice, that can prevents prolonged dc
current flow from stimulus driver to human body. However, sizes of capacitors are too

large to integrate into chips, and usually dominate the size of implantable stimulus
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driver. The technique pronounced in 2006 utilized two complementary current sources
to deliver stimulus currents have been presented in recent literature [28]. By
complementary delivering stimulus current and discharging accumulated charge on
another capacitor, size of blocking-capacitor is reduced by ratio of switching rate.
Thus, reduced capacitors can be integrated into implantable stimulus driver. However,
the blocking-capacitors provide output stage of stimulus driver with extra voltage
drop, the required headroom of the circuit is much larger. It directly decreases voltage
compliance of the circuit. If tissue impedance is increasing, stimulus current will
decrease dramatically.

Because electrical stimulation is delivered by transferring charge over electrodes
into the tissue, while stimulus current is conducted, chemical process will occur at the
electrode-tissue interface. Some‘studies.revealed that unbalanced stimulus current
causes net charge stores in body-and leads-to destructive problems of electrolsis,
gazing, pH changing, and dissolution [29]..To.prevent from these problems, a number
of implantable stimulators have been.presented and aim of these works concentrated
on balance of anodic pulse and cathodic pulse. The methodology, dynamic current
balancing, as shown in Fig. 2.7 [30], and feedback DAC calibration, have been used
for minimizing mismatch between anodic and cathodic current.

Besides, in order to achieve large voltage compliance to close fixed power supply
and maintain high output impedance to hold the constant stimulus current irrespective
of highly variety of stimulus site and tissue impedances, improved current sources
have been proposed. Fully cascade and wide swing cascade current sources, as shown
in Fig. 2.8 [30], are widely used in output stage of stimulator to increase output
resistance. Another voltage controlled resisters (VCR) current source gains large
voltage compliance close to the fixed power supply by utilizing MOS transistors in

deep triode region, as shown in Fig. 2.9 [31]. However, if variance of output voltage
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caused by variety of tissue impedance closes to fixed power supply, stimulus current
will decreases dramatically. Moreover, most of former designs of stimulus drivers
rarely take one of the considerations into account. This work investigates stimulus
driver for epileptic seizure control with consideration of reliability, safety, and mainly

adaptive against variation of tissue impedance.
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Fig. 2.7. Dynamic current balancing technique [30].
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Chapter 3

Design of Single-Phase Stimulus Driver to
Suppress Epileptic Seizure with Voltage-Mode
Adaptive Loading Consideration

3.1 Introduction

Epilepsy is one of the most common neurological disorder that caused by abnormal
discharge in brain. Epilepsy was treated by several treatments like antiepileptic
medicament and surgery. For patients who do. not respond to the medicament,
non-reversible brain surgery is-in common use: This is risky surgery that might cause
functional loss. In these patients, only 75% do response to traditional therapies [32].
Nowadays, epileptic seizures ‘become predictable by detecting premonition of
epileptic seizures from electroencephalography (EEG) or electrocorticogram (ECOG)
in time or frequency domains. A number of methods of prediction have been studied,
including predictal feature, prediction by classification, and prediction by probability
estimation [5], [6]. It has been demonstrated that the epileptic seizures caused by
abnormal discharge signal can be suppressed by electrical stimulation before epilepsy
happen [7]. Compare to non-reversible surgical treatments, electrical stimulation
therapies are harmless to the tissue of the brain, and it can make adjustment arbitrary
and is more flexible. As the transistor size reducing in CMOS technology, devices can
integrates into a chip that is implantable. Fig. 3.1 shows the block diagram of an

implantable stimulus driver for epileptic treatment.
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Fig. 3.1. The block diagram of an implantable stimulus driver for epileptic treatment.

With the consideration of reliability, power consumption, and safety, the stimulus
driver used in the implantable device for seizure control is investigated in this work.
The required stimulus current ranges from 20 pA to 50 pA in cooperative experiment.
The effective impedance of electrode varies from 25 kQ to 200 kQ because of
different kind of tissue, location, and implanted time. In order to meet the
requirements, output voltage range of,stimulator, should be designed from 0.4 V to 10
V. Therefore, the 0.35-um 3.3-V/24-V BCD process, is used in this work for output
stage of stimulus driver and -chip implementation. Power consumption is also the
critical consideration, because. it s Inversely proportional to the use time in
implantable device. In order to minimize power consumption of this stimulator,
supply voltage of this work can be adjusted according to different impedance by
voltage-mode adaptor. The detailed circuit simulation and measurement results of the

proposed design will be presented in the following sections.

3.2 Device Fabrication

This work adopts 0.35-um 3.3-V/24-V BCD process which includes low voltage
part is of 3.3 V logic device and high voltage part which is able to tolerance 24 V
across drain to source and gate to source. For high voltage part, the asymmetric
nLDMOS and pDMOS structures are recommended.

For the nLDMOS in the 0.35-um 3.3-V//24-VV BCD process [33], the drain and
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source/body regions are defined in different active areas. The gap between the N drain
and the polygate of the nLDMOS device is thereby a field oxide (FOX) region. A
device cross-sectional view of the 24-V nLDMOS is shown in Fig. 3.2. The FOX gap
of the 24-V nLDMOS can avoid the field crowding near the drain of NLDMOQOS, which,
in turn, helps the nLDMOS to sustain the high operating voltage of 24 V. In both HV
technologies, because the NLDMOS devices are surrounded by HV n-well [34], the
p-type body (p-body) of nLDMOS devices are fully separated from the common
p-type substrate (P-sub). Additional P body pick up at every source region is required
to provide the potential of the p-body. Channel lengths are defined by the overlapped
distance of the p-body and the polygate. A device cross-sectional view of the 24-V

pDMOS is shown in Fig. 3.3.
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Fig. 3.2. Cross-sectional view of the 24-V nLDMOS.
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Fig. 3.3. Cross-sectional view of the 24-V pDMOS.

3.3 Novel Single-Phase Stimulus Driver with Voltage-Mode Adaptive

Loading Consideration

Electrical stimulation therapies are new generations of medical science. A number
of diseases that lack of properly treatment in the past are curable by functional
electrical stimulation (FES) or therapeutic electrical stimulation (TES) such as retinitis
pigmentosa (RP) [2]. Thus, stimulus drivers for medical treatment become a
prospective research topic currently, and a variety of design of stimulus driver have
been researched and pronounced; according to these researches and applications, the
mainly considerations of device for medical treatment have been thoroughly
investigated too [35]. By medical prospective, safety and reliability of embedded

device are prerequisite, and it must be able to tolerant variation of the operating
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environment, the human body, such as moisture. By electrical engineering prospective,
in order to prolong the operating time, power consumption is a vital issue for
implantable device. However, there is no implantable stimulus driver take both issues
into consideration.

This chapter, a new implantable stimulus driver for epileptic seizures control with
adaptive loading consideration of safety, power consumption, and reliability of variety

of tissue impedance is proposed.

3.3.1 Implementation

The proposed stimulus driver consists of output stage with block-capacitors,
voltage-mode adaptor, and control black, as shown in Fig. 3.4. In practice, depending
on different kind of stimulus sites, therapeutic requirement, and implanted time, tissue
impedance varies from tens of kQ to hundreds of kQ. The experimental required
stimulus current is 40 pA in this work.. The effective.impedance varies from 20 kQ to
200 kQ. That is to say, output voltage and required power supply are much higher
than operating voltage (Vpp) that in common use. And it is obvious that variation of
required operating voltage (Vcp) of output stage depends on tissue impedance
correspondingly. Thus, output stage of stimulus driver adopts 0.35-um 3.3-V/24-V
BCD process which is able to tolerate 24 V at most; therefore, the proposed stimulus
driver won’t suffer from problems such as gate-oxide reliability and hot-carrier
degradation that might lead to failure of implantable stimulus driver. In order to
reduce size of the device and power consumption, the voltage-mode adaptor and the
control block adopt the 3.3-V devices with fixed operating voltage (Vpp).

For safety consideration, the use of blocking-capacitors in series with the output

stage of stimulus driver serves an important purpose: to prevent prolonged DC current

19



from flowing into the tissue in the event of semiconductor failure [36]. The current

passes through the blocking-capacitors can be explained by Eq. (3-1).

lim = C * dV / dt (3-1)

However, in order to correspond to requirement of stimulation which includes
stimulus duration and amplitude of stimulus current, the size of blocking-capacitors
are too large to integrate into a chip. For example, for stimulation with current

amplitude of 100 pA during 1 ms, minimum capacitance requires at least 0.1 uF with

1V voltage-drop.
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Fig. 3.4. The proposed stimulus driver consists of output stage with block-capacitors,
voltage-mode adaptor, and control block.

In order to resolve problem of blocking-capacitors, a number of circuit design

have been studied. High-frequency current-switching (HFCS) blocking-capacitors are
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utilized to reduce size of blocking-capacitors [28]. For a given stimulus current (lstm),
both reduction of pulse width (dt) or increase of voltage drop (dV) across the
blocking-capacitors can lessen required size of capacitor. HFCS capacitors utilize two
complementary current sources with blocking-capacitors and turn on current sources
out-of-phase. Complementary stimulus current outputs (lsourcer and lsource2) CONVerge
and form a complete stimulus current (lsim) as shown in Fig. 3.5. Thus, each stimulus
period is reducing, while current amplitude is unchanging, reduction ratio of
blocking-capacitors is directly proportional to switching frequency. That is to say, as
above example, by adopting HFCS and delivering stimulus current of 100 nS each,
only 10 pF capacitor is required while the same voltage drop across

blocking-capacitors.

Istim

l
100 pA

F— 1ms —

I 2
[T

Fig. 3.5. Complementary stimulus current outputs (lsourcezr @Nd lsource2) CONVerge and
form a complete stimulus current (Istim).

Isourcel

Isourcez

For the purpose of reducing size of blocking-capacitors and minimizing voltage

drop on blocking-capacitors, switching frequency is set up at high frequency, 2.5
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MHz. As shown in Fig. 3.4, output stage of the proposed stimulus driver adopts HFCS,
during the stimulus driver “turn-on” interval, the control signal of Trigger, Tri_up, and
Tri_down switch complementary. During upper stimulating phase, Tri_up is low (0 V)
and Tri_down is high (3.3 V). For upper current source, Mn2 is biased through Mp1,
and Mn3 is switched-off. The stimulus current is delivered by current mirror Mp2 and
Mp3, and passes through C1 and D2. Meanwhile, down current source is discharging
phase, Mn5 is switched-off, and Mn6 is switched-on. The charged C2 can discharge
by D3, C2, and Mné.

During down stimulating phase, Tri_up is high and Tri_down is low. For upper
current source is discharging phase, Mn2 is switched-off, and Mn3 is switch-on. The
charged C1 can discharge by D1, C1, and Mn3. Meanwhile, down current source is
stimulating phase, stimulus current is delivered by ‘current mirror Mp5 and Mp6, and
passes through C2 and D4. During the stimulus driver: “turn-off” interval, both Tri_up
and Tri_down are high (3.3 V), gate'of . Mn2_.and Mn5 are grounded, no stimulus
current is delivered. According to-structure of the ‘proposed stimulus driver, equation

of the operating voltage (\VVcp) that output stage required is shown by Eq. (3-2).

Vep = VDSp + AV + AVbiode + Rrissue lstim (3'2)

where Vpg, denotes the voltage between drain and source terminals of Mp3 or Mpé6,
AV¢ denotes the voltage of C1 or C2, and AVpiege IS the voltage of D2 or D4. It is
obvious that VVcp depends on tissue impedance (Rrissue) @and stimulus current (Rrissue)-
In addition, the last item of Eq. (3-2) usually dominates the required Vcp. Thus, if
tissue impedance varies by factors mentioned above such as implanted time, the
required Vcp changes largely, too.

Tissue impedance of experiment results verses implanted time in different stimulus
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site of right-side Zona Incerta (ZI) of Long-Evans rats is shown in Fig. 3.6 [37]. A
4-microwire bundle, each made of Teflon-insulated stainless steel microwires, was
used to stimulate the right-side ZI (posterior 4.0 mm, lateral 2.5 mm, and depth
6.7-7.2 mm). A ground electrode was implanted 2 mm caudal to the lambda. After two
hours current stimulation test, the tissue impedance between arbitrarily two

microwires varies from 50 kQ to 170 kQ.
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Fig. 3.6. Tissue impedance of experiment results verses implanted time in different
stimulus site (ZI) [37].

Under the condition that required seizure suppressing stimulus current is 40 pA, the
difference of varying required operating voltage is 4 V. Conventional stimulus devices
are used to set the operating voltage at highest requirement and enlarge voltage
compliance as large as possible [31]; however, it enlarges power consumption in great
amount. The tissue impedance of specification of proposed design ranges from 25 kQ

to 200 kQ. While tissue impedance is varying with fixed stimulus current, output

23



voltage is changing correspondingly. Assuming headroom of stimulus driver is 1V,
the highest required operating voltage is 9 V. By detecting tissue impedance by 1-bit
ADC, stimulus driver is able to provide two levels operating voltage, 5 V while tissue
impedance ranges from 25 kQ to 100 kQ and 9V while tissue impedance ranges from
100 kQ to 200 kQ; therefore, power consumption of stimulus driver is 78% of
conventional works. While stimulus driver adopts 2-bit ADC, the power consumption
IS 66% of conventional works. While stimulus driver adopts 3-bit ADC, the power
consumption is 61%. Power consumption is fewer while tissue impedance is classified
into more sub-groups; however, bit number of ADC is proportional to chip area and
power consumption of ADC. Thus, this work adopts 3-bit ADC with consideration of
chip area and power consumption. Voltage-mode adaptor as illustrated in Fig. 3.7 is
used to detect output voltage. ‘every .cycle.of 'stimulation and classifies tissue
impedance into 8 sub-groups. Thus; stimulus.driver can adjust VVcp for each group of
tissue impedance in the most power-saving.way.. Voltage-mode adaptor that composes
of a voltage capacitance divider and.a 3-bit ADC as shown in Fig. 3.8, the adapter

adopts 3.3-V devices for saving chips area.

24



= —m — —

5
g — Bit 0
3] ADC — Bit 1
» — Bit 2 .
= ] 3.3-V devices
.g vOutput
@ Initailize
——C3 I—I— .
Tissue }._ Mni
20k ~ 200k Ohjns
P I 1
Feedback

Fig. 3.7 The voltage-mode adaptor is used to detect output voltage every cycle of
stimulation and classifies tissue impedance into 8 sub-groups.
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Fig. 3.8. The 3-bit ADC of voltage-mode adaptor is used to detect the voltage at
output electrode.
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The 3-bit ADC of adaptor adopts comparator as shown in Fig. 3.9 [38]. The

comparator without DC current no matter in compare phase or hold phase is

power-saving. For the purpose of converting output voltage larger than Vpp (3.3 V)

into digital code, the capacitance divider is used to scale down the voltage of output

stage. In accordance with product of the largest tissue impedance of 200 kQ and

stimulus current of 40 pA, the maximum convertible output voltage is 8 V, and it can

be scaled down to 3.3 V by voltage divider. The relationship between input and output

of capacitance voltage divider can be shown as Eq. (3-3)
Vout = Vin C3 * (C3/ C4)

The capacitance of C3 is 1 pF,and capacitance of C4 is 1.42 pF.

VDD 3.3

F'l <

:E?‘HU

Out Out+

]

M1

(3-3)

Fig. 3.9. The comparator of 3-bit ADC of voltage-mode adaptor which without DC

current no matter in compare phase or hold phase [37].
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The Vcp is conditioned in accordance with digital output of 3-bit ADC of
voltage-mode adaptor. “111” indicates the highest output voltage results from fixed
stimulus current and the highest tissue impedance of specification, the highest Vcp is
given. “000” indicates the lowest output voltage, the lowest VVcp is given. Assuming
headroom of current source of stimulus driver is 1 V, operating voltage of
conventional design and Vcp of proposed driver verses tissue impedance and
corresponding digital code is shown in Fig. 3.10. While stimulation is requested,
stimulus driver presets Vcp at the highest operating voltage, and delivers the first
stimulus pulse. Therefore, output voltage and tissue impedance is known, according to
digital output of adaptor. Namely, variety of tissue impedance is monitered. The
stimulus driver can adjust VVcp before next stimulus pulse. The new proposed stimulus

driver is provided with variable operating.voltage, and is more power efficient.

10

Conventiopal works &> _ 111
= 10} " The prioposed circuit
g .l 100] "~
3 o[ " -
= .
£ 010| - .-~
c 4r .7
g 001|.— .~
o) i - T ----- Output Voltage

000| T T Required Operating Voltage
r == S —mm Conventional Work
- —— Stair-like Operating Voltage
0 ) 1 L 1 ) 1 N 1 . 1
0 50 100 150 200 250

Tissue Impedance (kQ)

Fig. 3.10. Assuming headroom of current source of stimulus driver is 1 V, operating
voltage of conventional design and Vcp of proposed driver verses tissue impedance
and corresponding digital code.

The proposed single-phase stimulus driver to suppress epileptic seizure with
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voltage-mode adaptive loading consideration has been fabricated in 0.35-um
3.3-V/24-V BCD process. Fig. 3.11(a) and Fig 3.11(b) show the layout and chip photo
of the new proposed stimulus driver. The chip size of the proposed stimulus driver is

600 x 636 um?’.

(b)
Fig. 3.11. (a) Layout and (b) chip photo of the new proposed stimulus driver with
voltage-mode adaptor.

28



3.3.2 Simulation Results

According to experimental demand, the stimulus current which is able to suppress
epileptic seizures ranges from 20 pA to 50 pA. The output current of this stimulus
driver is set by 40 pA. In addition, by experience of animal experiment, stimulus
current with 800 Hz and 40 % duty cycle is efficient to regulate the abnormal
discharge. Whenever epileptic seizure monitoring and controlling system detect

epileptiform activity, stimulus driver deliver the specified current that mentioned

above for 0.5 S.
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Fig. 3.12. The simulation result of proposed stimulus driver while tissue impedance is
200 kQ. The feedback voltage from voltage-mode adaptor is 3.2 V and digital output
of 3-bit ADC is “111” which indicates the operating voltage is 12 V for tissue
impedance of 200 kQ.
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Fig. 3.13. The simulation result of proposed stimulus driver while tissue impedance is
125 kQ. The feedback voltage from voltage-mode adaptor is 2 V and digital output of
3-bit ADC is “100” which indicates the operating voltage is 9 V for tissue impedance
of 125 kQ.

Tissue impedance is classified into-8 groups by voltage-mode adaptor, each group
is provided with different VVcp that is sufficient .to match the minimum demand of
operating voltage which describes in Eq. (3-2). Fig. 3.12 is simulation result of
proposed stimulus driver, while tissue impedance is 200 kQ  the upper limit tissue
impedance of this design, output current is slightly fewer than 40 pA, 39.47 uA, with
a acceptable deviation. Output voltage on stimulus site is 7.89 V, capacitance voltage
divider shrinks this voltage to 3.25 V that is convertible by 3-bit ADC adopts 3.3-V
device. The digital code of adaptor is “111” which indicates the highest Vcp is
required. Under the condition that the largest tissue impedance is connected, the Vcp
of proposed stimulus device requires at least 12 V in interval from 175 kQ to 200 kQ.
Fig. 3.13 is another simulation result of proposed stimulus driver, while tissue
impedance is 125 kQ  the output current is 39.4 pA. The highest Vcp, 12 V, is

applied, whereas the digital code of adaptor is “100” which indicates the matching
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operating voltage is 9V in interval from 100 kQ to 125 kQ. Thus, stimulus driver can
selects lower Vcp with the same stimulus current and but lower power consumption.
For example, according to the experimental results that detected impedance of rats’
brain, as shown in Fig. 3.6, it revealed that tissue fields different outcome, 50 kQ and
150 kQ Thus, the proposed circuit depends on their impedance and provides these
stimulus site with the same stimulus current but different operating voltage. The
stimulus current, required Vcp with corresponding digital code, and power
consumption are shown in Fig. 3.14, Fig. 3.15, and Fig. 3.16. Required Vcp as well as
power consumption depends on tissue impedance linearly, it is obvious that power

consumption is fewer than using the highest requirement for any tissue impedance.
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Fig. 3.14. The stimulus current verses tissue impedance varies from 25 kQ to 200 kQ.
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Fig. 3.16. The power consumption verses tissue impedance varies from 25 kQ to 200
kQ.
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3.3.3 Measurement Results

The measurement setup of devices is shown in Fig. 3.17, where Agilent E3631A is
utilized to provide the fixed 3.3 V for 3.3-V normal device and adjustable operating
voltage (Vcp) depends on output of adaptor. Hp 33120A is utilized to supply the high
frequency for switching blocking-capacitors and to enable the implanted stimulus
driver. TDS 3054B is used to observe output current of the stimulus driver. By the
original setting, voltage amplitude of all of control block and adaptor is 3.3 V and
voltage amplitude of VVcp depends on digital code by adaptor, the range of Vcp from 6
V to 12 V. Fig. 3.18 shows the measurement results with original setting, which Vcp
is 12 V that is highest required operating voltage; however, the output stimulus
current is much smaller than expected. The, output current of stimulus driver
maintains 2 pA approximately while tissue impedance varies from 24 kQ to 180 kQ.
It is too small to suppress the-abnarmal discharge in brain. Consequently, in order to
enlarge the insufficient output current of the stimulus driver, Vcp is adjusted to 15 V
which slightly higher than original setting; however, the output current still maintains
4 pA constantly as shown in Fig. 3.19.

After investigation of problems of measurement results, the reason of different
outcome between simulation results and measurement results contributes to variation
of nLDMOS. The discharging nLDMOS of Fig. 3.20, Mn3 and Mn6, are primary
cause. The output stage of stimulus driver adopts blocking-capacitors that obstacle
DC current flow. By complementary stimulating phase and discharging phase,
integrated stimulus current is able to flow through series-connected
blocking-capacitors. Once stimulus current pass through blocking-capacitors and
stimulate tissue on site, charge accumulate on one side of blocking-capacitors and

cause potential difference.
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Fig. 3.17. The measurement setup of devices. Agilent E3631A is utilized to provide
the fixed 3.3 V for 3.3-V normal device and adjustable operating voltage (Vcp)
depends on output of adaptor. Hp 33120A—|s dt’ihzed to supply the high frequency for
switching blocking-capacitors and 0. bIe”Ihe °|mplanted stimulus driver. TDS
3054B is used to observe outputpurient éﬂthb ktlmulus driver.
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Fig. 3.18. The measurement results with original setting, which Vcp is 12 V that is
highest required operating voltage (Vcp). The output current of stimulus driver
maintains 2 pA approximately while tissue impedance varies from 24 kQ to 180 kQ.

34



T T T T T T T v T T T
14
I — Tizsue Impedance 24 KO
12 - m— Tizsue Impedance 50 kO
— Tissue Impedance 70 KO
Tissue Impedance 100 k2
10+ —— Tizsue Impedance 180 k2

Output Current (uA)

-4 " 1 i 1 A 1 " ! 2 i i I

-0.0004 -0.0002 0.0000 0.0002 0.0004 0.0006 0.0008
Time (s)

Fig. 3.19. Vcp is adjusted to 15 V Whlch shghtly hlgher than original setting; however,
the output current still malntalns around 3 }LA

| f’{"’f': " = Adaptor
> bl . " —|— Yoo

Initailize

% J—c; -l
Mni
— C4 =

—|— Yoo

Trigger D— — Tri_up
Control
Enable C— = Tri_down

Output Stage Control Block
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During discharge phase, the accumulated charge on blocking-capacitors discharge
by discharging nLDMOS, Mn3 and Mn6, and potential difference is eliminated.
However, nLDMOS that are used to discharge the accumulated charge can not fully
switch on during discharge phase with control signal of 3.3 V, that results in the
accumulated charge can not pass through discharging nLDMOS and potential
difference still exist across blocking-capacitors, blocking-capacitors are saturated.
Thus, in next stimulating phase, the saturated blocking-capacitors are unable to
transmit stimulus current by yielding further potential difference and result in the
failure as mentioned above. By Fig. 3.17 and Fig. 3.18, the failure which is caused by
discharging nLDMOS can be recognized perspicuously. At the beginning of
stimulation, blocking-capacitors of two current sources of output stage are not
saturated; each current source is:able to, deliver stimulus current correctly at first
stimulating phase and creates :a current spike‘that-much stronger than rest period of
stimulation. After first stimulating phase,.blocking-capacitors are unable to discharge
correctly at corresponding discharging phase.” Therefore, during next stimulating
phase, output of stimulus driver is much fewer than expected.

According to result of investigation, this failure ascribes to variation of threshold
voltage of nLDMOQOS. Operating voltage Vpp of 3.3-V device is adjusted for the
purpose of switching on the discharging nLDMOS. While supply voltage of 3.3-V
device is adjusted to 6 V, the current output of stimulus driver increase dramatically
and reach up to 30 pA which corresponds to cooperative experimental requirement.
Fig. 3.21 shows measured current output of stimulus driver maintains 30 pA while
tissue impedance of 24 kQ and 200 kQ. The practical tissue impedance varies
randomly from tens of kQ to hundreds of kQ, the measured results of the output
current from 24 kQ to 200 kQ are shown in Fig. 3.22, and corresponding Vcp is

shown in Fig. 3.23. The deviation of stimulus current between measurement results

36



and simulation results is 75%.

In accordance with original setting, stimulus current of 40 pA and tissue impedance
ranges from 24 kQ and 200 kQ, tissue impedance is classified into 8 sub-groups by
voltage-mode adaptor. However, the measured current output is 30 pA, the maximum
voltage on output is 6 V. That is to say, voltage-mode adaptor can classifies tissue
impedance into 6 sub-groups and provides suitable Vcp. Due to adjustment of
operating voltage for 3.3-V device and 0.35-um 3.3-V/24-V BCD device, power
consumption is higher than expected. The operating voltage Vcp of 3.3-V/24-V

device is set from 12.2 V to 22 V, and the average power consumption is 0.385 mW.
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Fig. 3.21. While supply voltage of 3.3-V device is adjusted to 6 V, the current output
of stimulus driver increases dramatically and reaches up to 30 pA while tissue
impedance is within 24 kQ and 200 kQ.
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Fig. 3.22. The measurement results of the output currents as Vpp is adjusted to 6 V.
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Fig. 3.23. The measurement results of the corresponding operating voltage from 24
kQ to 200 kQ.
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3.3.4 Integration of the Proposed Single-Phase Stimulus Driver and Epileptic
Seizure Monitoring and Controlling System

The prototype of proposed stimulus driver has been integrated into closed-loop
epileptic seizure monitoring and controlling system which is conducted by National
Cheng-Kung University. Long-evens rats, aged 4-6 months and weighting 500-700 g,
are selected for experiment in this study. All surgical and experimental procedures
were reviewed and approved by Institutional Animal Care and Use Committee of
National Cheng-Kung University. The rats were anesthetized with sodium
pentobarbital (50 mg/kg, i.p.).

The closed-loop epileptic seizure monitoring and controlling system consists of
microcontroller, data acquisition, wireless transceiver, host computer [26]. By
analyzing brain activities of Long-evens.rats which,suffer from spontaneous absence
seizures and epileptiform activities induced by pentylenetetrazol (PTZ), the system
can detects epileptic seizure simultaneously.and.stimulates the right-side zona incerta
(Z1) (posterior 4.0 mm, lateral 2.5:mm, and depth 6.7-7.2 mm). Stimulus current is
conducted by a 4-microwire bundle, each made of Teflon-insulted stainless steel wire
while ground electrode was implanted 2 mm caudal to lambda.

Measurement setup of integration experiment of proposed stimulus driver and
closed-loop epileptic seizure monitoring and controlling system are shown in Fig.
3.24 and Fig. 3.25. As monitor of the system shown, brain activity is clearly detected
and recorded. Whenever the system detects an epileptic seizure, the proposed stimulus
driver is given a stimulation signal and stimulates ZI. Duration of stimulation is 0.5 s.
As the measurement results as mentioned above, the setting of the proposed stimulus
driver depends on tissue impedance of Long-evens rats, the tissue impedance is 150

kQ and operating voltage VVcp for HV-device is 18 V, correspondingly.
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Fig. 3.24. The measurement setup of integration experiment of proposed stimulus
driver and closed-loop epileptic se,iz:u__rfe*%ﬁéﬁiidf}\;}g and controlling system.
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Fig. 3.25. The measurement setup of integration experiment of proposed stimulus
driver and closed-loop epileptic seizure monitoring and controlling system.
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Fig. 3.26. The experiment result without injection of PTZ, epilepsy seizure with
abnormal discharge was detected .at" the second. sec, and the system triggered the
proposed stimulus driver to stimulate Zl: /After once stimulation, the intensive and
rapidly brain activity was suppressed.

Two experiments, without injection of PTZ and with injection of PTZ, have been
conducted and each of experiments is conducted for 10 minutes. Fig. 3.26 is a one of
the experiment result which without injection of PTZ, epilepsy seizure with abnormal
discharge was detected at the second sec, and the system triggered the proposed
stimulus driver to stimulate ZI. After once stimulation, the intensive and rapidly brain
activity was suppressed. Fig. 3.27 is an experiment result which with injection of PTZ,
abnormal brain activity was much severe. The system detected the first seizure and
stimulated; however, epileptic seizure wasn’t been suppressed, first stimulation was
invalid. Thus, abnormal brain activity was still detected by the system; second
stimulation was given and was effective to suppress epileptic seizure. Because this
experiment was conducted with injection of PTZ, epileptiform activity was induced

and became unstable. The second seizure just happened after suppression of the first
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seizure, and was suppressed by stimulation immediately. According to experiment
results, integration of closed-loop epileptic seizure monitoring and controlling system

and prototype of the proposed stimulus driver have been verified.
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Stimulstion ) §

Failed Stimulations "Effective Stimulation

Fig. 3.27. The experiment result with injection of PTZ. The system detected the first
seizure and stimulated; however, epileptic seizure wasn’t been suppressed. Thus,
abnormal brain activity was still detected by the system; second stimulation was given.
With injection of PTZ, epileptiform activity became unstable. The second seizure
happened after suppression of the first seizure, and was suppressed by stimulation.

3.4 Summary

Design of single-phase stimulus driver to suppress epileptic seizure with
voltage-mode adaptive loading consideration is investigated and verified in this
chapter. While tissue impedance varies from tens of kQ to hundreds of kQ, the

proposed stimulus driver utilizes 0.35-um 3.3-V/24-V BCD process to prevent
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problems of reliability and voltage overstress. In addition, the proposed stimulus
driver with voltage-mode adaptor which is used to classify tissue impedance is
provided with adjustable operating voltage. Even if unexpected variation of nLDMOS
affects the measured setting, the measurement results still demonstrate that operation
with stair-like operating voltage which designates by voltage-mode adaptor is
workable. Comparison of conventional works with fixed operating voltage, the
advantage of this work is adaptive against variation of tissue impedance. Furthermore,
the prototype of the proposed stimulus driver has been integrated into closed-loop
epileptic seizure monitoring and controlling system, results of animal experiment
show that integration of the proposed stimulus driver and the system is feasible and

compatible.
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Chapter 4

Design of Bi-Phase Stimulus Driver to Suppress
Epileptic Seizure with Current-Mode Adaptive
Loading Consideration

4.1 Introduction

With the consideration of reliability and power consumption, the stimulus driver
used in the implantable device for epileptic seizures control is investigated in this
work. The required stimulus current ranges from 20 pA to 50 pA in cooperative
experiment. The effective impedance of electrode varies from 25 kQ to 200 kQ
because of different kind of tissue, location, and implanted time. In order to meet the
requirements, output voltage range of stimulator should be designed from 0.5 V to 10
V, that higher than operating voltage in common used. Therefore, the 0.35-um
3.3-V/24-V BCD process is utilized in this work for the stimulus driver and chip
implementation. Power consumption is also the critical consideration, because it is
inversely proportional to the use time in implantable device. In order to minimize
power consumption of this stimulator, supply voltage of this work can be adjusted
according to different impedance by current-mode adaptor.

To integrate with implantable epileptic seizure monitoring and controlling system,
the high operating voltage for 24-V device should been generated by stimulus driver
itself while rest of the system utilize the same operating voltage (Vpp). Therefore,
charge pump circuit is an indispensible part of the stimulus driver. This work, charge

pump has been integrated into this proposed stimulus driver. In addition, as common
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applications of electrical stimulation, bi-phase stimulus current are recommended for
stimulating [2], [35]. This proposed stimulus driver delivers bi-phase stimulus current
by two leads electrode per stimulus site with single supply voltage. The bi-phase
stimulus current is generated by altering the current path by changing switches. The
detailed circuit simulation and measurement results of the proposed design will be

presented in the following sections.

4.2 Novel Bi-Phase Stimulus Driver with Current-Mode Adaptive

Loading Consideration

Electrical stimulation therapies are new generations of medical science. A number
of diseases that lack of properly treatment in the past are curable by functional
electrical stimulation (FES) or therapeutic electrical stimulation (TES). Thus, stimulus
drivers for medical treatment:become a prospective research topic currently, and a
variety of design of stimulus driver have been researched and pronounced; according
to these researches and applications, the mainly considerations of stimulus driver for
medical treatment have been investigated too.

Power consumption is one of mainly consideration of stimulus driver in any
applications. To minimize power consumption of stimulus driver while tissue
impedance varies in a wide range which causes required operating voltage of output
stage changes largely, in this chapter, stimulus driver with current-mode adaptor is
investigated.

In addition, the proposed stimulus driver is a sub-circuit of whole system, each
sub-circuit of the system should adopts identical power supply voltage (Vpp). Thus,
the high operating voltage for 24-V device of stimulus driver should be generated by

stimulus driver itself, charge pump circuit is integrated into proposed stimulus driver.
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4.2.1 Design of Charge Pump Circuit

Charge pump circuits have been used to generate dc voltages those higher than the
power supply voltage (Vpp) or lower than the ground voltage (GND). In this work,
charge pump circuit is used to generate high voltage for output stage of stimulus
driver of 24-V device. The charge pump circuit and the corresponding voltage
waveforms are shown in Fig. 4.1(a) and Fig. 4.1(b) [39]. In order to avoid the body
effect, the bulks of the charge pump circuit are connected to theirs sources
respectively if given process with deep N-well. Clock signals Clk and Clkb are
out-of-phase but with the amplitudes of Vpp. As shown in Fig. 4.1(a), there are two
charge transfer paths, path A and path B, in the charge pump circuit. Path A is
consisted of transistors Mnl, Mn2, .Mn3, Mn4, Mpl, Mp2, Mp3, and Mp4 with
capacitors C1, C2, C3, and C4: Path B 1s consisted of transistors Mn5, Mn6, Mn7,
Mn8, Mp5, Mp6, Mp7, and Mp8 with capacitors C5, C6, C7, and C8.

The control signals of path “A and path.B are interweaved and clock signals are
out-of-phase. When the clock signals-of the first'and the third pumping stages in path
A are CIk, those in the path B are Clkb. Likewise, when the clock signals of the
second and the forth pumping stages in the path A are Clkb, those in the path B are
CIk. Thus, paths A and B can see as two independent charge pump circuits but with
the same output node. Due to clock signals of path A and path are out-of-phase, the
voltage waveforms of nodes 1-4 and node 5-8 are interweaved. The detailed operation
of charge pump circuit is shown below.

In first pumping stage, as shown in Fig. 4.1(a), the clock signal Clk is low and the
clock signal Clkb is high during the time interval T1. At the moment, the voltage
difference (V1s) between node 1 and node 5 is —Vpp. Thus, transistor Mn1 is switched

on to deliver the charges from the power supply (Vpp) to node 1, but the transistor
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Mnb5 is switched off to cut off the path from node 5 back to the power supply. That is
to say, V15 is Vpp during the time T2. Transistor Mn1 is switched off to cut off the
path from node 1 to the power supply, but the transistor Mn5 is switched off to deliver
the charge from the power supply to node 5.

In the second stage, when the clock signal Clk is low and the clock signal CIkb is
high during the time interval T1, V15 and the voltage difference (V,s) between node 2
and node 6 are —Vpp and Vpp, respectively. Therefore, transistors Mp5 and Mp6 are
switched on to transfer the charges from node 5 to node 6, but transistors Mpl and
Mn2 are switched off to cut off the path from node 2 back to node 1. Namely, V15 and
V6 are Vpp and —Vpp during the time interval T2, respectively. Transistors Mp5 and
Mp6 are switched off to cut off the path from node 6 back to node 5, but transistors
Mpl and Mn2 are switched on, to deliver the charges from nodel to node 2. The
operation of third stage is similar to the second stage.

The output stage of path A and path-B.are jointed. When the clock signal CIk is low
and the clock signal Clkb is high+during the time interval T1, the voltage difference
(V4g) between node 4 and node 8 is Vpp. Thus, transistor Mp4 is switched on to
transfer the charge from node 4 to the output, but transistor Mp8 is switched off to cut
off the path from the output node back to node 8. Besides, Vg is —Vpp during the time
interval T2. Hence, the transistor Mp4 is switched off and the current path from the
output node back to node 4 is cut off. In addition, the transistor Mp8 is switched on to
transfer the charges from node 8 to the output node. Ideally, the output voltage of the
charge pump circuit with 3.3-V power supply voltage (Vpp) should be as high as 16.5
V. However, due to the parasitic capacitance at each pumping node and the loading of
the output current of 100 uA, the simulated output voltage of the charge pump circuit

is 14.56 V. The device dimensions of the charge pump circuit are shown in Table 4.1.
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Fig. 4.1. (a) Charge pump circuit and (b) corresponding waveforms of the charge
pump with four pumping stages [39].
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Table 4.1. The device dimensions of the charge pump circuit.

Name Type Size
Mnl nLDMOS 50 um /1.6 um
Mn2 nLDMOS 50 um /1.6 um
Mn3 nLDMOS 50 um /1.6 um
Mn4 nLDMOS 50 um /1.6 um
Mn5 nLDMOS 50 um /1.6 um
Mn6 nLDMOS 50 um/ 1.6 um
Mn7 nLDMOS 50 um /1.6 um
Mn8 nLDMOS 50 um /1.6 um
Mpl pDMOS 100 pm / 1.6 um
Mp2 pDMOS 100 um /1.6 um
Mp3 pDMOS 100 um /1.6 um
Mp4 pDMOS 100 um /1.6 um
Mp5 pDMOS 100 um /1.6 um
Mp6 pDMQOS 100 pm / 1.6 um
Mp7 pDMOS 100 pm / 1.6 um
Mp8 pDMOS 100 pm / 1.6 um
C Capacitor 15 pF

Depending on tissue impedance, the proposed stimulus driver with current-mode
adaptor regulates the high operating voltage for output stage of 24-V device by
feedback of the adapter. Thus, charge pump system is adopted to control charge pump
circuit to generate the requisite high operating voltage. As illustrated in Fig. 4.2,
charge pump system of stimulus driver consists of the 4-stage charge pump circuit,
buffer, clock control, and output loading capacitance (CL). The 4-stage charge pump

circuit adopts 24-V device with deep N-well, and rest of the system adopt 3.3-V

device.
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Fig. 4.2. The charge pump system of stimulus driver consists of the 4-stage charge
pump circuit, buffer, clock control, and output loading capacitance (CL).

Clock control, as illustrated-in.Fig. 4.3, is-utilized to generated interweaved clock
signals (Clk and Clkb) which depends-on._frequeney of reference clock (Clkr) to
switch capacitors of charge pump Cireuit while Vp'is high (3.3 V) which results from
enable signal (En) is high and feedback signal from the proposed stimulus driver
(comparator). However, the capacitors of charge pump circuit are too large to be
switched on and switched off immediately by clock control with small dimension
transistor. Buffer is used to switch the capacitors by large dimension transistor and
consists of 3-stage inverter named bufferl, buffer2, and buffer3, the transistor

dimensions of buffers are shown in Table 4.2.
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Fig. 4.3. The clock control is utilized to generated interweaved clock signals (Clk and
Clkb) which depends on frequency of reference clock (CIkr) to switch capacitors of

Table 4.2. The device dimensions of buffer in charge pump system.

Buffer name Name Type Size

Mn1 nMOS 10 um /0.35 um
Buffer 1

Mpl pMOS 25 um / 0.35 um

Mn2 nMOS 30 um /0.35 um
Buffer 2

Mp2 pMOS 75 um /0.35 um

Mn3 nMOS 50 um / 0.35 um
Buffer 3

Mp3 pMOS 125 pm / 0.35 um

4.2.2 Implementation

As illustrated in Fig. 4.4, the proposed stimulus driver consists of charge pump

system, stimulus current source, two leads electrode set, and current-mode adaptor.

According to experimental required stimulus current which is able to suppress

epileptic seizures of Long-Evans rats, the stimulus current of proposed stimulus driver

is 40 pA. The effective impedance varies from 25 kQ to 200 kQ. That is to say, output

voltage and required power rail are much higher than operating voltage (Vpp) that in

common use. And it is obvious that the operating voltage (Vcp) of output stage

depends on tissue impedance correspondingly.
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Fig. 4.4. The proposed stimulus driver consists of charge pump system, stimulus
current source, two leads electrode set, and current-mode adaptor.

Comparator

Stimulus current source consists of a current mirror, Mp1-Mp2, and bias circuit.
During the stimulus driver “turn-on” interval, enable (En) is low (0 V), Mn4 is
switched-off, Mp3 is switched-on, ‘and Mn3 is biased through Mp3. The stimulus
current is delivered by current mirror Mpl and Mp2. During the stimulus driver
“turn-off”, enable (En) is high (3.3 V), Mn4 is switched-on, and Mn3 is connected to
ground through Mn4, no stimulus current (Istim) is delivered.

The proposed stimulus driver adopts two leads electrode set, Electrode 1 and
Electrode 2, per stimulus site in order to generate bi-phase stimulus current [35].
Whenever the stimulus current is delivered by Mpl and flows into Electrode 1, the
direction of stimulus current is controlled by switches of two leads electrode set. As
illustrated in Fig. 4.5, two leads electrode set consists of four switches and two

electrodes.
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Fig. 4.5. Two leads electrode set consists of four switches and two electrodes.

While anodic current is required, SW_Anodic are switched-on and SW_Cathodic
are switched-off. Anodic stimulus.current flows from top site of tissue to down site of
tissue. While cathodic current is. required,..SW Anodic are switched-off and
SW_Cathodic are switched-on. Cathodic stimulus current flows from down site of
tissue to top site of tissue. After stimulus current passes through tissue, Electrode 2 is
used to collect the stimulus current to current-mode adaptor.

The current-mode adaptor of stimulus driver is composed of a current mirror,
Mn1-Mn2, and comparator. While stimulus current (Istim) is collected by electrode 2
and passes through Mn1 of current mirror, gate of Mn2 is biased and induces the
proportional current (I_mirror). Current-mode adaptor utilizes 1_mirror flowing
through resistor of 41.25 kQ (R) to generate a voltage signal (Va) which can be

expressed as Eq. (4-1).

Va =Vpp—|_mirror * R (4-1)
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As Eg. (4-1) shown, Va depends on |_mirror which is proportional 1_tissue.
Another voltage signal (Vb) which is used to compare with Va is 0.5 Vpp. As design
of current-mode adaptor, while stimulus current is 40 pA, Va equals to 0.5 Vpp.
Whenever stimulus driver is turned on and stimulates the tissue on site, comparator of
current-mode adaptor compares two voltage signals, Va and Vb, and distinguishes the
amplitude of stimulus current. Operating voltage for stimulus driver is designated by
output of comparator of current-mode adaptor.

The required operating voltage (Vgr) of stimulus current source is dominated by
either bias circuit of Vps of Mn3 and Vs of Mp2 as illustrated in Fig. 4.6 or output
stage voltage (Vo) of Vps of Mpl, voltage across tissue impedance, and Vgs of Mnl

which can be expressed as Eq. (4-2)

Vo = VpsMplL + Isti* R + Vgs,Mnl (4-2)

VR is dominated by bias circuit'while tissue impedance is low, because bias circuit
is larger. As tissue impedance increases, outcome of Eq. (4-2) is larger than the
voltage demand of bias circuit; Vr is dominated by Vps of Mp1.

Under the circumstance that Vg is dominated by Vo. When tissue impedance is
increasing, the Vr of stimulus current source is increasing, too. The higher Vr causes
phenomenon that stimulus current (Istim) is fewer than designed amplitude of 40 pA.
The insufficient stimulus current leads to that Va is larger than Vb and output of
comparator is high (3.3 V), and then charge pump system is activated and provides
stimulus current source with higher voltage until output voltage of charge pump
system reaches the higher Vg and stimulus current reaches 40 pA. When tissue
impedance is decreasing, the Vg of stimulus current source is decreasing, too. The

lower required voltage leads to phenomenon that stimulus current is larger than 40 pA.
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The surplus stimulus current causes that Va is fewer than Vb, and output of
comparator is low (0 V), and then charge pump system is inactivated and provides
stimulus current source with lower voltage until output voltage of charge pump
system reaches the lower Vg.

At the beginning of the stimulation, there is no charge stored at output loading
capacitance (CL) of charge pump system as illustrated in Fig. 4.2 and output voltage
of charge pump system is 0 V. The stimulus current is approaching 0 A, therefore, as
Eq. (4-1) shown, Va is larger than Vb and charge pump system is activated. Therefore,
output voltage of charge pump system increases and stimulus current is delivered by
the current source. Charge pump system keeps activated until stimulus current is
slightly higher than 40 pA and Va is fewer than Vb, that leads to output of
current-mode adaptor is low (0 V). Meanwhile, stimulus current reaches the designed
amplitude, and the output voltage of charge pump System equals to least required
operating voltage (Vr) of either bias. Circuit.or.output-stage voltage as Eq. (4-2). And
the inactivated charge pump system causes that stimulus current and output voltage of
charge pump decrease again; therefore, by changing state of charge pump system
constantly, the output voltage of charge pump system as well as operating voltage for
stimulus driver swings around the least required operating voltage (VR).

In conclusion, as illustrated in Fig. 4.6, assuming head room of the stimulus drivers
are the same and required operating voltage (Vr) is dominated by tissue impedance
(Rrissue) and stimulus current (Istim) thoroughly, it is obvious that the stimulus driver
with current-mode adaptor can matches the least required voltage. Because the
proposed stimulus driver with current-mode adaptor provides any amplitude of tissue
impedance with least operating voltage for 24-V device which is sufficient to deliver
designed stimulus current, instead of provides several levels of operating voltage for

24-V device to each group of tissue impedance as stimulus driver with voltage-mode
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adaptor in Chapter 3.

The proposed bi-phase stimulus driver to suppress epileptic seizure with
current-mode adaptive loading consideration has been fabricated in 0.35-um
3.3-V/24-V BCD process. Fig. 4.7 shows the layout and chip photo of the new

proposed stimulus driver. The chip size of the proposed stimulus driver is 1400 x 695
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Fig. 4.6. Assuming head room of the stimulus drivers are the same and required
operating voltage (V) is dominated by tissue impedance (Rrissue) and stimulus current
(Isiim) thoroughly, it is obvious that the stimulus driver with current-mode adaptor can

matches the least required voltage.
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(b)

Fig. 4.7. (a) Layout and (b) chip photo of the new proposed stimulus driver with
voltage-mode adaptor.

4.2.3 Simulation Results

According to experimental demand, the stimulus current which enables to suppress
epileptic seizures ranges from 20 pA to 50 pA. The output current of proposed

stimulus driver is set by 40 pA. In addition, by experience of animal experiment,
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stimulus current with 800 Hz and 40 % duty cycle is efficient to regulate the abnormal
discharge. Whenever epileptic seizure monitoring and controlling system detects
epileptiform activity, stimulus driver deliver the specified current that mentioned
above for 0.5 s.

Fig. 4.8 is simulation result of proposed stimulus driver while tissue impedance is
200 kQ. At the beginning of stimulation, output voltage of charge pump system is
approaching 0V, the stimulus current is approaching 0 A, too. According to Eq. (4-1),
current-mode adaptor detects that stimulus current is insufficient by comparing Va and
Vb, Va is larger than Vb at the beginning of stimulation. Therefore, charge pump
system is activated by current-mode adaptor, and clock control is switched on as
shown in Fig. 4.8 below. As output voltage of charge pump raise, Istim raise gradually
too, while Istim is larger than 40 wA, |_mirror.which proportional to stimulus current
leads to that Va is fewer than \b. Meanwhile, the output voltage of charge pump
system is 9.75 V which is least.-demand voltage for stimulating tissue of 200 kQ. Thus,
charge pump system is inactivated by current-mode adaptor and output of clock
control is ceased. While charges stored in capacitance of charge pump system and
output voltage of the system, 9.5 V, become fewer by emitting stimulus current, the
output of the adaptor which results from insufficient current will activates charge
pump system again. Therefore, output voltage of charge pump system as well as
stimulus current is swinging in small range around the required operating voltage.
After period of simulation, output voltage of charge pump system maintains even
without clock signal because there is no current flow from stimulus current source of
24-V device.

Fig. 4.9 is simulation result of proposed stimulus driver while tissue impedance is
100 kQ. Output voltage of charge pump system maintains around 8.1 V to deliver

sufficient stimulus current which is 39.5 pA. By altering direction of stimulus current
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by switches of two leads electrode set, bi-phase current is generated with single power

supply source by charge pump system.
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Fig. 4.9. The simulation result while tissue impedance is 100 kQ.
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By simulation results of stimulus current with tissue impedance from 1 kQ to 300
kQ as shown in Fig. 4.10, it is obvious that the proposed stimulus driver is able to
deliver stimulus current around 40 pA constantly, average stimulus current is 40.6 pA.
Corresponding simulated operating voltage which is generated by charge pump
system is shown in Fig. 4.11, while tissue impedance varies from 1 kQ to 100 kQ,
required operating voltage is dominated by bias circuit instead of tissue impedance
(Rrissue) and stimulus current (Istim). Thus, the required operating voltage is kept at 7
V to 7.5 V even if tissue impedance is as small as 1 kQ. While tissue impedance is
larger than 100 kQ, required operating voltage is dominated by tissue impedance and
stimulus current; the required operating voltage varies as expect as Fig. 4.9 shown. As
product of tissue impedance and stimulus current raise, the operating voltage is raised
too. Operating voltage, output voltage of charge pump system, is 13.8 V while tissue
impedance of 300 kQ.

Fig. 4.12 is simulated power consumption.of.the proposed circuit including power
consumption of charge pump system.and rest of the proposed circuit. While required
operating voltage is dominated by bias circuit which requires at least 7 V, power
consumption of charge pump system consumes 450 puW in average. As required
operating voltage is raised, charge pump system consumes more power too. The
power consumption is 0.716 mW while tissue impedance of 300 kQ. The rest of the
circuit consumes 112.5 uW in average, due to clock control and buffer switch more
frequently while tissue impedance raises and high operating voltage is demanded,

power consumption of rest of the circuit slightly raise.
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Fig. 4.10. The simulation results of stimulus current with tissue impedance from 1 kQ
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Fig. 4.12. The simulated power consumption of the proposed circuit including power
consumption of charge pump system:.and the proposed circuit.

4.2.4 Measurement Results

The measurement setup of proposed design is:shown in Fig. 4.13, where Agilent
E3631A is utilized to provide the prototype of proposed design with power supply of
3.3 V. Hp 33120A is utilized to supply the high frequency for enable of implanted
stimulus driver. Agilent 33250A is used to supply reference clock (CIkr) for charge
pump system. TDS 3054B is used to observe output current of the stimulus driver.
While enable is given, prototype of proposed design delivers stimulus current form
output of charge pump. As illustrated in Fig. 4.14, the stimulus current is 39.9 pA
while tissue impedance is 300 kQ. By two leads electrode set, bi-phase stimulus
current is delivered. Fig. 4.15 illustrates cathodic stimulus current while tissue
impedance is 300 kQ. According to measurement results in Fig. 4.16, the stimulus
current matches specification that stimulus current ranges from 20 pA to 50 pA while

tissue impedance varies from 20 kQ to 200 kQ, average stimulus current is 43.8 pA.
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Fig. 4.13 The measurement setup of proposed design.
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Fig. 4.16. The stimulus current with different tissue impedance.

As shown in Fig. 4.17, it is obvious that output voltage of charge pump system is
affected by tissue impedance. Output voltage of charge pump system, operating

voltage of stimulus driver, is 6 V while tissue impedance is 50 kQ, and operating
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voltage of stimulus driver is 12 V while tissue impedance is 180 kQ. Fig. 4.18
illustrates operating voltage verses tissue impedance. However, there are deviations
between simulation results and measurement results. Stimulus current is slightly
higher than 40 pA. Besides, output voltage of charge pump system is fewer than
simulation results while tissue impedance is low; besides, operating voltage is higher
while tissue impedance is high. The deviations mainly from layout includes several
reasons; first of all, resistance of current-mode adaptor directly influences the
identification of stimulus current; therefore, once the resistance is varied, the signal,
as shown in Eq. (4-1), which is used to distinguish the stimulus current is changed too.
According to measurement results, current-mode adaptor turns off charge pump
system until stimulus current is around 44 pA. Therefore, under the condition that
stimulus current is higher than expected.results. The operating voltage is higher too.
Second, stimulus current is descending while tissue impedance exceeds 200 kQ. After
investigation of the design, the reason of the problem results from layout of charge
pump system. Due to large size of transistors of charge pump, insufficient number of
fingers causes that conduction of transistor is not uniform. Therefore, stimulus current
is fewer while high tissue impedance. Average power consumption of the prototype is

1.1~1.4 mW.
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4.3 Summary

Design of bi-phase stimulus driver to suppress epileptic seizure with current-mode
adaptive loading consideration is investigated in this chapter. While tissue impedance
varies from tens of kQ to hundreds of kQ, the proposed stimulus driver utilizes
0.35-um 3.3-V/24-V BCD process to prevent problems of reliability and voltage
overstress. In order to integrate into epileptic seizures monitoring and controlling
system, charge pump system is implemented with stimulus driver and adjusting
operating voltage for stimulus driver by feedback of the adaptor is verified too.
Comparison of conventional works with fixed operating voltage, the advantage of this

work is adaptive against variation of tissue impedance and low power.
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Chapter 5

Conclusions

5.1 Conclusions

Thousands upon thousands of people suffer from epilepsy, in the whole world.
Most of patients’ symptom can be ameliorated by traditional therapies such as
pharmacologic treatment and surgical treatment; however, some patients’ symptom
still can’t be ameliorated. Electrical stimulation treatment, an innovative therapy
which combines electronics technology and medical science, provides these patients
with an opportunity to treat’epileptic:seizure. The therapeutic device includes
interface between electrical device and human body, signal processing, and stimulus
driver. Vagus nerve stimulation (VNS), an electrical stimulation treatment which has
been approved, is a successful example. This work investigates the output part of the
therapeutic device, stimulus driver.

This work includes two proposed stimulus driver with adaptive loading
consideration and enhances performance of reliability, safety, and power consumption.
The first design of this work adopts 0.35-um 3.3-V/24-V BCD process to enhance
reliability under the circumstance of high operating voltage. In addition, this proposed
stimulus driver adopts blocking-capacitors to improve safety by preventing DC
current flows caused by failure of semiconductor. With adaptive loading consideration,
voltage-mode adaptor is utilized to detect and classify tissue impedance. According to
output of voltage-mode adaptor, the stimulus driver is able to adjust suitable level of

operating voltage. By adjustable operating voltage, power consumption of proposed
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stimulus driver is lower than operation with fixed voltage. According to measurement
results, average output stimulus current is 29.9 pA while tissue impedance varies from
24 kQ to 200 kQ, and average power consumption is 0.24~0.56 mW. The prototype of
the first design has been integrated into closed-loop epileptic seizure monitoring and
controlling system by National Cheng-Kung University with independent power
supply. By experimental results, spontaneous absence seizures of Long-Evans rats can
be suppressed by stimulus current of the prototype.

The second design of this work also adopts 0.35-um 3.3-V/24-V BCD process to
enhance reliability. In order to further integrate into closed-loop epileptic seizure
monitoring and controlling system with identical power supply, charge pump is
implemented in second design. With adaptive loading consideration, current-mode
adaptor is proposed. This design utilized.two leads electrode set to generate bi-phase
stimulus current and to estimate ;tissue impedance by feedback of stimulus current.
Based on feedback of stimulus current, the stimulus- driver can detect amplitude of
tissue impedance and provide suitable operating voltage which is generated by charge
pump system. According to measurement results, average output stimulus current is
43.8 uA and average power consumption is 1.1~1.6 mW.

Table 5.1 summarized the 1% proposed design and 2" proposed design. These
stimulus drivers can be utilized according to different applications. While 1% proposed
design adopts one interface lead per stimulus site, 1* proposed design is suitable for
application with great number of stimulus sites such as vision restoration. Because
their required number of pad is half of stimulus driver with two interface leads per
stimulus site. 2™ proposed design adopts two interface leads per stimulus site, and
bi-phase stimulus current is available. In addition, charge pump system is integrated
into stimulus driver, only one power supply is demanded; therefore, 2" design is more

easily to integrate with complex epileptic seizure controlling system. According to
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different methods of adaptive loading consideration, 2"® proposed design with

current-mode adaptor is able to detect and adjust operating voltage more precisely

while 1% proposed design with voltage-mode adaptor which classify tissue impedance

in several sub-groups.

Table 5.1. Summary on 1% proposed design and 2" proposed design.}

1% Proposed Design

2" Proposed Design

0.35-um 3.3-V/24-V BCD

0.35-um 3.3-V/24-V BCD

Technology
Process Process
Layout Area 600 pm X 636 pum 695 um x 1250 pm
Adaptable Tissue
24 kQ =200 kQ 10 kQ — 300 kQ

Impedance

Stimulus Current

Single Phase 29.9 pA

Bi-Phase 43.8 pA

Electrode One Interface Lead Per Two Interface Leads Per
Configuration Site Site
Supply Voltages 33V,6V-24V 3.3V

Power Consumption

0.24 mW - 0.56 mW

1.1 mW-16 mW

5.2 Future Works

5.2.1 Stimulus Driver with Low-Voltage CMOS Process

In order to integrate into closed-loop epileptic seizure monitoring and controlling

system, stimulus driver is suggested to adopt low-voltage process as same as other

sub-circuit; however, high operating voltage will becomes an important issue of

reliability. To prevent the problem, stack-NMQOS can be utilized to tolerance the high

operating voltage with low-voltage process.
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5.2.2 Stimulus Current Source with Large Voltage Compliance

From the analysis of required operating voltage in chapter 4, the head room of
stimulus current source dominates the required operating voltage while tissue
impedance is low. Thus, power consumption of stimulus driver can be further
minimized by improving current source of stimulus driver. By gaining large voltage
compliance close to the fixed power supply, the required operating voltage of bias
circuit is lower; thus, required operating voltage can be dominated by tissue

impedance and stimulus current thoroughly and power consumption is fewer.
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