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Abstract

Nowadays, the clinical therapy changes since thergimg of the biomedical chips.
In addition, more diseases could be cured thankheoinvention, e.g. the artificial
retina. By extension, the biomedical chip is madg the combination of

microelectronics, medicine and biochemical sucbplepsy prosthetic SoC.

The methodology to suppress epilepsy seizure istaoh current stimulation.
However, there are different values of electrodstte impedance through different

kinds of electrode and sample rat. The stimulusedrimust provide the constant



periodic current pulses to different rats and etetgs. For avoiding the electrochemical
process to damage the tissue, the reversed cyusgs which amplitude is equal to the
stimulus current is required after stimulating. ®tenulation methodology is divided

into two types: two leads per site (bipolar stintioia and one lead per site (monopolar
stimulation). For bipolar stimulation, two electesdsupply high and low voltage to the
tissue respectively. The voltage levels of two wtties exchange periodically so that
the stimulus current flowing through the tissuedrees positive or negative alternately.
For monopolar stimulation, one electrode supplies adaptive voltage to the ground.
When stimulating, the electrode provides positividtage to generate the positive
stimulus current. After stimulating, the electrqat®vides negative voltage to generate

the negative reversed current.

In epilepsy prosthetic SOC, the highvoltage paé¢rt~10V is required in the
output stage. However, the-power supply.of the S®@nly 1.8V. DC-DC boost
converter should be required to raise the voltagergial for the stimulus driver. In the
report, we introduce the stimulus driver with laagliadaptive consideration in the
low-voltage process. Besides, the positive hightagal generator with effective PFM
controller is embedded within the stimulus drivercontrol the switching speed and
dynamic power effectively. First, it reduces thevslrate to free from the glitch current
on the electrode. Second, when stimulating, it cores lower power within the
electrode implanted shallower (low capacitance).e Tétimulus driver supports
monopolar and bipolar stimulation. In addition, wWiDAC applied, the output stimulus
current could be 307, 30uA and 4QA within the electrode-tissue impedance from 4nF
to 200nF and from 2@k to 250K at stimulus current 30A in the TSMC 0.18m

1.8V/3.3V general purpose process.

vi



In monopolar stimulation of biomedical chips, tiegative high voltage generator
(~-8V) is needed. With the potential for mass puaiaun, CMOS technologies are more
attractive to realize the system on a chip (So@kré&fore, the positive and negative
high voltage generators should be feasible in tbemercial low-voltage CMOS
processes. The proposed negative high voltage aeneould be regulated at -8V. The
maximum output current is up to 328. When the output current is 208, the power
efficiency is 42.26%. The line regulation is 0.18@V The load regulation is

0.194mVIA.
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Chapter 1

| ntroduction

1.1 Motivation

Bioelectronics emerges for the evolution and praeomobf biomedical science
and electronic engineering. As a result, some r@rapies are proposed through the
advanced technology. Several applications, suaesmance imaging, are launched
and helpful to patients and doctors in the surgbiguroscience which is one of
biomedical science is the main accordance for th@pgsed application called
neuromuscular electrical stimulation or functior@éctrical stimulation (FES) in
general. FES is the application of electrical coti® excitable tissue to complement
or substitute for function that is lost in-neurdtadly injured organization, as usually
the case with spinal cord injury (SCI) [1]. Epilgps neurological diseases and FES
could be applied to this case.

Epilepsy is the second common neurological disordéfiecting 50 million
people all over the world. 25% of patients withlepsy have seizures which couldn’t
be controlled by drug or surgery. Neurological dsss mean the disorder of the nerve
system and cause the paralysis of the signal tigesm between nerve cells.
Therapies of epileptic seizure include pharmacaltgiatment and surgical treatment,
pharmacologic treatment since medical science besamproved. However, not all
patients could afford surgery because this is rakgery that might cause functional
losses. In fact, in these patients, only 75% dpamrse well to traditional therapies [2].
The incidence rates of epileptic seizures and pfiileseizures with centre-temporal

(Ro-landic) discharges were found to be 134/10080@ 21/100,000, respectively.



These were determined in an epidemiological study ipopulation consisting of
52,252 children aged 0-15 years in a county imtiréhern part of Sweden. Epileptic
seizures with Rolandic discharges represented alg$t of all the epileptic seizures
(febrile convulsions not included) [3]. Nowadaygilepsy becomes predictable by
analyzing EEG in the frequency domains, severahous of prediction have been
researched, including predictable features andigired by classification [4], [5]. It
also has been demonstrated that the abnormal digclsggnal that causes epilepsy
can be suppressed by FES when detecting the abhbrana wave [6]. It is feasible
to those patients who couldn't take surgical treatm

Although FES is a feasible method to suppress @lseizure, there are several
challenges in designing the stimulus driver showiiolows. (1) Due to different rat
samples, kinds of electrodes, location, and imgldritme, effective impedance of
electrode will varies in a wide range. The impedananges from tens of(kto
several hundreds otk Under the condition, while-required stimulus emtris fixed,
output voltage varies in a wide range correspordin{g) For SoC integration, high
operating voltage results in problems of gate-oxaderstress, hot-carrier effect, and
other reliability issues in the low-voltage procégk (3) Power consumption is the
critical consideration. The more power consumptgrihe less the utility time of the
implantable device is. (4) Latch-up issue: for semductor, the latch-up is easy to
occur when transferring the negative voltage or lifgh voltage in the system is
higher than the breakdown voltage of the laterajumation. This thesis proposes two
circuits applied to the biomedical chip. One is tiegative high voltage generator; the
other is the operation-voltage-generated stimulused with consideration of
adaptive loading in wider range fabricated in tbe-voltage process. Two circuits

are verified on silicon with measurement results.



1.2 Thesis Organization

This chapter includes the motivation of this workldhe thesis organization.

The chapter 2 of this thesis introduces some backgt knowledge of epilepsy,
epileptic seizures treatment, and implantable dtiswdriver.

In the chapter 3, design of negative high voltagmegator for monopolar
stimulation is proposed, which has been verifiedhie 0.18am 1.8-V/3.3-V general
purpose process for SoC integration. The negatigle voltage generator free from
gate-oxide overstress and latch-up and efficiemtyaaced compared with the prior
art.

In the chapter 4, design of biphaic stimulus driteesuppress epileptic seizure
with current-mode adaptive loading consideratiomprigposed. The stimulus driver
comprises of two block circuit — the ‘voltage getarand the driver. The voltage
generator is included to supply the adaptive opegatoltage to the electrode. The
driver connected to the electrode”should be hdiakiéty for fear the gate-oxide
overstress.

The last chapter, chapter 5, recapitulates the mejosideration of this thesis

and concludes with suggestions for future investiga



Chapter 2

Background of Epilepsy, Simulus Driver and
Epilepsy SoC Development

2.1 Overview of Epilepsy and Epileptic Treatment

Epilepsy, caused by excessive abnormal dischargkeirbrain and represented
by constant seizures, is a neurological disorderTBis is the brain disease. Doctors
implant the electrodes to watch the brain. wavejadde whether epilepsy seizure the
patient gets. As for the brain, there are five obad Amygdala shown in Fig. 2.01.
Some of them are the reason for causing.epilepizuse. Epilepsy is divided into

five types:

(1) Absence Epilepsy

Patients with absence epilepsy are almost childfée. reason of the
syndrome is considered to be related to inheritdrm® parents. Absence
seizures are broadly categorized into typical atypieal absence seizures.
Typical epilepsy seizures occur in the context dibpathic generalised
epilepsies and EEG shows faster than 3 Hz genedalispike-wave
discharges shown in Fig. 2.02, approximately 7-128therwise( slower
than 3Hz spike), epilepsy seizures are atypical /@hen absence epilepsy
attacks, patients space out throughout the day atbemwhether someone

call them or wake up them.



(2) Frontal L obe Epilepsy

Epilepsy caused by the damage in the frontal Isbeimed frontal lobe
epilepsy. Frontal lobe, the largest part of theekbf the brain shown in Fig.
2.01, is the second most common lobe in which pgjlesurgery is
performed. Three gyrus of frontal lobe are infefim@ntal gyrus, precentral
gyrus and medial frontal gyrus shown in Fig. 2.B8ecentral gyrus is the
primary motor area. During surgery, this area cobdd stimulated with
current. The movements that result from stimulathng area are movements

of the limbs, hands, and face [9].

(3) Temporal Lobe Epilepsy

Temporal lobe, the most.heterogeneous of the lahdsfrequent cause
of epilepsy, controls'the function of language,rirepand memory. Injury on
temporal lobe results in partial seizures and abuathermore, it is hard to

take a surgery to cut off for fear the loss of timts.

(4) Occipital Lobe Epilepsy

Damage to occipital causes a homonymous hemianopgiah is
bilateral loss of vision [9]. During a seizure, esgsive activity could result in
both positive phenomenon such as flashing lights, megative phenomenon

like black spots.

(5) Parietal Lobe Epilepsy

The parietal lobe, between the frontal and tempotads, is the primary
sensory area. When stimulating this area, paineemn experienced but
removal of this area results in function devastptiRarietal lobe seizures

tend to spread to other areas of the brain.
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Fig. 2.03. Different frontal gyri and functional g within the frontal lobe. Three
gyri on the lateral surface of the frontal lobe BigF2 and F3.




2.2 Brief Inroduction

2.2.1 Introduction of Treatment

There are two treatments shown as follows: (1) isafgtreatment and (2)
pharmacologic treatment.

Surgical treatment is a high-risk option for pat®ewhose seizures cannot be
controlled with medications [10]. Because all emile seizures occur in the lobes
which control different function, such as hearifanguage and memory for temporal
lobe, surgery for cutting the seizure area may losetion. Besides, there is no
guarantee that epileptic seizures can be curedtlgx8efore the surgery, doctors
would implant the clinical electrode to'determinkeere the seizure occurs in the brain
and which function may be-lost if taking. surgeryowh in Fig. 2.04. Epilepsy
evaluation includes the investigations such as-tengm EEG recording (most and
shown in Fig. 2.05), neurological examination,.MRtc. What kind of surgery is
applied depends on different kind of seizures &edldcation of the brain. There are
two basic brain surgeries for epilepsy, resectiomgexry and disconnection surgery.
The most common type of resection surgery is tealpobectomy. In latter type,
sometime called functional disconnection, surgedariupts the nerve direction that
spread abnormal discharges. However, surgicalnteyat is not a suitable option
because some sections of brain are too importarenove. For example, removal of
temporal lobe might results in the malfunction @&aling, language and memory
function.

Pharmacologic treatment is basic and the most tisedhpy. According to
patient’s condition, and what kind of epilepsy, tos choose suitable medications

(antiepileptic drugs or AED) for treatment. There Bwo types of AEDs used, narrow



spectrum AEDs focus on small number of epileptiziges, and broad spectrum
AEDs work for a large group of seizures. Howeveilepsy is a complicated disease.
No standard recipe which medication to use foregpit patient could be decided.
The effectiveness and side effects are mainly denation of prescription. Most of
patients’ condition can be ameliorated by AEDs, &wesv, every kind of medicines
sometimes might lead to side effects including fylwision, dizziness, headaches,
and fatigue [11], [12]. In addition, these medicati might lead to allergic in roughly
10% of people and can impair blood cell or livenféftunately, some patients do not
respond to AEDs, their epilepsy is medically refoagz They might take other

treatments into consideration such as surgicalnresat.

Fig. 2.04. Doctor implants the clinic electrodeth@ brain to detect the long-term
EEG, investigate the area of seizure occurrence emaduate the side effect after
surgery.



Fig. 2.05. Clinical electrodes are implanted toestigate the electroencephalogram
(EEG) brain wave[13].

Except for pharmacologic treatment;and surgicattment, electrical stimulation
is a treatment for drug-resistant epilepsy andiees investigated [14]. Advantages
of electrical stimulation are flexible, recoverabqu non-destructive. Four methods
of stimulation are feasible as foIIows:-(l) 'trér'amial‘magnetic stimulation (TMS), (2)
deep brain stimulation (DBS), (3)'vagus nerve skation (VNS) and (4)neurosurgery
for mental disorders (NMD) as shown in Fig. 2.08][1TMS is a relatively safe
procedure as it does not involve any surgery ouirecgeneral anaesthesia. The few
risks that are associated with its use are deteudniargely by the number, intensity
and frequency of stimuli applied. TMS and ppTMSaat frequency are unlikely to
produce seizures, or have any lasting effects g@mition, but rTMS, by increasing
cortical excitability, can precipitate seizures reve healthy subjects [16].The vagus
nerve is autonomic nervous system, which controt¥ylfunctions that are not under
voluntary control. The vagus nerve is situatedrtbek and connect abdomen and the
lower part of brain. Device of VNS consists of mulgenerator, flexible wire, and

electrodes. By sending regular pulses of electsigalal via vagus nerve, VNS system
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can suppresses epileptic seizures before seizapseh. Currently, VNS is approved
by Food and Drug Administration (FDA). DBS is eniaggas an important treatment
in the management of PD and other movement diserddre application of DBS
involves delivering a current using implanted quaalar electrodes connected to a
battery powered pulse-generating device. as shaviaig. 2.06(b) [15]. Our epilepsy

stimulus driver is based on deep brain stimulati®BS).

Transcranial Magnetic Stimulation — TMS Vagus Nerve Stimulation — VNS

“
Magnetic SR
fiel i, !

L

Parabrachial

MNucleus
and Locus
Coeruleus
Saolitaris
Cortical
stimulation
2 b
NCP
Deep Brain Stimulation — DBS Neurosurgery Lesion Sites
Cingulotomy

To pulse
generator

Stereotactic

Site of Subcaudate
stimulation Tractolomy
c d

Fig. 2.06. Four methods of stimulation: (a) traas@l magnetic stimulation (TMS),
(b) deep brain stimulation (DBS), (c) vagus nentanglation (VNS) and (d)
neurosurgery for mental disorders (NMD) [15].
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2.2.2 Epileptic Seizure Detecting and Controlling System

Recently, EEG is used to record the brain wavepndess this signal to detect
the epilepsy seizure [17], [18]. It also has beemadnstrated that the abnormal
discharge signal that causes epilepsy can be sgguteby FES before epileptic
seizures happen [16]. A variety of epileptic sezdetecting and controlling systems
has been studied and implemented. The systemspii@ptc treatment are mainly
classified by stimulus types, open-loop systemsaosed-loop systems [19].

Open-loop systems, or so called blind systems,alaespond to physiological
activity immediately. The neuroscientists intendntodulate seizures by activating
and inactivating region and set the required stimelrrent for individual. Open-loop
systems regularly turn on édand off at a .fixed pattevhich is determined by
neuroscientists before the event. Currently exgssiystems that approved by FDA are
all adopts open-loop systems [16]. Closed-loopesyst so called intelligent systems,
are more complicated. The systems are switchedyodetecting seizures onset. In
comparison with open-loop systems, closed-loopesystcan minimize the effect to
human body. Closed-loop systems consist of detestgnal analyzer, and stimulus
driver. As current researches shown, epilepticuise& could be tracked back to tens
of seconds before onset. For example, closed-lgstem may be quite effective for
epileptic seizure in the hippocampus, where seszuray remain confined for up to
10 seconds prior to propagation [20]. Thereforeumber of algorithms have been
proposed for rapidly detecting and classifying sign of different kind of epileptic
seizures. These algorithms analyze the brain &eBvirecords from EEG or
electrocorticogram (ECOG) and extract the featdreeure-like brainwave, and the

outcome of analysis can be utilized to switch oerdpeutic intervention. Due to
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complexity of closed-loop systems, power consummptic one of mainly
considerations of embedded systems. Fig. 2.06 csosed-loop epileptic seizure

monitor and controller presented in 2009 [21].

Fig. 2.07. The closed-loop epileptic seizure marated controller [21].

2.2.3 Brief Introduction of I mplantable Stimulus Driver

Functional electrical stimulaﬁon (FES) Has beevettigped and implemented for
different kinds of applications in biom_ed:i'cal sccierand clinical therapies [1]. Some
diseases were considered hard to cure.in thespﬂ,as the retinitis pigmentosa (RP)
[2], Alzheimer’s disease [23], and damaged cenmtem/ous system. Nowadays, these
diseases might become curable through implantaimeulsis driver. Therefore, a
variety of implantable stimulus drivers have beesearched and presented. Based on
FES, the stimulation wave combines cathodic wav@ &nhodic wave alternatively.
That is, the biphasic waveform is needed. Besitles, method of stimulation is
divided into two types: (1) two interface leads gée (bipolar stimulation) and (2)
one interface lead per site (monopolar stimulatismywn as Fig. 2.08(a) [22]. For
one interface lead per site (monopolar stimulatiar® need the positive and negative
high voltage sources respectively. For two intexfeeads per site (bipolar stimulation),
the positive high voltage source is required. Muegpthe way of stimulation affects
the complexity of the circuit.

Because of the damage of the electrochemical pspties electrons may directly
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run away from electrodes into tissue. In other wpffcee electrons in the electrodes
oxidize through the faradaic reaction and causecttegge imbalance in the tissue.
Therefore, the biphasic waveform is required faarge balance .In epileptic SoC, the
biphasic stimulus current is applied.

The prior art of the monopolar stimulation is simow Fig. 2.10 [24]. This work is
used in the epiretinal prosthesis chip. The pasitigh voltage regulator +12V and
negative high voltage regulator -12V provide thectibde voltage. With current
mismatch problem, the charge cancellation cirauiddded to let the charges on the
electrodes release to ground. DAC is used to cbiite amplitude of the output
current. At the output stage, the high voltage(3BM)SFETs are used to afford 12V
voltage so that it could avoid the semiconduct@ués such as hot-carriers or
punch-through. The output resistance.is equal ®resistor Re: Series one capacitor
Celec With Reiec=10kQ and Gie=100nF. The circuit would realize with additionaask
for SoC integration.

Fig. 2.11 indicates the stimulus driver in.the bgpctimulation [25]. This work is
also applied in retinal prosthesis. Using O35 HV CMOS process with 20V power
supply, the current mismatch achieves less thamfOstnaller than the work in [24].
There are three phases: cathodic phase, anodie @ra$ shorting phase. In the
cathodic phase,1Ss close to deliver charge to WE, while anodicémcel delivered
charge. Using shorting alone to achieve chargenbalanay cause unwanted neural
response to neighboring sites. The output resistamcshown in Fig. 2.11(b) with
Ce=100nF, R=10MQ and R=9kQ. Fig. 2.11(c) shows the stimulus circuit.
Mup2,Mups,Mun2 and Myns are switches which gives the biphasic current into
electrode. The current source driver has largeututppedance to bias the electrode
adaptive operating voltage intBOkQ. Using active cascade current source is that

enlarge the output resistance.
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2.3 Introduction of Epilepsy SoC Development

In the epileptic SoC architecture, the SoC cirblock is shown in Fig. 2.12. The
system is called close-loop system. Two routestl@ close-loop system: (1)
sensing route and (2) writing route. For sensingeopre-amplifier reads the EEG
signals from electrodes. Pre-amplifier provides theable gain and bandwidth.
Next, ADC digitalizes the analog signals into digisignals to DSP system. DSP
system uses CRC computation to generate the TXalsigiX circuits deliver the
encoding EEG signals to the monitor outside to shigate the brain wave and
detect the epileptic seizure. Also, the epilepgzere detector is embedded into
implantable DSP system. After detecting, if thesaiseizure, DSP would give an
enable signal to the stimulus driverto:supply @eid constant current pulse which
frequency is 800Hz.

Before, the voltage of output stage must be higimerugh to drive the load and
the high voltage supply is constant. In this wdhe high voltage power of the
stimulus driver is tunable depending on the loadingedance. No matter loading
impedance is, the high voltage generator would wWuthe adaptive voltage to
provide the electrode with constant current pufse.this changeable high voltage
power, it can stimulus different rats and save poweother words, the stimulus

driver would provide the electrode voltage withdoey adaptive consideration.
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Fig. 2.12. Epileptic SoC block diagram.
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Chapter 3

Design of Biphasic Simulus Driver to Suppress
Epileptic Selzure with Adaptive Loading
Consideration

3.1 Introduction

Nowadays, biomedical chip taken as therapies ofesaimical experiments
becomes more and more popular. Some biomedicat chiph as retinitis pigmentosa
(RP) are experimented in the_animal to. make suee ttterapy function and
performance.

In the epileptic SoC project, we experiment theppsed stimulus driver on
long-evans(rats) which has epilepsy hereditarilye Stimulus current to suppress the
seizure of the long-evans is |B8." However, different rats need different stimulus
currents. Therefore, the stimulus current mustubeahle to output different current to
different rats. The stimulus current would not be targe so that the rat would not
feel too hot or hurt. As the stimulus current is targer, the rat would scream and get
hurt.

This stimulus driver is based on functional el@aristimulation (FES). With
adaptive current pulses, the epileptic seizure e suppressed. Furthermore, with
reverse current, it would do charge cancellatiarféar tissue damage. The proposed
stimulus driver includes output driver, currentsiag circuit to send digital signal to
VCC generator and VCC generator. With VCC generatowould generate the

adaptive voltage for electrode. With wider impedadcstribution, the method would
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save power for loading consideration since the wuipltage of VCC generator is not
constant. Using current-mode (current sensing) @ocdélibrate the effect of
capacitance of electrodes. Capacitance of theretbetaffects the conductance to the
tissue. Resistance of the electrode affects thetretde necessary voltage to flow
enough current through the tissue.

In this chapter, first we analyze the impedancevben the tissue and electrode.
Second, the proposed stimulus driver is introdudédrd, the measurement results

are presented. Finally, we show the animal testitses

3.2 Impedance Analysis

The equivalent circuit of the electrode-tissue heven in Fig. 3.01 as for the
aspect of resistance and capacitance. Capacitapcepesents the interface between
two materials (metal and meat): Represents the faradaic resistance because of
electrochemical process in the electrodes. Rseispineading resistance on behalf of
the hindrance for the ionic flow. The electrocheahigrocess does not usually appear
so that the resistance of dc path from electrodéCoto meat is large. For most
stimulus current pulse, it passes through the reldetmost. The DC voltage between
Cq1 is small enough to neglect the Faradaic effecatTih, R is neglected since
Faradaic reaction is seldom when stimulating. T$sue may be polarized because of
the capacitance & Since the faradaic resistance is larger to bdeontsl, the

measured impedance would transform into the equati&q.(3-1).
77" =|Z [co9+ | T |sifi= R+—— (3-1)
jaC

With DBS(deep brain stimulation), ZI electrode mpilanted into the brain of the

long-evans with thin metal line 6.5mm~7.2mm(postedi.0 mm, lateral 2.5 mm, and

21



depth 6.5-7.2 mm). Take four rats(ZI-2, ZI-3, Z&Ad ZI-5) as measurement samples,
we measure the impedance of ZI electrode. Furthexmadl-5-1 and ZI-5-2 are

measured by different time. The time interval i tweek. Before measuring the
impedance, we first detect whether the two eleetrdthnnel could pass the electrical
signal. The impedance measurement is shown inF@g. There are five curves in

the MATLAB impedance plot. That is, different samgplhave different impedance
distribution. Because of the capacitance, the iraped amplitude decreases with
frequency shown in Fig. 3.02(a). By Eq.(3-1), tlesistance and capacitance are
analyzed shown in Fig. 3.03. The resistance oftelde decreases with frequency
increasing. The capacitance of electrode decreaslegrequency increasing. For the

long-term investigation, the impedance changes twitie. That is, the resistance of

electrode would change continuously.shown in'Fig43

R

Rs _\/\N\_

Biphasic I I
current
Ca1

Fig. 3.01. Equivalent circuit of the tissue-braimpedance [25].
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3.3 Design of Biphasic Simulus Driver

From function electrical stimulation (FES) [1], thgphasic current is required to
make sure the light injury to the cell. For the @&ridange of the resistance of the
electrode, the loading adaptive consideration ideddwhen designing this work.
Since it is medical devices, the reliability andesa are important. In this work, the
stimulus driver could self-generate high enoughtagd to drive high impedance.
Furthermore, the reliability is guaranteed for autdriver and VCC generator in the
low voltage process so the safety is ensured. Withe range of adaptive resistance
and capacitance, the proposed stimulus driver wputtvide the constant current

pulses.

3.3.1 Implementation

The proposed stimulus driver consists. of outpugestavith VCC generator,
sensing circuit, and output driver, as shown in. B@5. In practice, depending on
different kind of stimulus sites, therapeutic regment, and implanted time, tissue
impedance varies from tens of2kio hundreds of ®. The experimental required
stimulus current is 3QA in this work. Under the condition that require€izsire
suppressing stimulus current is @8, the difference of varying required operating
voltage is 4 V. Conventional stimulus devices aseduto set the operating voltage at
highest requirement and enlarge voltage compliaaselarge as possible [27];
however, it enlarges power consumption in greatwarho That is, output voltage
and required power supply are wide spread from imitage to high voltage.
Therefore, the proposed design embedded a VCC aeneto generate the

appropriate voltage to the electrode. In the outpitter, MOSFET must afford the
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high voltage up to ~10V. In the low voltage procesésa MOS must afford high
voltage, gate-oxide reliability and hot-carrier ception are noteworthy. Therefore,

we have to use stacked MOS to solve these problems.

VDD
controlling % controlling
Sensing |, VCC G Sensing
. enerator
Circuit 1 Circuit
T vee | vee | T
Output Output
Driver Driver
% 2C R |2C %
R
VST ' Re VSTB

Fig. 3.05.The proposed stimulus driver consists of VCC gdoeraensing circuit,
and output driver.

Generally, the two electrode voltages are highllevel low-level respectively.
In this work, the high-level and low-level voltageisange from one electrode to the
other alternately. If VST is 1 and VSTB is O, thiensilus current is produced. If VST
is 0 and VSTB is 1, the electrode voltages exchamye® the reversed current is
generated. If VST is 0 and VSTB is 0, the capacitam the electrode discharges

because of current mismatch.

VDD VDD

I controlling % controlling ‘ | controlling % controlling ‘
Sensing | wl oo Sensing Sensing | | Sensing
enerator L VCC Generator
Circuit L € [* 1 _Circuit Circuit > | 1 Circuit
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Fig. 3.06. The operation of stimulus driver for tgic current pulse
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In brief, the proposed stimulus driver system cdoddillustrated as Fig. 3.06.
Assume the two output drivers are ideal switchegklvho headroom or voltage drop
between VCC generator output and electrode. Wheaottance of electrodes is small,
the voltage of electrode ramps up all the time. Whe voltage of electrode is at high
level, it increases with time. For providing theatode adaptive operating voltage,
VCC generator would output voltage as Eqg. (3-2).

VCC:IIZS‘—‘é“dt+I ER+j%dt (3-2)

stim
With appropriate controlling signal, VCC generatoould be controlled

completely by the sensing circuit to generate tihegpaelectrode voltage shown as Fig.

3.08.
[ q
] ]
] ]
! Silicon VCC Generator !
: 3 1 (]-) |
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Fig. 3.07.The brief block diagram is illustrated the stimuélrs/er.
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Fig. 3.08. The waveforms of the important nodes wtie resistance is big and the
capacitance is small.
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3.3.2 VCC Generator

Fig. 3.09 shows VCC generator with 5-stage chargmp tapped buffer,
2-phase clock generator, proposed PFM block, coatgarring oscillator and
frequency divider. Because of the wide spread rasfgpower supply, the charge
pump must redesign to meet the specification. Reraharge pump, the higher the
output voltage is, the higher the pumping frequeaicgt the stage number should be.
The dynamic power is higher when the pumping fregyes higher for Eq. (3-3).

P,, @ CV2f (3-3)

There are two properties in designing VCC generé&iost, if the slew rate of the
electrode voltage is too large, the current gliabuld happen. It is easy to see the
glitch current when using higher,;frequency but ldevvoltage gain or low feedback
speed. Second, as the wider range of the electvoltage, the output of VCC

generator should be variable with adjustable stageber or changeable pumping

frequency.
VDD
T 5-stage charge pump ‘ vee
ok ¢ Reikb R1

Tapped Buffer <
A — —
2-phase clock Proposed Vref >0,

generator  [* | PFM block ‘_l |—Vctr|1

clkr Vctrl2

clks_divt TC'kS
+10 Ring Osc <—|

trig = VST XOR VSTB

Fig. 3.09. VCC generator with a 5-stage charge puagped buffer, 2-phase clock
generator, proposed PFM block, comparator, ringlagwr and frequency divider.
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Therefore, the proposed PFM block is used to chtdosérequency to avoid the
high frequency pass through the circuit block witgh parasitic capacitance. If the
loading resistance is low (the electrode voltaglewy, the pumping frequency is not
high necessarily. Hence, when the output voltaglews the proposed PFM block
choose the low frequency to pump and recovery.digih recovery time is be larger
than that at high frequency, the ripple at low frexgcy pumping at low electrode
voltage is allowed. Second, as the required eldetrmltage is low(<5V), the glitch
current doesn’t happen anymore once the pumpirguénecy is not as higher as that

used for providing high voltage(9V).

clk clkb clk clkb clk

.J: Cp J‘ Cp J: Cp J‘ Cp J‘ Cp
MN1 MP1 MN3 MP3 MN5S MP5 MN7 MP7 MN9 MP9

1T 1] T Of1T T 1 i

VDD

BE’ [ T T TTV LTI ] Ll
MN2 MP2  MN4 J_ MP4  MNG MP6 N8 MP8 mN10 MP10

IR S A S

clkb clk clkb clk clkb

(a)
VDD
s3 sd4 85
O—I—d DT—C OT—C O—I—d O-1V0u1
Cp T Cp T ©r Cp Cp Cout
T T T
clk clkb clk clkb clk
Cp Ioan )
AV = Vo — o
Cp+ Coar ' (P + Cpar)
Cp I.oap

Vout=VDD+5‘AVZVDD+5‘C]J+—%—‘Vc]k_5‘m

Payn & Cpar - V2 - f
(b)
Fig. 3.10. (a) Five-stage charge pump with gatel@xeliability in the low-voltage
process [28]. (b) The SC circuit represents chatgap. Dynamic power is related to
frequency.
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Fig. 3.11. Charge pump controlling signal circdadk (a) 32MHz ring oscillator. (b)
Frequency divider with Johnson counter and theriiosaunter. (c) Non-overlapping
clock generator for MHz clock.

32



( L Clkr_ori = 31.256MHz

a Vib_cp
clkr _Ch—_( ! v

Clkr_div= 3.125MHz

Fig. 3.12.The proposed PFM block. Vfb_cp is VCC divided byThe frequency of
clkr_ori is higher ten times than that of clkr_diAs the electrode needs low voltage,
the low pumping frequency is chosen. While the tetele needs high voltage, the
high pumping frequency is required.

The way to choose the pumping frequency is baseti@rnalue VCC. Fig. 3.12
shows the proposed PFM block. If VCC is smallentb¥ (Vref for VCC generator),
the PFM block choose the low frequency clkr_oripwwmp and recovery for fear

dynamic power. If VCC is larger-than 5V, the higaguency clkr_div is chosen.
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3.3.3 Sensing Circuit and Output Driver

We use current sensing circuit to provide the digsignal to VCC generator

shown in Fig. 3.13. Comparison condition of thesseg circuit is Eq.(3-4)
Vi, = biasi,z ~gim [R (3-4)

If stimulus current is smaller than the target ealthat is the voltage of/is
bigger than Vbg, the output of the comparator isAfter switch controller, the
comparison signal is delivered to the VCC generatat the output voltage of VCC
generator increases until the stimulus currenteaes the target value.

With the high output voltage ofiVCC generator, stienulus driver must be high
voltage tolerant. Therefore, the stacked MQOS il useavoid gate-oxide overstress.
Suitable gate bias for stacked MOS could avoiddaotier degradation. We use level
shifters and control circuits to give the adaptivas to stacked MOS. In addition,
adding digital signal could tune the resistor vadoehat the stimulus current could be

tunable.
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Fig. 3.13. Sensing circuit and sensing condition.

35



%

:
o B

VCC _4
g L

B

Vst

GND

(@)

R1 a
R2 b

R3
c

(b)
Fig. 3.14. (a) High-tolerant output driver and (Bimming for tunable stimulus
current for different rats.

Table 3.1 Table for correspondence between digigglal and the target current.
Digital signal(abc) | Target Current lage

abc=100 40uA
abc=110 30uUA
abc=111 20uUA
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3.3.4 Simulation and Measurement Results

This work is fabricated in TSMC O.u&h 1.8V/3.3V process with
1.13mmx1.435mm shown in Fig. 3.15, which includebarge pump (A),
non-overlapping clock generator (B), effective PHlbck (C), output driver and

sensing circuit (D), ring oscillator (E), and fremey divider(F).

The measurement setup is shown in Fig. 3.16, whgilent E3631A is utilized to
provide the fixed 1.8 V for 1.8-V normal device. ilegt 81110A generates
non-overlapping duty cycle 10% 800Hz clock sigmal¥ST and VSTB. TDS 3054B
is used to observe output current of the stimuhiged The first measurement step is
measure the ring oscillator and frequency. dividére measured frequencies of the
ring oscillator and frequency divider are 28.08M#tx 2.83MHz respectfully shown
in Fig. 3.17. These frequency is the choice for pheposed PFM block. As the
maximum frequency is 28.08MHz,.the maximum outpeitage is 9.9V when abc is
100 and output loading resistance is 220kVith different capacitance, the electrode
voltage would be different. Fig. 3.18 and Fig 3sh®w the electrode voltages when C
is 4nF and C is 200nF. With small capacitance,edlleetrode voltage increases with
time obviously. Fig. 3.20 shows the electrode \g@tavhen R is 200& and 290K.
With the resistance difference of 9Dkthe dc voltage difference is approximately
1.5V. That is, the capacitance affects the charigbeoelectrode voltage with time.
The resistance influences the dc voltage of thetrelde voltage. Fig. 3.21 shows the
comparison of the stimulus currents flowing throlybetween different C. Fig. 3.22

shows the comparison of the stimulus current waedseen different R.
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999200,

Oscilloscope
Tektronix TDS 30548

Fig. 3.16. The measurement setup of the power guthi@ function generator and the

oscilloscope. The outputs of stimulus driver conrtedest board with the electrode
equivalent circuit.
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Fig. 3.17. Measured frequency: (a) ring oscillato28.08MHz (b) the frequency
divider combining Johnson counter and binary caun?e83MHz.
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Fig. 3.18 The comparison of the measured operalimgirode voltages VL1 and VL2
between big C (C=200nF) and small C(C=4nF).

5 —— C=200nF -

> 6]

S 4

‘{E }

S 2

> !

o 0

=] !

g 2|

o e 1 n 1 i 1 i 1 L 1 L | L 1 L 1 L

% -0.0001 0.0000 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008
Time(s)

= 8] —— C=4nF

._J | 8

> 6+ 1

> 4

S 2|

g 0 %‘WMW

8 2|

9 -4 [ ! 1 | L 1 2 ! r ! r 1 L |

'8' 0.0000 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006

w

Time(s)

Fig. 3.19 The comparison of the measured electiadtages VL1 between big C
(C=200nF) and small C(C=4nF).
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Fig. 3.20 The comparison of the measured electvottages VL1 between different
loading resistance R=200kand R=290 .

Stimulus Current when Target Current is 30uA (abc=110)
wlhen 'Elecl:troqe Clapacl:itar}ce C= tllnF i
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Fig. 3.21 The measurement result of stimulus ctrbetween electrode resistance
R=200K2 and R=290K when electrode capacitance is 4nF and the digigalal abc
is 110.
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Stimulus Current when Target Current is 30pA (abc=110)

when Electrode Capacitance C = 200nF
T ' T . T ) T
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| I | 1 1 " |

0.0000 0.0002 0.0004 0.00086
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Fig. 3.22 The measurement result of stimulus ctrbetween electrode resistance
R=200K2 and R=290R when_ electrodercapacitance is 200nF and the Hijdaal
abc is 110.

As the stimulus current tunability, the proposedsigie would provide the
stimulus current 20A, 30 yA, and40pA with different digital signals shown in table
3.1. The measurement results are closed to theafispgon with different loading
impedance. For the measurement results shown in3F&3 and Fig. 3.24, as the
electrode resistance smaller, the stimulus curvemtld be larger when the 3-bit
digital signal abc is 111(4@3\) and 100(2QA). When the value of electrode
resistance is larger than 2@kthe amplitude of stimulus current decreases.eSihe
speed of the current sensing circuit is low, thesesp of controlling charge
pump(stopping) is low. That is, the value of VCOnheetor is easily higher than
expected. Therefore, the measured stimulus cuiséatger than simulation results no

matter which post-layout or pre-layout shown ineeh?2.
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Stimulus Current vs Loading Resistance
when Electrode capacitance C = 4nF
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Fig. 3.23 The measurement results of stimulus otsreith electrode resistance from
10 kQ to 473 K2 when electrode.capacitance.is 4nF. As abc isth&ltarget current
is 20uA. As abc is 110, the target current.is 3088 .abc is 100, the target current is
40uA.

Stimulus Current vs Loading Resistance
when Electrode capacitance C = 200nF
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Fig. 3.24 The measurement results of stimulus otsreith electrode resistance from
10 kQ2 to 473 K2 when electrode capacitance is 4nF. As abc isth&ltarget current
is 20uA. As abc is 110, the target current is 3088.abc is 100, the target current is
40uA.
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Current Mismatch vs Loading Resistance
when Electrode capacitance C = 4nF
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Fig. 3.25 The measurement results of current migmdtetween Icathodic and
lanodic with electrode resistance from X0 to 473 K2 when electrode capacitance is
4nF. As abc is 111, the target currentis 20uAaBs is 110, the target current is 30uA.
As abc is 100, the target current is 40uA:

Current Mismatch vs Loading Resistance
when Electrode Capacitance C = 200nF
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Fig. 3.26 The measurement results of current migmdtetween Icathodic and
lanodic with electrode resistance from X0 to 473 K2 when electrode capacitance is
200nF As abc is 111, the target current is 20uAaBs is 110, the target current is
30uA. As abc is 100, the target current is 40uA.
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VCC vs Loading Resistance
when Electrode Capacitance C = 200nF
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Fig. 3.27 The measurement results of VCC generaithr electrode resistance from
10 kQ to 473 K2 when electrode capacitance is 200nF. As abc is thEl target
current is 20uA. As abc is 110, the target curisrBOuA. As abc is 100, the target
current is 40uA.

Fig. 3.25 and Fig. 3.26 are the 'measurement resdlihe stimulus current
mismatches. As electrode capacitance is 4nF, theerdumismatch is 0.5¢&\ in
average. As electrode capacitance is 200nF, theerdumismatch is 0.%0A in
average. The output voltage VCC of VCC generatoshswn in Fig. 3.27. As
resistance R larger, VCC becomes higher.

Power is generated by VCC generator mostly. Wher tloading
resistance(electrode resistance) is small, theinesju/CC is small. As VCC is
smaller than 5V, the power consumption is smatant0.7mW. As VCC is larger
than 5V, the power consumption becomes larger. mMieimum consumption power

is 2.21mW. The minimum power is 0.31mW. The stangdyer is 16QW.

45



Power vs Loading Resistance
when Electrode Capacitance C = 4nF
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Fig. 3.28 The measurement results of power consomgfa) when the electrode
capacitance is 4nF (b) when the electrode capaetan200nF. As abc is 111, the
target current is 20uA. As abc is 110, the targetent is 30uA. As abc is 100, the
target current is 40uA.
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Table 3.2 Comparison specification, pre-simulatost-simulation and measurement

results.
SPEC PRE-SIM POST-S5IM Meas.
External Power 1.8 1.8 18 18
supply VDD(V)
VCC (V) 4-9 depends 4-9 depends on 4-9 depends on the | 4-9.9 depends on the
(Self-generated) on the loading [ the loading loading loading
Stimulus Current 20,30,40 18.661+0.48 19.81+1.43 22.661+4.09
Amplitude (pA) 29.9940.66 31.184+1.54 32.5+1.72
39.97+0.54 40.23+0.75 42.891+3.67
Current <2 0.03¢6 0.0152 0.51
Mismatch(pA)
Standby Minimum 46.94 68.18 166
Power(uW)
Stimulation Minimum 0.2-1.24 (depends | 0.268-0.81 (depends | 0.29-2.1
Power(mWw) on the load) on the load) (depends an the load)
Process TSMC 0.18um 1.8V/3.3V process
Table 3.3 Table for the impedance adaptive range.
abc | 1y, Adaptive loading range
111 | 20uA | (C,R) = (4nF, 10R) ~ (4nF, 475R)
(C,R) = (200nF, 10R) ~ (200nF, 475R)
110 | 30uA | (C,R) = (4nF, 10R) ~ (4nF, 250R)
(C,R) = (200nF, 10R) ~ (200nF, 290R)
100 | 40uA | (C,R) = (4nF, 10R) ~ (4nF, 210R)
(C,R) = (200nF, 10R) ~ (200nF, 220R)
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3.3.5Animal Test

The prototype of proposed stimulus driver has batgrated into closed-loop
epileptic seizure monitoring and controlling systeich is conducted by National
Cheng-Kung University. Long-evans rats, aged 4-éth®and weighting 500-760 g,
are selected for experiment in this study sinceg tieve absence epilepsy inherently.
All surgical and experimental procedures were ngekand approved by Institutional
Animal Care and Use Committee of National Cheng-d<umiversity. The rats were
anesthetized with sodium pentobarbital (50 mg/km).i All surgeries and anesthesia

are supported by Institution Animal Care and NCKU.

The closed-loop epileptic 'seizure. monitoring andtemling system consists of
microcontroller, data acquisition, wireless tramsee host computer [26]. Stimulus
current is conducted by a 4-microwire.bundle, eaeie of Teflon-insulted stainless

steel wire while ground electrode was implanted2 caudal to lambda.

38mm

Wireless ;.-;'7“' Signal
/ This work
____________ EEG | W
ﬁ‘ . : .

Monitor

Aulation

_______________________

Long-Evans Rat

Fig. 3.29 The measurement setup of integration raxeat of proposed stimulus
driver and closed-loop epileptic seizure monitorsygtem.
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Fig. 3.30The redesign PCB where die is bonded is used tanidmal experiment.
Biphasic input signals are used and the stimulive@dprovides the stimulus current.

VDD = 1.8V

For the sensitive EEG:detection, the battery isduse fear the 60Hz noise

disturbance. The EEG Wavé iS rét‘:orded by EEG deteeind acquired through the
computer(monitor). The stimulué driver poWer andCE#etection power is divided
into two groups. For one, the power of EEG detectioust be clear since the
amplitude of physiological signals is small. Secotie® power of EEG detection is
afraid of disturbance of the power noise comes ftbenstimulus driver. Finally, the
stimulus current from high-level voltage electrostleould flow into the low-level

voltage electrode because ZI electrode pair is dika@rcuit loop. If the power is not
taken apart, the stimulus current would be scattdfeg 3.29 shows the environment

setup in NCKU and Fig. 30 indicates the input sigha

49



Time

f‘-"\ﬂ, b vh Mo ks H." I s b 1 J- mun
NG IR W [‘M"‘] i f||'| Uil

Mk b B hl, M
i fi e
1 ‘ ml l

e — Time
3s Bs 9s 12s

(b)
Fig. 3.31 The EEG wave recorded: (a) normal coowlitib) seizure without
suppression within 11s (two ‘measured times).

Fig. 3.31 shows the EEG wave from EEG detectionmergial circuit. Fig.
3.31(a) indicates the normal condition. The amghtof the brain wave is small in the
normal condition. Fig. 3.31(b) shows the epilepd®mizure lasts 11 seconds. The
amplitude of the brain wave becomes larger andogeriat the frequency 7~12Hz
when seizure happens. The rat is chosen and #sreailuration is longer enough to
easily compare the EEG situation whether the stiswdriver turns on or not. As the
stimulus driver turns on, seizure is suppressesltlemn 5 seconds. When the stimulus
driver turns on, the long-evans becomes awake frodding head immediately. Fig.

3.32 and Fig. 3.33 show the experiment results.
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Fig. 3.32The experiment result with natural seizure. EpNepsizure with abnormal
discharge happens. As detecting the seizure, ilmeilss current is delivered to the
brain. The seizure suppression costs approximatelyy 800Hz and duty cycle 10%
pulses. The experiments with stimulus current 80@Hid duty cycle 10% pulses are
done thrice. Suppressing the seizure costs. almostftér turning on the stimulus
driver.

160mv
130mv
100mv

33 Bs Time

Fig. 3.33 The experiment result with natural seszuks detecting the seizure, the
stimulus current is delivered to the brain. Thewe suppression costs approximately
4s by 800Hz and duty cycle 40% pulses. The expetsneith stimulus current
800Hz and duty cycle 40% pulses are done twice pf&gging the seizure costs
almost 4s after turning on the stimulus driver.
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3.4 Summary

Design of biphasic stimulus driver to suppressileppc seizure with
current-sensing adaptive loading considerationnigestigated and verified in this
chapter. Proposed design is fabricated in TSMC01L8.8V/3.3V general purpose
process through ITRI. Proposed design would outipige target current value and
driving wider range of output loading impedance. detail, the output of VCC
generator would output 4~9.9V from VDD=1.8V dependion loading impedance
and stimulus current. Besides, the stimulus currertunable to 20A, 30pA and
40uA. Finally, the stimulus driver is verified by anantest and suppress seizure by 1
second with 800Hz clock duty cycle 10%. With 800ii#y cycle 40%, it costs 4

seconds to suppress the seizure.
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Chapter 4

Negative High Voltage Generator

4.1 Introduction

Biphasic stimulators are generally used for coahleetinal, neural, and other
electrical stimulations [29]-[31]. It is requirefat the anodic and cathodic stimulus
currents matched for safe consideration. Sincestineulus voltage derived from the
product of electrode/tissue impedance and stimednent was usually as high as ~10
V, the high voltage generator is needed.to pump MDBBuch high voltage (VCC).
Besides the positive high voltage generator, ametbgative high voltage generator is
also needed, as shown in Fig. 4.01. With the petefur mass production, CMOS
technologies are more attractive to realize-théegyon a chip (SoC). Therefore, the
positive and negative high voltage generators shoel feasible in the commercial
low-voltage CMOS processes.

To realize the negative high voltage generator, Bi§2 shows a conventional
design which uses all PMOS switches with four-phasgative charge pump in a
0.6um high-voltage CMOS process [32]. However, the highage CMOS
processes are not feasible in the SoC integraesides, if the negative high voltage
generator is realized by using PMOS switches insallstrate, the body terminals of
the PMOS switches must connect to ground to prefremd the substrate leakage

issue, which leads to the body effect [33].
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Fig. 4.01 Biphasic stimulator for electrical stiratibn.

The challenges for designing the negative highagatgenerator are: (1) substrate
leakage issue: if the N-well of PMOS switches igskd to the negative voltage, the
leakage occurs through the P-_substrate‘/N-weII joanct(2) reliability issue: if the
low-voltage transistors operaté at‘hig‘ilf_‘_l;v:clJIt_ége’:gate-oxide breakdown, hot carrier,
and other reliability issues Wbuld hapben; andk(é})akdown voltage limitation: the
output voltage must be regu.‘lallted‘- ét‘:'t_hel—evlel beglt;arwateral pn-junction breakdown
voltage [28]. |

In this work, a negative high voltage generator Ibesn designed, fabricated, and
characterized in a 0.8n 1.8-V/3.3-V CMOS process. The detailed design
procedures and the measurement results in siliogmvall be presented in following

sections.

»1

Fig. 4.02 Conventional negative high voltage getoeraith PMOS switches.
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4.2 Proposed Negative High Voltage Gener ator

The proposed negative high voltage generator csnsisa 6-stage negative charge
pump, a 4-phase clock generator, pulse-frequenajuration (PFM) feedback, and
buffers, as shown in Fig. 4.03. The 4-phase clategator provides the charge pump
with the adaptive control signal. The charge pumggudency is controlled by PFM
feedback. The PFM feedback is built with many stagereduce the supply current
and to enhance the power efficiency. Different friiva conventional PFM feedback,
this design adds two filtered capacitors for thes&@weduced input of the comparator
and low dropout regulator (LDO) to guarantee thgouvoltage accuracy.

The pumping frequency decides in whether the outmltage of the negative
generator achieves the target'value. If the outplttge does not reach the target
value, the PFM feedback signal will be high (1.8 Vherefore, the 4-phase clock
generator outputs clock signals to-make.the chpugep pumping. When the output
voltage reaches the target value, the PFM feedbgcial will be low (0 V), and the
charge pump stops pumping. After the output tramsjethe pumping frequency
becomes slower. With clock gating, the negativén hMgltage generator turns on after
the appropriate trigger signal.

The design and operation of each function bloclkslus the proposed design will

be discussed in following paragraphs.
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Fig. 4.03Design of the negative high voltage generator.

4.2.1 6-Stage Negative Charge Pump

Fig. 4.04 shows the 6-stage:negative. charge pumighwtonsists of NMOS
switches with deep N-well. The P-well of each NMi3$solated from P-substrate, so
each NMOS has local bulk to bias. The deep N-vgelliased at ground and the bulk
of the NMOS is connected to the source. These NM@isdeep N-well can pump to
negative high voltage without body effect and skatstleakage.

To ensure the reliability issue, the gate-sourcéfage (|Vgs|) and gate-drain
voltage (|Vgd|) of each NMOS switches must be s 1.8 V or 3.3 V in the
0.18um 1.8-V/3.3-V CMOS process. Since the |Vgs| of Mi4#& MN4 exceeds 1.8V,
the 3.3-V transistors are used for MN2 and MN4, levthe 1.8-V transistors are
selected for MN1 and MN3. The NMOS switches arbzetil to transfer charge from
input to output in each stage, and clocks are bphase.

The pumping and discharging of the charge pumphe riegative high voltage
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generator are driven by the 4-phase clock sigi@adl&(, CLK 2, CLK 3, and CLK 4).

The clock diagrams are shown in Fig. 4.05. The onerlapping clock phases prevent

shoot-through current.

clk1 clk2 clk3 clk4 clk1 clk2 k3 clkd ¢q ck2 .. clka

Fig. 4.046-stage all deep N-well NMOS negative charge pump.
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Fig. 4.05Clock diagram for pumping signals.

4.2.2 4-Phase Clock Generator and Tapped Buffer

The 4-phase clock generator is shown in Fig. 4T0@. reference clock signal (clkr)

will be modulated to the 4-phase clock signals ufgtothe 4-phase clock generator.

The tapped buffer can drive the loading capacitabpe®veen the 4-phase clock

generator and the 6-stage negative charge pump.
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Fig. 4.06The 4-phase clock generator.

4.2.3 Compartor

The comparator plays animportant role for the tiegéhigh voltage regulator.
The comparator with high gain would.enhance thgututoltage accuracy, and it
with high bandwidth would fit. the load transientdasslew rate demands. The
comparator is based on an operational amplifier)(@B shown in Fig. 4.07. The
last-stage inverter is used to make output signkdstving and reduce the output
capacitance in the comparator. This comparatoroped 60.518-dB dc gain,

197.52-MHz bandwidth, and B@hase margin.
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Fig. 4.07(a) Block diagram and (b) schematic.diagram of carafor design.

4.2.4 PFM Feedback

The PFM feedback is built for the charge pump wiitany stages to reduce the
supply current and enhance the efficiency. Thegiesiith two filtered capacitors is
shown in Fig. 4.03. The LDO used in PFM feedbacvioles a stable reference
voltage for the negative voltage generator to addi%h supply voltage variance [34].
The bandgap with 22 ppf@ offers the reference voltage to avoid the tentpeza
variance [35]. The output voltage {y/of the negative high voltage generator can be

calculated as Eq. (4-1).

Vss=(RugRttR2 Rl hg (4-1)
R2 R,+R, R2
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4.2.5 ESD Consideration for Negative Voltage Generator in Low Voltage Process

For the high output voltage pad, the low-voltage M@SD devices such as
GGNMOS are not feasible. On the other hand, the Ski®Rvn in Fig. 4.08 and the
pn-junction are suitable to the high voltage outpad in the low voltage process. In
this case, the SCR with trigger voltage 14.8V isdu® ensure no conductance in the

normal operation. The ESD of the negative highagst output is coated with deep

N-well to avoid latch-up.

Anode (0V) Cathode (-8V) Anode (0V)

STI| N+ P+ |STI|] N+ P+ N+ |STI| P+ N+ | STI

A e e

.. scrlpath .. .. SCRlpath .
Diode|Path Diod$ Path
N-Well P-Well N-Well
( Deep N-Well )

P-Substrate

Fig. 4.08The cross-section view and ESD path of the SCR lwiscused in the
proposed negative voltage generator.

Table 4.1. SCR specification in this work.

SCR turning on voltage ~15V

ESD Level 2kV
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4.3 Simulation Results and Measurement Results

This work aims to output -8V to the driver circuwith PFM feedback and
accuracy enhanced circuit such as additional fdegracitors and LDO, we predict a
specification shown as table 4.1. For the line l&gun, the output voltage wouldn’t
change for power line (VDD) +/- 10% change. Therefahe change of output
voltage is also limited +/- 10%. The output currehthe charge-pump based voltage
regulator would drive tens or hundredsp# scale. Hence, the output voltage must

drop less than 0.8V(10% output voltage) with @A0ncreasing.

The simulation results of the comparator are shawrkig. 4.09 and Fig. 4.10.
Table 4.3 shows the pre-simulation :results and -postilation results of the
comparator with OP gain almost larger than 55dBidladth larger than 100MHz
and PM >45 . Table 4.4 and 4.5 shows the simulation result4 @O and the
negative high voltage generator in“TSMC @ui81.8V/3.3V CMOS process. With
1.6V LDO shown in table 4.4, the output voltage tadgbe specification accurately.
Table 4.5 indicates the simulation results of otigmitage with different corner and

temperature.

The test circuit of negative high voltage generditas been fabricated in TSMC
0.18m 1.8V/3.3V CMOS process. The die photograph islaswn in Fig. 4.11,
which includes the 4-phase clock generator (A), thpped buffer (B), the 6-stage
negative charge pump (C), the comparator (D), thd Reedback (E), and the loading

capacitor (F). All the function blocks occupy aea@of 1.07x1.19 mm

Fig. 4.13 shows the measured output voltagg)(\For higher clock frequency,
the output voltage () maintains -8 V at larger loading current whiles thower

efficiency decreases. At 12.5 MHz, the maximum iogaturrent for -8 V ¥sis 100
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uA and the power efficiency is 27%. At 33.25 MHze thaximum current is 320A
and the power efficiency is 42.26% at the loadiogrent 200uA. Since the stage
number is high, more steady current from power Bupp required. If pumping
continuously (without the feedback controlling)etbumping capacitors would be
charged all the time and it consumes power. Riistpower supply would provide the
DC current b to the pumping capacitors to store the enoughggnand supply the
loading current calculated as Eg. (4-2) whighsl the loading current and N is the
stage number. Second, the switching loss currengeiserated by the parasitic
capacitors &g of the pumping capacitors and switches calculateéq. (4-3) which
T is pumping period. The total current from poweply is proportional to the stage
number and power efficiency is reversely propodiao the stage number shown as

Eq. (4-4) and Eq. (4-5) [36].

lo=NO,
(4-2)

| o =NC,, WDD [
(4-3)

lvoo = lip + 1 e
(4-4)
Power efficiency = Four - Ve W _ Ves 1T,
Ry VDDO,,, VDDINMI +C, WVDDLT)
(4-5)
_ NV |-V

iy 5 (4-6)

From Eq. (4-6) whichAV is the dc voltage gain per stage, the maximunditaa
current is related to the puming frequency andpiln@ping capacitance. Because of
on-chip charge pump, the pumping capacitance cduloe large. The higher

frequency about tens of MHz is applied. Howevee Higher pumping efficiency
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cause the lower power efficiency from Eq. (4-5)n€olling the pumping frequency
is important so PFM feedback is used to enhanceptiveer efficiency. Fig. 4.15
shows the power efficiency with loading resistok@Owhen the output current is
10QuA at 33.25MHz. Fig. 4.16 shows the power efficiemgth loading resistor 23R
when the output current is 328 at 33.25MHz. Fig. 4.17 indicates the maximum
power efficiency is at loading current 309 at 33.25MHz. Table4.2 summarizes the

measurement results of the test chip.

Table 4.2. Comparison of specification, pre-laysiotulation, post-layout simulation
and measurement results.

Specification | PRE-SIM POST-SIM | MEAS.
Vin oV oV oV ov
VDD,Vclk
, 18V 18V 18V 1.8v
Swing
Vout -8 -7.9434 -8.0282 -8.03
Imax >200 uA 400 uA 400 uA 319.2uA
Error <10% 0.708% 0.353% 0.375%
Load 0.317
: <8 mV/uA 0.364 mV/uA 0.194 mV/uA
Regulation mV/uA
Line
_ <4.44NVIN 0.135V/IV 0.181 VIV 0.166 VIV
Regulation
12.5~50
: 12.5~50 MHz
Operation o MHz
Minimum (Corner 33.25MHz
Frequency (Corner
Depends)
Depends)
48%
Power M aximumm S0%@l .= al _ 42.26% @I, =
efficiency 200uA LOAD 200uA
200uA
Power Minimum 3.177/mwW 3.35mwW 3.8mwW
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Table 4.3 Simulation Results of the comparator.

Pre-layout simulation Post-layout simulation
Corner SS TT FF SS TT FF
Temperature | 125 25 -40 125 25 -40
Gain(dB) 69.732 68.231 66.856 | 55.682 60.518 68.973
Unity 359.48 239.39| 336.83 | 243.35 197.52 491.5
Bandwidth
(MHz)
Phase 55.944 59.839| 60.48 59.395 54.63 48.79
Margin
SR [dBY) - f{HZ)
= 1233_ dBiv(voo)_ss_125)
e —
oo X 86048 mey fdeg)  f(Hz)
. : Phasepvoo)_ss 125)
o Ehazermardgin: [eFE (GBV) T(HZ)
- 123.3 j . ] ?E(v(vcc)_ﬂ:m)
i ¥ 736.83meg [deg] (1iHz)
= Phase(vivoo)_ff_-40)
I 1000 e
R T B0 112
é S0 *q\ - \iw\ - *————7__,_7__‘_7_7__7_7_ _ S ol
- 522 ‘ I . /ﬂm ) i)
- s = ?hase(v(voo)_n_zs) _
L de T
14 10.0 1000 1.0k 100k foi 100:0K 1imeg 10meg 100meg 1g

Fig. 4.09Prelayout-simulation of the comparator with SS'C29 T 25C and FF -40
C. OP gain almost larger than 55dB ,bandwidth latijean 100MHz and PM >45.
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Fig. 4.10Post-layout simulation of the comparator with S§¢2 TT 25C and FF
-40°C. OP gain almost larger than 55dB ,bandwidth latgan 150MHz and PM >45

o

Table 414 Simulation'results of LDO.

Specification Presim Postsim

Corner SS TT FF SS TT FF
Temperature 125 25 -40 125 25 -40
Vout(lout=50u)(V) 1.6026/|.1.5853 1.5585  1.6054 1%031.599
Line regulation(mV/V) | 6.4 5.55 3.905 6.883 6.88 5.917

Table 4.5 Simulation Results of the high negativkage generator.

Loading Pre-layout simulation Post-layout simulation

current

Corner SS TT FF SS TT FF

Temp. 125 25 -40 125 25 -40

100uA -8.0314 | -7.9387 -7.9941  -8.0101 -8.0282 -B01
200uA -7.9026 | -7.8974 -7.9474  -7.9831  -7.9874 9798
300uA -7.8886 | -7.8719 -7.8848  -7.94 -7.9601 -7.9533
400uA -7.8647 | -7.8719 -7.8642  -7.931 -7.9331 -7888
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Fig. 4.11Die photograph with A 4-pl _ lock ',_‘_“" eratorta®ped buffer, C: 6-stage
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Fig. 4.12Measurement setup of the proposed negative highgeigenerator.
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Fig. 4.13The measured output voltage (Vss) versus the Igadinrent tested by
different clock frequencies.

Vss (V)

e O A e T T
160 165 170 175 180 185 190 195 200

VDD (V)

Fig. 4.14The measured output voltage (Vss) versus the psweply (VDD) tested
by different clock frequencies.
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Fig. 4.16 The power efficiency versus clock frequeander loading resistor 28k
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4.4 Summary

A negative voltage generator for SoC integratias been proposed and fabricated
in a 0.18um 1.8V/3.3V CMOS process. By using the NMOS swigcimedeep N-well
and modified PFM feedback, the measurement reshtis/ the output voltage (Vss)
regulates at -8 V without substrate leakage, gaigeo overstress, and lateral
pn-junction breakdown concerns. The proposed desgrbe further integrated for an

electronic prosthetic SoC.
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Chapter 5

Conclusions and FutureWorks

5.1 Conclusions

51.1 Biphasic Stimulus Driver

The stimulus driver could generatet2Q 30pA, and 4QA stimulus current
to rats with self-voltage generator, gate-oxideiakelity and safety. It is
fabricated in TSMC 0.38n 1.8V/3.3V CMOS process and die area is 1.13mm x
1.435mm through the shuttle. in ITRI. With adaptivading consideration, VCC
generator could provide the jsuitable voltage toctedeles depending on
electrode-tissue impedance. Output driver is- higliage tolerant to deliver the
stimulus current and adaptive. operation voltageht electrode. The sensing
circuit uses I-to-V converter to.sense current adpist the VCC to produce the
current meeting the specification. Although thensilus current is larger than the
specification current, it could suppress the epidegeizure. Current mismatch is
0.568A in average at C=4nF while 05A in average at C=200nF. Standby
power of this work is 168/V. As stimulating, the maximum power is 2.21mW
and the minimum power is 0.31mW. The proposed degigpvide 2QA at
electrode impedance (C,R) = (4nF, @k~ (4nF, 475R) and (C,R) = (200nF,
10kQ) ~ (200nF, 475K). The proposed design provide |30 at electrode
impedance (C,R)=(4nF, 108 ~ (4nF, 250R) and (C,R) = (200nF, 1@ ~
(200nF, 290R). The proposed design provideOat electrode impedance (C,R)

= (4nF, 10I) ~ (4nF, 210R) and (C,R) = (200nF, 1@ ~ (200nF, 220R).
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5.1.2 Negative High Voltage Generator

A negative voltage generator for SoC integratiors heeen proposed and
fabricated in a 0.1@m 1.8V/3.3V CMOS process. The proposed design cawudid
latch-up and body effect when generating negatigé koltage with other circuits.
By using the NMOS switches in deep N-well and medifPFM feedback, the
measurement results show the output voltage (\ésg)lates at -8 V without substrate
leakage, gate-oxide overstress, and lateral priifamdreakdown concerns. The
maximum loading current is 320mA at pumping freqner33.25MHz. The load
regulation is 0.194 mWWA. The line regulation is 0.166V/V. The power eiifiacy of
this work is improved to 42.26% at higher stage bemat loading current 20@.

The power of whole generator is 3.8mW at pumpiegtdiency 33.25MHz.

5.2 FutureWorks

5.2.1 Monopolar Stimulation

To save the hardware area [22], monopolar stinaratould be done by
appropriate stacked MOS to afford the negative Wgltage. With positive voltage
source, negative voltage source and safety protecthe stimulus driver could

protect the ground at the mouse head shown in5Hg..
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Fig. 5.01 The block diagram of monopolar stimulatio

5.2.2 Advanced Animal Test

Three procedures would be realized in the advarcechal test. First, from
functional electrical stimulation [1], we make angmarison based on brain slice
between monophasic stimulation and biphasic stinmlaSecond, experiment on the
effect of the intensity of the stimulus currentiscessary. Third, experiment on the
frequency of the stimulus current pulses is requitenally, it is challengeable to

measure the ZI impedance on the rats by betterdarme analyzer.

5.2.3 Stimulus Driver on Humans

In September, 2011, the impedance on humans isureehd-ig. 5.02 shows the
electrodes in this measurement. The impedance zaralg Agilent 4294A. The
electrode is shown in Fig. 5.02(a) with shaft wi@®0um, shaft length 6.5mm, shaft

spacing 0.5mm and electrode diameter Q0 The electrode resistance and
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capacitance distribution are shown in Fig. 5.03.

(a)
Shaft Length = 6.5 mm

M
v

1mm +AAAEAE R,
< — @ @ @) IShaftWidth=300um

I Shaft Spacing'=.0.5 mm

[
> <
I

. l’.‘r“ . : .
F 3 3

Electrode Diameter = 100um -

(b)
Fig. 5.02The electrode implanted on humans (a) the electredén PCB to connect
the impedance analyzer Agilent 4294A. (b) the imf#d electrode diagram.
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Capacitance(Cs) Distribution
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Fig. 5.03 (a) Electrode capacitance distributionosMelectrode capacitances are
100~120nF. (b) Electrode resistance distributiorosiMelectrode resistances are
60~70K2.
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