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Abstract
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converter, Pulse delay modulation (PDM)

Student Number : 2017—-22199

The neural prosthesis device is an implantable medical device
that helps patients with neurological dysfunction recover their
function through direct electrical stimulation. Recently, artificial
retina technology has emerged as a method of restoring sight to blind
people who have lost retinal functions by electrically stimulating
intact bipolar cells or retinal ganglion cells in the visual system. A
problem mainly occurring in implantable biomedical devices such as
artificial retinas is limited space that can be inserted into the living
body. Existing implantable batteries have limitations in that they are
bulky and need to be replaced periodically. Therefore, implantable
medical devices require a wireless power transmission system to
provide a stable supply voltage in a relatively small size. In addition
to power and information transmission and reception technologies
used in existing implantable medical devices, there are also
limitations to biocompatible materials. Materials used in implantable
neural prosthetic devices are generally biocompatible metals, glass,
or ceramics. Feedthrough technology is required for metal—based
encapsulation, such as titanium, due to system isolation. In addition,
the assembly process is complicated, and the completed module is
bulky, so there i1s a limit to the implantation site in the body, or
internal tissue may be damaged. Microelectromechanical systems
(MEMS) compatible polymer—based devices are currently not
durable enough for organ implantation.

Therefore, in this study, an inductive wireless power
transmission system designed to meet the requirements of an
artificial retina and a planar electrode based on biocompatible
fluororesin PFA were presented. A reconfigurable DC—DC step—up

converter capable of boosting at various magnifications was designed
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considering the low coupling coefficient of wireless power
transmission in an implantable device in vivo, and a target power of
30mW was achieved with an output voltage of 5V. For wireless
information transmission, a pulse delay modulation technique was
used to achieve an information transmission rate of 13.56 Mbps, the
same as the power transmission frequency of 13.56 MHz. In addition,
a thin and flexible integrated process technology with a total
thickness of 62.7um was established by designing a 20—channel
electrode with low water absorption and capable of thermal bonding.
A charge storage capacity of 0.65mC/cm2 or more, the critical charge
density limit of general artificial retinas, was achieved.

The performance, stability, and biocompatibility were verified
through in vitro and ex vivo experiments for the long—term durability
of the developed artificial vision device. Judging from the accelerated
life test, the stimulation electrode's polymer—metal bonding has been
enduring over 180 days at 75 ° C and is currently in progress. This
period is expected to operate normally for about 8 years or more at
in vivo temperature. Furthermore, the biocompatibility was verified
through cytotoxicity, extract tests according to ISO standards, and
Korean Pharmacopoeia and biocompatibility were determined. In
addition, the effectiveness of electrode stimulation was verified

through ex vivo experiments.
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Chapter 1. Introduction

1.1. Background
1.1.1 Neural Prosthesis

The neural prosthetic device is an implantable medical device
that helps patients with nerve dysfunction restore their function
through direct electrical stimulation. Neuro—prosthetic devices using
nerve stimulation function have been continuously studied for decades.
They are now helping patients in various fields, such as deep brain
stimulation (DBS) for Parkinson’ s disease [1], retinal prosthesis [2] —
[4], cochlear implant [5]—[7], and cardiac pacemaker [8]. DBS is
considered an alternative surgical treatment for patients with
refractory tremors or those affected by long—term complications of
levodopa therapy, such as movement fluctuations and severe
dyskinesia [9]. The depth type probe stimulates the thalamus area with
electrical stimulation. Similarly, cochlear implant is one of the most
commercialized implantable neural prosthesis devices. Cochlear
implants have provided a partial hearing to more than 120,000 people
worldwide, half of whom are pediatric users who are able to develop
near—normal speech. A cochlear implant 1s an operation to implant a
cochlear implant in a patient with severe sensorineural hearing loss in
both ears due to a disease of the cochlea, and the hearing does not help

even when wearing a hearing aid. In this process, the outer part of the
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cochlea detects high frequencies, and the inner part detects low
frequencies. The 'vibration of air' called sound is converted into various
'electrical signals' that the auditory nerve can interpret and transmit to
the brain. Hearing loss is a situation in which a particular part of the
process suffers. A hearing aid is usually worn in the case of 'conductive
hearing loss,' which is a problem in the outer and middle ear that
amplifies the vibration. The problem is sensorineural hearing loss,
which is a problem with the inner ear, especially the cochlea. If the
cochlea is malformed or severe hearing loss due to more than hair cells,
it 1s difficult to recognize it as a proper sound no matter how loud the
sound is. A cochlear implant is a device that replaces the process of
converting sound into electrical signals. It consists of a 'sound
processor' that is hung or attached behind the ear, an 'implant'
implanted in the skull, and an electrode inserted into the cochlea. A
sound processor captures the external sound and converts it into a
digital signal, which passes through the skin and is transmitted to the
implant in the body. The implant converts the signal into electrical
stimulation and transmits it directly into the cochlea through electrodes,

and the auditory nerve sends it to the brain [10].

1.1.1.1Power Supplies for Implantable Devices

Numerous power sources for IMDs have been extensively
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investigated over the past few decades, as most IMDs must rely on a
permanent and sufficient power supply to ensure proper operation.
Different power approaches can allow the autonomous operation of
IMDs by generating power to replace or supplement existing battery
power. The main traditional challenges have been size limitations,

inaccessibility, the need for continuous work, and biocompatibility [11].

1uw 100uWw imWw 1w
Biosensor Pulse oximeter Cochlear implant Ventricular assist device
Cardiac pacemaker Retinal implant

Figure 1 Power requirements for implantable medical devices

The power required to drive a biomedical device ranges from a

few uW to hundreds of mW. Among them, in the case of the cochlear

implant described above, since the number of electrodes driven is

smaller than that of the artificial retina, it is driven with the power of

several hundred uW. In contrast, in the case of the artificial retina,

correspondingly high power is required to implement a resolution

similar to that of vision [12].



1.1.1.1.1 Implantable Battery

Figure 2 Power supplies for implantable devices

Batteries typically store energy in the form of chemicals that

can produce electricity. A battery contains an anode, a cathode, and an

electrolyte, allowing ions to move and form an electric current. As a

reliable source for long—term applications such as cochlear implants,

pacemakers, defibrillators, or drug delivery, these Li batteries are

widely used to provide the appropriate power levels from microamps

to amps required by many types of IMDs. However, further

implementations on implants have been limited by remaining hurdles of

size and questions related to potential toxicity [13]— [15].

1.1.1.1.2 Wireless Power Transfer



A significant problem with implantable biomedical devices such

as artificial retinas is that the space that can be inserted inside the body

is limited. In addition, existing implantable batteries are bulky and have

limitations because they need to be replaced periodically. Therefore,

implantable medical devices require a wireless power transfer system

to provide a stable supply voltage in a relatively small size.

200-2
__»(iii) Far-field electromagnetic coupling
g 50| (ii) Mid-field resonant coupling
% -~
2
& (i) Near-field inductive coupling

(v) Ultrasound

| [ 7
50 100 150

Stimulation Intensity (mW/mm?)

Figure 3 Wireless Power Transfer (WPT) in [16]

Most implantable nerve stimulators are powered by inductive
link wireless power transfer. Near the magnetic field, coupling helps
minimize tissue heat transfer due to low energy absorption and low loss
by biological tissue.

Various wireless communication technologies have been applied
in implantable artificial prosthesis devices. Among these technologies,
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near—field magnetic communication systems are promising because

they provide the advantages of near—field magnetic technologies.

Near—field magnetic systems have distinct advantages in lossy

dielectric media such as water, or biological tissues. In such

environments, the conventional far—field Electro—Magnetic (EM)

technologies experience significant path loss as a result of high energy

absorption in the medium. The near—field magnetic systems are more

efficient than the conventional far—field counterparts for power and

information transmission since they experience much less energy

absorption in a lossy dielectric medium [17].

Because of their lower path loss, the near—field magnetic

systems can transfer power and information using less transmission

power compared to conventional far—field EM technologies, while

satisfying specific absorption ratio (SAR) constraints. Since near—field

magnetic systems ensure better safety, they are more suitable for

implantable biomedical devices [18].



Furthermore, the near—field magnetic systems are highly

reliable in lossy dielectric medium. Conventional far—field EM

technologies exhibit variable channel conditions and propagation delays

due to the inhomogeneous permittivity of the materials in transmission

environments such as soil and the human body. In contrast, near—field

magnetic systems experience negligible channel variations even in an

inhomogeneous lossy medium, because these materials have similar

permeability [19].

Mutual Coupling

Receiving

Transmitting

Device Device

B

/// L \_Ré'(‘eiring Coil
Transmitting Coil J

RF Magnetic Field

Figure 4 Near field magnetic system for wireless transfer system [20]

1.1.2 Artificial Retina System

Recently, with the rapid development of electronics, the
development of an artificial visual transmission device for restoring
eyesight using bionics technology combining biology and electronics

are being attempted. The core of this device is to mimic the function of
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the retina, which converts external light into bioelectric signals that can

be interpreted by the human nervous system and transmitted them.

1.1.2.1Retina Layers

The retina is a transparent nervous tissue that covers about 2/3
of the inside of the eyeball and is located at the back of the eyeball.
The wall of the eyeball is composed of a fibrous membrane, a blood
vessel membrane, and a nerve membrane, and the thin nerve membrane
surrounding the innermost layer is called the retina. The retina is
formed in two layers at the back of the eyeball, the outer retina in the
front is called the pigment layer retina, and the inner retina is called the
neural layer retina. The retina is composed of nerve cells and glial cells,
and the color—sensing cells, the cones, are gathered and slightly
recessed in this area called the fovea and the most resolving and
sensitive area. The yellow area around the fovea is called the macula
and is the center of the field of vision. Anatomically, the retina is
classified as a terminal sensory group, but embryologically it can be
viewed as a part of the central nervous system.

When light enters the eye through the cornea and lens, an image
1s formed on the retina, transforming the shape into electrical signals
to transmit information from the optic nerve to the brain. In particular,
the photoreceptor cell containing a protein molecule called opsin
absorbs a photon and transmits a signal to the photoreceptor cell. The

central part of the vision is called the macula, and in the retina, other

8 .-':rxq e
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than the macula, it plays a role in seeing dark areas and peripheral areas.
And the external image coming through the lens is reversed up, down,
left, and right to form an image on the retina, and since the two eyes
look at the object from different angles, the retinal image of each eye
i1s inconsistent, allowing us to perceive the distance of the object. In
addition, the rod cells in the retina react sensitively to a small amount
of light, allowing objects to be identified even in dark places. Send the

relevant information.

A

Ganglion cells
Amacrine cells

Bipolar cells
Horizontal cells

sclera choroid
———4\, retina

Photoreceptors

Retinal pigmented
epithelium (RPE)

rod cone

Figure 5 Retinal tissue layers [21]

1.1.2.2 Artificial Diseases

Retinitis pigmentosa (RP) is a hereditary disease in which the
retina's function is lost due to the accumulation of pigment in the retina,
which converts light entering the eye into electrical signals. In patients
with retinitis pigmentosa, the visual field gradually narrows as the eye
cells are damaged, and eventually, they lose sight. The cause of
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retinitis pigmentosa is a defect in the gene involved in converting light
into electrical signals within the visual cells. In some people without a
family history, the disease develops suddenly. An early symptom of
retinitis pigmentosa is night blindness, which makes it difficult to see
things in the dark or at night. If the patients suddenly enter a dark place,
they may not adjust well, have problems when going out at sunset, or
live in a dark room becomes difficult. As the disease progresses, they
may see only the middle like a tunnel (tunnel field of view), their vision
may be blurred, and their may be unable to read or recognize faces.
Although the symptoms and timing of the onset of retinitis pigmentosa
vary from patient to patient, many patients lose sight. However, the
course varies from person to person to the extent that some people

maintain their sight until their 50s and 60s [22].

Normal retina Retinitis pigmentosa

Figure 6 One of the most popular artificial disease: retinitis pigmentosa
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Age—related macular degeneration (AMD) is a degenerative

disease that occurs in the macula of the eye tissue and causes vision

loss. The macula refers to the center of the retina. This macula is what

allows to see objects accurately. As we age, many changes occur in the

macula, and macular degeneration is one of the representative changes.

Just because you have macular degeneration doesn't mean you're living

in darkness with patients’ entire vision darkened. However, the part

you want to see looks dark or distorted.

In the early stages of macular degeneration, letters or straight lines

appear shaky or curved. Eventually, the vision deteriorates a lot, and

an invisible area is formed in the center of the field of vision [23].

Macular
Normal degeneration

Figure 7 Age—related macular degeneration

1.1.2.3Electrical Treatment
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There is no cure for AMD or RP, and most current treatments
aim to slow cell death and the resulting loss of vision. In addition,
nutritional supplements have been used to prevent the progression of
AMD and RP [24].

During the advanced stages of photoreceptor degeneration, the
neural retina is also significantly altered. Lack of regular input from
unresponsive or absent photoreceptors leads to significant neuronal
remodeling [25].

Despite reorganization and cell loss, the inner retinal neurons
retain their signal transduction ability. Morphometric analysis showed
that more than 50% of ganglion cells, based on nuclel count, survive in
wet AMD, and the ganglion cell density in dry AMD is not significantly
different from that of a normal eye, even in areas of the retina where
photoreceptors are virtually absent [26].

Morphological studies of patients with severe human RP indicate
moderate conservation of inner retinal neurons (70—80% of bipolar
cells and 25—40% of ganglion cells). Inner retinal preservation
supports the potential for vision restoration by establishing a
stimulation mechanism that bypasses the damaged photoreceptor layer
and interfaces directly with the remaining inner retinal neurons. Work
in this field is primarily based on several stimulation modalities,
including bioelectronics, optogenetics, photochemistry, and, more
recently, ultrasound stimulation. These distinct approaches are detailed

in this article in terms of underlying mechanisms and prosthetic
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systems [27].

Neurons in our body are interconnected with other nerve cells
in a structure called 'meural synapse (or neural synapse).' In most
cases, the electrical signal generated by a specific nerve cell 1s not
transmitted to other nerve cells as it is. Instead, in a nerve synapse, an
electrical signal is transformed into the secretion of a chemical
substance, a neurotransmitter, and information is transmitted by

binding to the 'neurotransmitter receptor' of the other neuron.

Cell body

Nucleus

Node of ranvier

Myelin sheath

Dendrites

Figure 8 Structure of a neuron

As a major cell in the nervous system, sensory neurons transmit
nerve impulses to the spinal cord and brain, and motor neurons transmit
commands from the brain or spinal cord to muscles or glandular tissues.
A neuron consists of one axon and one or two dendrites, and it functions
to receive and store various information by sending and receiving
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signals through a structure called a synapse that connects neurons to
neurons. Neurons can be classified into neuronal cell bodies, dendrites,
and axons. The neuron cell body is the central part of the nerve cell
and contains the nucleus and cytoplasm of the cell. A dendrite is a part
where nerve cells receive signals and is characterized by branching.
An axon is a part that extends from the neuronal cell body and transmits
the signal transmitted to the dendrites and the nerve cell body to other
nerve cells or cells. In a neuron, a synapse is created when two nerve
cells are connected, and two cells send and receive signals through a
synapse [28].

The nervous system of our body receives and transmits
external stimuli and processes the information to induce a response.
Nerve bundles spread throughout the body and quickly and accurately
transfer information using electrical signals called ‘action potentials,’
Numerous nerve cells in the brain integrate and process information
using these electrical signals. The action voltage generated by nerve

cells is about 0.1 V, which occurs for about 1/1000 of a second.
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Figure 9 The maintenance of resting potential of neuron and
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action potential [29]

On all neurons' surfaces (cell membrane), there are more
negative ions than positive ions on the inside and more positive ions
than negative ions on the outside, so a potential difference (voltage)
occurs between the membranes. The pure charge is expressed to the
outside by the complex interaction of the cation and anion. For this
reason, the inside of the cell is usually more negative than the outside,
and this voltage difference is called the stable membrane voltage of the
neuron. The stabilizing membrane voltage at the stimulation site
changes dramatically when a neuron is stimulated. This voltage change,
called an action potential, is propagated along the axon, and the
propagation of this action potential is the main method of transmitting
a signal in the human body. [30].

Electrode—based extracellular stimulation works by injecting an
electric current into the tissue of interest through a single or array of
electrodes placed nearby. For example, in bioelectronic retinal implants,
electrodes are placed close to the retina to form an electrochemical
interface with physiological saline. The current injected by the
stimulation electrode is passed through the retinal tissue to a return
electrode placed either locally on the array or at a distant location. An
electric current delivered to the extracellular region causes a
redistribution of charge across the cell membrane of retinal neurons.

An action potential is firing when the membrane depolarization exceeds
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a threshold [31].

1.1.2.4Photodiode System

Photodiode artificial system is a method that acquires an image
with a camera, converts it into the light of a near—infrared wavelength
(880—905 nm) with minimal influence on the retina, and irradiates it to
a photovoltaic chip containing a photodiode implanted under the retina.
This device stimulates the retinal bipolar cells by irradiating near—
infrared rays of strong intensity into the eye to induce a current
sufficient to stimulate the retina only with light intensity without
dependence on an external power source. Furthermore, since this chip
does not require a cable for an external power supply, it has the

advantage that a stimulation chip can be placed in the eyeball [32].

1.1.2.50ptogenetics

Optogenetics is a method of controlling gene expression and
firing neurons using light rays. It is widely used to detect neural circuits
in the laboratory and is being studied as a potential treatment for pain,
blindness, and brain disorders.
Optogenetic therapy uses viruses to deliver algae photoreceptor
protein genes to RGCs, bypassing damaged photoreceptor cells and

allowing direct image detection [33].

1.1.2.6Gene Therapy
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Gene therapy is a treatment that replaces a gene with a specific
mutation into a normal gene using an adeno—associated virus vector
(AAV) for retinal degenerative diseases caused by a single recessive
gene abnormality. Since it is difficult to restore already damaged cells
to their original state, it is considered as a treatment method at an early
stage when the damage is relatively mild. There is a limitation in that
the success or failure of retinal gene therapy depends on the accurate

diagnosis of patients with suspected hereditary retinal disease [34].

1.1.3 Conventional Retinal Devices

Conventional artificial retinal devices using electrical stimulation
include the epiretinal stimulation method located on the side of the
retinal ganglion cells in the eye according to the intraocular position of
the electrode that stimulates the retina and the electrode located at the
position of the photoreceptor cells between the neural retina and the
retinal pigment epithelial cell layer: subretinal stimulation. And finally,
placing the electrode on the episcleral, suprachoroidal stimulation has
been commercialized and inserted into patients. In addition to directly
stimulating the retinal layer, there is a method of directly stimulating
the optic nerve by winding a cuff electrode around the optic nerve
behind the eyeball and a method of stimulating the visual cortex.
However, these methods are complicated because they require
neurosurgical surgery and transmit visual information processing that

is still not well known.
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The target of epiretinal stimulation is retinal ganglion cells, and
it is relatively easy to insert electrodes into the eye, but since the retina
is very thin and fragile, it is difficult to fix the electrodes. In addition,
when electrical stimulation is applied from the upper surface of the
retina, the retinal nerve fiber layer is stimulated to spread the signal,
or cells in several layers of the retina are stimulated at once, making it
difficult to increase spatial resolution. Since the intraretinal signal
processing process cannot be utilized, the shape of the stimulating
electrode grid may differ from the shape felt by the patient, so
customized image processing is required for each patient. Therefore,
rather than a subretinal type stimulator, various parts, and a signal
transmission unit connecting them are required [35], [36].

The subretinal method aims to replace the function of
photoreceptors because patients with damaged photoreceptors located
at the bottom of the retina need artificial retinas. This method can also
utilize the neural processing in the retina that occurs between bipolar
cells, horizontal cells, and retinal ganglion cells so that the image
processing unit can be omitted [37] — [39].

With suprachoroidal approach, though the furthest distance to
the target neuron can lead to the highest threshold and lowest
resolution of the three approaches, the surgical procedure is the most

invasive and simplest [40], [41].
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Inner limiting membrane

R A

Figure 10 Conventional retinal prosthesis method according to

implant placement [42]
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Figure 11 Commercialized implantable retinal prosthesis devices:
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Epiretinal artificial retina from Argus II Second sight [43]
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Figure 12 Commercialized implantable retinal prosthesis devices
[47]: Subretinal artificial retina from Alpha IMS [44], from Stanford

university [45], from Harvard university [46]

1.1.4 Perfluoroalkoxyalkane (PFA)

The neural prosthetic devices are composed of several parts

with different roles. Among them, the electrode interfaces which

connect the electrical system with the living body require the strongest

biocompatibility. In addition, since this part exposed to the chronic

damage caused by the continuous electrical stimulations, various
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chemical and physical properties, including hygroscopicity and
durability, are also important. In general, biomaterials used in neural
prosthetic devices are made of metals, glasses, ceramics, or polymers.
Recently, polymers are widely used because of their high flexibility,
high chemical resistance, and low production compared to other
materials. Polymer—based electrodes are suitable for mass production
because they are easily moldable, flexible, and inexpensive. In addition,
the application of Micro Electro Mechanical System (MEMS) fabrication
process on the polymer is easy due to its excellent chemical resistance
[48].

There are several considerations when selecting a
biocompatible polymer for the substrate material of a bio—implantable
electrode. First, the biocompatible polymer should have a low water
absorption rate and maintain its function in the living body after
implantation. Also, it is desirable to have a modulus of elasticity similar
to that of the tissue to prevent tissue damage in the portion directly in
contact with the body after transplantation. In addition, when the
system operates based on a wireless signal, it is advantageous to have

a low dielectric constant so that the wireless signal can be transmitted
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or received. Finally, it must be resistant to high temperatures to enable
the application of MEMS fabrication process [49].

The material properties of biocompatible polymers were
compared in Table 1. Biocompatible polymers frequently used in
implantable medical devices are mainly polydimethysiloxane (PDMS),
Parylene—C, and polyimide. Since PDMS has a relatively low Young's
modulus compared to other biocompatible polymers, it is being used for
various applications. However, the high hygroscopicity causes the
PDMS substrate to degrade in a similar environment to the human body.
To compensate for this, PDMS is often used with parylene—c, which
has a higher Young's modulus than PDMS but has significantly lower
moisture absorption. However, since parylene—C has a high Young's
modulus, it can damage living tissue except when used very thinly.
Polyimide is a biocompatible polymer frequently used in various fields
thanks to its unique spin—coating properties. However, the electrode
manufactured with polyimide multi—layers using spin coating has a

limitation in that it can be easily delaminated in body fluid [50] — [53].
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Table 1 Characteristics of biocompatible polymers

LCP PDMS Polyimide  Parylene-C o PFA FEP FIFE ETFE
Waler absorplion (%) 04 0.4 0.3 (.06 .01 00z 0m 0m (.03
Melting temperature (707 35 -] A0 290 16 305 260 32T 150
Young's modulus (Pa) 2005 M 250 276G 210G 056 043G (.56 1.50
Dicleciric const. @ 1MH: 28 25 x4 205 23 205 20 20 26

LCP: Liguid crystal polymer; PDMS: Polydimethylsiloxane; COC: Cyclic olefin copelymer; PFA: Perfluoroalkoxy alkane;
FEP: Fluonnated ethylene propylens; PTEE: Poly tetra Muoro ethylene; ETEE: Ethylene tetra Muoro ethylense:;
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Considering these conditions, it is beneficial to use a
thermoformable polymer to manufacture an integrated electrode that
maintains its shape for a long time, even inside a living body.
Thermoplastic polymers with strong heat resistance have been applied
to many medical devices over the past 20 years because they can
withstand temperatures over 200C and bond very strongly when
molded [54]. Among the thermoplastics, fluoropolymers have
outstanding characteristics owing to its chemical structures. The
fluoropolymers have aliphatic or aromatic characteristics because of
the included fluorine, which has amorphous or semi—crystalline
structures. The carbon—fluorine bond inside the fluoropolymer is a
polar bond with very high bond strength, and the intermolecular
attraction is weak. For this reason, the fluoropolymer has a low surface
energy and a low coefficient of friction. Due to their low surface energy,
fluoropolymer can be mixed or coated with other polymers to impart
lubricity and water resistance to the surface. In addition, a
fluoropolymer has a high heat resistance and excellent dielectric
properties. With these superior properties, fluoropolymers are used in

various applications, from flexible tubes to catheters and vascular
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implants.

Among them, especially, Perfluoroalkoxy Alkane (PFA) has

outstanding permeability, elongates over 300% with tensile strength of

27MPa, 0.5GPa of modulus of elasticity and physical properties with

water absorption rate of 0.01%. It is also suitable for general MEMS

process due to the high thermal melting point up to 305° C and has

strong resistance to chemicals [55].

T

C—C C—C

| [
FFELLF O,
F—C—F

F

Perfluoroalkoxy Alkane : PFA

Figure 13 The molecular structure of perfluoroalkoxy alkane (PFA)
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Table 2 Possible fluoropolymers as electrode substrate

PFA FEP PTFE ETFE
F F F
e FF F F F H HFF
ﬂ..__ h__n _n_u Lol Lo 1 | _ _ | _
FINE S oot £0-C | e—c—cc
—C-F FF F CF
i . ol VFFla | [ HF Fl
Water
Absorption(%) 0.02 0.01 0.01 0.03
Melting
temp.("C) 305 260 327 150
Young's
modulus(Pa) 0.5G 0.43G 0.5G 1.5G
Dielectric 2.05 2.0 2.0 26
const. @1MHz @1MHz @1MHz @1MHz

]
|

ot & 5
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Chapter 2. Methods

2.1 Wireless Power and Data System

2.1.1 General Specifications

Voo Power Transmission
kiz
\IJ/
_lﬂﬂﬂ_ Vins Vrect
Shifter |— DC-DC +
L1 L2 Rectifier] | Step up Vout| Neurostimulator
n_.xL —n_-_Aw Converter -
= N T
Non-Overlapping kis = kzs =
Clock Generator
i s Clock |CLKr |—] 1.gv | Vdd
k34 Recovery LDO
TN <ﬂ_n
TXCLK S ¥ +
Pulse Pattern s, |H-Bridge " R4 vr = R.|amp Pulse Delay [+ RxClk
TxDatap—| Generator 2 ca R < Rp Detector |l—ORxData
Skin o -
= &
m P Bone m_ m_
TD(0,1) TD RD(0,1) RD

Data Transmission

Figure 14 Full power and data transmission circuit system diagram
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2.1.2 Near Field Transmission

Various wireless communication technologies have been applied in

implantable artificial prosthesis devices. Among these technologies,

near—field magnetic communication systems are promising because

they provide the advantages of near—field magnetic technologies.

Near—field magnetic systems have distinct advantages in lossy

dielectric media such as water, or biological tissues. In such

environments, the conventional far—field Electromagnetic (EM)

technologies experience significant path loss as a result of high energy

absorption in the medium. The near—field magnetic systems are more

efficient than the conventional far—field counterparts for power and

information transmission since they experience much less energy

absorption in a lossy dielectric medium.

Because of their lower path loss, the near—field magnetic systems

can transfer power and information using less transmission power

compared to conventional far—field EM technologies, while satisfying

specific absorption ratio (SAR) constraints. Since near—field magnetic

systems ensure better safety, they are more suitable for implantable

biomedical devices.
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Furthermore, the near—field magnetic systems are highly reliable
in lossy dielectric medium. Conventional far—field EM technologies
exhibit variable channel conditions and propagation delays due to the
inhomogeneous permittivity of the materials In transmission
environments such as soil and the human body. In contrast, near—field
magnetic systems experience negligible channel variations even in an

inhomogeneous lossy medium, because these materials have similar

permeability [56].

K
£2| L1 L2g |53| | Rectifier
-] [
=z zz| |
= m= L

Figure 15 Near field wireless power transfer scheme [57]

A schematic diagram of a typical wireless power supply is shown
in Figure 15. A power amplifier (PA) with an radio frequency (RF)
voltage source input transmits power through the primary coil. Some
form of matching is used to adjust the intrinsic loop inductance to

reduce the loading effect on the power amplifier. As long as the
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operating wavelength is much smaller than the coil's physical
dimensions and separation, the energy is mainly contained in the near
magnetic field. Thus, a secondary coil receives energy from the time—
varying magnetic field generated by the transmitter. The RF output of
the secondary—side matching network then passes through a rectifier

to convert AC energy to DC energy used to power the load.

Inductive Coupling

Rs Ci C2

r L1 L2 RL

' Rt R2 1
Primary Mi: Mi. Secondary

Figure 16 Near field wireless power transfer circuit load [58]

A more detailed schematic of a typical inductively coupled system
1s shown in Figure 16: Inductors L1 and L2 model the primary and
secondary loop reactances, respectively. However, inductors are not

perfect because they all have a finite quality factor. In particular, the
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quality factor of each coil is specified as

wL
Q= = (Quality factor)

Here w is the operating frequency, and R is the parasitic series
loss resistance. Voltage sources Mi2 and Mil model the effect of mutual
coupling between the coils, where M is the mutual coupling coefficient,
and capacitors C1 and C2 provide resonant matching with the inductor.

The equation defines the coil coupling coefficient k:

M . . _ (L2
k= NV (Coupling coef ficient) 7n .

, where M is mutual coupling factor. The near field system

generally has a range of 0.03 <K <0.3.

Power transfer efficiency must be high for the external power

source to become smaller in a normal wireless power transmission

system. Therefore, the inductor must resonate with the capacitor to

increase the efficiency of wireless power transmission.

M

Rs
Vs ("L RL

Figure 17 Simplified load for near field wireless transfer circuit
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Near Field Wireless Transfer Circuit can be shown as shown in
Figure 17. Here, for maximum power transfer to load resistance, you
must meet the condition of RS = RL. Therefore, the impedance
matching must be made the same as the source's impedance and the

load of the road.

_ R _ VR,
M= Re+r, LT Re+R?

For inductive coupled circuit, with reflected load analysis, the

inductively coupled coil can be assumed as loosely—coupled

transformer.
Li(1-k) i Li(1-k2)
YN YY"

+ + +

I . . 11
Vi | ’ L, V> Z, > |, (k/n)’L> (k/m)*Z,
- kmn = -

Ideal
transformer

Figure 18 Reflected load diagram of coupled coil

Figure 18 shows the reflected load diagram of coupled coil.

After reflected load analysis, it is better to do resonance tuning for
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primary coil by connecting the capacitor in series or either parallel.
Generally adding series capacitor reduces loading effect of voltage—
based source, it is more efficient to add series capacitor to primary coil.

For secondary coil tuning, there are two different methods. First,
parallel tuning, which 1s represented as a voltage multiplication factor.
By adding parallel capacitor, the operation of rectifier could get faster.
The series—parallel tuning method often used in low power application
with large RL. The other method is to put series capacitor. This scheme

1s more likely to be used in high power application.

R> R>

LZ’ ;: C?,p R Lp H LZ C2 R L

Figure 19 Secondary coil tuning
QL= wlyy "Ry
R, =Ry, (1+ Q%)

14 Q2
C, = CZp(—QzL)
QL

As can be shown in Figure. 6, after the secondary coil tuning,

the resonance frequency of parallel tuned secondary is affected by RLP
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as below,

1 1
w, = -
o LZCZ RLPZCZZ

After transforming RLP to series and if the value is small enough,
the following equation will be set,

1 S 1
RLpozz L,C,

With this condition, series tuned method can be used in various power

applications.

By using equivalent circuit analysis, the coupled coil circuit can be

represented as simple circuit with equivalent impedance loaded.

Zyr =Ry + R +
2T 2 L ](1)(:2
1

1 1
2

+
o) b ) Zr
1

Zoq = —jwk?Ly +

= —jwk?L; + I I

)
n

_ 0)3k2L1L2C2[(UC2(RL + Rz) +](1 - (J.)ZL2C2)]
1 1
Jok?L, T i
() Zr
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Figure 20 Equivalent circuit of coupled coil circuit

At resonance frequency, following equivalent circuit could be

depicted as following equations,

1
@w=wy=
N>
, kL R
ealao = C,(RL+Ry)
o KL KL RRy 1 (kL ) k2L,
1" Cy(RL+R,)  C, RL+R,R.R, \CuR; CoR;,
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CoRy,
Poyt = Veq2 (kle)

V., =V, Req =V KoLy
17 S\Rs+ Ry +Roq)  °\C2(Rs+R))(R, +Ry) + k2L,

S k2L,C,R,
T \[C(Rs + R)(Ry, + Ry) + k2L4 ]2
I @ w = w,

H ”L[ kZL;
é % “’ (e) V CoR; CoR;

Figure 21 Equivalent circuit at resonance frequency

For maximum power transfer, following equation should be validated,

0Pout _
oR,

With this condition, the optimal value of load resistance can be set as

follow,

R R, + KoLy
CUROPE T2 T o (Rs + Ry)

oL, k2Q1 Ly (14+k2Q1Q;
o =t g, = [t
Lopt Q2 wC; Qz & \/; Q2
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1+k%Q.Q;
- Cl)oLz <—Q2 >

So that for the efficient power transfer, the optimal load
resistance can be expressed with quality factors of inductors, coupling
factor and values of capacitors and inductors. By selecting optimal
value of resistance of each part of the system, it was possible to design

the system that could deliver power efficiently [59].

2.1.3 Wireless Power Transmission Circuit

TTx-CLK Vaf’
) CLKaA N
Non-Overlapping Level PA> |
Clock Generator Shifter
Ve Ci1 Ri1 L
CLKs

=

Figure 22 Power transmitter system

The wireless power transmitter circuit is composed of non—
overlapping clock generator with tapered buffer power amplifier. From
non—overlapping clock generator, two clock signals that doesn’t

overlapped. This clock signal is generated from external master Tx
T .
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clock according to the selected carrier frequency fp. By passing

tapered buffer and level shifter, the generated clock signals stepped up

to external VDD. Then the Class—D PA generates power carrier signal

depending on the output power level.

Amplifiers are classified mainly into class—A, AB, B, C, and D

depending on the bias. The Class—D amplifier uses pulse delay

modulation and has high efficiency, but peripheral circuits may be

complicated, and switching noise is easy. Unlike other amplifiers, the

Class—D amplifier is not a linear method but a method of controlling

and amplifying a signal by varying the switching time according to the

signal. That is, the pulse width is adjusted by changing the switching

time. Linear amplifiers have a simple structure, low noise, and good

frequency characteristics but have disadvantages in that they generate

heat easily and increase in volume due to low energy efficiency. On the

other hand, the Class—D amplifier has a complex structure but can

achieve up to 90% energy efficiency and can be designed in a small

size. After the power amplifier, the first transmitting power tank with

coil is placed [60].
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a) Non—overlapping phase generator

CIkIND___DO_DO_E >C(:E)>°—Di|

Cr

> G

Figure 23 Non—overlapping phase generator

Non—overlapping phase generators are required to use switched
capacitor circuit system to provide two non—overlapping clock phases
to charge and discharge flying capacitors. The non—overlapping phase
generator for those clock signals are consisted of NAND based inverter
chains, which is the conventional method. This type of non—overlapping

clock generator is advantageous for switching high frequency signals

[61].



b) Tapered buffer

0
Bufferin_P Tapered
E buffer_P Power
Amplifier
output |—PA_out
Bufferin_N Tapered Stage
= buffer_N

Figure 24 Tapered buffer diagram

The tapered buffer is enlarged to about six times in size to drive

the output stage of the Class—D PA.

VDD

Output_P D—qt

¢/ PA_out

Output_N D_ll:

GND

Figure 25 Power amplifier output stage

For the Class—D PA optimization, losses due to switching power

amplifiers should be considered. First, conduction losses are g§neyated e o
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due to power dissipation from the resistance value of semiconductor
devices, inductors, or capacitors. However, this power dissipation
doesn’t affect by the high—frequency band, and depending on the skin
depth due to the size of the device, these losses could be varied. For
example, a wide, flat, and short connection can reduce conduction loss
and parasitic lead inductance.

Secondly, turn—switching losses should be considered. At the
turn—on point, the voltage decreases from the initial value, and the
current increases from 0. So that section, called ‘cross over,” appears
since the voltage doesn’t drop instantaneously. Therefore, the power
dissipation according to this phenomenon is proportional to the length
of the cross—section and the switching frequency of each turn—on loss
of the switching cycle. This can also be expressed as the loss
generating because of the charge dissipation at the output capacitor,
the intrinsic capacitance of the device. Since the intrinsic capacitance
cannot be reduced to O in real, the zero—voltage switching method is
the most efficient way to reduce this.

Another loss is the so—called turn—off switching losses. Unlike the

turn—on point, during the turn—off period, there is no other capacitor
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voltage generated from charge dissipation. However, the loss comes

from parasitic inductance due to currents flowing through the leads or

wire bonds. This loss can be reduced by designing circuit layout

efficiently or using a low lead inductance package.

Finally, there will be gate drive losses. As the frequency band

increases, the power dissipation Increases due to charging and

discharging the gate capacitance. The gate drive losses may vary

depending on the shape of the power signal used for gate driving. Using

the square—wave drive as an example, the same amount of energy will

be lost through the resistor while the gate is charged through the

resistor. So the power loss from the gate drive can be reduced by

lowering the drive resistance.

For better efficiency, zero—voltage switching Class—D PA needs

to be designed. From the power amplifier's output stage, when the top

device turns off, the bottom device remains turned off; this situation

creates so—called ‘dead time.” When the resonance load circuit phase

lags, the current flows through the capacitive circuit—making one side

capacitor discharged while the other capacitor charged. When the

bottom device is turned on and off, this procedure charges a lower
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capacitor and discharges the upper capacitor. To manage zero—voltage
switching in Class—D PA, controlling the dead time, peak current in the
device, and load phase angle to the fundamental component of the
voltage is crucial. If the dead time is too short or long, there will be a
loss since the output voltage doesn’t go down to 0. When the voltage
discharge is fully done due to low current amplitude, there will be a
loss because of the insufficient discharged voltage. In the opposite case,
when the current amplitude is too large, the output voltage crosses the
O value twice, transferring reverse polarity to the device. This holds
negative voltage to the MOSFET body, turning on the body diode, which

might break the device [62].

k12=0.037

¥ N

173pF 0.89Q 0.1560

800nH 165nH =doo2PF

Skin/Bone

Figure 26 Power tank parameters
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The parameters of the power tank were set considering the limited

implantable space for the artificial retina. Due to the structure of the

artificial retina, the maximum size of both external and internal coils is

limited. Since the subretinal way was chosen in this work to insert

electrodes between retina tissues. The maximum thickness and

diameter of the inner coil are restricted up to 1.bmm and 15mm,

respectively. Also, the distance between two coils must be placed

within up to 10mm, filled with biological tissues such as skin, bone, or

fat. Within these restricted environments, we have to achieve the

proposed minimum goal or even more for further development.

Table 3 Power tank parameters under implantation conditions

1% Coil part 2™ Coil part
Maximum outer D (mm) 30 15
Quality factor 85 80
Line width (mm) 1.5 1
Spacing (mm) 0.2 0.2
Number of turns 8 4
Inner D (mm) 3 5
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L (nH) 800 165

C (P 173 835

R (Ohm) 0.8 0.1562

Within the limitation of maximum outer diameter for both coils in
the power transmitter part, the maximum inductance and quality factor
can be derived. Since the first coil doesn’t have to be implanted for the
transmitter, the consisted material can be set as a standard PCB board
with copper winding. While the second coil, which needs to be implanted
inside, needs a biocompatible system. In this case, we assumed cyclic
olefin copolymer as a substrate with gold winding trace for a planar
spiral coil pattern. According to series—parallel tuning method to get
optimal value, the inductance, capacitance and resistance of power tank
decided. With respect to the optimal equivalent value of resistance after
the power amplifier, the power transferred to the optimal load was over

80mW.
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Table 4 Designed power coils specifications

Unit: mm L1 L3
Substrate height (H) 0.1 0.1
Winding trace width (W) 0.45 0.45
Winding trace thickness (T) 0.01 0.01
Inter—winding gap (S) 0.2 0.2
Outer inductor diameter (Do) 30 13
Number of turn (N) 7.5 8.5
Test frequency (f) 13.56MHz 13.56MHz
Inner inductor diameter (Di) 20.65 2.35
Inductance 818.18nH 165.12nH

The inductive link specifications for both power and data
transmission can be found in Table 1. The planar spiral coil has several
variables that need to be set for higher quality factors and inductance
within limited space. From the circuit level simulation, the power tank
coupling was set at 0.037, considering the harshest implant

environment.
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Figure 27 Power receiver diagram

The wireless power receiver consists of the rectifier, clock

recovery system, signal process part, and finally main reconfigurable

DC—DC step—up converter.

a) Rectifier

Q)

ocC § Load
D -
o

Figure 28 Conventional full—wave rectifier using diodes [63]
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There are full-wave and half—wave rectification methods for
converting AC (alternating current voltage) to DC (direct current
voltage). Both are rectified using the characteristic that current flows
only in the diode's forward direction.

Full—wave rectification converts the negative voltage of the input
voltage into a positive voltage and rectifies it to direct current
(pulsating current) by composing a diode as a bridge circuit. On the
other hand, half—wave rectification removes the negative input voltage
with one diode and converts it into direct current (pulse current). After
that, using the axial discharge of the capacitor, the waveform is
smoothed to convert it to a clean direct current.

Therefore, compared to half—wave rectification, which does not
use a negative input voltage, full—wave rectification can be said to be a
more efficient rectification method. Also, the ripple voltage that
appears after smoothing changes depending on the capacitor capacity
and the load. If the capacitor capacity and load are the same, the full—
wave rectification will have a smaller ripple voltage in full—wave
rectification and half—wave rectification. Of course, the smaller these

ripple voltages are, the more stable they are [64].

48 ;ﬁ'! X

3 =11 =1
|-1-'l| .J!'



l_D vrect

M, M,
Vin-G_ Vin+ vin- _Dvin+
Mz M4

1

Figure 29 Full wave rectifier diagram

The conventional rectifier using a diode is unsuitable for
integration, and it is difficult to expect high efficiency because of the
voltage drop due to the diode's large voltage. Therefore, interest in
full-wave rectifiers using MOSFET switches instead of diodes, as
shown in Figure 19, has been drawn to improve efficiency. This
rectifier has almost no voltage drop between the input and output
voltage because all MOSFETs operate only as switches. However,
when operating as a switch, leakage current occurs because the current

cannot be interrupted [65].

49



b) Low drop out voltage regulator (LDO)

vref
My

= Vout

| 1
11
(e}
"

Figure 30 Low drop out voltage regulator diagram

Low drop out voltage regulator can provide 1.8V supply voltage for
those MOSFETSs used in data transmission circuit. The output of LDO
is independent from variation of the temperature. It is a linear regulator
that operates even with a low input/output potential difference. Also
called low loss type linear regulator and low saturation type linear
regulator. Although there is no numerical definition of the input/output
potential difference of an LDO, it generally means that the minimum

potential difference at which the regulator operates stably is
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suppressed to 1V or less. For example, in the case of an IC that

requires a 3.3V power supply, an LDO with a low input/output potential

difference is required because the standard type cannot generate a 5V

to 3.3V power supply. This way, the input voltage can be set low even

when the LDO outputs the same voltage as a standard—type regulator.

By operating at a low potential difference, it is possible to design a

design that suppresses heat generation due to low energy loss [66].

Figure 30 shows a classic diagram of the low dropout voltage

regulator. It comprises a pass MOSFET with an error amplifier and a

resistor feedback network. The voltage divider, the resistive feedback

network, provides a scaled output voltage according to the input

reference voltage. The error amplifier compares the reference voltage

to the feedback voltage coming from the voltage divider. The error

amplifier also amplifies the difference between two voltage signals, and

the pass MOSFET is driven to keep the output voltage at a specific

level.
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Figure 31 Error amplifier diagram

One of the most important parts of LDO is the error amplifier, which

should draw a small current as much as possible. Since the gate

capacitance of the pass MOSFET is large, the resistance of the

amplifier should be low. The error amplifier has two inputs: reference

voltage and output voltage scaled by the voltage divider. The error

amplifier constantly compares these two signals and adjusts the

resistance of the pass MOSFET [67].

The pass MOSFET in LDO transfers current from input to load and

is driven by the error amplifier through a feedback loop. The advantage

of using NMOS for the pass element is that it is in source follower

configuration. Also, the regulator's output is at the transistor's source.
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With this layout, the LDO can take low input and dropout voltage. The
difference between the input and output voltages of the error amplifier
1s defined as dropout voltage. The regulator stops regulation when the
input voltage gets close to the output voltage.

Finally, the output capacitor ensures the current is delivered
directly to the load during load transients until the error amplifier

returns to the ready state.
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Figure 32 Output voltage and driving current of LDO

As shown in Figure 32, the designed LDO's output voltage (1.8V
Vpp) maintaining maximum 20mV of ripple voltage. The ratio between
R1 and R2 is set as 1:2 with C1 as 80fF. The output voltage of LDO is
set as 1.8V with a 10mV ripple. And the error amplifier draws 84uA

current with 78dB of gain, and the current drawing through the pass
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transistor is up to 220uA. Summing up those two currents, the total

current drawing from the designed LDO is 160~300uA. The LDO is

loaded with our data receiver system and supplied with a 5V voltage

signal with AC ripple. The average current drawing from the data

recovery system (which will be discussed in 2.1.4 Figure 78).
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Figure 33 Input/Output voltage waveform of LDO
Figure 33 shows the input and output voltage waveform of the LDO.
During the measurement, with the variation of Vrger as an input voltage
ranges from 1.6V ~ 3.3V, the output of the LDO (Vour 1.po) constantly
maintains 1.8V with a 5V supply voltage (Vout_converter).

c) Clock recovery
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Figure 34 Clock recovery system

The Clk_recovered signal is the square of the input signal of the
rectifier with an inverter, and it is used as the internal clock signal of
the DC—DC step—up converter. The CLK_1.8V that passed the level—
down shifter in the rectifier input signal is used as the standard 1.8V
recovered clock of the data recovery stage. Level down shifter consists

of a 5V buffer chain.

2.1.3.1 Reconfigurable Step—Up Converter

The DC—DC step—up converter stage can be divided into two parts.
It 1s divided into the main converter stage and the signal process part

that controls the main converter stage.
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2.1.3.1.1 Start—Up, Auxiliary Circuit

Vre:t
Viea Veeot Viewt lv,a,l L Vi lclk 1Hys
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rect andgap v, Current 1o lerrent Le  |comparators[oen Phase 1
Reference Reference[—" Mirrors [ L Hys Generator =S,

Figure 35 Signal process system
In the signal process part, there is a part that controls the output
voltage through the start—up and driving process of the main converter
stage, a part that adjusts the magnification of the converter stage, and

a part that makes a standard current.

i) Band gap reference

Many analog circuits require a voltage or current that is not
affected by temperature. However, since most process parameters are
affected by temperature, the reference must be temperature—
independent. The band gap reference consists of an error amplifier with
a high gain—conventional current bandgap reference. The conventional
current band gap reference was used. The basic principle of the
bandgap reference circuit is to make a constant voltage output even

when the temperature changes by adding or subtracting an element that
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has a characteristic in which the voltage decreases when the
temperature rises (Complementary To Absolute Temperature, CTAT)
and an element (Proportional To Absolute Temperature, PTAT) that
has a characteristic in which the voltage increases when the

temperature rises [68].

GND Voo
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PP, PP, PP,
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Figure 36 Current band gap reference circuit diagram
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A
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As shown in Figure 36, you can check the bandgap reference
circuit diagram that is insensitive to fluctuations in process voltage

temperature (PVT) and is advantageous for low voltage operation. This
T | ] o | |
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1s because it creates a constant reference current with respect to

temperature change, and this current flows through the resistor R2

connected to Vref, making a constant voltage insensitive to PVT

fluctuations.

Table 5 Specifications of error amplifier for bandgap reference

Vdd 1.5V 3V
Gain (Ay) 80dB 72dB
Cut—off frequency (f.) 1.5kHz 5kHz
Phase margin (PM) 62° 63°
Bias current (Ipas) 18uA 21uA

Table 5 shows the specifications of error amplifier that used for
bandgap reference. Due to the Vpp variation coming from the rectifier,
the bandgap reference should work in the supply voltage range of 1.5V
~ 3V. The reference voltage from the bandgap reference system was

set as 1.2V.
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Figure 37 Monte—Carlo simulation of band gap reference

This reference voltage through Monte—Carlo simulation has a

standard deviation of 38.1875mV. As a result of simulating 1000

sample points, 89% passed.

Constant g,, bias Start up circuit Error-amplifier

Mio!
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The constant gm bias cell is a system that can keep the gm constant
in the process variation or temperature change [69]. Therefore, it
helps to keep the reference current of the amplifier stage constant
without being fluctuated. Inside the constant gm bias cell, there is a
start—up part that allows the system to be turned on all the time and
prevents current from leaking in a high resistive state. From the
constant gm bias start up circuit, the transconductance of M10 is
determined by Rs and geometric ratios only, independent of power—
supply voltages, process parameters, temperature, or any other
parameters with large variability. Not only gm13 stabilized, but all other
transconductances are also stabilized since all transistor currents are
derived from the same biasing network, therefore, the ratios of the

currents are mainly dependent on geometry.

i) Current reference
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Figure 39 Current reference

The current reference parts for working well are the operation

control and magnification selection parts of the converter stage [70].

Current reference is a conventional current reference using a resistor.

PMOSFETs M1 and M2 act as a current mirror and are in strong

inversion. M4 and M5 are in weak inversion region.
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Figure 40 Current mirrors

The current reference is mirrored to each active part through the

current mirrors. The reference current can be mirrored more

accurately with the cascode—type current mirror.

i) Hysteresis controller & Enable signals

The part with the hysteresis controller and enable signals consists

of comparators and resistors to control each operating range.

Figure 41 Hysteresis controller & Enable signals
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First, the step—up converter enabler is composed of a two stages
comparator and divided resistor so that when the converter stage
output voltage Vo is stabilized to a value close to Vrect (about 2.4V),
the step—up converter enabler is activated so that the main converter
switch can be turned on properly. Then the step—up converter enabler

charges the output capacitor to a sufficiently high voltage.

vout

Vet D— +

Comparator — Vtart-up

T B
R11 R12
L

Figure 42 Step—up converter enabler

The hysteresis controller stage maintains the desired average
output voltage value of around 5V with £2.5% ripple to maintain the
output voltage value of the converter stage after reaching 5V. It has a
feedback loop to control output voltage within set range of ripple. DC—
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DC converters must provide a regulated DC output voltage under
various load and input voltage conditions. In addition, the transducer
component values change with time, temperature, pressure, etc.
Therefore, the output voltage control must be done in a closed—loop
manner using the negative feedback principle. The converter output
voltage is sensed and subtracted from the external reference voltage
of the error amplifier. The error amplifier generates a control voltage

compared to a sawtooth waveform of constant amplitude.

VO ut

R7 Vof D] e

Hys_Comp Vhys
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Figure 43 Output voltage hysteresis controller

Initially, with the output switch open, a start—up circuit enabler
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connects the converter input to the output, allowing the rectifier to
charge the output storage capacitor directly.

A non—overlapping clock generator also allows a switch in the main
converter stage to generate a signal to increase the voltage by turning
it on and off in different phases. The input voltage of thr_vrefx2 to
control the series resistance of voltage divider comes from gear top

unit (Figure 51).
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Figure 44 Start—up circuit enabler
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Figure 45 Step—up converter switches enabler

Each switch driver inside the step—up converter is controlled with

anon—overlapping clock generator and converter switch enabler signal.

Make sure the converter switches are properly turned on during the

turn—on transient.
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Figure 46 Switch driver

VDD supply voltage of the gate drivers is taken either from the
output voltage of the step—up converter (upper driver in Figure 46) or

from the node to the right of the switch Vnope (lower driver in Figure
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46) to guarantee that the switches work correctly also during the turn—
on transient. The VSS for all switch drivers is set as OV. Since the
output voltage of the step—up converter will be maintained as 5V in
every voltage ratio (n = 2, 3, 4,5) thanks to hysteresis controller unit
(from Figure 42) within £2.5% ripple, making operating switches turn
on and off during each phase. Each width of the pump switch for the
step—up converter gets larger as the voltage pumps up. To properly
drive each switch with the switch driver, the buffer unit of the driver

should get large enough.

—4E M,

Figure 47 2—stages comparator

A 2-—stage comparator consists of a differential amplifier and a
common source amplifier. Therefore, increasing the gain and slew rate

1s possible according to the frequency band.
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Figure 48 Hysteresis comparator

The hysteresis comparator adjusts the value to be maintained
between about 5.1V and 4.9V when the output voltage exceeds 5V
based on the reference voltage. A comparator having a hysteresis
circuit is disclosed. The comparator has a differential amplifier circuit
and a hysteresis circuit. The differential amplifier circuit generates a
first signal by amplifying a difference signal corresponding to a
difference between the input signals. The hysteresis circuit sets a first
transition threshold voltage and a second transition threshold voltage
lower than the first transition threshold voltage in response to the first
signal, and when the difference signal rises, it transitions from the first
transition threshold voltage, and the difference signal falls. In this case,

a second signal that transitions at the second transition threshold
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voltage is generated. Accordingly, by providing the hysteresis circuit
at the output terminal of the differential amplifier circuit, the
comparator can increase the noise immunity without reducing the

operable frequency of the input signal [71].

iv) Phase generator

CLK o

Figure 49 Phase generator

The phase generator includes a phase shift clock signal generator,

a duty cycle adjuster, and an injection fixed oscillator. First, the phase

shift clock signal generator generates a phase shift clock signal based

on the input clock signal. Next, the duty cycle adjuster generates the

injected clock signal by adjusting the duty cycle of the phase shift clock

signal based on the duty cycle adjustment signal. Finally, the injection—

locked oscillator receives an injection clock signal and oscillates to
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generate an output clock signal [72].

Topology selector (Schedular)
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Figure 50 Schedular system
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The schedular system to select topology for the main step—up

converter can be seen in Figure 50. Depending on the conversion ratios

(n = 2, 3, 4, 5) of the converter, the schedular is selected using

hysteresis to enable the rectifier's signal, reference voltage, and output

enable,s

voltage.
\" Vin Uenable,
R; 2R3
D—Denablexz
Rs :D_Denablex3
R, :D_Dena ble,,
1 —

> thr_Vief_x2

Figure 51 Gear top diagram
The gear top section generates enable signals for each schedular
for a conversion ratio. By comparing the input voltage, which is the
output voltage of the rectifier, and a reference voltage, the gear top

system sorts which conversion ratio needs to be selected for the main
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Figure 52 Schedular x5

The schedular for conversion ratio x5 works with two different

phases with an enabled signal. Each enable signal is coming from the

gear top cell. The driving signal for 13 switches in the step—up

converter was generated to step up the input signal by five times bigger.

For phase 1, to achieve x5 conversion ratio, S1/S3/S5/S7/S9/S11/S13

have to be turned on, while, for phase 2, S2/S4/S6/S8/S10/S12 have to

be turned on.
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Figure 53 Schedular x4

Similarly, the schedular for conversion ratio x4 also works with

two different phases with an enabled signal. For phase 1, to achieve x4

conversion ratio, S1/S3/S5/S7/S9/S10/S12 have to be turned on, while,

for phase 2, S2/S4/S6/S8/S10/S11/S13 have to be turned on.
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The schedular for conversion ratio x3 can be seen in Figure 50.

For phase 1, to achieve x3 conversion ratio, S1/S3/S4/S6/

S8/S10/S11/S13 have to be turned on, while, for phase 2,

S2/S4/S5/S7/S9/S10/S12 have to be turned on.
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—Dout ;.13

The schedular for conversion ratio x2 can be seen in Figure 51.
For phase 1, to achieve x2 conversion ratio, S1/S3/S4/S6/
S7/S9/S10/S12 have to be turned on, while, for phase 2,

S2/S4/S5/S7/S8/S10/S11/S13 have to be turned on.
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Figure 56 Schedular merge unit
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The schedular merge unit merges signals coming out from each

schedular units and spread the signal through each switch driver.

2.1.3.1.2 DC—-DC Step—Up Converter

IMDs belonging to the class of neural prostheses try to alleviate
degenerative or traumatic neurological diseases by delivering current
pulses to neural terminations to stimulate their activity. The output
stage of the neural stimulator circuit must source and sink current
pulses of several hundreds of uA to biological tissue featuring a series
resistance in the order of tens of kQ. The resulting output voltage swing
then requires a supply voltage of the order 5 V or more [73]. Most
implantable neural stimulators are supplied by an inductive link WPT,
because near—field magnetic coupling experience much less energy
absorption by biological tissues than radiative transmission [74], [75].
A lower loss helps also to minimize heat transfer to the tissues. In some
applications, like retinal prosthesis, the alignment between the external
and the internal coil is not strictly fixed, because the former is typically
built into the frame of eyeglasses, while the latter is implanted together

with the neural stimulation microchip and attached to the eyeball. This
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causes the magnetic coupling coefficient k12 to vary si

only on a patient—to—patient basis, but also in any given

normal operation. To avoid complicated adaptive WPT

DC—-DC converter must be able to handle a relatively

input voltages coming from the rectifier [76].
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Figure 57 Inductive/Capacitive based DC—DC converter diagram

(Boost converter, Voltage doubler)

Typically, in biomedical devices, a diode—based rectifier delivers

an appropriate supply voltage to the stimulation current generator.

Inductive or capacitive step—up converters are used to step up the

voltage. To overcome the size limitations of implantable modules, an

all—-in—one system is suitable, and a switched capacitor converter

(SCC), a type of capacitive—based step—up converter, has the

advantage of high integration in the CMOS process. SCCs
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EM interference compared to inductance—based converters. However,
SCC has the disadvantage of low efficiency because it has low
regulation. To compensate for this problem, higher efficiency can be
achieved by setting different conversion ratios in the reconfigurable
converter system.

A reconfigurable SCC is a converter that outputs multiple voltages
using clocks of different phases to the switch. The figure above shows
that the desired output voltage ratio can be set by charging and
discharging the capacitor with different switch combinations in the unit
cell.

The typical power levels required by implantable neural
stimulators ranges from a few mW to a few hundred mW [77], making
converter transistor losses important, with a clear efficiency vs
power—density trade off that calls for an optimization methodology for
transistor sizes. These levels of power also require a large storage
capacitance to reduce the supply voltage ripple, making the turn—on
transient of the DC—DC converter problematic.

In order to derive realistic specifications for the converter, we

considered a WPT operating at 13.56MHz for a retinal neural stimulator
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capable of sinking/sourcing up to 200uA/channel from/to electrodes
with up to 10kQ series resistance, requiring a 4V voltage compliance.
Considering some over design margin, the supply voltage is then set to
5V.

The overall simultaneous current should not exceed a safe limit of
3mA [78], which sets the power demand by the stimulator output
stages to 15mW. Adding another 15mW for the data telemetry,
auxiliary circuits and digital control unit, the DC—DC converter should
be able to deliver an output power PO = 30mW at VO = 5V supply,
irrespective of the input voltage variations caused by the changes of

the magnetic coupling coefficient k12.

Re

YAVAVA
C_) nva R, ?J;O

Figure 58 Equivalent model of the switched capacitor dc—dc

converter considering conduction losses only.

The range of variation of the converter input voltage Vrect was
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estimated prior to the design, using the first—order equivalent model of
a SCC converter shown in Figure 56. The SCC converter is represented
by an ideal voltage source VEQ = n-VIN, where n and VIN are the
conversion ratio and input voltage, respectively, with a series
resistance Rc, modeling the conduction losses of the converter
switches, as shown in Figure 56. It follows from the model that the
output voltage VO for a given output (load) current IO is given by:
Vo = n-Viy, — Relo (1)

Equation (1) implies that, for a given specification of output power
PO = VO-IO, output voltage regulation is achieved by modulating the
output resistance Rc, whose value linearly increases with VIN.
Consequently, for a fixed conversion ratio n, increasing values of VIN
cause a drop of the converter efficiency 7, defined as the ratio of the
output power PO to the total power absorbed by the converter. The
relatively wide range of VIN expected due to the uncertainty of the
magnetic coupling coefficient value k12, suggests adopting a
reconfigurable SCC with automatic conversion ratio selection, in order
to limit the loss off efficiency.

Vo = I]~V1N, - RCJO (2)
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Corresponding set of threshold voltages representing the minimum
value of VIN required by the SCC to deliver (VO, I0) when its
conversion ratio is set to ni.

The value of the equivalent resistance Rc, as we shall see in the
next section, is determined by the on resistance of the switches, so it
i1s not known a priori. The conduction losses modeled by Rc, along with
the driving losses, that is the power dissipated to drive the switches,
limit the converter efficiency. Thus, setting a realistic target efficiency
n between 0.6 and 0.8 (a lower efficiency is to be expected with higher
conversion ratios), a reasonable estimate of Rc value can be derived
and plugged into eq. (2) to compute the conversion ratio thresholds

Vth,i.

3.5

107 1072 107

81 ] iﬂ "i 1” =1 [Tl



The equivalent model of the converter input port, loading the WPT
rectifier, is then given by IIN = ni O, with Vth,i £ VIN < Vth,i+1. This
model was used in the circuit—level simulations to derive an initial
estimate of Vrect vs k12, that ranges from 1.3 V to 3.3 V when k12 is
changed between 0.02 and 0.08, and determine the corresponding
conversion ratios ni = (2, 3, 4, 5) that the reconfigurable SCC should

handle to deliver the desired output voltage and current.

i) Converter architecture

Several possible topologies can be combined to realize a
reconfigurable SCC. The Fibonacci (FB), series—parallel (SP), and
Dickson (DK) converters [79] are examples of topologies operating on
a two—phase clock. The extended binary representation (EXB) [80],
signed Fibonacci representation (SFN) [81] and signed generalized
representation (SGF) [82] topologies require instead a multi—phase

clock.
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Table 6 Figures of merit in conversion ratios n4 = 5 for different

converter topologies.

SP FB DK SFN
Switches 13 10 13 10
Flying cap.| 4 3 4 3
Phases 2 2 2 4
sz,stress 4Vin | SVIN | 2VIN | 3VIN
VoFmax | VIN | 5VIN | 4VIN | 3VIN
RC ,FSL 26 Ron |54 Ron |26 Ron |67 Ron

In order to select the topology best suited for the envisioned

application scenario, we started from the most critical conversion ratio,

i.e. n4 =5. It should first be noted that, while (SFN, SP, FB, DK) cover

the full set required conversion ratios ni = (2, 3, 4, 5), n4 = 5 cannot

be achieved with the SGF topology.

The figures of merit of the remaining four topologies for n4 = 5,

are summarized in Table 6. They are the number of switches, flying

capacitors CF, and clock phases; the maximum voltage stress on the

switches and on the flying capacitors; the minimum value of the

equivalent resistance Rc. These figures show that DK and SP

topologies achieve the lowest equivalent output resistance for a given
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value of the switch on—resistance, Ron. This implies that FB and SFN
require larger switches to achieve the same Rc value, with a significant

penalty in terms of efficiency due to the increased driving losses.

S]_ S4 S7 SlO S13
4

F1 F2 +
Vrect(t) Sz _":‘+‘ S5 _":‘h SS _":‘h S114 e Co % VO
S; -H Se _”Jl Sy _qu Si2

Figure 60 Simplified schematic of the reconfigurable step—up

Dickson converter with programmable conversion ratios ni = (2, 3, 4,

5).

Each switch for step up converter was designed as a pass
transistor as can be seen from Figure 61. Since the input voltage in the
step up converter ranges from 1.2 V to 3 V the switch should pass or
block the signal from the components while charging the flying
capacitor. Each switch driver is composed of level shifter with buffer
chains. These drivers shift the gate input voltage from Vin (which is

the output of the rectifier) to Vo (output of the step—up converter).
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Figure 61 Full architecture of reconfigurable dickson step—up

converter
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Figure 62 Modulation of the DK converter switches in the four
configurations, with conversion ratio (a) n4 = 5, (b) n3 = 4, (¢) n2 =
3, (d) nl = 2.

We may then conclude that the best choice for n4 = 5 conversion
ratio is the DK topology, thanks to the lower voltage stress imposed on
switches with respect to SP topology. Voltage stress on flying
capacitors 1s not an issue 1n this case since, given the required output
power level, capacitors must be realized with external SMD. Although
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the remaining three conversion ratios nl, n2 and n3 could be

implemented using different topologies, we decided to stick to the DK

topology because the lower conversion ratios can be realized with no

extra switches, but just through a proper choice of the distribution of

the two clock phases. This fact can be understood by looking at the

schematic of the reconfigurable step—up Dickson converter reported in

Figure 59 and at the switch modulation law reported in Table 7 and

depicted in Figure 62 for each of the four possible configurations the

SCC can be reconfigured into.

We then may notice that nl = 2 is achieved by driving the gates of

switches S3, S6, S9, S12 with pl, switches S2, S5, S8, S11 with p2,

and switches S4, S7, S10 with both phases, so as to shunt the four

flying capacitors together. Likewise, when the conversion ratio is n2

= 3, the phase distribution to the switches is chosen so that capacitors

CF1 and CF2 are shunted together, and so are capacitors CF3 and CF4.

When conversion ratio n3 = 4 is set, only CF3 and CF4 are shunted.

Finally, n4 = 5 is achieved with the four flying capacitors, switched

independently.
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Table 7 Switch on—phases of the DK reconfigurable SCC.

ni|S1[S2| Sz | Sa [S5[Se| 57

VI’ECEC_:) SEX SS
X S; X Se X So ’\\: Si2

Figure 63 MOSFETs working as switches in the DK

reconfigurable SCC

2.1.3.1.2 Switch Size Optimization

Having established the converter topology and the number of
switches, we now present an optimization procedure to maximize the
converter efficiency by taking into account the effect of the switch

s S e



width on both conduction and driving losses. We will assume that the
SCC operates in the so—called fast switching limit (FSL) [83], implying
that, once steady state is reached, capacitor voltage variation is very
small, and thus the current flowing through each switch during the on
phase is approximately constant. Operation in the FSL limit is

guaranteed by a proper choice of the flying capacitor values.

Slow Switching
Limit (SSL)

Fast Switching
Limit (FSL)

Equivalent Resistance

Jonr = VCR Frequency

Figure 64 Fast switching limit operation for SCC

The optimal sizing is derived by minimizing a cost function that
includes the power dissipated by both conduction and driving and

driving losses over all the four possible configurations the SCC can
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synthesize. In this way, the procedure aims at a circuit design that is

globally optimized over all the operating conditions.

Conduction losses are accounted for by modeling the minimum

equivalent output resistance Rc,1 of SCC in the 1i—th conversion ratio.

While, based on the analysis in [80], [81], in general Rc,i is a function

of the switching frequency, the switch on—resistances and the flying

capacitor value, if the converter is operated in FSL then Rc,i is

determined by the switch on—resistances alone. Then, by equating the

total conduction power loss, Rc,I « IO2 to the sum of the conduction

power dissipated by each switch during its on phase, we get:

R.. = Z%:l h;zn,i Ron,m _ 1 EnM1=1 hm,i
o N; TNGy Wy (3)

Table 8 hi,m values corresponding to the four conversion ratios

7. [51152] 55 [ 5115 [ 56 |57
512121 2 2 2 212
412121 2 2 2 212
J |21 | | | 1 {2
2121050515105 ]10.510.5
n;|Ss|So|S10]|511]512]513
512121 2 2 2 2
41111 | | | 2
I |1 ]1 | | | 2
2105(05]15(05(05] 2

3§ 53 17
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Figure 65 Switch width optimization according to switch number

where M is the number of the converter switches, Ron,m the on—
resistance of the m—th switch, Ni is the number of phases used by the
i—th converter configuration, and hm,i = Im,i / IO. Im,i is the constant
current flowing, during the on—phase, through the m-—th switch.
Assuming that the gate length of the MOS transistors used to
implement the switches is set to the minimum value, then Ron,m = 1/
Gm, with Gm = GOWm, GO being a technology parameter and Wm the
width of the m—th switch. The hm,i parameters represent the fraction

of the total output current IO flowing in the m—th switch and, ultimately,
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determine the optimal relative sizing of the switches.

= Cri - Cr2 T2 Crs 72 Cra
21 2t +
Vieet -_D 5v 5. —ﬁ sv -5, 5 - Co% Vo

Figure 66 Circuit operation for the nl1=>5 conversion ratio with the
related gate switch voltage to turn them on and off and the h5

parameters.

As an example, Figure 66 highlights the currents flowing through
the switches in the two clock phases when the converter is in the n4 =
5 configuration, with re red and blue annotation representing the hm,i
values. The hm,i parameter values corresponding to all the four
conversion ratios of the SCC are reported in Table 9.

A general expression for the power dissipation in configuration 1

. B L



due to the driving losses is given by:

M
Pai= 2 CoWfurVonm bV
m=1

(4)

where COWm = Cg,m is the gate capacitance of the transistor
implementing the m—th switch, VDD, m,i the supply voltage from which
the charge is taken, and A Vm,i the voltage variation across Cg,m. The
gate capacitance is assumed to be, at first order, proportional to the
transistor width, Wm, while CO is a technology related constant. It
should be noted that, with VDD,m,i and A Vm,1 independent of m and i,
a condition which is almost satisfied by the proposed DK converter ,
the cost function Pd of the driving losses, that sums up the driving
power losses given by (4) in the I = 4 possible converter
configurations, depends on the total switch width Wtot rather than of
the individual switch sizing.

Based on this consideration, the optimal relative switch sizing can
be derived from the partial cost function of the conduction power losses:

where lo,1 1s the maximum current in the 1—th topology and

H Z’ b ila
"o i=1 Ni

(6)
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The partial cost function (5) shall then be minimized under the
constraint of a fixed total switch width Wtot. Applying Lagrangian

optimization of (5), under fixed Wtot constraint expressed as

M
Gior = G W, = GuoW,
tot 0 m=1 m 0¥¥tot (7)

we obtain the optimal relative m—th switch size with respect to

Wtot:

Heot (8)

where Htot is the sum of all Hm. The resulting relative size of the
converter switches are reported in Table IV, taking into account that
switches S1 — S10 are realized using nMOSFETSs, while S11 — S13

are realized using pMOSFETs.

Table 9 Relative size of the converter switches.

Sy | So | Sy Sy Sk Sg S~
VI/N/VI/tot 8.2%(6.2%|6.2%| 6.8% | 6.2% | 6.2% |71.4%
Wp /Wit | 0% | 0% | 0% | 0% 0% 0% | 0%
Ss | So [ Sio| S11 | Si2 | Si3
VI/N/VI/tot 5.1%15.1%|5.9%| 0% 0% 0%
VVP/VVtOt 0% | 0% | 0% |10.29%|10.2%|16.3%

The optimal value of Wtot, and thus, the absolute switch sizes Wm,
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can be obtained minimizing the total cost function, Ptot = Pc + Pd.

Substituting (8) in (4) and (5), Ptot can be written as:

=%
Wiot (9)

where

Hiye LGl
a=T g N N Vopm V)
Gy i=1 Hor £aim=1

(10)

The value of Wtot minimizing the power losses is then:

Wior = \/r/ﬁ (11)

that corresponds to a condition where conduction losses equal the
driving losses. Plugging the technology specific parameters GO =
0.57mS/pgm, CO = 1.8fF/pm, the design specifications fsw=
13.56MHz, N = 2 together and the hm,i values listed in Table III into
(10) yields Wtot = 5.8 mm.

The flying capacitors values CFk must be chosen in order to
guarantee that the SCC operates in FSL. Starting from the value of Rc,1
that can be computed from (3) it can be shown that CFk = 2.2 nF, k =
1, -+, 4, is large enough to guarantee a negligible variation of the

capacitor charge.
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2.1.4 Wireless Data Transmission Circuit

2.1.4.1 General Data Transmission Schemes

e
VY

LA A AR
R

UM
VYTV

Figure 67 Amplitude shift keying, phase shift keying, frequency

shift keying

Amplitude shift keying (ASK) and Frequency shift keying (FSK) are
more attractive in terms of the minimal size of the implantable
biomedical device among inductive coupling near—field magnetic
communication, due to simple circuitry, although they experience SNR
degradation and low data rates. Several artificial retinas that developed
until lately also used these schemes.

Retinal prosthesis that used ASK scheme which has 15 stimulation

channels achieved up to 700kbps with power consumption of 15mW for
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stimulation. Though ASK scheme has simple modulator and
demodulator system architecture it has low power efficiency so that it
requires quite a lot of power compare to its number of electrodes [85].

Also another artificial retina that used FSK scheme achieved
around 2Mbps data rate with 100mW of power loss with 98 stimulation
channels. From these examples, we discovered that we need higher
data rate communication to expand number of channels and electrodes
of artificial retina, to achieve performance similar to human vision [85].
For example, to obtain resolution similar to the human eye, a visual
prosthesis requires about 40Mbps to support 600~1000 electrodes.
However, a conventional visual prosthesis can only support 60~100
electrodes. To achieve higher data rate from the data transmission

system, pulse delay modulation (PDM) scheme was selected [86].

T™D(0,1) TD RD(0,1) RD

ka+
R; T R,
AN
= + J_ N Pulse Del DO RxClk
TxClk ©— pulse Pattern i < ulse Delay
TxDataD— Generator s, |"*Briss Ve -|_ G Ll te Ca T SRy v | Amp Detector - RxData
— Skin —
&
Bone

Figure 68 Data transmission system diagram

There are a pulse pattern generator and an H—bridge at the data

1 711 y
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transmission end. The PDM data transmission design is depicted in

Figure 68.

i) Pulse pattern generator

In the pulse pattern generator, at each Tp period (73.74ns), when
the data bit is 1, two pulses with adjustable width and delay time are
created. Two pulses are spaced apart by Tp/2 and are not generated
when the data bit is 0. Therefore, when the pulse delay modulation
scheme is used, the data rate (DR) always becomes 13.56Mbps, the
same as the power frequency fp. The two pulses generated from data
transmitter can be adjusted to a width of about 3.5 to 10 ns through a

fine delay PD.

PD(0,1) PD S

TxClk D— Controllable Fine ﬁ
TxData D— Delay Delay F/

B
D—D—Dsz

Figure 69 Pulse pattern generator diagram

By looking at the controllable delay inside the pulse pattern
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generator, the system consists of a combination of coarse and fine

delays that can adjust the delay time. This coarse delay can be adjusted

to about 4 to 40 ns through an external bias current signal, and the fine

delay can be adjusted to about 3.5 to 10 ns through an external bias

current signal. The building delay line can be done using logic gates

that have a propagation delay. One way to compensate for the delay

times from variations in process temperature is to use feedback. While

in this study, we used a combination of coarse and fine delay cells to

achieve a wide range of delay.

CD, CD, CD,
cD, cD, CD,
cD, CcD, CD; CcD,
Coarse Coarse Coarse Fine o
Delay Delay Delay Delay
x1 x2 x4 P e
T T T .
CD, CD, [+ » X

Figure 70 Controllable delay diagram

By looking inside the coarse delay cell, the corresponding delay
cell is composed of two starved delay inverter cells. The corresponding

SIDCs are composed of bias fingers P 17 and N 17, and each SIDC

3 ) 211 g
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finger is composed of P4 1 and N 4 1.

g

Bias,

Biasy

SIDC

CLK —

Ibias() M, |j|—_BiasN

Figure 71 Basic structure of coarse and fine delay cell

The current starved inverter delay shows good performance with

a longer delay time and static power consumption. In this way, the delay

circuit with starved inverters connected linearizes the delay element

by about 23.5% more than the existing conventional delay circuit. The

currents of those MOSFETSs connected to each stage of the delay cell

are defined by control voltage Biasp and Biasn. At the same time, the

other MOSFET's connected through Biasp and Biasy are working as the

current sink and source, respectively. The bias current coming from
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the input of the starved inverter delay cell is used to provide correct
polarization of the first delay stage. The currents are mirrored in each
inverter delay system source or sink stage. By adjusting the ratio of
W/L of delay cells, it is possible to obtain a larger amount of delay
regulation. When the current starved inverter delay element decreases,
the range of a delay regulation decreases, while the linearity can be

improved [87].

Biasp —46 Biasp—qe Biasp —46 Biasp —46

|—4l: — |—4l: —i

. L] . L

R S R L L

BiasN_“:l Bias,,_“:l i Biasu_“:l Biasu_“:l

Figure 72 Starved inverter delay cell diagram

The coarse and fine delays were adjusted by changing the bias

current of the SIDC after connecting several SIDCs in series. The

coarse delay has two SIDCs connected in series, and the fine delay is

T & =11 =
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controlled by one.

i) H-bridge

A H-bridge is required to reverse the poles of the two narrow
pulse pattern signals generated by the data transmission circuit. The
basic configuration is shown in Figure 73, and it 1s called this because
it is H—shaped [88]. MOSFETs are used as switches and are turned
on in diagonal pairs. The peak of the two pulses generated from the
pulse pattern generator doubles the Vdd to 2Vdd so that the first pulse
operates at +2Vdd and the subsequent pulse at —2Vdd. MOSFET P1 =
N2 = on when a forward voltage is applied, N1 = P2 = off when a
reverse voltage is applied. When S1 = S2 = 0, N1 and N2 are turned
off, P1 and P2 are turned on, and the L3 node is connected to Vdd. If
S1 = S2 = 1, conversely, P1 and P2 are turned off, N1 and N2 are
turned on, and the L3 node is connected to the ground. When S1 =1
and S2 = 0, N1 and P2 are turned on, and N2 and P1 are turned off,

causing current to flow in L3 in the left direction.

T ) -1l =1
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Figure 73 H—bridge diagram

k34=0.015

0.606Q 0.3770
61.4pF 164nH 60nH 169pF
I {

Skin/Bone

Figure 74 Data tank parameters

The parameters of the data tank were also set considering the
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limited implantable space for the artificial retina. According to the size

limitation of the implantation and optimal tuning method, the values of

inductance, capacitance and resistance for data tank were selected.

Table 10 Data tank parameters under implantation conditions

15 Coil part 2™ Coil part

Maximum outer D (mm) 13 10
Quality factor 85 50

Line width (mm) 0.45 0.45
Spacing (mm) 0.2 0.2

Number of turns 8 4

Inner D (mm) 3 4.55
L (nH) 164 60

C (pF) 61.4 169

R (Ohm) 0.606 0.377

The inductive link specifications for data transmission can be seen

in Table 10.

In retinal prosthesis, normally 1~2Mbps of data need to be
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delivered to stimulate electrodes simultaneously. Traditionally in
biomedical system, a single pair of coils with single carrier frequency
to deliver power and data wirelessly used. The technology of using a
single carrier for both power and data transmission has two significant
drawbacks. The first is that the carrier's frequency limits the data rate.
The data rate should not exceed a few kbps for systems using power
carrier frequencies below 50 kHz. The second disadvantage is that the
frequency shift keying (FSK) and load shift keying (LSK) technique
used for forward communication deviates from the optimal point and
reduces the power transmission efficiency, so the FSK/LSK technique
is unsuitable for application to a high—power WPT system []. However,
a higher data rate can’t be achieved by using the single paired system.
Increasing the data rate is to increase the bandwidth, which means
increasing the carrier frequency. However, by doing this, power
transmission efficiency might decrease because of power dissipation
from tissue absorption.

To overcome these drawbacks, several methods have been
proposed to use multiple inductive links with multiple carriers to

increase the data rate and maintain power transfer efficiency [90]. In
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this method, power and data are transmitted over independent physical

channels, where power carriers are carried over one inductive link, and

data carriers are transmitted over another link. This system decouples

data transmission from power delivery by assigning a low frequency

(fp) to power and (usually) a high frequency (fd) to data carriers.

Separating power and data allows using a low Q system and high carrier

frequency for data transmission and a high Q and low carrier frequency

for power transmission. As a result, higher data bandwidths can be

achieved without compromising power transfer. However, multiple

links introduce additional self—interference between the two channels.

In addition, a strong power carrier is considered to large noise for small

data signals, reducing the signal—to—noise ratio (SNR) in the

communication channel. Multiple inductive links also lead to larger

device sizes, which is undesirable for limited—space applications. While

compared to the single—pair coil, the double—pair coil's wireless

communication can achieve a higher data rate; we selected this scheme

for our design. The designed data coils specifications can be found in

Table 11.
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Table 11 Designed data coils specifications

Unit: mm L2 L4
Substrate height (H) 0.1 0.1
Winding trace width (W) 0.45 0.45

Winding trace thickness (T) 0.01 0.01
Inter —winding gap (S) 0.2 0.2
Outer inductor diameter (Do) 13 10
Number of turn (N) 8 4.5
Test frequency (f) 50MHz 50MHz
Inner inductor diameter (Di) 3 4.55
Inductance 163.07nH 62.84nH

2.1.4.2 Pulse Delay Modulation (PDM)

The data receiver has a pulse delay detector, an amplifier, and a
controllable delay stage. A carrier—less modulation technique called
PDM (Pulse Delay Modulation) was used to recover the received data
signals. This method saves the power and space required to filter
power carrier interference and further reduces implantable medical
devices’ power consumption by exploiting the low—power and low—
complexity characteristics of impulse radio ultra—wide—band on the Tx

side.
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Figure 75 Pulse delay detector

The delay is first detected in the pulse delay detector by comparing
the squared Vu with the amplifier and the recovered CLKg in XOR. This
is specified as Vpp. During one cycle of Tp, the integrator charges the
capacitor. Here Civr is 70fF, and I is 4uA. Next, integrator output VINT
1s compared with externally adjustable Vref to detect data bit 1. When
VINT= is greater than Vref, data bit '1' is detected. Otherwise, it is
detected as '0". Next, Va and CLKr pass through a NOR gate to create
a reset signal, Vrst. This reset signal serves to discharge capacitor Cinr
and prepare the integrator to receive the next bit of data. To restore
the pulses at the comparator output, the D flip flop is synchronized with
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the rising edge of the clock. Therefore, Rx—data is ready to become a

sample at the rising edge of Rx—CLK [91].

Figure 76 Controllable delay receiver diagram

The controllable delay at the data receiver has the same

configuration as the transmitter's, but the bias current can be changed

by 0.5uA while controlling the switch MOSFET with a voltage signal.

Through this, the delay of SIDC can be adjusted.
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Figure 77 Bias current for SIDC
The total bias current for SIDC is controlled using switches. By
adding current 0.5uA, the delay in SIDC controlled from 7 ~ 85ns to

compensate process variation.
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Figure 78 Data recovery system
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The data recovery system is shown in Figure 78. The high gain

amplifier amplifies received signals, which is the combination of power

interference signal with data ringing signal to square those. The pulse

delay detector detects the delay between Va and recovered clock signal.

The amplifier used in data receiver has 22.2dB of gain at fd = 50MHz.

While the comparator with 32.8dB at same fd.

aVpp
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M; M,
di M = m Mo
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Figure 79 Amplifier 1.8V
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Figure 80 Comparator 1.8V
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When the simulation was performed with MATLAB, the light green

line, which is the power carrier interference signal caused by k14, met

the data ringing signal indicated by the blue line generated when the

pulses with two opposite polarities generated by the pulse pattern

generator of the data transmitter were transmitted to the data receiver.

It can be seen that the Vreceived signal of the red line finally seen has

shifted to the point where zero crossing occurs to the left rather than

the existing power carrier interference. The shift can be adjusted, but

it is about 2.4 ns. The width of the two pulses was about five ns, and

the power carrier transmitted from the L1C1 tank was a sinusoid with

a phase shift of 90 degrees at 13.56 MHz with a peak—to—peak value

of 100 Vpp. The two pulses have an amplitude of 2.5V, and a slight

delay adjustment was made through the controllable delay. Through

this, the peak of data ringing was aligned with the zero crossing of

power carrier interference. Therefore, the signal passing through the

L4C4 tank is quickly damped within about 35 ns and 70 ns at fd = 50

MHz, and it can be seen that the damping is completed before the next

pulse starts.

114 A =- ‘_]l



Q
CLK
[
Ql
D D—

Figure 83 D Flip Flop
A D flip—flop or data flip—flop is a type of flip—flop with only
one clock pulse input with one data input, 'D,' and two outputs Q and Q
bars. This flip—flop is called a delay flip—flop because when input data
is provided to the d flip—flop, the output follows the input data delay by
one clock pulse. After comparing Vit with externally controllable
reference voltage, the recovered data signal is ready to be sampled at

the rising edge of the recovered clock signal with D—{lip flop [92].
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Figure 84 Operating waveforms for data recovery mechanism

PDM is reasonably robust to changes because this scheme

keeps td relatively constant, taking into account the fact that L1 and L3

move together. Also, a small change in tq slightly shifts the voltage peak

of the data ringing in Figure 88. This will reduce the zero—crossing

shift of the signal received from the L4C4 tank. The shift of the zero

crossing is equivalent to the data ringing of amplitude cos (w4 Atg) times

smaller if td varies by Atq. This equates to a ~3dB reduction in SIR if

Atq=1/8fd=2.5ns which can be conclude that the PDM scheme is

relatively robust to coupling variations. In addition, to reduce the

sensitivity of zero crossing shift to tq variation, tuning frequency for

the data tank was chose as 50MHz.
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Figure 85 Designed power and data transceiver ASIC with

5x5mm? die area, with TSMC 0.18um standard CMOS process

The designed chip is 5x5mm? and designed as an integrated circuit
for the artificial retina. Because the neural stimulator's channels extend
the entire chip area, it could be integrated within a 3x3mm? area if only
key parts of the circuit design were integrated. The entire system has
two pairs of external coils for wireless power and data transmission;
the wireless power transmission system is tuned to the industrial—
scientific—medical band 13.56MHz, while the data system is tuned to

50MHz. The data rate that can be obtained is 13.56Mbps, which is the
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same as the power carrier frequency, and it can be confirmed that it
can be integrated within about 1mm? by checking only the wireless
transmission and receiving system dedicated area. About 40Mbps is
required to support 600 to 1000 electrodes to achieve a resolution
similar to that of the human eye. However, previously researched

artificial retinas can operate up to 60 to 100 electrodes normally [93].

Table 12 Designed wireless transceiver specifications

Technology (TSMC) 0.18um CMOS
Power carrier frequency 13.56 MHz
Data supply voltage 1.8V
Power output voltage 5V
Data rate 13.56 Mbps
Tx 0.72mm?
Area on chip
Rx 0.13mm?

2.2 PFA—based Electrode Fabrication

The perfluoro—alkoxy alkane film—based planar electrode with

20—channel was designed for this study. As shown in Figure 86, the
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electrode stimulation site was 200um in diameter with a vertical pitch
of 700um and a horizontal pitch of 1000um. The metal line width of the
electrode was 50um, and the pads were designed to be compatible with
standard FFC (flexible flat cable) adapters with O.5mm pitch. Each pad

had 400um of width with 500um pitch with other nearing pads.

Insulation
Film Layer

Connection
Pads

Electrode Site
opening

Substrate

Film Layer Stimulation

Sites

| | I
PFA film Titanium Gold

Figure 86 Planar PFA electrode components

2.2.1 Film Preparation

Among the fluoropolymers, PFA was chosen for the base
material of electrode with hermetic sealing thanks to its high chemical,
physical durability, and biocompatibility. Figure 87 shows the

fabrication processes steps for the advanced PFA—based electrodes

5 A=l st
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for neural prosthetic devices. Ahead of the fabrication, a 50um—thick

PFA film was sonicated with alcohol to remove residual particles on the

film surface. Then, by sandwiching the PFA film between two

polytetrafluoroethylene (PTFE, Alphaflon, Korea) films and an

aluminum jig to perform a pre—thermal press to eliminate fine

scratches and wrinkles on the surface of the PFA film. The film

preparing temperature was set around 295C which is slightly above

the melting temperature of PFA.
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Figure 87 Fabrication process diagram of PFA film based electrode.
(a) Pre—thermal press of PFA film (b) RF plasma surface pre—
treatment (c) Metal deposition on pre—treated PFA film surface (d)
Metal patterning and etching (e) Thermal lamination to bond
patterned layer and cover layer (f) Sacrificial metal layer deposition
(g) Sacrificial metal patterning for opening (h) RF plasma etching

process (i) Etching sacrificial metal layer.
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2.2.2 Plasma Pretreatment

i) Surface characterization of PFA film with RF plasma pre—

treatment

The Radio Frequency (RF) Argon (Ar) plasma pre—treatment to
strengthen the bonding between the PFA film and the metal layer was
carried out for 4 min with 100mTorr base pressure and 40W power,
which are optimal conditions. This condition was confirmed through a
T—peel and tape test in our previous study. The equipment used for
pre—treatment was RIE etcher (RIE 80 plus, Oxford Instrument,

Abingdon, UK).
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a) b) c)

Figure 89 Effect of RF plasma treatment on PFA surface morphology
(a) Water contact angle (WCA) change depending on RF plasma
treatment working pressure (b) WCA change depending on RF plasma

power (c) WCA change depending on RF plasma treatment time

When RF plasma pretreatment using argon gas was performed, as
can be seen from the previous reports [94], free radicals were created
by breaking the carbon and fluorine bonds on the surface of the
fluoropolymer. These free radicals react to each other to form tangled
structures like branches. Due to this structure, it was possible to
increase the surface bonding strength of the fluoropolymer with
surface plasma treatment. As a result, the bonding strength between
the deposited metal layer and the fluoropolymer substrate increases
through argon plasma pretreatment. Also from Figure 88, the adhesion

strength after the thermal lamination between the fluoropolymers also
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increases.

To show the variation of surface morphology, water contact angle

(WCA) measurements, sheet resistance measurements, t—peel tests

and atomic force microscope (AFM) scanning within various conditions

were proceeded. The change of WCAs depending on the conditions of

plasma pretreatment was shown in the Figure 89. As shown in Figure

87 a), the Ar RF plasma treatment time did not show dramatic change

around 1 minute or less, but when it was increased to 3 min or more,

water contact angle (WCA) was significantly reduced. However, it was

observed that the WCA increased again as the processing time

increased beyond 5 min due to the excessive plasma pre—treatment.

Thus the treatment around 4 min was considered to be optimal. When

it comes to the working pressure and plasma power, the WCA showed

similar tendency to that of the WCA change over plasma treatment time,

as shown in Figure 89 b) and c). Particularly in low RF power, free

radical generation leads to over—etching, increasing the adhesive

strength. However, as the RF power increases further, the adhesion

strength decreases as etching becomes dominant over radical

generation. [95] As can be seen from the Figure 89 b), the WCA was
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the smallest when the plasma power was around 80 W.

Figure 89 c¢) shows that WCA was mainly independent of the
working pressure below 30 mTorr, decreases between 35—50 mTorr,
and becomes relatively constant above 60 mTorr. The drop—off of
WCA may occur due to a decrease in the mean free path of the plasma

at higher operating pressures which causes a reduction of the kinetic

energy of the plasma gas [96].

8 T T T T T
e Bare
s 15mTorr, 100W,5min
100mTorr,40W,4min
6 L -
z
34 ‘
o
|
2 b
0 = 1
0 25 50 75 100 125 150

Time(s)

Figure 90 PFA film adhesion evaluation after thermal lamination.
Bare, 15mTorr / 100W / 5min / 60sccm, 100mTorr / 40W / 4min /

60sccm condition film samples were compared

After the packaging of the cover layer using thermal pressing, the
t—peel test proceeded to check out the adhesion between the substrate

film and cover layer. When comparing the t—peel test results in Figure
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Figure 91 Atomic force microscope image for plasma surface

pretreatment of PFA film. PFA film treated at 15mTorr / 10min / 40W

(left), 100mTorr / 4min / 40W (right)

90, adhesion was the highest when the pretreatment time was set to
about 4min.

Finally, to investigate the reasons for the optimal pretreatment
conditions, the surface of the plasma pretreated PFA film was scanned
using an atomic force microscope (XE—150, Park Systems Corp.,
Korea), which can be shown in Figure 91 of left side. For the scanning,
a 0.5 Hz scan rate and contact type cantilever were used. Scanning
proceeded for 15um square area for each pretreatment condition. The

results of plasma surface treatment are shown in Figure 91 of right
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Bare PFA 60sccm, 100mTorr, 40 W, 4 min

15.0kY 3,000 1um T WD 8.0mm

Figure 92 PFA film surface after the pretreatment of RF Ar
Plasma at condition of Ar gas concentration: 60sccm, working

pressure: 100mTorr, RF power: 40 W, processing time: 4 min

side. The treatment conditions for the left figure were 15 mTorr
base pressure, 10 min treatment time, and 40 W power. The conditions
for the right one was 100 mTorr base pressure, 4 min time, and 40 W
power. The pleated wrinkle—like pattern got denser with optimal
pretreatment conditions than the flat and lubricious bare film surface.
The results confirm the reduced kinetic energy of plasma gas at higher
operating pressures. The adhesion strength dependence on RF power
indicates that ion beam irradiation or ion beam auxiliary RF plasma

technology may be expected to generate more radicals in deeper
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regions due to inherently higher kinetic energy. This led the adhesion

strength between pretreated substrate PFA film and the metal layer or

cover PFA film gets higher.

Therefore, with a proper selection of treatment conditions, the

surface properties of the PFA film are converted to hydrophilic.

However, in other areas, hydrophobic properties are maintained similar

to the those of bare film. Hence, Ar gas plasma treatment with optimal

conditions, which are 100 mTorr base pressure, 40 W power, 4 min

treatment time, and 60 sccm gas flow rate was performed to increase

the adhesion of the PFA substrate.

2.2.3 Metal Deposition

In the previous study [Reference], gold was deposited without an
additional adhesive metal layer after Ar plasma pre—treatment, but this
method caused the separation between the film and the metal layer
when the electrode was immersed in the buffer solution. Titanium was
used as an adhesive layer to increase adhesion between gold and PFA
film after pre—treatment to compensate for this. Biocompatible
ultraviolet—curing adhesive (UV630, Permabond, UK) was spin—
coated on a 4—inch dummy wafer using spin coater (ACE—-200,
DongAh Trade Corp, Korea) to attach PFA film substrate. 50 um—thick

of PFA film was loaded on an adhesive spin—coated wafer,
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100nm Au layer Bare PFA 15mTorr, 150 W, 5 min 100mTorr, 40 W, 4 min

Figure 93 Tape test of pretreated PFA film with 100nm gold layer

deposited without extra adhesion layer (a) Bare film without
pretreatment (b) Condition of 15mTorr, 100 W, 5 min (c) Condition

of 100mTorr, 40 W, 4 min

then cured with UV light for 3 min. PFA film substrate was tightly
sealed using Kapton tape and placed in the e—gun evaporator to deposit
1000A of titanium and 3000A gold layers (ZZS550—2/D, Maestech,
Korea). The corresponding gold layer can be used as a seed layer to
adjust the impedance of the electrode.

RF Ar plasma surface pretreatment was performed under
different experimental conditions, then a tape test was conducted after
100 nm of gold layer was deposited. The bonding force between the
scotch tape and the glass plate used to conduct the tape test is about
0.9 N/cm [97]. At the experimental condition: concentration of 60sccm,
100mTorr pressure and 40 W power for 4 minutes, the adhesion
strength between the deposited gold layer and the film was the
strongest without any other adhesion metal layer as depicted in Figure
93.

After metal deposition, the sheet resistances in various
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treatment conditions were measured. To clarify ideal treatment
conditions, 10 metal deposited PFA films with 300 nm—thick gold layer
on the 100 nm—thick titanium layer were prepared. Ar gas flow rate
was fixed at 60 sccm while varying time, power, and base pressure.
Time was varied from 0.5min, 5min, and 10min while fixing other
conditions at 40 W power and 50 mTorr base pressure. Power differed
in 10 W, 40 W, 80 W and 150 W for 5 min and 50 mTorr. Lastly,
pressure changed as 15 mTorr, 60 mTorr, 100 mTorr with 5 min, 40
W conditions. The sheet resistance was measured with a 4—points
probe (CMT—-SR2000N, Changmin Tech., Korea). The sample size was
set as D0 mm, and measurement was taken 100 times for each sample.
The average sheet resistance of each condition didn't differ that much.
However, 40 W / 100 mTorr / 5 min a achieved the lowest average

sheet resistance of 0.76 ohm/sq.

2.2.4 Metal Patterning

After that, the patterning of the deposited metal layer was
performed with conventional photolithography process. First, spin
coating was done using a negative photoresist (DNR—L 300 series,
Dong—jin Semichem., Korea) at 500 rpm for 5 s then 2000rpm for 40
s. The PFA attached wafer was baked for 100 s at 100C on a hot plate.
The photoresist was exposed using an aligner (MA—6 III, Karl—Suss,

Germany) with 25 mW of power for 10 s in the hard contact ogtion.
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Post exposure soft bake at 100C for 100 s on a hot plate was carried
out, then the exposed photoresist was developed for 20 s (AZ 300 MIF
Developer, Merck, Germany). Gold and titanium layers were etched,
using a corresponding metal etchants. Gold etchant was made by
agitating deionized water, potassium iodide, and iodine in 40: 4: 1 ratio.
[98] After etching the gold layer, PFA loaded wafer was placed in
titanium etchant around 5 s (GE—107, Soon Jung C\&S, Korea). Finally,
the remaining photoresist was removed with acetone. The line width of
the patterned metal electrode connection track was 50um, and the
diameter of the electrode sites for stimulation was 200um. The metal
line of the electrode was designed in a serpentine pattern to prevent
cracks as the film is pressed in all directions during the subsequent
thermal lamination process. The electrode pattern can be seen in

Figure 94.

2.2.5 Thermal Lamination

After fabrication of electrodes on the substrate layer, the
packaging using thermal lamination proceeded. Thermal lamination was
performed to encapsulate the metal electrodes on PFA film with a 12.7

um—thick PFA film using a manual heat press machine (HCSOO—OBI, NS e o
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ONE, Japan). The patterned substrate was covered with a cleaned 12.7

um—thick PFA film cover, then sandwiched between the PTFE films

for detaching and the aluminum metal jig. Thermal annealing was

performed at a temperature slightly lower than the melting temperature

of PFA which is 300 ~ 310C. The heated press was performed at 295T

with a pressure of 50 bar for 20 min. Thermal lamination around the

glass transition temperature of PFA, a force that spreads in all

directions could distort metal patterns. Figure 94 shows that the

electrode metal line with serpentine pattern to prevent line distortion

during thermal lamination. Electrodes completely encapsulated through

thermal lamination require connection pads and electrode sites opening

for electrical connection. [99]
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Charge Neutralization
(Optional)

Ga+

Gas Assisted Etching

or Selective Deposition

(Optional)

L-LH]

{(Number of introduced ions) =

<Experiment conditions>

Energy 30keV
Current 2.5nA
Pattern Spot
Beam | Spot diameter 50Nm
Spot overlap 50%
Dwell time 1 x 10-%sec
Refresh time Osec

{(Number of scancs) x (current) x (dwell time)

e x (overlay)

e = 1602 x 10~

No.

(O] BN [OF] )] o

Beam

<Results>
Number of scans Number of Debth
introduced ions P
25 7.8 x 105 Penetrate
50 1.6 x 106 Penetrate
75 2.3 x 106 Penetrate
100 3.1 x 106 Penetrate
125 3.9 x 106 Penetrate

2.2.6 Stimulation Sites Opening

Figure 95 Electrode site opening with focused ion beam (FIB) laser
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The focused ion beam (FIB) device is mainly used to observe

a microscope image or process a sample surface by detecting

electrons/ions generated by scanning a very finely focused ion beam

on the sample surface. By using FIB laser device, the combined films

were discriminately etched to open active electro—sites. The FIB laser

equipment can selectively etch the surface of the PFA film by

increasing amount of atoms sputtered, irradiating the surface with the

gallium ion beam. As shown in Figure 95, PFA film is clearly dry etched

when the experimental condition of ion beam was set over 25 scans

and 7.8 x 10° of introduced ions. The number of introduced ions can be

derived by multiplying number of scans, current and dwell time divided

by overlayed electronic charge. As the scan times increase, number of

introduced ions that irritates selective spot also gets higher.

25 scans 50 scans 100 scans 125 scans

Figure 96 FIB images of the gallium focused ion beam etched PFA

(Energy: 30keV; Current: 2.5nA; Spot diameter: 50Nm; Spot overlap:
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50%; Dwell time: 1 x 107° sec)

As a comparison of processability, FEP fluoropolymer was also
etched with FIB laser machine with same experimental condition. Both
50um thick fluoropolymers were penetrated after 25 of scans. From
this investigation, FIB laser was verified to be used as an instrument
for processing PFA film to open stimulation sites.

For better electrode site opening, fiber laser cutting and RF
plasma etching were exploited. Using fiber laser for opening, the laser
beam melts the edge of the targeted pattern, creating a much larger
opening diameter than 200um. However, the RF plasma etching
process achieved a clear opening site pattern without any film ablation.
The opening site comparison of both methods is depicted in Figure 96.
Therefore, RF plasma etching was used for the site opening.

RIE etcher (RIE 80 plus, Oxford Instrument, Abingdon, UK) is
used to perform plasma etching using oxygen gas, CHF3, and CF4 gases.
For this purpose, the gas flow rates during the etching for each gas
were 50 sccm for oxygen, 10 scem for CHE3 and 10 scecm CF4. The
200 W power with 40 mTorr working pressure was applied for 60 min.

For electrode site opening, the aluminum layer with 3000A thickness
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was used as a sacrificial layer to protect the area except for the part

to be opened.

Chapter 3. Results

3.1 Circuit Assembly
3.1.1 Transmitter Circuit

The circuit was designed in a 180 nm CMOS technology using both
1.8V and 5V transistors. Transistor—level simulations of the SCC have
been carried out to estimate the performance of the circuit.

First, a WPT turn—on transient was simulated in order to verify
the capability of the SCC to reach steady—state operation. The initial
value of VO is set to O V and the input voltage Vrect is set to 1.4 V,
close to the estimated threshold for the maximum conversion ratio n4
= 5. The results of this simulation are summarized in Figure 98. Three
distinct phases may be noticed: (i) initially, with the output switch open,
the start—up circuit shorts the converter input to the output, allowing
the rectifier to directly charge the output storage capacitance Co; an
enlarged view of the evolution of VO in this phase is shown in the lower
right inset; (ii) once VO has stabilized to a value close to Vrect, the

start—up auxiliary charge—pump 1s enabled, charging the_l output _
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capacitor to a voltage value high enough to guarantee a proper turn—
on of the main converter switches; this value is around 2.4 V; (iii) the
main converter kicks—in, rapidly charging Co towards the steady state
value of VO; when VO exceeds a safe threshold (around 4.1 V) the

output switch is closed and power starts being delivered to the load.
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Figure 97 Blocks involved in the hysteresis output voltage

regulation (a) and blocks to self—select the conversion ratios.
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Figure 98 Output voltage time behavior during the WPT turn—on

transient for Vrect = 1.4 V.
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Figure 99 Full power converter design diagram

The upper inset in Figure 101 shows an enlarged view of the

steady—state behavior of VO, highlighting the action of the hysteretic

regulator that keeps VO on target by freezing the converter when VO

exceed an upper threshold to turn it on again when VO drops below a

lower threshold.
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Figure 100 Steady—state efficiency of the converter as a function

(a) of the input voltage and (b) of the output current.
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Figure 101 SCC transient response to a change of conversion

ratio from n3 = 4 to n2 = 3 and the input voltage from 1.8 Vto 2.2V

The SCC efficiency in steady—state as a function of the converter
input voltage is reported in Figure 100 (a). The conversion ratio ni is
progressively decreased as VIN reaches the threshold corresponding
to the next conversion ratio. Thanks to the adaptive conversion ratio,
the SCC is able to handle the expected 1.3 V — 3.3 V range of the
rectifier output voltage Vrect with an efficiency between 57 % and 74 %.
Figure 100 (b) shows the simulated converter efficiency as a function
of the output current Io for a set of different input voltage values,

demonstrating, as expected, that lower conversion ratios guarantee a
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larger efficiency. Finally, the transient response of the converter to a
variation of the input voltage large enough to trigger a change of
conversion ratio from n3 = 4 to n2 = 3 is shown in Figure 101. The
simulation results show that steady—state operation is recovered in
about than 2 ps.

We have presented a switched—capacitor, step—up converter
based on Dickson topology designed to meet the requirements of
implantable medical devices supplied by inductive wireless power
transfer systems. We derived the peculiar specifications that the
applications falling in the above category impose on the converter, with
particular reference to the input voltage variability induced by the
uncertainty in the magnetic coupling factor of the WPT.

We developed a simple model to estimate a priori the input voltage
range, and proposed to resort to a reconfigurable converter that adapts
the conversion ratio to the input voltage value, in order to minimize
conduction power losses. We discussed in detail a procedure for the
optimal sizing of the converter switches from the point of view of
efficiency. The procedure 1s based on an analytical model of the

switches conduction and driving losses and allows to derive the
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absolute switch size that maximizes the reconfigurable SCC overall

efficiency. A thorough set of transistor—level simulation results is

included to demonstrate the performance and robustness of the

converter.

Figure 102 Die photograph of the fabricated silicon chip: stand
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the package and PCB board for I/O pins

u 8 (b)

| © 251ns 3.30V
b 3248 3.30V
5v A73.6ns A0,00V
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v W’“{Mw”wm

5Vh

40ns

Figure 104 Power signal coming from non—overlapping clock

generator (Blue line) and power amplifier (Red line)

By testing data transfer system part, to generate dns of data
pulse S1 and S2, 7.5uA and 11uA of bias current were needed. To
achieve these value, potentiometer was used, 360kohm and 530kohm
respectively. The two narrow pulses generated from pulse pattern

generator go through h—bridge to get different polar as shown in Figure

105.
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Figure 105 Pulse pattern generator output signal and output signal

from h—bridge

3.1.2 Receiver Circuit

With the power receiver stand—alone test, the low drop voltage
output system had an output of 1.78V with 5V supply voltage. The main
reconfigurable DC—DC step up converter worked in the range of input
voltage from 1.8V to 3V. Following Figure 106 shows the output
voltage of step—up converter when the input voltage is 2.8V. Also, the
received power carrier interference from data receiver showed shifted

signal from Figure 104.
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Figure 106 Output voltage of 5V from DC—DC step—up converter

(Blue line) and received voltage from data receiver (Red line)

As shown in Figure 107, the external reference voltage
controlled from 0.7V to 1.5V to compare the left shifted voltage due to
data ringing. The external voltage reference could be different
depending on the process variation. The data ringing has shifted the
zero—crossing of the power carrier interference signal in data receiver
system by 2.5ns. The transmitted serial data bit from was recovered
through pulse delay modulation scheme, achieving 13.56Mbps data rate

which is the same value of the power carrier frequency 13.56MHz.
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external reference voltage for signal comparison
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3.1.3 Coils for Power and Data System

The simulation data and heat generation due to electromagnetic

from spiral planar pair of coils for artificial retinal implant were

analyzed by COMSOL Multiphysics. Planar spiral outer and inner coils

for an implantable artificial retina were designed and analyzed. The

whole geometry was designed in a transplant situation. The parameters

of the coil were set within the design limits due to the limitations of

implant space. The inductance for the coil and the thermal change due

to the electromagnetic force generated in the inductively coupled coil

were calculated [100] — [102].

Table 13 Design parameters of spiral planar coils

N W[mm] | S[mm] | T[mm] | Difmm] Do[mm]
Outer 10 0.45 0.2 0.1 8.7 15
Inner 8 0.45 0.2 0.1 1.5 6.5

The designed planar spiral coil has a design parameters; metal

line width (W), winding trace thickness(T), interwinding gap (S), outer

inductor diameter (Do), inner inductor diameter (Di) and number of coil
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turns (N). All parameters of spiral planar coil are shown in Table 13.

Figure 108 Dimension of planar spiral coil

COC Substrate

Figure 109 2D Symmetric schematic of inductive coupled coils

The outer coil was powered by direct voltage Vo = 200V and inner
coil Vi = 30V. A very important parameter of the simulation is the mesh.

The correct size and shape of the mesh elements will affect the
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accuracy of the solution. The finer the mesh elements, the higher the

analysis accuracy. Mapped mesh for both coils was used.

It can be seen from Figure that the maximum magnetic flux density

1s induced in the innermost turn of the non—helical planar coil structure.

The current splitting pattern of the non—helical coil winding which

can be seen from Figure, causes this magnetic field distribution. The

innermost turn of the coil structure has the lowest resistance of all coil

turns, so the maximum current will reach there, leading to the maximum

magnetic field in the innermost turn. Figure shows the yz—axis current

density distribution for outer coil. From the simulation, the inductance

of outer and inner coil were 2.99uH and 0.443uH respectively.

The two coils designed together with the internal tissues of the

body were analyzed for heat generation through heat transfer in solid.

The skin, fat, and muscle layers of living tissue were prepared based

on the average adult body temperature of 36.5C, and the external coil

was set to 24 C, which is room temperature, and the body coil was set

similar to body temperature.
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Figure 110 Current density of outer coil

Multislice: Magnetic flux density norm (T)

A 2.83x107°
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0.04 25
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-0.01 0 0.01 0

Figure 111 Surface yz—axis magnetic flux density [T]
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(a) (b)

Figure 112 a) Maximum and minimum temperature arise in biological
tissue model due to wireless powered coils b) Cross sectional view

for temperature variation in tissue model [K]

As shown in Figure 112, the simulation result, the maximum
temperature was 310.151 K and the minimum temperature was
293.286 K, which were not all within the range to cause damage to the
internal tissues of the body. If the applied heat is above 447, a
minimum of 6 hours is required, tissue damage occurs. At the skin
surface above 44°C but below 51 C, the rate of thermal damage doubles
for every 1—degree increase in temperature. Temperatures above 51T
will cause almost instantaneous destruction of the epidermis. Muscle
damage was assessed with indicators such as blood creatine levels,

neuromuscular function, hemorrhage, and appearance of necrosis.
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There was acute but minor damage to the muscles when thermal dose

concept CEM43 was between 41 and 80 minutes. At CEM43 higher

than 80 min, the injuries (hemorrhage and necrosis) became more

chronic and severe [103].

Planar spiral outer and inner coil for implantable artificial retina was

designed and analyzed. The full geometry was designed under the

circumstance of implantation. Parameters of coil were set within the

design restriction due to limitation of implant space. Those inductances

for coils and thermal variation due to electromagnetic force generated

from inductively coupled coil were calculated using the finite element

method used by COMSOL Multiphysics. After analyzing heat transfer

in biological model, the maximum heat didnt exceed the temperature

occurs tissue damage. As a result, the designed pair of coils for

artificial retina could be implant under in vivo without destruction of

body tissue.
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Figure 113 Power coils designed from Ansys

Table 14 Simulation and measured results of designed power coils

Simulation results Measurements

Size 30 x 30 mm?®
Substrate
Frequency 13.56 MHz

L1 805 nH 840 nH

Q1 93.04 92.28

L3 167.8 nH 177 nH

Q3 80.69 76.7
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Figure 114 Data coils designed from Ansys

Table 15 Simulation and measured results of designed power coils

Simulation results Measurements

Size 10 x 10 mm?
Substrate FR4
Frequency 50 MHz

L2 163.84 nH 175 nH

Q2 96.24 62

L4 60.45 nH 62.2

Q4 79.01 49.6

3.2 Wireless Operation

3.2.1 Bit—Error—Rate (BER)
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By repeating the data transfer, the usual standard bit error rate of
107% could be achieved with litz wire coils. However, more precise bit
error rate measurement should be followed in the future by varying the
alignment, distance of the coils with much longer data chain. The use
of crystal—based oscillators with sub—nanosecond jitter is feasible in
the external power Tx due to its relatively relaxed size constraints. In
systems with high jitter oscillators, PDL should be reduced to increase
the amount of zero—crossing shifts or SIR to keep the BER low.
Furthermore, in a complete system, the data Tx block can actively

adjust in a closed loop to maintain its optimal value for the lowest BER.

3.2 Validation of Electrode Performance
3.2.1 Electrochemical Characteristics

The impedance and charge storage capacity of fabricated
electrodes were measured using the Si 1260 impedance/gain phase
analyzer (SolarTron, UK). Ag/AgCl reference electrode, Pt counter
electrode, and PFA electrode was immersed in a beaker with 200 ml of

PBS(PBS, PH 7.4, Thermo Fisher Scientific Solution Inc., MA, USA),
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and the Impedance Analyzer (SI 1287 Electrochemical Interface
(SolarTron, UK) interfaced with it. An Au—based electrode was also
prepared to compare the electrode performance with Ti—Au based
sample. One was prepared the same as the previous study (Au), while
the other followed the proposed steps (Ti—Auw).

From Figure 115, the impedance and charge storage capacity (CSC)
are compared between polymer—based electrodes. The impedance of
the Au—based electrode at 1kHz was 1.55 kohm, and the Ti—Au based
electrode was 1.59 kohm at 1 kHz. For CSC, Au PFA electrode showed
0.67 mC/cm? while Ti—Au PFA electrode got 1.257 mC/cm® As a
comparison, the LCP—based gold electrode showed 26.65 kohm of
impedance at 1kHz and CSC of 0.32 mC/cm? [104]. Also, the COC—
based Ti—Au based electrode showed 1.57 kohm at 1 kHz and CSC of
0.31 mC/cm?® [105]. These results showed that both PFA based Au /
Ti—Au electrodes have faultless performances compared to other
biocompatible polymer materials—based electrodes. Especially Ti—Au
electrode showed excellent CSC compared to other biocompatible
polymer—based electrodes due to its micro—protrusion structure

surface after pretreatment.
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Figure 115 Electrical characteristics of PFA based MEAs. Charge

storage capacitance and impedance
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Table 16 Impedance and charge storage capacity comparison chart

with different polymer based electrodes

PFA (Au) | PFA (Ti—Auw | COC | LCP

Impedance @ 1kHz(kQ) 1.55 1.59 3.68 | 26.65

CSC (mC/cm?) 0.67 1.257 0.31 | 0.32

3.2.2 Mechanical Characteristics

Figure 116 Bending test experiment setup. The bending angle was set
as +30° and *£45°
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Figure 117 Electrical and physical connection lost for both angles of

bending test

Figure 118 Cross section SEM view of electrode sample after the

bending test

Typically, implanted electrodes experience various physical

disturbances. Therefore, 62.7um—thick(50um substrate + 12.7um
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cover) PFA planar electrode was analyzed through a mechanical
bending test. Bending test apparatus (32—03675—01, ST1, Korea) and
1—axis motion controller (STM—1-USB, ST1, Korea) set repeated
bend test for £30°, £45° angle conditions as shown in Figure 116.
The electrical connection for the prepared electrode was maintained
until 4000 and 3000 iterations for =30°, *£45° respectively. The
electrical connection was measured with digital multimeter. For each
electrical disconnection iterations, the criterion resistance was set as
25Q. The physical fracture didn't occur over 10,000 iterations for both
bending angle conditions (Figure 117). The physically bend location
was checked through Scanning Electron Microscope (SEM) (Figure
118). This endurability from external fatigue showed substantial PFA
merit as implantable neural electrode packaging, which might require

repeated bending circumstances.

3.2.3 Biocompatibility in—vitro
To evaluate the long—term reliability of PFA encapsulation in a
physiological setting, a multi—inter digitated electrode (MIDE) was

used for leakage current measurements during an accelerated life test

T & -1l =1
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in—vitro. The soak tests were performed in a 75C PBS solution
(D8537—500ML, Sigma—Aldrich, Burlington, MA). [105] As shown in
Figure 117, the MIDE array consists of six interdigitated electrodes
(IDE) designed to detect leakage current at each location. These IDEs
(Channels 1, 2, 3, 5, 6) were soaked to detect the penetration of
moisture and ions through PFA encapsulation, while the other IDE
(Channel 4) was not soaked to use as control group. Both the width and
spacing of the IDE pattern was 300um, and the width of the connecting
line was 130um. Each IDE was connected to two pads via double

interconnect lines to verify electrical connections during the

experiment.
| Picoammeter |
; l1aoum
Reference _’g?g;sﬂ
Channel § N
e jé é 300um 300um
.H'f_r <
L % GND +5V
PBS =
Soaking =-# ) ks
level
Evaluation >.7mm
Channels
% = §}

EE

Figure 119 MIDE fabricated for accelerated soak test
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MIDE prepared for leakage current measurement was placed in

a test bottle with a 75°C PBS solution in a forced convection oven. A 5

V direct current (VDC) bias was regularly applied between the IDE

during the in—vitro accelerated life test using the standard 24 —pin FFC

connector to connect the IDE to the power supply (PWS—3005D,

Providence, Korea). Then, the leakage current was measured with a

pico—ammeter (Model 6485, Keithley Instruments, Inc., Cleveland,

OH). The MIDE array consisted of six interdigitated electrodes (IDEs)

designed to sense the electrical leakage current at each location. Four

of the six IDEs were placed in the outer area. One IDE was centrally

placed. These IDEs were soaked to detect the permeation of moisture

and ions through the LCP encapsulation, while the other IDEs were not

soaked for control experiments. Both the width and spacing of the IDE

pattern are 300 pum, and the width of the wiring is 300 um. Each IDE

was connected to two pads via double wiring to verify electrical

connectivity during the experiment. Accelerated life testing (ALT) is a

convenient and cost—effective solution for determining the reliability

and robustness of an electronic product or component (Figure 119).

10—degree rule' is generally used in many applications to
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approximate the device's expected life. This rule suggests that
whenever the temperature increases by 10T, the expected life of the
device reduces by half [106]. The value from simplified protocols for
accelerating aging proposes valuable performance and shelf life data
for designed implantable electrodes.

As shown in Figure 120, the reliability of the electrode can be
checked in a similar environment in the body through the acceleration
test results. Measured channels showed a very stable current
throughout the test. From [107], average current data of different
biocompatible polymer—based IDEs were extracted for comparison.
The leakage current values from Polyimide, Parylene—C, and LCP—
based samples started around 107'?A, while PFA—based IDE began
with a relatively higher value, 10"YA. The leakage current from
Polyimide and Parylene—C based IDEs exceeded 1uA safety limitation
around 60 days and 120 days, respectively. Other IDEs except the
PFA—based sample showed a steep increase of leakage current after
starting the soak test, while value from PFA IDE maintained stability.
According to the 10 degrees law, 30 days at temperature at 75T is

equivalent to 480 days in the human body environment. Therefore, the

T & =11 =
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acceleration of PFA packaging, which is currently under 180 days, can
last at least 8 years in—vivo environment. The accelerated life test for

PFA—based IDE is still going on without any contortion.
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Figure 120 Leakage current of different polymer based IDE samples

during accelerated soak test in 75C PBS solution
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The results of m—vitro biocompatibility of PFA can be seen In

Table 17. The cytotoxicity test and elution test were proceeded to

appraise biocompatibility of designed planar PFA—based electrodes.

The elution test shows appearance, pH difference, KMnO4 reduction

and evaporation residue of PFA eluted solution. The appearance of

eluted PFA solution was transparent and clean. The pH difference

between the result and control showed 0.5. In KMnO4 reduction, the

result and the control showed a 0.3 mL difference. Moreover, there

was no residual substance for eluted PFA solution. The result of the

heavy metal test was not darker than the control. From the elution test,

the PFA can be considered acceptable in the criteria. The detailed

results are shown in Table II. From cytotoxicity test, the cell survival

rates were higher than the 70% threshold, in the range from 89.96% to

100.27%. This result shows PFA doesn't bring out toxicity to living

cells compared to control group.
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Table 17 Biocompatibility of PFA based MEAs

Items Pass Criteria Control Treat
Appearance Clear - Clear
pH |Control - Treat |< 1.5 6.19 6.24
Elution test KMnQOy
|Control - Treat | < 2.0 mL 17.6 mL 17.9 mL
Reducing substance
Residue on Evaporation < 1.0 mg - 0 mg
Not darker than
Heavy metal Treat <Control -
Control
UV Spectrophotometer < 0.1 - 0.002
Treated Time Concentration Absorbance Survival Rate
Group Test Item
(hour) (% (vlv), in media) (Mean + SD) (%)
Blank 24 MEM - 0.783 £ 0.025 100.00
Negative Control 24 HDPE 100 % extracts 0.650 + 0.022 82.91
100 % extracts 0.705 £ 0.009 89.96
Cytotoxicity Test 75 % extracts 0.709 + 0.017 90.44
Treatment 24 PFA 50 % extracts 0.758 £+ 0.010 96.73
25 % extracts 0.752 £+ 0.021 95.99
12.5 % extracts 0.786 £+ 0.013 100.27
. 100 % extracts 0.065 £+ 0.001 8.27
Positive Control 24 0.25 % ZDBC
50 % extracts 0.447 + 0.017 57.06

MEM: Minimum Essential Medium: HDPE: High Density Polyethylene; ZDBC: Zinc Dibuthyldithiocarbamate;

=
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3.2.4 Ex vivo Stimulation Validation

For ex vivo evaluation of the stimulation chip and microelectrode

array, freshly harvested rodent retina was used. All animal procedures

were approved by the Institutional Animal Care and Use Committee

(IACUC) at Ewha Womans University (IACUC 22-007). The mouse

(C57BL/6N, male, 8 weeks) (KOATECH, Pyeongtaek—si, Korea) was

anesthetized through inhalation using isoflurane (Ifran, Hana Pharm Co.,

Korea) for 5 minutes. After the cervical dislocation, both eyes were

enucleated and the whole layers of retinae were harvested.

The retinal patch was prepared under dim red light in artificial

cerebrospinal fluid (aCSF solution : 124 mM NaCl (Sigma—Aldrich, St.

Louis, MO, USA), 5 mM KCI (Sigma—Aldrich, St. Louis, MO, USA),

1.15 mM KH2PO4 (Junsei Chemical Co., Ltd., Tokyo, Japan), 1.15 mM

MgSO4 (Junsei Chemical Co., Ltd., Tokyo, Japan), 10 mM D(+)—

glucose (Junsei Chemical Co., Ltd., Tokyo, Japan), 25 mM NaHCO3

(Sigma—Aldrich, St. Louis, MO, USA), 2.5 mM CaCl2 (Sigma—Aldrich,

St. Louis, MO, USA)) bubbled with 95% 02 and 5% CO2 at room

temperature, and placed onto the 64 channel recording microelectrode

array (perforated microelectrode array; pMEA 200/30, 30um of
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electrode site diameter and 200um of spacing; Multi Channel Systems

MCS GmbH, Reutlingen, Germany) as epiretinal side down, to record

the retinal ganglion cell activities (Figure 121, 122).

Perfusion
(a) (top)
Subretinal " Suction
stimulation ~ Subretinal (top)
ground stimulation
electrode
Epiretinal stimulation J
electrode N
& Recording electrode J‘A‘ ___— Anchor
\g—_"’»:—ﬁ__/' ——— Retinal tissue
Perfusion ; Suction
(bottom) ‘ i 7 - (bottom)
v
aCSF Plate

Figure 121 Experimental setup for ex—vivo evaluation; (a)

schematic diagram of the setup, (b) The red arrow indicates the area

of the electrode to which electrical stimulation has been applied.

Figure 122 a) Attached retina patch onto the recording

electrodes. b) Nylon mesh anchoring was applied for better

attachment of the harvested retina onto the microelectrode array. c)
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Experimental setup for the ex vivo stimulation

Perfusion Suction

— PFA—based planar electrode

Nylon anchor

Stimulating electrodes
Retinal tissue
Recording electrodes

ACSF buffer

Perfusion | — I s 5 S0

Figure 123 Schematic diagram of the ex vivo subretinal

stimulation

Electrical stimulation was given to the harvested retina by the PFA
film—based electrodes (Section 2.2, electrode stimulation site 200um
with 800um spacing), which was placed over the retina. This results in
the subretinal electrical stimulation, because the epiretinal side
containing ganglion cell layer is attached over the recording MEA
(Figure 123).

Stimulating electrode was gently held over the retinal patch by
nylon mesh, supported by the stainless ring. During the electrical
stimulation, oxygen—bubbled aCSF was continuously perfused and
drained in the upper and lower space of the retinal patch as shown in

Figure 123. By doing this, the contact between tissue and stimulation
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electrode can be enhanced and improve oxygenation [108] — [110].

Figure 124 Microscopic view of the ex vivo experimental setup.

Focused on the level of a) recording electrodes and b) stimulation

electrodes. ¢) Perfusion chamber perfused with aCSF.

From recording pMEA, spontaneous spikes of ganglion cells

between 3 to 12 Hz were recorded (Figure 125) from around half of

the electrode channels, which was 50 ~ 100 uV of voltage.

< Activity signals from retinal tissue> < Current spikes evoked after stimulation >

66

50 ~ 100 uV 70 uA ‘

:
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Figure 125 The spontaneous activity signal from retinal tissue and

current spikes evoked after applying bipolar stimulation current
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Figure 126 Stimulation parameters: cathodic—first biphasic pulse,

PA: 3000mV, PD: 500 ps, IPI: 999 ms, frequency 1 Hz, 20 trains

After applying cathodic—first, biphasic, symmetrically square—
shaped current pulses in 70uA amplitude, electrically evoked ganglion
cell activities were observed (Figure 127). This complex waves are
composed of responses of multiple ganglion cells adjacent to the
stimulation electrode and the consecutive harmonic waves of the
stimulation signal. The strongest response can be postulated as the
evoked potential of the nearest ganglion cell of the electrode, and it is
between 60 to 75uV in amplitude. Responses smaller than 60 uV may
be the responses of the adjacent ganglion cells, and the consecutive
harmonic waves of the stimulation signal rapidly decays more than half
on each repetition, thus the threshold voltage was set as —65uV to

simplifying the sorting of the spikes.

173 A =2-TH o



100 ""h

100 ms

Figure 127 Evoked RGC activity by voltage stimulation

By this way, single cell evoked potential on the electrical
stimulation was sorted (Figure 128) from the recording during 20
trains of electrical stimuli, and the post—stimulus time histogram
(PSTH) was made with the number of spikes sorted for 1s after

stimulation, in time interval of 5ms (Figure 129).

Figure 128 Voltage spike sorting with threshold voltage of —65uV

LT s A=l 8 i



Number of spikes

0
-100 100 300 500 700 900

Time (ms)

Figure 129 Post—stimulus time histogram (PSTH) of electrically

evoked retinal ganglion cell (RGC) responses (time bin: 5 ms)

Chapter 4. Discussion

4.1 Electric characteristics improve with electroplating

The starting measurement value of the leakage current of PFA
based electrode from section 3.2.3 (Figure 120) is higher than other
polymer—based electrode samples. This is due to the measurement
after calibrating the pico—ammeter used in the experiment. Before the
machine calibration, the default base value was around 107 '*A, while
the value after the calibration was set as 107"A. Therefore, the leakage

current value of the PFA film—based electrode is still maintaining a 10~
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Figure 130 Impedance after 30 days of soak test

After the 30 days of accelerated soak test in 75C PBS, the
impedance of PFA based electrodes were checked to see the
performance, which was measured around 22kohm. Applying the 10—
degree rule, 30 days in 75C can be roughly approximated to 480 days

in human body temperature. Even with conservative prediction, it can
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be expected that the PFA packaging can last at least one year in in vivo

environment.

The impedance improvement will be presented by electro—

plating porous gold or iridium oxide on the stimulation opening sites.

Also, in the future, the productiveness of stimulating neurons should be

exploited through in vivo tests. However, making MEA based on PFA

film is still in the early stages of the investigation. So a longer

assessment of its reliability will be required to guarantee at least 10

years of a lifetime after the initial implant without getting damaged.
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Figure 131 Impedance change during soak test [111]

The impedance of the encapsulation at 1 kHz is important for a
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lot of applications, e.g., neural recording and stimulation, because the
frequency of action potentials is about 1 kHz.

The reason of increase of the impedance of the electrode during
the 30 days accelerated soak test can be seen from Figure 131. The
electrode can be represented as circuit model as in figure. Rg
represents the solution resistance, constant phase element Zcne 1S a
modeling of electrochemical double layer existing at the electrode—
electrolyte interface. Lastly Rp is polarization resistance. Comparing
the day O circuit element to the day56, Rs and Zcpr remained relatively
unaffected while the Rp value showed a significant rise. Rs can be
affected by ionic concentration. However, the electrode mainly consists
of polymer film substrate and gold. Neither of them was expected to
remarkably get ionized to change the concentration of electrolyte
during CV measurement. Correspondingly, Rs exhibited less
considerable change. Zcpe is formed by a potential attracting mobile
charge in a solution and is usually close to pseudo—capacitance. Impure
capacitance seems to be degraded during the test, nonetheless, not as
much as Rp. That 1s, Rs and Zcpr are relatively close to chemical

properties that are not expected to be affected by heat during the soak
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test; however, Rp describes interfacial charge transfer kinetics and
affected by changes in the electrical characteristics of the channel. As
demonstrated by the figure, impedance increased as the acceleration
soak test progressed. Thus, Rp also increased with the degradation of
charge storage capacity, corresponding to the impedance change trend.

From the measurement of the 30days soak test, the impedance
value can be increased due to moisture penetration due to the bigger
opening site compared to the electrode stimulation site. Suppose the
metal pattern of the electrode stimulation site peeled off during the
accelerated soak test. In that case, the geometrical area goes higher
than in ordinary conditions, and the impedance value might go down.
However, according to Tencer’ s model, the electrical stimulation
surface can be represented as electric components. [112] By applying
stimulation through the electrode, the charge storage capacity tends to
degrade as the stimulation goes further. This might increase the RP
during the soak test. Also, there will be pathways of water leakage
along the soaked electrode surface. Various leakage pathways might
affect the interface of PFA—PFA sealing and PFA—metal adhesion.

This behavior needs further development by fitting impedance from CV
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measurement and checking the Rp trend by checking the value daily.

4.2 Wireless operation of the full system

To get an information of bit error rate (BER) and signal to
interference ratio (SIR) during the wireless operation of the full system.
Fabrication and designing of the proper coil for wireless operation
should be continued in the future. The drop in zero—crossing shifts has
significantly increased the BER for Atd>2 ns. The use of crystal—based
oscillators with sub—nanosecond jitter is feasible in the external power
Tx due to its relatively relaxed size constraints. In systems with high
jitter oscillators, PDL should be reduced to increase the amount of
zero—crossing shifts or SIR to keep the BER low. Furthermore, in a
complete system, the data Tx block can actively adjust in a closed loop
to maintain its optimal value for the lowest BER.

The SIR should also be considered according to the alignment
and coupling of the coil pairs. An additional study must be conducted to
investigate the wireless system performance. The current experiment
measurement achieved the standard BER of 107° with manually

designed litz wire coils. The small planar spiral coil needs to be used
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for better measurements and application for retinal prosthesis.

4.3 Further improvements and potential applications

In this study, two subsystems for artificial retinas were
developed. The wireless power and data transfer system and PFA—
film—based MEASs. Since the wireless power and data transfer system
was designed for 16 channels 64 electrodes neural stimulator, the
fabricated thin film PFA MEAs must be developed in higher density.

To achieve higher electrode density, the size of the electrode
stimulation site needs to be reduced. The circuitry and electrode will
be packaged in a monolithic structure using thermal lamination and flip—
chip bonding. Filp—chip bonding is made to make a protrusion such as
a solder ball on the electrode pattern of flip chip bonding or the inner
lead and make it electrically connected when placing the chip on the
board. This method allows flip—chip bonding to save as much space as
wire bonding, making it possible to manufacture small packages.

Since the thermal lamination process of PFA—film proceeds at
a high temperature of around 3007C, the maintenance of the circuitry

performance will be critical. For this monolithic encapsulation, different
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methods should be done, such as using a spin—coatable PFA solution.

The PFA film—based electrode can be produced at a low cost.

The current application for this circuitry and MEAs is artificial retinas;

however, since the specifications are designed for the general

application of low—powered medical devices, both subsystems can be

applied in various fields. The power and data transceiver circuitry

achieved over 30mW, which can be applied to those IMDs using the

near—field transmission. With around 10Mbps of data rate, this system

can also be applied to deep brain stimulation, cochlear implants,

biosensors, etc. In addition, to the advantage of PFA—based electrodes

due to their low water absorption rate and long—term reliability, the

MEASs also be used for various neural prosthetic applications. While

Young' s modulus is not high enough for shank electrodes, the

application can be limited for planar electrodes.

Several issues still need improvements, such as decreasing the

size of the opening site. Currently, an RIE etcher is used for opening,

and this is done by etching the cover film first and laminating it with

substrate film afterward. This process should be done after the thermal

lamination of the substrate and cover films together for batch
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production.

Chapter 5. Conclusion

Therefore, this study presents an inductive wireless power
transmission system designed to meet the requirements of an artificial
retina and an electrode based on a biocompatible polymer. A
reconfigurable DC—DC step—up converter capable of boosting with
various multipliers was designed considering the low coupling factor of
wireless power transmission in an implantable device in vivo, and a
target power of 30mW was achieved with an output voltage of 5V. We
have presented a switched—capacitor, step—up converter based on

Dickson topology designed to meet the requirements of implantable

medical devices supplied by inductive wireless power transfer systems.

We derived the peculiar specifications that the applications falling in the

above category impose on the converter, with particular reference to

the input voltage variability induced by the uncertainty in the magnetic

coupling factor of the WPT.

We developed a simple model to estimate a priori the input

voltage range, and proposed to resort to a reconfigurable converter that
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adapts the conversion ratio to the input voltage value, in order to

minimize conduction power losses. We discussed in detail a procedure

for the optimal sizing of the converter switches from the point of view

of efficiency. The procedure is based on an analytical model of the

switches conduction and driving losses and allows to derive the

absolute switch size that maximizes the reconfigurable SCC overall

efficiency. A thorough set of transistor—level simulation results is

included to demonstrate the performance and robustness of the

converter.

A PFA film—based implantable neural electrodes fabrication

method. PFA has several merits, such as low water absorption rate and

relatively low Young s modulus compared to other biocompatible

polymers. Performance and reliability tests were performed to evaluate

these electrodes’ characteristics. The impedance—charge storage

capacitance analysis showed that the electrical performance of the PFA

electrode is better than those of other biocompatible polymer—based

electrodes. The bending test confirmed that the fabricated PFA planar

electrode has flexible and durable physical performance. The

accelerated soak test proposed that the PFA electrode can be implanted
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without any external distortions over 8 years. In vitro test results
showed biocompatibility of selected PFA material that it doesn’ t cause
any hazardous effect in vivo environment. From ex vivo test, it could

be able to catch the stimulation performance of the fabricated MEA.
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