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SYMBOLS AND ABBREVIATIONS

Physical parameters

do Outer diameter of the coil

di Inner diameter of the coil

dag  Averaging of the diameter of calkg = (do + dj)/2
0 Fill factor, ¢ = (do - di)/(do + d)

w Wire width

S Spacing

I Length

Dia Wire diameter

Number of turns

Coupling distance

Substrate thickness

Metal thickness

Lateral misalignment (max)

Weight

Frequencyd=2nxf)

Spherical coordinate system@fdirection
Spherical coordinate systemdafdirection
Mass density

Area

Geometrical coefficient

= o+ o~ S
== eg0

3

lectrical parameters
Quality factor
Coupling coefficient
Dielectric constant (F/m, farad per meter)
&o Dielectric constant of free space (F/m, faradmeter)
&r Relative constant
u Permeability (H/m, henry per meter)
o Permeability of free space (H/m, henry per meter)
L Relative permeability
tan(o) Dielectric loss tangent
DF  Dielectric loss factor
Resistivity,p=1/o (- m, ohm- meter)
Conductivity,s =1/p (S/m, siemens per meter)
Skin depth (m, meter)
Resistance(t, ohm)
Conductance (S, siemens)
Impedance(, ohm)
Inductance (H, Henry)
Capacitance (F, Farad)
Mutual inductance (H, Henry,)
Power transfer efficiency (PET)

®XO0mMm Q@O de

ST ZOFNEOU™AD

XXii



SUMMARY

The objective of this research is to introduce twite-of-the-art wireless
biomedical systems: (1) a multiband transcutanecosmmunication system for
implantable microelectronic devices (IMDs) and @)new wireless power delivery
system, called the “EnerCage,” for experiments Iving freely-behaving animals. The
wireless multiband link for IMDs achieves powerngaission via a pair of coils
designed for maximum coupling efficiency. The ddtek is able to handle large
communication bandwidth with minimum interferencenf the power-carrier thanks to
its optimized geometry. Wireless data and powekslinave promising prospects for use
in biomedical devices such as biosensors, neu@rdang, and neural stimulation
devices. The EnerCage system includes a statiomaitywith an array of coils for
inductive power transmission and three-dimensionagnetic sensors for non-line-of-
sight tracking of animal subjects. It aims to emsrgovel biological data-acquisition and
stimulation instruments for long-term experimentgithout interruption, on freely
behaving small animal subjects in large experimesmanas. The EnerCage system has
been tested in one-hour vivo experiment for wireless power and data commurdoati
and the results show the feasibility of this system

The contributions from this research work are sunwed as follows:

1. Development of an inductive link model.

2. Development of an accurate PSC models, with parasitects for implantable
devices.

3. Proposing the design procedure for the inductivik With optimal physical

geometry to maximize the PTE.
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Design of novel antenna and coil geometry for wesel multiband link: power
carrier, forward data link, and back telemetry.

Development of a model of overlapping PSCs, whigh create a homogenous
magnetic in a large experimental area for wirefgsser transmission at a certain
coupling distance.

Design and optimization for multi-coil link, whichan provide optimal load
matching for maximum PTE.

Design of the wireless power and data communicatigstem for long-term
animal experiments, without interruption, on fredbghaving small animal

subjects in any shape of experimental arenas.
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CHAPTER |
- INTRODUCTION

Wireless biomedical communication efforts attemptnbeet the device design
requirements of minimizing the size, maximizing ferformance, and minimizing the
power consumption of the system while assuring gaésty. Most of wireless devices
require a battery [1] that increases the weight ardds to be replaced regularly.
Consequently, over the past few decades, researbbege focused on wireless data and
power transmission for biomedical devices to overeothe limits of the batteries.
However, wireless power is associated with thresas: low power efficiency, short
transmission distance, and high electromagnetierfertence. The objective of this
research includes two categories to solve theselems: an optimized multiband (data
and power channels) telemetry module for implamtabicroelectronic devices (IMDs)
and a novel monitoring system using wireless pawea freely behaving animal in large

experimental arenas.

1.1  Multiband Transmission for Implantable Devices

The multiband transmission for IMDs is necessary dbnical applications to
reduce the patients’ risk of infection and discomfdherefore, the proposed IMD
wireless link is expected to perform three funcsi¢2y, [3]:

(1) Power transmission (inductive link): Since tbeg-term power consumption of
IMDs is higher than what a battery can providegHitient wireless power transmission
from outside into the human body is the most sietaolution. Even if the battery is
placed outside the body, it needs to be small ghdl &nd have a long lifetime [1]. Hence,

an iterative design methodology to find the geoingtarameters of the planar spiral



coils (PSC) [5]-[8] with the maximum power transsis efficiency is proposed. In the
real application, implantable devices need to benbécally sealed in biocompatible
materials and placed in a conductive environmeth Wwigh permittivity (tissue), which
can affect the PSC characteristics. A detailed intligt includes the effects of the
surrounding environment on the PSC parasitic comptsnis constructed for the
maximum power transfer efficiency (PTE). This modgelcombined with an iterative
design method that starts with a set of realisgsigh constraints and ends with the
optimal PSC geometries.

(2) Forward data transmission (inductive link): Tsmulation data should be
transmitted to the IMD of the body from the extérdavice. However, because of the
conflicting requirements between power and datthbynductive links, a separate pair of
coils for data transmission is used, and two tygfefata coils with minimum interference
are proposed. First, a pair of vertical coils isuwd across the diameter of the power
PSCs [9], whose orthogonal magnetic field orientattan minimize the interference of
the power carrier. Second, a pair of planar figeight (figure-8) coils, which is similar
to the numerical symbol of eight (8) [10], has #lectromotive force (EMF) induced
from the power carrier in one loop and opposesstree in the other loop. Hence, the
total EMF interference from the power carrier canviery small when the two coils are
aligned.

(3) Back telemetry (wideband antenna): Recording tieural response to the
stimulation in neuroprostheses and closing therobfegedback loop in the brain machine

interface (BMI) require a wideband back telemefrigerefore, the impulse-radio ultra-



wideband (IR-UWB) [11] communication, which can yide a wide bandwidth with a
simple and low-power transmitter, is most suitdblethis purpose.

Figure 1.1 shows the block diagram of a high-penmmce neuroprosthetic device
that has wireless neural recording and stimulatiapabilities with emphasis on the
proposed multiband wireless link. The external poR8C is L and the internal power
PSC is L; the latter is implanted under the skin flap. Ttwvard data coils aresland L.

The back telemetry utilizes the UWB antennas, Ad AR.
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Figure 1.1: Block diagram of the multiband wireles link in a high-performance IMD.

1.2 EnerCage

Another topic of the research is monitoring theelfyebehaving animal by the
continuously wireless power transmission for thereleiss neural recording and
stimulation systems [12] to overcome the limitsteé battery power [13]-[16]. A battery

increases the size and weight of the wireless sygfer]. Moreover, users of such



systems always have to make a compromise betweetuttation of the experiment and
how much payload the animal can carry. Hence, tbpgsed system, called EnerCage,
allows neuroscientists to continuously run the akumterfaces without replacing the
batteries. EnerCage is used to developirawivo electrophysiology data-acquisition
system that transmits the recorded signals wirgleasd also receives its power
wirelessly. Two key features of the EnerCage systean(1) inductive powering through
a scalable array of modular PSCs that can confarnany recording arena and (2)
accurate position/orientation tracking of an animakad in three-dimension (3-D) [18]
when using an array of magnetic sensors. GeométityeoPSC array, shown in Figure
1.2, which tiles the floor of the arena will be iopzed for minimum coupling variations
and maximum PTE at a nominal coupling distancedbatends on the average size of the
animal model [23]. A closed-loop power control (G@L)Pmechanism based on radio-
frequency identification (RFID) technology will nmaain the received power across the
Rx coil constant most of the times except whendbié is rotated > 60° or the animal
stands on its rear limbs. In these conditions, gberer management circuit uses its
internal power storage to prevent any possiblerapgions.

The system will also track the animal positionéalrtime using an array of three-
axial magnetic sensor modules (the red dots inrEigu2) [20], [21]. The magnetic
tracking algorithm [18], [19] provides valuable anmation, which is not only important
from behavioral perspective but also necessargtinating the Tx coil that is in the best
position to couple onto the Rx coil(s). Furthermarelike the optical tracking method,
the magnetic 3D tracking can operate in both opehavered spaces, such as tunnels,

which might be a more natural environment for bwing animals.



Figure 1.2: Top view rendering of an overlapping phnar hexagonal PSC array designed to
generate a homogeneous magnetic field for wirelepwer transmission to one or more awake
freely behaving small animal subject(s

Therefore, the EnerCage system can overcome ther riagitations of existing
neural-recording instrumentation that use a cablmection. The EnerCage system is
meant to allow researchers to create natural anidhex environments for small freely
behaving animal subjects, and run experiments fdually unlimited time periods
without worrying about the potential bias from &fihg effects and heavy payloads.

The structure of the thesis is as follows: In Ckaf@, a background on wireless
power and data combination for biomedical applaratis introduced. It includes the
system review and the related coil/antenna desig&hapter 3 [4]-[8], a model of the

PSC for wireless power is discussed, and the mmatediders all of the possible parasitic



components, which are affected by the environm&ntiterative design methodology to
maximize their PTE for PSCs is also concluded imgiér 3. In Chapter 4 [3], [4], a
multiband module design, which includes power easifiorward link, and back telemetry
is introduced, and the optimal data coils with mmiam interference from power carrier is
also studied. The EnerCage system is presented hept€& 5 to 7. The system
architecture of preliminary EnerCage is presente€lhapter 5 [20]-[22]. This system
includes magnetic sensor tracking [19] and closeg-lpower regulation. Chapter 6 [23]
describes the optimal PSC array design, this arasyminimum the coupling variation.
In other words, the homogenous magnetic can praaide@ble wireless power for long-
term animal experiment. In Chapter 7, an improvedrEage system is discussed, and
the freely moving animal experiment is presentedhalfy, the contributions of this

dissertation and suggested the future works arersurned in Chapter 8.



CHAPTER I

. BACKGROUND

2.1  Wireless Link for Implantable Devices

Traditional IMDs have transcutaneous wires breaghskin, and this kind of
communication could cause the risk of infection afiscomfort. Hence, a wireless
operation for power, forward link, and back telerpétansmission is necessary for three
reasons: (1) it is safer, (2) it is more robus), 48d it is less likely to be damaged.
Another important requirement, which has made IMipplicable to the treatment of a
growing number of ailments, is its minimal invasidéexamples of such IMDs include
cochlear implants [1], invasive BMIs [24], and redi implants [25]-[26]. In Section 2.1,
the modern techniques of wireless capabilitieshsag those used for the IMDs, are
introduced.
2.1.1 Wireless Power

Three major techniques of wireless power transmissire applied for modern
IMDs: ultrasonic transmission, high-frequency dlegtagnetic wave transmission,
inductive coupling transmission.
2.1.1.1 Ultrasonic Transmission

Since the human body is made up of approximatedp Gater, which attenuates
the electromagnetic wave greatly [27]-[29], wirel@®wer transmission by ultrasound is
studied in [30]-[31]. However, ultrasonic wirelegswer is only promising for low-
power consumption applications with low efficien@@% at 10 mm) [32]—-[34]. The size

of some ultrasonic systems is still too large foplants [30] as shown in Figures 2.1a



and 2.1b. Although [33] provides a novel two degrekfreedom device shown in

Figures 2.1c and 2.1d, the power absorption ofghergy converter is only 21.4 nW.

(©) (d)

Figure 2.1: (a) The ultrasonic air transducer (lef. open-type, right: enclosed-type); (b) plastic
horn for transmitter [30]; (c) the ultrasonic converter [33]; (d) the packaged ultrasonic power
converter [33].

2.1.1.2 High-frequency Electromagnetic Wave Transrssion

The techniques used for wireless power transferm®ans of high-frequency
electromagnetic wave are summarized in [35]. Uligh frequency (UHF) radio
frequency identification (RFID) technology is onfettte methods that offer a reliable link
over large distances [36], and several compans @lovide the commercial products
for the wireless power link for UHF band [37], [38owever, the received power by the
high-frequency antenna is small with low power $fan efficiency (PTE) [37]-[41]. For

example, the product of [37] only provides the powess than 5 mW.In fact, UHF



systems outperform (high frequency) HF systemserms$ of read range. For many
applications read range might be essential, blawfcosts and high reliability for low-
range reading are important, HF systems are oftefeed. Furthermore, with the
increase in frequency, the electric field radidtgdhe antenna of the IMDs increases the
ohmic losses of the tissue [27]-[29] and incredisesemperature, which is dangerous.
2.1.1.3 Inductive Coupling

The inductive power-transfer system is defined asystem where energy is
transferred from a primary winding to a secondamgdvmg by a magnetic field. In the
early 20th century, Nikola Tesla [42] devoted m@tfort toward schemes to transport
power wirelessly by Tesla coils, and the past dedsb withessed a surge in the use of
such autonomous electronic devices [43]-[46]. SE@vepmpanies also develop the
wireless power products by inductive coupling [438} for HF band. The quick decay
of received power of HF system is often exploiteddstrict the read range to a defined
region. For RFID applications, interrogator coilrsargements can be optimized to
produce a uniformly distributed magnetic field whiallows achieving reliable
transponder recognition within a defined area adrapon. The first developed inductive
links for biomedical applications was introducedtle 1960s and focused on artificial
heart systems [54]. The advantage of inductive lesse power includes the following:
low cost and high efficiency. The drawbacks to ctdie wireless power include (1) that
the amount of power is limited to the coil geonesri(2) that the power transmission can
only be accomplished at certain distances (less @ha meter) [55]; (3) the coil design is
based on the 2-coil coupling, which could not pdevimaximum wireless power transfer

efficiency (PTE) [56]. Hence, the new design praged5] for high coupling efficiency



with small geometry for the biomedical applicatiorss proposed to overcome the
drawbacks.
2.1.2 Wireless Power Optimal Coil for Implantable Devices

The inductive power transmission for the IMD belsrtg a broader category of
implantable devices known as neuroprostheses amgreaented the use of batteries as
the main energy source. Instead, the battery i$ &apof the patient’'s body, and the
power is delivered wirelessly across the skin tgroa pair of coupled coils [57]. The
external part of the cochlear implants, for insggnghould fit comfortably behind the
user’s ears. Consequently, the efficiency of thegmission from the external battery to
the implanted electronic load should be maximizedektend the battery lifetime.
Another motivation for achieving high efficiencyts limit the allowable tissue exposure
to the alternating magnetic field which can resuleéxcessive heat dissipation [58]-[59].
On the other hand, the interference between thdiikFand other nearby electronic
devices and appliances is also a concern thatgisaed by the IEEE standard of the
exposure [60].
2.1.2.1 Printed Spiral Coil (PSC)

Although the distance of inductive coupling is ghtine coupling efficiency could
be decreased because of the small colil size. Tdressome of the reasons why the design
and optimization of the efficient inductive linkare been studied over the last decades
[57], [61]-[64]. More recently, a number of publicas have presented new approaches
to the optimization problems [65]-[68]. The tradital designs of the inductive link
[62]-[63] have been based on coils made of filanv@rgs in the form of either a single

or multiple individually insulated strands. Thetéattype, which is known as Litz wire,

10



helps in reducing skin-loss resistive effects byr@asing the circumferential area of the
wire [69]-[70], but the wire-wound coils cannot Iebricated without sophisticated
machinery. From [14], an inductively powered neueslording system is designed for a
short range (< 30 mm), and the coil is made by-wioeind as shown in Figure 2.2a. The
need for small footprints in the next generationhajh-performance IMDs calls for
geometrical precision for integration of the chip mackage. This demand requires
microfabrication techniques that result in lithqguecally defined planar structures
known as the printed spiral coils (PSCs). The PB&s the ability to conform to the
body curvature with thin flexible substrates [7H shown in Figure 2.2b, and the
hermetically sealed PSCs can also be fabricatecthensilicon chips or the low
temperature co-fired ceramic (LTCC) packages [74}[Hence, the PSCs are the most

suitable coil type for IMDs [5].

(b)
Figure 2.2: (a) Neural recording implant over a sbrt distance [14]. (b) A 5-turn circular spiral
coil fabricated on a flexible and biocompatible pgtimide substrate for retinal implant [71].
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2.1.2.2 Implantable Devices with Tissue and Packad#odel

Traditional PSC models [5] do not include the efeof the surrounding
environment. Considering the effects of surroungimyPSC models is imperative in the
optimization process because the materials affeetRSC parasitic components that
decrease transmission efficiency. Several studiescanventional simulation tools [75]-
[76] or numerical methods [77] to emulate the swnaing environment for the coil
design, but these methods are time consuming. Qaesdy, physical coil models
including the surrounding materials have develofre@xpedite the PSC optimization
procedure [6].
2.1.3 Multiband Design for Implantable Devices

The wireless data link for the IMDs with batterywer has been in development
for a few decades [78]-[80]. The modern wirelesk for the IMDs should include not
only the data carrier but also the power carrier. fhis reason, multiband techniques
started to appear in the late 1980s [81]. In eddsign [81], [82], the bandwidth of the
data transmission was limited because the datgpawer transmission were on the same
frequency. Recently, some researchers [83], [84fatp the power and data carrier in
different frequencies, but coils are designed iaxa type that increases the cross
coupling interference as shown in Figure 2.3a. [8&gs the separated coils on the same
plane as shown in Figure 2.3b to reduce the imamfee. But, this design uses three pairs
of the colil for each data and power carrier, arel tttal size of the IMD is increased
because of the coil area. Another way for the detasmission is to use the high-
frequency antenna [14], but the dielectric lossed wave trapping in the body tissues

result in transmission losses [86].
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Figure 2.3: (a) Placement of power and data coaxXi@oils [84]; (b) coplanar coil for multiband
link [85].

In this thesis, the data link is separated in twaysy forward and backward, with
minimum interference. For the forward data linkptgeometries of the data coil with the
minimum interference are proposed: the vertical [@)iand figure-8 coil [87]. On the
other hand, for the back telemetry, the impulseeradtra-wideband (IR-UWB) [88] is

used because of the wide bandwidth with a simptel@n-power transmitter.

2.2 Wireless Power for Freely Behaving Animals
A major goal of neuroscience is to study the fuor@l organization of the nervous

systems, as this knowledge would aid in the presentdiagnosis, and treatment of
diseases of the human braim vivo electrophysiology has been a powerful tool in
pursuing that goal [89], [90]. Many of these stgdae made in experimental animals
that are either anesthetized or restrained [91jvéler, addressing many experimental
guestions requires freely behaving subjects totereatural and enriched environments.
Thus, the technology for recording of the biologidata from biosensors or stimulation
of the nerves from electrodes for freely behavingnals can accelerate the contributions

of in vivo electrophysiology.
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2.2.1 Wireless Power in the Animal Experiment

For the neural interface [92]-[96], neuroscientganot obtain the benefits of the
wireless data-acquisition systems when the animabjests are tethered to
instrumentation through the cables. The use ofetltables leads to four problems: the
imitated length, the electromagnetic noise, theionotartifacts, and the entangling
problem. Since cables produce these problems fonanexperiments, the wireless
neural recording systems involve batteries. Howetee power consumption of the
wireless system would limit the duration of eadhltbefore the batteries needed to be
recharged or replaced. Consequently, several redtarhpts have been made to develop
the wireless powered systems and eliminate the poad®e or battery.

[97] proposes an array of nine coils, each 5x5, anthe bottom of a cage to power
an implanted 6x6 mfmcoil. However, this system faces large voltagdatmns and a
significant change in magnetic flux at the edgehef adjacent coils. [98] demonstrates a
simple implantable stimulator system in a chamberosinded by three sets of coils in 3-
D geometry. The chamber is only 17x16x16°cas shown in Figure 2.4a. [99]
demonstrates the narrowband wireless system shoWwigure 2.4b for measuring blood
pressure with a closed-loop power control. Theesysthowever, has only a single coil
and limits the animal’'s movement to a small cagéx(Dx20 cr). A commercial
telemetric device, called VitalView, has been deped by Mini Mitter Inc. [100].
Dimension of this inductive transceiver is limitéal 56x29 crf (Figure 2.4c), and its
bandwidth only suits low frequency biological sinauch as body temperature or heart
rate. Thus, neither commercial tools nor those rit@st in the literature would be

suitable for neural interfacing in small freely bging animals.
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(c)
Figure 2.4: Examples of the existing inductively pwered devices: (a) three sets of coils used
around a small [98]; (b) wireless measurement of bbd pressure [99]; (c) VitalView energizer by

Mini Mitter Inc. [101].

2.2.2 Wireless Power System with Coil Array and Tracking

The wireless power for the freely behaving animalsa challenge because the
separation between the primary and secondarysihighly variable. If only one primary
coil is used for this application, it becomes difilt to generate a field with sufficient
power strength. Since the inductive wireless poarea is limited by the coil size, the
researchers are attempting to use a coil arraxtend the experimental arenas [101]-
[104].

For behavioral experiments on mice, rats, or agmusmall social animals, such
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as prairie voles, using an array of overlapping PSdilar to the designs adopted for
inductive chargers, seem to be advantageous [10@%]. These 2-D PSCs can be
lithographically defined on multilayer printed aiit boards (PCB) and geometrically
arranged such that the peaks of the magnetic Gelierated by one coil overlap the
troughs of the surrounding coils. This method @adlto a more uniform magnetic field
distribution over a large experimental area. Inhsaicangements, instead of activating all
the Tx coils at once, which results in a high powlssipation and elevated cage
temperature, the position of the animal subjecukhbe detected in real time to activate
the coil(s) that are in the best position to coupteo the Rx coil and power up the
attached instruments [20], [21], [105].

A group of researchers from New Zealand [106] psagioa 3x 3 non-overlapping
coil array for this application with each coil tuhat a different frequency as shown in
Figure 2.5. While this design provided good coverggthe center of the coils, the power
delivered to the Rx coil on the corners of eachwas ~20 times less than the center. In
a 4-layer array of rectangular overlapping coilslswn in Figure 2.6, presented by the
same group [107], the effects of mutual couplingparasitic capacitance between the
overlapping Tx coils were not considered. Moreoteere is a need to establish methods
for optimizing the coil geometries for such bionwdiand industrial applications while
considering the constraints in PSC fabrication psscon multilayer PCB to achieve
realistic, functional, and cost effective solutioitence, the proposed EnerCage system
includes an optimized hexagonal PSC array for indegower transmission with high
efficiency in the large experimental arenas andmatg sensors for accurate tracking of

the animal subjects.
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Figure 2.5: Prototype inductively coupled power tansfer system with different resonant coils [106].

Figure 2.6: An exploded view of a four layer arragement of PSCs which overlaps the
aforementioned regions such that power is availablie any orientation [107].
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CHAPTER III

. OPTIMIZATION OF PLANAR SPIRAL COIL

Wireless operation of implantable microelectronavides (IMD) is necessary for
clinical applications in order to reduce the rigkrdection and patient discomfort, which
can result from transcutaneous wires breachinghire A wireless implant is also safer,
more robust, and less likely to be damaged asdt resbroken interconnects. Another
important requirement, which has made implantaleddads applicable to the treatment
of a growing number of ailments and conditions swach deafness, blindness, and
paralysis, is being minimally invasive, which igligect consequence of small size.

Unlike pacemakers, high power requirements andemr size constraints in
aforementioned applications, which belong to a tkeoaategory of implantable devices
known as neuroprostheses, have prevented the usatefies as the primary source of
energy. Instead, the battery is kept out of theepds body and power is delivered
wirelessly across the skin through a pair of intkety coupled coils that constitute a
transformer [57]. Even outside of the body, thedrgtneeds to be small, light weight,
and have a long lifetime due to portability, aestheand economic reasons. Therefore,
the power transmission efficiency (PTE) from thdeexal battery to the implanted
electronic load should be maximized to extend ey lifetime. Another reason is the
limited allowable tissue exposure to the AC magndields, which can result in
excessive heat dissipation if violated [58], [GBiterference between the RF link and
other nearby communication devices and appliareatso a concern, which is regulated

by the federal communications commission (FCC).[60]
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Figure 3.1a shows a simplified diagram of the tcateneous power transfer and
various losses along the way as well as the cincwtel of the inductive link. The
overall power transmission efficiency,= nsm nr 2 nL, is often dominated by, = 71
nr 12, which is related to the coil design [24]. The orant parameters of the coil
models (Figure 3.2b) include the self inductantg, (parasitic resistanceR), and
parasitic capacitanc€). Capacitors andC, are also added to form a pair of resonant
LC-tank circuits with L and L, respectively, at the power carrier-frequengy,The
lumped parasitic components of the coil modelsiafieenced by geometry, material
composition, and surrounding environment, and titudtive link optimization by the

coil models for IMDs is studied.

( \,_/) _:15 .111 :

External
Battery Class-E

Primary Coi

uiyy

(b)
Figure 3.1: (a) Power flow diagram in a transcutaeous inductive power transmission. (b) The
schematic diagram of the inductive link with lumpedequivalent circuit components [5].
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3.1 The Theoretical Modeling of Implanted Planar Spiral Coil

The need for small footprints in the next generatiof high performance
implantable devices calls for higher geometricacsion for integration on chip or on
package. This would require microfabrication tegeis that result in lithographically
defined planar structures that are known as prisfel coils (PSCs). PSCs offer more
flexibility in defining their characteristics ancave the ability to conform to the body
curvature if fabricated on thin flexible substrasesh as polyimide or parylene [14]. The
lumped equivalent circuit model of each PSC in FegBL1 is enclosed in dash-dot boxes.
In the following, a realistic theoretical model B6Cs is constructed to both implanted
and external PSCs.
3.1.1 Inductance

In this work, all PSCs are square shaped with redrmbrners that have a radius of
about a tenth of the side length of the P8g10) to eliminate sharp edges. Several
closed-form equations have been proposed to appet&l in PSCs. (3.1) is adopted

from [108] for square shaped PSCs,

L= 127[’“; Gavg {In( 2£7J+ 018¢ + 0.13¢2] (3.1)

wheren is the number of turng, = uou is permeability, andlag = (o + di)/2, whered,
andd; are the outer and inner side lengths of the ceslpectivelyp = (d, —d))/(do + d)) is

a parameter known as fill factor. From [108], diéiet shapes of the PSCs are also
studied. The accuracy of (3.1) has an indirectigeiahip with thes/w ratio, wherewv and

s are the PSC metal line width and spacing, respaygtiAccording to [108], the error in
(3.1) is 8% fors’w = 3 and increases fa¥w > 3. Moreover, the accuracy of (3.1)

degrades witlp < 0.1 orn < 2.
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3.1.2 Capacitance

Parasitic capacitancé&p, is mainly determined by the spacing between plana
conductive traces and their surrounding materiaiplantable PSCs are implemented on
organic, ceramic, or silicon substrates and coéted@n insulator such as parylene or
silicone. When implanted, they are surrounded Bgug and fluids that have high
permittivity, which significantly increase the paitéc capacitance of the PSCs compared
to when they are operated in air. In order to mdldelunit length parasitic capacitance of
an implanted PSC, the PSC is considered as a @p#npline sandwiched between
several layers of dielectric substrates, as showsigure 3.2.

The effective relative dielectric constantes, of the multilayer structure has to be
estimated for the capacitive coupling between amgrlaconductors. It should take into
account the effect of all layers and their thiclgessas opposed to only one surrounding
material. Conformal mapping is one of the spatahsformation schemes mainly used in
calculation of static two-dimensional unboundedidfigoroblems. Using conformal
mapping and superposition of partial capacitantesanalytical equations are derived in
[109]-[111]. Figure 3.2 shows the cross sectiortvad traces of the external PSC in
multilayer environment. The planar metal traces iamplemented on a substrate that
provides mechanical support and coated on botts digean insulator. One side of the
PSC is air and the other side is the tissue onesdin some of our measurements). The
tissue is considered as a single homogeneoustagemplify the calculation. In realistic
situation, one should discriminate between the ,skat, muscle, blood, and bone
properties [27], [29]. From conformal mapping teiciue and superposition of individual

layers, the total capacitance per unit length efakternal PSC can be expressed as
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Cot =&r-etCo =C +Cpy +Cp, +C3 +Cyy +Cp, (3.2)
whereCy is the capacitance between adjacent traces irsfraee, any (i = 1 to 5) is
the additional partial capacitance of each plangledtric layer in Figure 3.2.

Theoretically,

K(k)) . _ S , -
=g W) = candk’ =.1-k2 3.3
S EOK(kO) ° c+2w and¥o 0 (33)

whereK(ko) is the complete elliptic integral of the firsnki [109].¢,.¢; Of coplanar metal

PSC traces embedded in Figure 3.2 multilayer stradbr package and tissue material

can be found from,

E et = 1+l(£r1 _1) K(kO.)K(kll) +1(£r2 _grl) K(ko.)K(kIZ) +1(5r3 _1) K(kO,)K(k'S)
2 Kk)K(k) 2 K(kg)K(k,) 2 K (ko) K(k,)
1, - g ) MUK 1 (KGKIK) (3.4)
2 K(kp)K (k) 2 K (k) K (ks)
Kk = tanh(s/4t,) K'=1-KZ,

" tanh(r(s+2w)/4t)
g andt; are the relative dielectric constant and thickri#stielectric layers in Figure 3.2,

respectively [109]-[111].
Up until this point, the effect of the PCS metatkimess o, is considered. A good

way to includety, according to [111], is to adjust the PSC linetiidnd spacing by/&

where
p=—to {1410 E™|| (3.5)
2T, t,

andecis the mean value of the permittivities of the ksyan contact with the strips, as

shown in Figure 3.3.
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Figure 3.2: Modeling of the parasitic capacitanceand parallel resistance created by the
multilayer material of the external PSC by the cophnar stripline [111].
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Figure 3.3: Modification of the PSC line width andspacing to account for the metal thicknesg,
[111].

In order to access the PSC inner terminal, a cdndsbould bridge across all other
turns of the PSC in a different layer and make anection to the PSC metal layer
through a via. This would result in additional atia capacitance between the two
overlapping metal layers. The overlapping trace lmaronsidered a microstrip line with

the overlapping trace capacitance of

Ay

C:ov = &, _eff _ov t_ ) (3.6)

ov

23



where Ay, is the overlapping area ang is the spacing between the two metal layers,
which could be equal t3 in Figure 3.2 if the substrate has only two m&tgérs, one on
each side. According to [112] , the effective ditlie constant between two conductive

plates can be found from,

-1/2
_£r5+1+£r5—1(1+ 12 j & -1ty (3.7)

& = )
e 2 2 W/t 46 Jwit,

which includes the fringing effect and thicknesstloé conductive traces. Overall, the
total parasitic capacitance of the external PSCheacalculated from,

C.=C,0.+C,, (3.8)
wherel. is the PSC conductor length, found from [5],

=4, -4MIWW- (2n+1)>*(s+w) . (3.9)

For the implanted PSC, (3.2) to (3.9) can be usét the exception that the
dielectric Layer-3 (air) should be replaced by tissue properties, similar to Layer-1,
depending on the anatomical location of the im@drtevice.

3.1.3 Series Resistance

The series resistandgs, is dominated by the DC resistance of the PSC wotha

trace,

I
=p e 3.10
RDC c WD]O ( )

wherep. is the resistivity of the PSC conductive matenahich is copperThe skin

effect increases the AC resistance of the PSQyatfrequencies

t 1
= 4 0 3 , 3.11
Run = Roe LG 0- ey 1oty /1w 841
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_ | » _
5‘1/;@@ = 1 (3.12)

where ¢ is the skin depthyuo is the permeability of space, angd is the relative
permeability of the metal layer [113].

Another effect that contributes to the PSC paragiésistance is the current
crowding caused by the eddy currents, illustrateBigure 3.4. When the magnetic fields
of the external PSC or adjacent turns in the sa8@ penetrate a planar trace normal to
its surface, eddy currents are generated withihtthae in a direction that opposes the
changes in the magnetic field according to Lenais.|For example, in Figure 3.4, the
direction of the eddy currents corresponds to areesing magnetic field. These currents
add to the current passing through the inner sideeoPSC trace, nearest to the center of
the spiral, and subtract from the current pasdingugh the outer side. This constriction
in the current increases the effective resistameepared to a uniform flow throughout
the trace width. The modified resistance by inatgdihe effect of eddy currents can be

expressed as,

2
1 w
Reay = 10 RDC(%J : (3.13)
_31ls+w
i Repeet , (3.14)

where it is the frequency at which the current crowdingibggo become significant
and Ryt IS the metal trace sheet resistance [114]. ThexeRys at the power carrier
frequency can be defined Rsc when it is modified by the skin and eddy curreiféets
[115]. The total series resistance with the parasitects, skin effect and eddy current, is

shown as
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Figure 3.4: Demonstration of the current crowding effect[114].

3.1.4 Parallel Resistance

At low RF frequencies, the parallel resistarRe, in the PSC model of Figure 3.1
is resulted mainly from the dielectric loss and caduce the PSC quality factor. Most
dielectric materials used in the PSC substrate @ating have small dielectric loss,
resulting in very largd&s. In comparison, the tissue is significantly mooaductive and
its effect should be considered in a multilayer enat environment. The partial
conductance technique combined with the conformappmg is used to calculate the
dielectric loss of the tissue. Dielectric losses ba described by the loss tangean(o),
which is related to its conductivityy = geerwtan(d). The conformal transformations
required for the evaluation of partial conducteg#tidue to different layers are similar to
the partial capacitances described in Section 311L.2]. For the external coil, shown in

Figure 3.2, the equivalent conductance of the PdCength is going to be

1 CE K(k;) K(k}) K(k3)
— =G, =—-2 tand, ——=+ tand, — &, tand, 2 tanad. 3
RP P 2 gfl an 1 K(kl) (€r2 an 2 grl an 1) K(kz) + €r3 an 3 K(k3)
K(k,) K (k.
+(&.,tand, — £, tand. 4 - (ks) 3.16
(€4 s &3 ) K(K,) + (&5 tang, - £, tand,) <) | (3.16)
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wheretan(os) = 0 for air. The same equation can be used for tieenal coil equivalent
conductance.
3.1.5 PSC Quality Factor

From (3.1)-(3.16), all the parameters needed floutaing the overall impedance

andQ of the implanted and external PSCs can be derived,

R+ jal

Z TR+ @G, + jwC) +1’ (3.17)
Q= IF;T;((;; _ (3.18)

From these equations, the higher parasitic capastdecreases the PSC quality factor,
and consequently the power efficiency.
3.1.6 Mutual Inductance and Power Transfer Efficiency (PTE)

A PSC can be considered a set of concentric sitogiedoops with shrinking
diameters, all connected in series. The mutualdtathce,M, of a pair of PSCs, can be
found by summing the partial values between evany o6n one PSC and all the turns on
the other PSC at a certain coupling distarize[5], [62], [115]. FromM, the PSCs’

coupling coefficientk, would be

k=M/\LL, . (3.19)

A PSC can be considered a set of concentric stogie-coils with shrinking
diameters, connected in series. Therefore, oncentltaal inductance between a pair of
single-turn coils in parallel planes is found, theerallM can be found by summing the
partial mutual inductance values between every turone coil and all the turns on the
other coil. Using Maxwell equationd/;; between a pair of parallel circular single-turn

coils at radiir; andr; can be found from
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a1l x i N y D
M, = wmr, [, _[O Jl(x\/;]\]l[x . JJO[XWJ @xp[ xm}dx (3.20)

where D is the relative distance between the twils @ndy is the lateral misalignment
[63], [112]. Jo and J; are the Bessel functions of the zeroth and firdegrrespectively.

For perfectly aligned coaxial coils, where 0, (10) can be simplified to

M, = ¢ [ Kl—%zjK(a)— E(a)} (3.21)

a=2 el (3.22)
(I

where K(a) and E(e) are the complete elliptic integrals of the firstdasecond kind,

respectively [63]. By adding the partial mutualusthnces between every two turns on a

PSC pair,
L)

M=g) > M,;(.r,D) (3:23)
i=1 j=1

whereg, geometrical coefficient, is a factor dependenttlom shape of the PSC. Even
though the area of a square shaped coil with a Isiggth of 2 is 27% larger than a
circular coil with equal diameter, it is empiricaflound thatM between a pair of square
shaped PSCs is only 10% higher than a pair of aimsitcular PSCs. From the empirical
results,g = 0.95, 1.0, and 1.1 for a pair of hexagonal,uta; and square shaped PSCs,
respectively [7].

It can be shown mathematically that the highestagal gain and efficiency across
an inductive link can be achieved when both LC-tanke tuned at the power carrier

frequency,
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w=a, =1/{LCq =YL, (C, +C;,) (3.24)

In practice, the secondary PSC is often loadedhéyrhplant electronic®R., as shown in

Figure 3.1. The loaded secondary quality facteesbnance can be found from [36],

-1
al

QL:(RSZ + - j . (3.25)

a, RIIR,;
The inductive link power transfer efficiency (PT&n then be calculated from PSQRs’
andQ [5],

k2
Mo = 9% p QA (3.26)

C1+KQQ. Q+Q
It should be noted that most aforementioned pammen PSCs are interrelated.
For example, increasing in PSCs without changind, can increase theit and k.
However, it may also decrea&® by increasingRs due to increasetl and reduceadv.
Therefore, there are optimal PSC geometries thatldvenaximize 7712 [5]. Another
important parameter is th& output resistance, not shown Figure 3.1, whiabuisof the

scope of this paper and needs be considered alitnghe driver’s efficiency [116].

3.2  Optimization of Printed Spiral Coils

In this section, the detailed models built in Sact8.1 are used to design three sets
of coils optimized for air, saline, and muscleus£nvironments. The material properties
of these volume conductors are summarized in Taldlg27], [29]. The iterative design
procedure [5] is adopted. The procedure starts avlet of design constraints and initial
conditions imposed by the PSC application and ¢abion process and ends with the

optimal geometries of the PSC pair for maximgs
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Table 3.1.MATERIAL PROPERTIES

Material Air Saline Muscle FR4 Silicone
f [MHZ] 13.56 13.56 13.56 13.56 13.56
o [S/m] 0 0.60 0.58 1.33e-4 2.26e-6
& 1 78 136 4.4 3.0
tan(d) 0 10.2 6.0 0.04 0.001

"Derived from [27] and [29].

3.2.1 Optimization Procedure for Power Transfer Efficiency (PTE)

An iterative design procedure has been depictetisnsection which starts with a
set of design constraints and initial values, amdsewith the optimal PSC pair
geometries. The first step is applying design gaisis, and initial values are put in the
equations for second step. The third step optintlzesize and fill factorys, of primary
PSC, and the fourth step optimizes fill factes, and line widthws,, of secondary PSC.
Then, the design goes back to optimize size arelWidth, w;, of primary coil. From
these steps, if the efficiency is not improved mitv@n 0.1%, the iteration goes back to
the third step. The flow chart of this proceduresismmarized in Figure 3.5. After
calculation, HFSS simulations have been used fa funing and verifying the values
suggested by theoretical calculations. Thus, timelsition results can give the designer a
good sense of how to make necessary compromisehieve a satisfactory performance
for the PSCs.

In this design example, the size of the implart@s10 mn3, which is reasonable
for a retinal or cortical visual prosthesis [25],1]. The nominal coupling distance
between the PSCs is conside2d 10 mm and the power carrier is set at 13.56 NHz
comply with RFID standards [36]. However, it colld set to any other band in 0.1~50
MHz range, as long as it is well below the halftlié PSCs’ self resonance frequency

(SRF) [69], [2].
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1. Applying design constraints based on implantatgeice application and
PSC fabrication process.
Parametersd,s, Ginin, D, f, R, Wrin, Smin, te, 0, fhe: s, &s

| |
| |

3. Optimizing size and fill factor of the primarpE.

Parametersd,;, ¢;

4. Optimizing fill factor and line width of the seadary PSC.

Parametersg,, W,

5. Optimizing size and line width of the primary®S

Parametersd,;, wy

6. Is the PTE improvement less than 0.1%?

2. Applying the initial values.
Parameterswy, Wy, @1, @,

7. Optimized design can be validated by a fieldesosimulation or through
measurements.

Figure 3.5: Iterative PSC design flowchart for opimal PTE.

Table 3.2 shows the geometries of the resultingsPS@ecifically optimized for
each environment along with the simulation residtQ, k, and /2, when the PSC pair

is perfectly aligned. It should be noted thHatis the highest in Set-1, resulting in
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maximum efficiency in the air. Howevep, of Set-1 and Set-2 are both smaller tkaof
Set-3 in the muscle environment, which resultsetrIshowing the highest efficiency in
muscle. Further, it can be seen that for the sanpéant size and coupling distance, the
outer diameter (side length) of the external PS@inks with increasing dielectric
constant and loss tangent.

Table 3.2. PTIMIZED PSCGEOMETRIES AND INDUCTIVE LINK CHARACTERISTICS FROM SIMULATION

RESULTS'
Parameter Set-1 Set-2 Set-3
Material Air Saline Muscle
Name PSC11 PSC12 PSC21 PSC2p PSCB1 PSC32
d, (mm) 38 10 30 10 24 10
d; (mm) 14.9 5.8 11.1 5.5 9.4 7.2
) 0.44 0.27 0.46 0.29 0.46 0.16
n (turns) 7 6 3 5 2 4
w (Um) 1500 200 3000 250 3500 150
S (um) 150 150 150 150 150 150
L (uH) 1.66 0.51 0.26 0.33 0.12 0.34
Rs (Q) 0.93 0.72 0.22 0.44 0.06 0.72
Rr (kQ) 758 3120 7.19 18.34 2.36 1.68
Cp (pF) 3.12 0.18 7.88 1.37 7.72 0.77
Ca /G, (pF) 83.0 270.1 510.2 417.5 1148 450
SRF (MHz) 70 525 122 236 165 302
Q 128 60 81 55 96 32
k 0.0697 0.0518 0.0301
N1z ca (%0)° 72.05 55.22 29.85
N2 sine (%) 74.86 49.12 27.70
12 mea (%0)* 72.22 51.80 30.84

For perfectly aligned PSCs with a nominal coupliigtance oD = 10 mm aff = 13.56 MHz andR_ =
500Q, coated with a 30Am layer of silicone.
* Calculation results.
*Measurement results.

3.2.2 Optimal Coating Thickness

The receiver coil in inductively powered IMDs isteri embedded in ceramic,
parylene, or medical grade silicone [117]. Theealiic constantg, of silicone coating
is much lower than saline or any type of humarugsss shown in Table 3.1. Increasing
the thickness of the coating will redu€g and increas&» in the PSC model, both of

which help increasingQ and consequently;,. On the other hand, increasing the
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thickness of the coating will increaBeand the volume of the implantable device, both of
which are undesired. Therefore, it is instructivendicate the optimal coating thickness
by sweepingt, in PSC model (Figure 3.2), while maintaining ather parameters
constant. In these model-based simulations, allsSR&&e in the muscle environment and
maintained 10 mm between the outer surfaces oftwlee PSCs’ coating. The actual
coupling distance between the two PSCs ya2t, + 10 mm.

Figure 3.6 shows the results of varying the coadtimgkness of PSCs in Table 3.2.
It can be seen from the model that the optimaktiess for Set-3, which geometries are
optimized for the muscle environment, is a reasteaalue oft, = ~300um. However,
the other PSCs need much thicker coatings to rdegh maximum efficiencies. This is
because their geometries are optimized for lowss Environments and they need thicker
coatings to compensate for the additional lossher huscle environment or any other

tissue environments.
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Figure 3.6: Optimal thickness of the silicone coatg on both sides of each PSC with geometries

given in Table 3.2 in the muscle environment. Theistance between the coating surfaces that face
each other isfixed at 10 mm.

33



3.3  Simulation and Measurement Results

Figure 3.7 shows the PSC measurement setup. A rieamalyzer (R&S ZVB4)
is used to measure the S-parameters of each col®3€d pair at a desired coupling
distance. The S-parameters were converted to Zxedeas to calculate and the quality
factors from (3.17)-(3.21) to findp, [118]. In addition to measurements in air, two
plastic bags (~5@m thickness), filled with saline or beef are usedcemulate implant
environments. The internal PSC was sandwiched legtwee two bags while the external
PSC was aligned with it. The thickness of the ldystween PCSs was= 10 mm, and
the layers behind the internal PSE@s,were 70 mm and 50 mm for saline and beef,
respectively. The saline was a solution of 9 mgdhCN and the beef was sirloin steak.
The beef temperature at the time of measurementl@& °C, and the saline was in

equilibrium with the room temperature at 24.0 °C.

(@) (b)
Figure 3.7: Experimental setup for measuring indutive link properties between a pair of PSCs in
the air, saline (a) and muscle (b) environments.

3.3.1 PSC Quality Factor
Each PSC pair in Table 3.2 is coated with CF16-2&ii6one elastomer from
NuSil (Carpinteria, CA) up to a thickness of ~3@@, which is optimized from Section

3.2.2. Figure 3.8 compares the theoretical calawlat HFSS simulation, and
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measurement results of PSC21 and PSC31 (both eRteqnality factors vs. carrier
frequency, with and without coating, in saline andscle environments. It can be seen
that Q of both PSCs have been improved with the silicooating as predicted. This

improvement is more significant for PSC31, whicltaated close to its optimal coating

thickness.
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Figure 3.8: Comparison between theoretical calcuteons, HFSS simulations, and measurement
results of Q variations vs. carrier frequency of (a) PSC21 inaine and (b) PSC31 in muscle, with

and without 300 um silicone coating.
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Figure 3.9 shows how th@ of coated PSC11 and PSC31 chamgdrequency in
the air and muscle environments. At 13.56 Mzof PSC11 decreases by 78% from
128 in air to 28 in the muscle environment. Ondtieer hand, th€ of PSC31 decreases
only by 25% from 122 in air to 92 in muscle. Theremgent among calculation,
simulation, and measurement results in Figure 3fhahstrate the efficacy of the
geometrical optimization has helped to improve B®C quality factors by a factor of
~3.3 in the muscle environment. In fact, optimiaatiof the implanted PSC for the
surrounding environment is influenced by the chanigethe geometry of the external
PSC. A comparison between PSC12 and PSC32 in Bablghows that optimization for
the muscle environment has reduegg andws,, both of which reduc€p; andRe;. In
measurements) of PSC12 and PSC32 reduced from 51.5 and 36!&eimit to 42.3 and
36 in the muscle environment, respectively. Thigdsause of the size constraint applied
to the implanted PSC (¥Q0 mnf). Therefore, the resulting the PTE in muscle fet-%

is higher than Set-1, as discussed in Section.3.3.2
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Figure 3.9: Comparison between theoretical calcutions, HFSS simulations, and measurement
results of Q variations vs. carrier frequency in (a) PSC11 thafs optimized for air. (b) PSC31

that is optimized for muscle, in these two environmnts (see Table 3.2 for PSC geometries).
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Figure 3.9: Comparison between theoretical calcuteons, HFSS simulations, and measurement
results of Q variations vs. carrier frequency in (b) PSC31 thatis optimized for muscle, in these

two environments (see Table 3.2 for PSC geometries)

3.3.2 Power Transfer Efficiency (PTE)

PSC pair geometries affekciandQ, both of which are key factors m, according
to (3.22). The comparison of the PTE of the threts 8f PSCs is shown in Table 3.2 in
the air, saline, and muscle environments, in F3gs0a, 3.10b, and 3.10c, respectively,
through model-based theoretical calculations, FHfuktions, and experimental
measurements. The carrier frequency is held conhatah3.56 MHz, and the secondary
PSC is loaded witlR_ = 500Q. Figure 3.10 curves show that each set of PSGerpes
best in its designated operating environment, nmogiortant of which is the muscle,
where an implantable device eventually residesuréi@.10c obviously shows that a pair
of PSCs that is optimized for air (Set-1) providlee worsts:2 when implanted in the
muscular tissue. Set-1 PSC pair can achieve mare i8% of the PTE in the air due to

their high k, but their 7,, drops to only 21.8% in the muscle environment due
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degradation in thei@, as seen in Figure 3.9a. Set-3 pair, on the dthed, provideg);»
> 30% atD = 10 mm due to PSC31 smaller geometries.

Figure 3.10 curves also show reasonable agreemmaricatheoretical calculations
from our models, finite element simulations, andam&ement results. There are,
however, small discrepancies due to the followiagsons, some of which are related to
our models and some are related to the measuresetmt: (1) inherent limitations in the
accuracy of the closed form equations, particulesiyen the PSC parameters are close to
or out of their valid range of parameters, (2) é&lige width and small number of turns,
resulted from our optimization algorithm particljafor Set-3 (Table 3.2), causing the
shape of PSC13 to deviate from a perfect square miinded corners, affecting the
validity of (1), (3) secondary effects such fringiand capacitive coupling between the
two inductively coupled PSCs, which were not inelddn our models, (4) manually
applied silicone coating was not quite uniformlgtdbuted on the PSC surfaces, (5)
there could be small patches of air gap betweerpldmgic bags containing the volume
conductors and the outer surface of the PSCsoséiccoating, and (6) the %0n thick
plastic bag, made of polyethylene with = 2.3 andtan(é) = 0.0002, which was

considered to be part of the PSC silicone coating.
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Figure 3.10: Variations of the power transfer efftiency with coupling distance at 13.56 MHz
for three sets of PSCs in Table 3.2 optimized foraj air, (b) saline, and (c) muscle

environments.
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3.4  Conclusions

This chapter demonstrates detailed models and etbdssign paradigms for small
PSCs that are meant to be fabricated on rigidextildle planar substrates, coated with
biocompatible dielectric materials. Various phenamthat could result in degradation of
the PSC quality factors due to coating and implzomawvere considered in our models.
The models are combined with an iterative PSC desigcedure, previously reported in
[16], to optimize the PSC geometries for providmgximum PTE in tissue environments.
This can result in lower heat dissipation, extenbatlery lifetime, and improved safety
in neuroprosthetic devices, such as retinal oric@rimplants, with demanding size
constraints [58]. The design methodology is apptedptimize the wireless link of a 1
cn? implantable device example, operating at 13.56 MWeasurement results showed
that optimized PSC pairs, coated with 0.3 mm a€aile, achieved 72.2%, 51.8%, and
30.8% efficiencies at a face to face relative disgaof 10 mm, in air, saline, and muscle,
respectively. The PSC which was optimized for auld only bear 40.8% and 21.8%
efficiencies in saline and muscle, respectivelypvahg that considering the PSC
surrounding environment in the design process eaunltrin more than 10% improvement
in the power transfer efficiency.

In this chapter, the PSC design maximizes the pmagier's PTE. On the other
hand, wireless data communication is also importantmplantable devices, and these
two commutation links can interfere with each otHarthe next chapter, this issue is
addressed and the new coil and antenna designragluced for both power and data

links.
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CHAPTER IV

. MULTIBAND WIRELESS LINK FOR NEUROPROSTHETIC
IMPLANTABLE DEVICES

Wireless operation of implantable microelectronevides (IMD) is necessary in
clinical neuroprostheses to reduce the risk ofdtdé® and patient discomfort, which may
result from transcutaneous wires breaching the. skive wireless link is expected to
perform three major functions:

(1) Power transmission: The geometry of the coils used in the next gdr@raof low-
power IMDs is more likely to be planar and lithogjnécally defined [74]. Therefore, an
iterative design methodology to maximize their ppwvansmission efficiency (PTE) for
printed spiral coils (PSC) is discussed in Chaptgt], [5].

(2) Forward data transmission: Wideband wireless data transmission from outantie
the body is needed, such as the large volumesmotlstion data [119]. A separate pair
of coils for the data transmission has utilized P@jcause of conflicting requirements
between power and data links. In this chapter, tiypes of data coils are studied. First, a
pair of vertical coils wound across the diametethef power PSCs whose symmetry and
orthogonal magnetic field orientation would minimithe power carrier interference.
Second, a pair of planar figure-8 coils, in whible electromotive force (EMF) induced
from the power carrier in one loop, opposes theesamthe other loop [10]. Hence, the
total EMF interference from the power carrier canviery small when the two coils are

perfectly aligned.
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(3) Back telemetry: The IMDs require a wideband back telemetry linlt passive back
telemetry, used in radio frequency identificatidRF(D) does not provide enough
bandwidth for this application [36]. Therefore, thepulse-radio ultra-wideband (IR-
UWB) is chosen for this purpose, which providesemMidndwidth with a simple and low-
power transmitter [88]. A pair of miniature plarsggiral UWB antennas was trying to put
on the multiband wireless link, but the interfererfimm the coil is still high [3]. Hence, a
commercial miniature UWB antenna is for IMDs.

The detailed block diagram of the proposed multibanreless link is proposed
which is similar to Figure 1.1.;Lis the external power PSC andg, ik the internal PSC
that is implanted under the skin flag &nd L, are the forward data coils. Back telemetry

link utilizes miniature UWB antennas, A1 and A2.

Inductive wireless li{k

Power Control Power Supply

_ontr - i o Power
LOM}“ | Class E Power Rectifier & S| Supol
Unit Amplifier Regulator SUPPI
Signal
Proc:: ssing Forward Data Forward Data
User Signal Signal o ‘MITO"
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Interface Modulator Demodulator Stimulating
¢ and
Batterv Back Telemetry Back Telemetry | Recording
[e
: . Units
and B ADC Pulse ) -
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| Artificial Sensors | | Microelectrodes |

Figure 4.1: Block diagram of the multiband wireles link in a high-performance IMD [9].

The power PSCs design theory won'’t be discussesl diace it has been covered
in Chapter 3. In this chapter, a theoretical foditafor data coils is introduced in

Section 4.1. Design procedure and optimization lo¢ tmultiband wireless link



components is discussed in Section 4.2. Sectionist.@edicated to simulation and

measurement results, followed by concluding remarks

4.1 Forward Link

A separate pair of coils for the data transmissi@s utilized to reduce the
interference from power carrier, and two typeshaf data coils, vertical coil and figure-8
coil, are studied in this section.
4.1.1 Vertical Data Coils

The geometry and orientation of the forward datdscare key issues, since the
power carrier amplitude can be up to two ordemhagnitude larger than the data carrier.
In order to solve this problem, orthogonal coils Winding the data coils across the
diameter of the power PSCs is proposed, as showigime 4.2 [3]. In this method, due
to symmetry and orthogonality of the coils’ geonesty the magnetic flux generated by
the power PSCs do not pass through data coilsredundesired cross coupling factors
(k1a, kis, ko3, and kp4) can theoretically be close to zero when the caits perfectly
aligned. The data coils, however, can maintain allsbut adequate direct couplinig,,
due to being in parallel with long conductors. Gheuld note thaks, is maintained in
the same range or slightly higher than the undegsimaiplings. Since the forward data
link operates at a different frequency band, tleeirerL,Cps tank helps with amplifying
the received data carrier and filtering out theasnekd power carrier interference [9].

In Figure 4.2, the heighhg), width (vg), and lengthl() of each rectangular vertical
data coil are depend on the thickness of the p#¥&€ substrate, data coil’s number of
turns Qg), and diameter of the power PSC, respectiwelyalso depends on the diameter

of the chosen wireQiay) and their spacingy. Using these geometrical parameters in
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tabular self inductance formulation in [3], the uretince ol ;3 andL, are calculated. The

detailed equations is presented in Appendix A.

Height (hgs)

Width (wes)

@) (b)
Figure 4.2 (a) Rendering of the power and forwarddata transmission coils, showing their
important geometrical parameters. (b) Receiver datand power coils fabricated on a 4 layer FR4
PCB [3].

The coupling coefficient between a pair of coitlefined as

Ky =M,/ LiL, (4.1)

whereMs, is the mutual inductance betweepandL,. Figure 4.3 shows the cross section
of the rectangular solenoid-shaped coils. RegarthiedMs, equations, the coils relative
distance,D, and X-axis misalignmentX, are considered. The vertical data coils are
robust against misalignments along the Y-axis (Bégure 4.2), and sensitive to
misalignments along the X-axis. The original equadi for the mutual inductance from
[121] were based on circular solenoids. The heafinectangular coill{) is used instead
of the diameter for the circular solenoid. The ay&the circular solenoid is also replaced
by the area of the rectangular solendjox(hg). The simulation and measurement results
showed that these approximations are validdohy < 20. Detailed equations fts, are

included in the Appendix A.
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Figure 4.3: Cross section view of solenoid induat@oupling [121].

4.1.2 Figure-8 Data Coils

The second design for the data coils is based enpthnar figure-8 geometry,
shown in Figure 4.4a. This type of coil is ofteredisn transcranial magnetic stimulation
(TMS) [122]. The direction of windings in each loopthe coil is chosen such that when
the coil is exposed to an external field symmeltrigdoth loops, induced currents would
cancel out [123]. Therefore, even when they arthensame plane as the power PSCs,
figure-8 coils can attenuate the power interfereibareover, the mutual inductandd,
between two figure-8 data coils is larger thandbepling between vertical coils because
these coils are facing each other. In this deswga,out of four metal layers in the printed
circuit board (PCB) are used to implant the figBrdata coils witiNgz = Nga = 2. Ly is
made as large as the IMD size allowed, filling the same area as,LGeometry, line
width, and substrate thickness affect the self atalwce and mutual coupling of the
figure-8 coils. Since closed form equations forufgr8 coils are quite complicated, a
commercial field solver, HFSS (Ansoft, PittsburghA) is used, to model these

parameters.
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(a) b) (

Figure 4.4: (a) Planar figure-8 coil layout. (b) Kploded view of the UWB antenna stacked on top
of the power PSC and figure-8 data coil in a 4-layePCB to form the implantable side of the
multiband wireless link (10x10x1.5 mrf).

4.2  Multiband Wireless Link Design Procedure

The multiband design includes a power carrier, &vdvdata, and back telemetry.
The power carrier is introduced in Section 4.1.2d @éhe data links are discussed in
Section 4.1.3. The design procedure includes nigt @ptimal geometry of each link but
the mutual coupling between each other.
4.2.1 Power PSC

The studies of optimization of power PSC has besnnsarized in Chapter 3 [3]

and combined the theoretical foundation of optip@ker transmission in inductive links
with simple models [5]. Please note that the eddyent is not included in the model [5],
in this preliminary design. Table 4.1 summarizes thesign constraints for visual
prosthesis application by a standard PCB fabringpiamcess, and Table 4.2 depicts the

optimized geometries for;land L.
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Table 4.1.DESIGN CONSTRAINS | MPOSED BY APPLICATION AND FABRICATION PROCESS

Parameter Symbol Design Value
Implanted PSC outer side Oo2 10 mm

PSCs relative distance D 10 mm

Link operating frequency f 13.56 MHz
Secondary nominal loading R 500Q
Conductor thickness t 38um
Substrate thickness te 1.6 mm
Substrate dielectric constant & FR4, 4.4

Table 4.2.0prTiIMIZED POWER PSCGEOMETRIES AND SPECIFICATIONS

Parameter Ly L, Parameter Ly L,
d, (mm) 79 10 w (pm) 5500 290
di (mm) 11.2 2.96 s (um) 150 150
@ (fill factor) 0.751 0.543 L (uH) 1.22 0.49
N (turns) 6 8 Q 102 36
Frequency (MHz) 13.56
P 0.036
Efficiency (%) 56.65

"Derived from using Table 4.1 in the iterative priuaee explained in [5]

4.2.2 Vertical Data Coils

In this prototype, a synchronous frequency shiftekk(FSK) carrier atrp; = 25
MHz andfepp = 50 MHz is chosen based [9] for the forward degarier frequency.
Figure 4.2a shows the geometrical parameters odldkes coils Ig, wg, hg, Ng). Figure 4.5
summarizes three-step design procedure. The Grsdtraint is the size of the IMD [7]. In
order to reduce thickness of, Lthe multi-strand Litz wires (MWS Wire Industries,
Westlake Village, CA) are used. This wire had arditer ofDiay = 100um with seven
insulated strands of AWG-48 wires. Using Table 427 d,x + 2Diag = 10.2 mm. The
height of L, hys, is dictated by the IMD thickness. Increasmyg andng improvesks, at
the expense of decreasing the coils’ self resori@guency (SRF) and increasing
undesiredi4 andkys. SRF is defined as

SRF = 1/2m\/LC , (4.2)
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whereL is the data coils’ self-inductance, a@ds their parasitic capacitance. As a rule of
thumb, SRF should be at least twice the carriegueacy [69], [110]. Hence, SR>
100 MHz. Figure 4.6 shows the HFSS simulated @iatip between SRF amg, for a
single strand rectangular coil witly = 10.2 mmhgs = 1.7 mmwgs = 1 mm andias =
100 um. It can be seen thaty = 6, SRk = 96.3 MHz in simulation and SRFE 98.8

MHz in measurement.

Design of the internal data coil (L):
1.Length and height indicated by the size of IMD
2.Use thin Litz wire to minimize thickness
3.Number of turns indicated by SRF of L

~—

Cross coupling of the external power coil () and internal data coil (L,):

k34 > 10k14 (eX.k14 = glxlé)

Design of the external data coil (k):
1.0ptimal length)s
2.Diameter of wire: Thickness
3.Number of turns: SRF

Figure 4.5: Design procedure for optimal design of the vertal data coil

10000

000

SRF (MHz) .
=
o

10

0 2 4 6 8 10
Number of Turns

Figure 4.6: Self resonance frequencys. number of turns for the vertical data coils.
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In the second step, since dimensions phhd Ly as well as their relative distance,
D, are knownky4 can be found by using a field solver to deterntime power carrier
interferenceD is considered the distance between the closesiuctors in L and L. In
the simulation resulk;, = 9.1x10° at 25 MHz, which is the minimum value fior, when
the coils are perfectly aligned. However, since ititerference can be through multiple
paths, the best alignment can be found by shiftingorizontally about 0.5 mm in each
direction from the center of the power coil. In thext step, k should be designed such
that ks4 is at least an order of magnitude larger than A shortlgs turns Lg into a
solenoid with concentrated magnetic field but seratross section. I3 is too long, on
the other hand, 4-turns into a series of infinite parallel condustavith lower mutual
coupling. Hence, there is an optimal lengthlferin order to demonstrate the effect @f
on ka4, Figure 4.7 showks, between L andnz = 3, 5, and 10-turn 4, by sweepindgs
from 10 to 70 mm. Once agaiD,= 10 mm, andys was set to 1.7 mm, because of PCB

thickness. The results show thgt = 30 mm is the optimal length forzlin these

conditions.
0.003 1
==Sim 10 turns
i | 5 -=-Sim 5 turns
0.0025 |t ~— —o=Sim 3 turns
grj 0.002 f——
x £
0.0015
0.001

10 20 30 40 50 60 70
Length (fa3) (mm})

Figure 4.7: Vertical data coils direct coupling asa function of the length of Ls. D = 10 mm.
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Diag and ng3 are the other parameters, which have direct ogighips withksa.
Figure 4.8 shows the resultslaf by sweepingdiaz andngs from 0 to 0.5 mm and O to
10 turns, respectively. Despite their positive effen kss, increasingdiaz would add to
the thickness of the external coil/antenna compex!, increasingys reduces SR The
wire of Lz is still Litz wires withDiag= 350um, made of an insulated AWG-36 strands.
This type of wire indicated by a dashed line inUf@4.8, adds ~700m to the 1.6 mm
thick L;. Regarding the optimal value ofs;, SRFE with all the known geometrical
parameters of 4.is simulated, and it can be seen in Figure 4.6rifga= 5 would be the
best choice, resulting in SRE 128.8 MHz. This point has been shown by a retdido
Figure 4.8, corresponding tkss = 0.00246, which is 27 times larger th&n. This
concludes the optimal vertical data coils desighictv specifications are listed in Table

4.3, forD =10 mm.

k34
[~
n

05

0.2 _
0.1 Dia3 {mm)

00

Figure 4.8: The variation of turns and the diametefor the external data coil (Ls).
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Table 4.3. QPTIMIZED

VERTICAL DATA CoIlL CHARACTERISTICS

Parameter Ls La
Type of Litz wire 7 x AWG-36 7x AWG-48
Wire Diameter jim) 350 100
Number of Turns 5 6
Length (mm) 30 10.2
Width (mm) 2.0 1.0
Height (mm) 2.2 1.7
Inductance |{H)" 0.3081 0.5972
SRF 128.8 98.8
Cg andCy (pF) 58.46 27.9
Q @ 50 MHz 50.2 20.2
Kas 0.0022

"Simulated in HFSS.

4.2.3 Figure-8 Data Coils

Figure 4.4a shows the figure-8 data coif)(geometry. Note that the two loops are
laid out symmetrically with opposite winding dirgxts. Similar to the vertical data coils,
the largest possible area fof is dictated by the IMD size, which is the sizeLgf(dos =
10 mm). The line width for Lto be 20Qum is chosen, slightly larger than the minimum
widths possible in our PCB fabrication process.dray? and -3 of a 4-layer FR4 PCB
are dedicated to the implantable figure-8 data, sgilich are spaced at 0.8 mm. The
simulated SRFwith the above dimensions was 256 MHz. In ordefirid the best size
for L3, the coil design is learned from that the optinaalius of a 1-turn circular loop for
maximum coupling with another loop that has a raditR at distanced is ~DV2, when
Ris small. Sinced = R = 10 mm in this design, the size of is 32 x 32 mrfy which is
slightly larger than the optimal size to accoumttfee width of the planar conductors. The
line width affects not only the parasitic resistarut SRE Hence, a line width of 2.0
mm is used on a 2-layer 1.6 mm thick PCB, andathieves SRf= 138 MHz in
simulations. Specifications of the figure-8 datal atesigns and characteristics are

summarized in Table 4.4.
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Table 4.4. O°TiIMIZED FIGURE-8 DATA CoIL CHARACTERISTICS

Parameter L L,
Line width (mm) 2 0.2
Size (mm) 32 x32 10 x 10
Number of turns 2 2
Inductance fH) 0.1306 0.3338
SRF (MHZzJ 138 256
Cs andCyy (pF) 137.9 52.80
Q @ 50 MHz 46.4 38.8
Ksq 0.011

"Simulated in HFSS.

4.2.4 UWB Antenna

In the compact design, spiral geometry for the UB#Bk telemetry antenna is used,
and this design took advantage of the power cailsaground plane. The antenna consists
of seven turns of planar copper with the line widtl00um and line spacing of 2Qdm
on the backside of L The feed point of the UWB antenna is at the agerdad its
diameter is 10 mm. However, this rough design @nbvides a preliminary concept, and
the design of UWB antenna based on the special ggpmeeds to be improved in the
future. However, a key advantage of this desighas it can be batch fabricated on a thin
organic substrate with minimum size overhead iraetual IMD. Figure 4.4b shows an
exploded view of the entire multiband coil/anterosmanplex on the implantable side,
implemented on a 4-layer PCB.

An alternative way for multiband module is the coemaral UWB chip antenna,
which is mounted on the side of the power PSC amdidrd data coil. Although this
additional antenna increases the size of the modhuie antenna can provide a better
performance. The chip antenna is made by cerami@ST51A7200E, Johanson Tech.
Inc., Camarillo, CA) in 6.0<10.0 x 1.2 mni, and the bandwidth is 3.1 to 10.3 GHz.
Figure 4.9 shows the design of the module, andspgazing of the UWB antenna and

coils is 4.8 mm.
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Figure 4.9: Receiver data and power coils on a 4yer FR4 PCB (10 mm by 10 mm) with a

commercial chip antenna (3100AT51A7200E, Johansore€h).
4.3  Simulation and Measurement Results

The measurement setup is shown in Figure 4.10.colie are connected to a 4.0

GHz vector network analyzer (R&S ZVB4) in pairsneasure their S-parameters. The
S-parameters were then converted to Z-paramet@alc¢alate the quality factors, mutual
inductances, and PTE [118]. Sindg > |3 (see Tables 4.2 and 4.3), a pair of via holes are
create4d in L PCB and pass the Litz wire through them in ordewxind Ls; (Figure 4.10).
The detailed power PSC design for maximum PTE arehsorement results are
discussed in Chapter 3 and Table 4.2. Hence, theaheffects of each link are discussed

in this section.
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Figure 4.10: Setup for direct- and cross-couplingneasurements. Inset: the relative position of the
external power (L;) and vertical data coils (L) with respect to implantable coils (; and L), which
are also shown separately in Figure 4.2b.

4.3.1 Linear Misalignments of Data Coils

One of the key issues in forward data transmisggng a multiband wireless link
is its robustness against misalignments. The ngisadent along the X-axis (see Figure
4.2a) is more important than that long Y-axis asua$sed. Figure 4.11a shows the result
of ki4 andks,4 variations aD = 10 mm when vertical data coils are misalignedaia0
mm along the X-axis. It can be seen that the dé&ieappears well above the undesired
interference from power PSCk,4) in perfect alignmentAX = 0 mm) andkss > ky4 for
AX < 2.5 mm. Therefore, the conclusion is that ttesign can generally withstand
misalignments of up to 2.5 mm for the 20 mnf implant (~25% of the implant size).

A similar set of experiments were conducted witjufe-8 data coils of Section
4.2.3, and the results in Figure 4.11b show thah Bg, and ks, of figure-8 coils are

stronger thark,4 andks, of the vertical data coils when coils are perfealigned. In this
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design, howeverkss > k4 for AX < 8 mm. The conclusion is that this design can

withstand misalignments of up to 8 mm for the 200 mnf implant (~80% of the

implant size). However, the interferenkg, of figure-8 data coil is also higher than that

of vertical data coil.
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Figure 4.11: (a) Calculation (see Appendix A), siolation, and measurement of vertical data coils’
direct coupling (kz4) and cross coupling with power PSCskg,) vs. misalignment along the X-axis
(see Figure 4.2a). (b) Simulation and measurementf digure-8 data coils’ ks; and ki, vs.
misalignment along the X-axis (see Figure 4.8b). @ relative distance is maintained atD = 10

mm.
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4.3.2 Data CoilsRotations (Tilting Issues)

Due to coils’ proximity, even small rotations affabeir coupling coefficients
considerably. In this section, simulations and meawents of the vertical and figure-8
data coils’ks4 vs. the rotation angle are shown in Figs. 4.12a ad@btbased on the
Cartesian coordinates shown in Figs. 4.2a and 4eépectively. In these measurements,
L4 is held stationary andslis rotated pivotal to X-, Y-, and Z-axes, whileetbenter to
center spacing between the coils is maintaind2latl0 mm.

According to Figure 4.12a, rotations along X- and»és actually increadeg, in
vertical data coils. In figure-8 coils, however] abtations result inkss reductions.
Nevertheless, without considering the changek;init is not possible to draw any
conclusions on the effects of rotatioks, was too small to be shown in the same scale as

kss. Hence ks4ki4 should be considered as a figure of merit (FoMgdmpare the data

coil designs.
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Figure 4.12: (a) Simulation and measurement resudtof the vertical data coils direct coupling Kz4)

vs. rotation angle of L; pivotal to the X-, Y-, and Z-axes, while maintaimig a center to center
spacing ofD = 10 mm. (b) Similar simulation and measurement rgults for figure-8 data coils while
maintaining a center to center spacing ob = 10 mm.
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Figure 4.12: (b) Similar simulation and measuremen results for figure-8 data coils while
maintaining a center to center spacing ob = 10 mm.

4.3.3 Comparison of Data Coils

Figs. 4.13a and 4.13b shoWwsskis vs. linear misalignments and rotations,
respectively. The level at whidas/k;4 = 1 is a good measure for indicating how much
misalignment or rotation can be handled by eachdmsign. It can be seen in Figure
4.13a that when the coils are perfectly alignedticed data coils are in a stronger
position. However, they are affected by X-axis nigganent more rapidly than figure-8
coils. According to Figure 4.13b, vertical datalscare more robust against rotations
pivotal to X- and Z-axes compared to figure-8 cditslarger than 10rotations pivotal to
the Y-axis, however, figure-8 coils are strongegc8use this type of rotations affect the
orthogonal advantage of the vertical data coilsiantease their exposure to power PSCs

magnetic flux (see Figure 4.2a).
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4.3.4 Power PSC and Data Coil€ross Coupling

58

(@) Comparing kss/ki4 ratio between vertical and figure-8 data coilsvs. linear
misalignment along the X-axis. (b) Comparingss/k.4 between vertical and figure-8 coilsss. rotations.
Caoils relative distance is maintained ab = 10 mm.

paths for this interference. One is the couplimgfr; onto L, (the power link) and then
from L, onto L. This can be represented ki x kp4. The other is from Lonto L and

then from L3 onto L, (the forward data link), which can be represengdkiz x Ksa.



Between these two, it is expectkg x kys > ki3 X ksq because of the strong coupling
between L and L (ki2). In order to understand the significance of thasédesired
coupling paths, all three pathkis X-axis misalignment in Figure 4.14 and 4.15 shddd
compared. Fig 4.14 shows that in vertical datasc@len thoughy, x kg andkys x ksg
are comparable tky4 in perfect alignmentk{s = 3.9x10° vs. kis x ko = 1.1x10°), they
remain at about two orders of magnitude bekeyv Therefore, these indirect interference

paths in vertical data coils can be neglected.
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Figure 4.14: Calculation (see Appendix A), simulation, and measement of the effect o
misalignment along X-axis on indirect coupling patk in vertical data coils (see Figure 4.2a).

Figure 4.15 shows the same comparison for figudet8 coils. In this cas&;s x
ks4 is very small and can be ignored. Howevay, and k;; x k4 are close at perfect
alignment kis = 0.8x10° vs. ko x koy = 4.0x10%, and ki, x ks remains smaller but
comparable td;4. One possible way of taking advantag&kgfx ky4 is to make sure that
its sign is opposing that d&4 This is possible by proper selection of the dioec of

windings in Lt and L. The result would be that in the power carrieeiifgrence through
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ki X kosa would be out of phase with the main source ofrfatence throughki, and

slightly weakened it.
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Figure 4.15: D = 10 mm. Effect of misalignment along X-axis on girect coupling paths in figure-
8 data coils (see Figure 4.4b).

4.3.5 UWB Antenna

Figure 4.16a shows the simulation and measureneentts for the § pattern of
the planar spiral UWB antenna (A2), stacked ondbfhe power PSC and figure-8 data
coils in a 4-layer PCB, shown in Figure 4.4b. Th#see components, which occupy 10
x 10 x 1.7 mmin the current implementation, form the implanéaside of the multiband
wireless link, shown on the right side of the skinFigure 4.1. The feed point in this
measurement was in the center of the spiral antefina spiral UWB antenna has a
radiation bandwidth from 2.5 to 5.0 GHz with; & -10 dB, which is expected to be
sufficient for transmitting tens of Mbps of recoddeata across a short distance (10 mm)
using IR-UWB technique [124]. Figure 4.16a alsovghthe $; pattern when the vertical

data coil is added to Figure 4.4b combination,eensn Figure 4.2b. The vertical data
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coil affected the frequency response of the anteana the 2.5 - 5 GHz window was no
longer available. Therefore, the spiral UWB antedesign needs to be modified if it is
intended to be used with vertical data coils. bt be noted that at high frequencies,
electromagnetic power absorption in the tissue ioarease the antenna losses . The
multiband module with commercial UWB antenna, aswsh in Figure 4.9, is also
measured, and the result is shown in Figure 4.1t6ban be seen that although this
module has larger size (20 x 12 x 1.7 #rthe bandwidth of UWB antenna is 3.1-10.8
GHz, which meets the standard UWB specificationweler, these measurements are in
the air environment. For the IMD, one should coesigvaluating such antenna designs

in saline and other tissue stimulants [125].

Frequency (GHz)

Figure 4.16: (a)Simulation and measurement of ;g with and without the vertical data coil, for
the UWB spiral antenna that is implemented on theame PCB as L and figure-8 L,, as shown in
Figure 4.4b.

Another measurement of the multiband module as showFigure 4.9 is based on
the commercial chip antennas (3100AT51A7200E, Jatrai ech. Inc., Camarillo, CA),

which has band width from 3.1 to 10.3 GHz, and tlemsurement results for with and
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without coils are shown in Figure 4.17. From Figdrg7, the PCB coils do not affect the

bandwidth of the UWB antenna.

Frequency (GHz)
0 2 4 6 8 10 12

—withoutcoils
-=-=- with coils -

S11 (dB)

Figure 4.17: Measurement result of commercial UWBRntenna with and without multiband module.

4.4  Conclusions

This chapter has presented a novel method for #ésgga and optimization of a
multiband wireless link that has a dedicated casignal and the coil/antenna pair for
every major function that is expected from the lese link across the skin barrier in a
high performance implantable neuroprosthetic devieech as a visual prosthesis.
Previously, the optimization of the PSC geometfasefficient power transmission is
described in Chapter 3. In Chapter 4, a pair of 9ptimized in the air at 13.56 MHz,
is used as the foundation for optimization of twges of coils for forward data
transmission, vertical coils and figure-8 coils.eTtharacteristic of the two types of the
data coils have been analyzed in this chapter.

Considering that the power carrier at the extetremhsmitter can be up to two

orders of magnitude larger than the data carrignimization of the power carrier

62



interference on the implanted receiver data cotfisitmost importance. Vertical coils
take advantage of the fact that orthogonal coilsicivare symmetrical, ideally have no
cross coupling. Figure-8 coils, on the other haia#te advantage of their differential
windings to attenuate the effects of any commonerexternal electromagnetic field. A
detailed comparison between the vertical and figuceils revealed that the former leads
to lower interference when coils are perfectly adid, while the latter is more robust
against linear misalignments. With respect to rotest, the results are mixed, but vertical
coils can generally perform better. For invasive IBMsince the movement of the
modules would be very small, the vertical data od suitable choice. On the other hand,
the retinal implant usually has external modulesm# of the body, for example, the
external circuit module can be design on the fradna glass. Hence, the figure-8 data
coil would be a better design.

Most of the calculations, simulations, and measergnresults were in close
agreement within the range of parameters neededdoroprosthetic applications. One
major deviation from practical conditions, howewsgs air as the surrounding medium
around the coils, as opposed to neural tissue.eftre;, the optimal number of turns and
size of the coils are expected to be reduced,quéetiy for external coils, as shown for
power PSCs in [5]. On the other hand, since thenpability of tissue is close to that of
the air, the difference betweérin air and tissue will be small. The same desigerta
that are proposed here will be applicable in thgue.

The coil design for implantable device is introddige Chapter 3 and 4. In latter
chapters, the topic will move to long term wirelggsver and data communication for

freely moving animal experiment.
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CHAPTER V

. THE ENERCAGE SYSTEM DESIGN

Bioinstruments used for long-term biological datausition, stimulation, and
drug delivery on awake freely behaving small aniswbjects usually involve cables to
provide power and data [126]. However, most phygisits, particularly those who
record large volumes of data from the central nesveystem through multiple parallel
channels, conduct thein vivo experiments with behaving animals that are tethéoe
large electrophysiology instruments without takadyantage of numerous benefits of the
wireless data acquisition systems [13], [15].

In this chapter, the development of the Enercagdtesny, a novel wireless-data
acquisition system composed of a stationary bask aammobile unit (headstage) is
introduced. The system can track the location afall animal by threshold of the
magnetic field produced by the headstage. FurthexmBnerCage provides wireless
power for on-board electronics of the mobile umibich is the bionistruments. The
EnerCage system has three main features:

1. A modular overlapping hexagonal-planar spiral eex-PSC) array: inductive
power and data transmission take place throughatalde array of PSCs that are
implemented on a printed circuit board (PCB). Taigay can conform to an arbitrarily
shaped experimental field, and the PSC geometrees@imized to maximize the power
transfer efficiency (PTE) in response to misaligntae In other words, the transmitter
(Tx) PSC array allows the receiver (Rx) coil to rmdvom one PSC to another with

minimal variations in the PTE.
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2. Non-line-of-sight three-dimensional (3D) magodtiacking: an array of three-
axis magnetic sensors has been layered under s #Srack the 3D position and the
orientation of a small magnetic tracer embedddtienheadstage [30]. A smart algorithm
running on the external controller, a central ppas@omputer (PC) station, selects and
activates the PSCs that are in the best positiodetiver power to the Rx coil. The
magnetic 3D tracking can operate in both open anckred spaces, such as tunnels,
which might be a more natural environment for bwing animals.

3. Closed-loop power control: the EnerCage powarierais set at a carrier
frequencyf., of 13.56 MHz to comply with the industrial, sdiéic, and medical (ISM)
band [60]. The power-control mechanism uses comailBrcavailable off-the-shelf
(COTS) high-frequency radio frequency identificatiHF-RFID) chips to close the
inductive power delivery/load shift keying (LSK) dkatelemetry loop [36]. The system
can actively compensate for variations in the c¢ok®upling resulting from
misalignments, tilting, or distance variations ®alr time to ensure a smooth power
transfer to the headstage or implant.

A rendering of the proposed EnerCage system is gshovFigure 5.1. A wireless
mobile unit, which is a headstage carrying the Bk ¢s inductively powered by an array
of overlapping hex-PSCs that tile the floor of teeperimental arena. The control
circuitry has been implemented on modules thatnawented vertically under the PSC
array to form the stationary unit. An array of #naxis magnetic sensor modules (red
dots), evenly distributed under the hex-PSC arlagates a small permanent magnet
embedded in the center of the Rx coil. The proed¢aricept prototype EnerCage system

described in this paper includes five PSCs and $&msors, providing a 305 Eractive
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experimental arena. A simple threshold-based dlgarihas been used for magnetic
localization [21] in this area. The size of the BSas optimized for use with a wireless
integrated neural recording (WINeR) system-on-gcfi27] with a funnel-shaped
headstage for 32 movable tetrodes [105]. A simpteshold-based algorithm has been
used for magnetic localization in lieu of the pséan 3D tracking in [21].

The following section provides more details on BEreerCage system architecture
and key features, such as the design of the P$@, @he closed-loop power control, and
the magnetic sensor tracking mechanism. Measureresnits of the system functions

are included in Section 5.3, followed by concludiegnarks.

Module boundary ‘

Mobile unit _

Control circuits

-

Active PSC

Figure 5.1: A rendering of the EnerCage system wht its modular architecture. An array of
overlapping hex-PSCs, and a closed-loop power cootter provides the mobile unit (animal’s
headstage) with constant power. An array of threesdal magnetic sensors (red dots) tracks the
animal in real time.
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5.1 The EnerCage System Architecture

The block diagram of the EnerCage system is showsigure 5.2a. Each hex-PSC
is driven by a class-C power amplifier (PA) with%8efficiency, which in turn is
controlled by a HF-RFID reader chip (TRF7960, Tekmtruments, Dallas, TX). Every
three PSCs and their associated RFID readers weateotled by a local microcontroller
(MCU) (MSP430, Texas Instruments, Dallas, TX). Tgwmver amplifiers, RFID chips,
and MCU are all implemented on a single control mdedas shown in Figure 5.2b. This
module is connected vertically to the hex-PSC atmayninimize the electromagnetic
interference. Each PSC normally creates a vertitagjnetic field above its surface.
However, when the Rx coll is tilted > 60°, the ezt field cannot sufficiently energize it.
Hence, 2:1 multiplexers (MUX) are included in thentrol module to feed a pair of out-
of-phase input signals at 13.56 MHz to the RFIDdeza to handle this situation. When
two adjacent PSCs are simultaneously activated authof-phase signals, they create a

horizontal field between them to power up the dilkeeadstage [23].

o o P 1. X1 Closedloop ]
WINeR System ; L PA 1 Ose -cr>op |
, s IH 11 (Class C) 3 L ower ||
Magnetic Tracer ..}, nexagonal) I Control |
‘ 7| PSC Array I I : | :
|

: X121 2:1 MUXyq| 1! !
I I | | RFID Reader (! |
| : Magnetic | 11| (TRF7960) I : k2h |
-ii:f.':.f;l,‘: Sensory | I A I?I\)/ICSIL’ZA:}((;)L)J I 1| Central MCU :

- Y Amay I (MSP430)
 Col & l X121 Il |

Mobile Unit i PSC array Controller modules External Control

(a)
Figure 5.2: (a) Block diagram of the control elecbnics for every unit tile of the preliminary
EnerCage system.
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Figure 5.2: system. (b) PCB layout of the EnerCageontrol module for three independent PSCs.

In addition to delivering control signals, the IbBCU is responsible for collecting
the magnetic sensors’ data for 3D tracking andbnek-telemetry data (from the RFID
readers) for closed-loop power control. SeverallddCUs delivere the collected data to
a central MCU (MSP430), which fuses all the datd eslays it back to a central PC
station via universal serial bus (USB) interfackee Bupply voltage for all class-C PAs on
the controller modules is provided by a closed-lpapver control block, which is also
controlled by the central MCU [21].

5.1.1 PSC Design and Optimization

For the four-layer rectangular PSC module, the R8Gs for inductive power
transmission are stacked in three layers (layerlayter 3), and a fourth layer (layer 4) is
used for interconnects between the hex-PSCs andweical controller modules, as
shown in Figure 5.3a [27]. In the proof-of-concppitotype, two 2-layer (1.6 mm-thick)
FR4 PCBs with 1-0z (3mm-thick) copper are used to create the 4-layerctira, as
shown in Figure 5.3b. The spacing of these two PISBAs7 mm. Typically, conventional
coil design for inductive power transmission is fogured for the best-case scenario, in
which an individual Tx coil is in perfect alignmenith the Rx coil [4]-[7]. However, in

this work, the hex-PSC array geometry is optimiz@aninimize coupling variations as
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the Rx coil moved into and out of the worst-casertapping and misalignment scenarios
to provide a smooth power distribution to the héagis. In the worst case of overlapping,
the black PSC1 in Figure 5.3a, (a layer 2 coilpusrlapped by six PSCs (1_1to 1 6in
layer 1 and layer 3) and surrounded by six othea2P@& 7 to 1_12 in layer 2). In this
scenario, the largest parasitic capacitance andtaese is observed, resulting in the
lowest quality (Q) factor and PTE between the P&@Q the Rx coil [23]. The detailed
issues (parasistic capacitance, parasistic resistand mutual inductance) of this PSC
layout will be presented in Chapter 6. The Rx @ik wire-wound coil (WWC) [33],
embedded in the headstage plastic molding for rmechlastability [38], and coil models
were presented in [37]. The maximum lateral misahignt,ymax Of the Rx coil happens
at 1N3 of the PSC radiug4) at a nominal coupling distance, D = 78 mm, aatlise
selected based on the nominal height of mature {rams rats [127], [128].

Based on the conditions of coil coupling, the itieadesign procedure introduced
in Chapter 3 is used to maximize the PTE for therstvmverlapping and lateral
misalignments of the hex-PSCs. The PSC array aathite has been discussed here, but
the detailed geometrical design of the optimal R&Cs will be described in Chapter 6
[23]. Following the theoretical design optimizatjothe HFSS field solver (Ansoft,
Pittsburgh, PA) is used to verify and fine tune tR&C geometries, which are
summarized in Table 6.1. The resulting PTE in #teo$ worst case conditions is 19.6%,
which is quite appropriate for this application.eT@hfference between measurement and
simulation results is in part due to layer 4 metaterns, which are approximated in the
HFSS simulation model with parallel strips with tk@me coverage (48%) as the PCB

layout (as shown in Figure 5.3d).
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Table 5.1. ENERCAGE OPTIMAL COIL SPECIFICATIONS AT 13.56MH z
Tx PSC Rx coil
Parameter )
(primary) (seconary)
Shape Hexagonal PSC Wire-wound
Outer diameter, d, (mm) 168 40
Edge length (mm) 84 20 (Radius)
Number of turns 2 2
Copper trace cross section 35um x 10 mm lwire = 0.3 mm
Copper trace spaicng (mm) 3 ~0.2
Cail inductance {H) 0.88 0.38
Weight of copper (g) 3.6 0.7
Coil quality factor, Q 107 138

Nominal coupling distance,D (mm) 78

Max /Min~~ magnetic field strength when 1 W

is delivered to PSC (A/m) 0.36/0.23
Max/Min coupling coefficient, k 0.022/0.018
Calculated Max/Min PTE (%) 43.1/28.8
Simulated Max/Min PTE (%) 38.3/24.6
Measured Max/Min PTE (%) 31.6/19.6

" Perfect alignment.” Maximum horizontal misalignment = 49.1 mm.

Once the optimal overlapping hex-PSC geometry iplace, it is fitted in the
design of a PSC unit tile, (which comprises thefflof the experimental arena) while
satisfying the constraints of the PSC manufactupgraress. The layouts of the two 2-
layer PCBs, shown in Figs. 6.3c and 6.3d, thatlasiggned based on the specifications in
Table 6.1. Each unit tile in this design include® fcomplete PSCs (two in layer 1, two
in layer 2, and one in layer 3) enclosed by théhddsectangle in Figure 5.3a, and 18
incomplete PSCs, which could form seven additidt&Cs when attaches to an adjacent
unit tile. Therefore, each tile has a total of I32Pdriver coils, three for each of the four
controller modules shown in Figure 5.2. Figure 5d8s0 shows the layout of 23
overlapping hex-PSCs when completed by joining #vadjacent tiles. This figure
clearly shows how the EnerCage modular architectar® be scaled to support any
arbitrarily-sized experimental arena. Each modulo eghas 12 three-axis magnetic

sensors, represented by the red dots within thetiles in Figure 5.1 and Figure 5.3a.
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1.6 mm
1.7 mm

1.6 mm

Interconnection
and circuitry

(b)

Figure 5.3: (a) The worst-case overlapping hexagahPSC occurred to the black PSC1 in layer-2,
which was surrounded by six PSCs in the same layand overlapped by six other PSCs in layer-1
and layer-3. The worst-case lateral misalignment @tirred at Yax = ro/N3, which was indicated by
a yellow dot. Each stationary unit tile (identifiedby a dashed-line) had 12 drivers and 12 magnetic
sensors. (b) Cross section of the two two-layer PGBforming the three overlapping hex-PSC
layers plus an additional layer for interconnects.(c) PCB1 layout design for the unit tile of
EnerCage (30.8 x 28.3 cm2) that provided layer 1€d) and layer 2 (green). (d) PCB2 layout for
layer 3 (blue) and layer 4 (gray).
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5.1.2 Closed-loop Power Control Unit

The schematic diagram of the circuitry on the probtoncept mobile unit
(headstage) and the global closed-loop power conind (CLPC) [120] are shown
Figure 5.4. The RFID reader, which serves as theepdata transmitter and receiver,
drives a class-C PA, which is impedance matcheabth the RFID output and the LC-
tank. The mobile unit consists of a rectifier, arage super capacitorCdj, a 3.0 V
regulator, an LSK modulator () and an MCU (MSP430). The 13.56 MHz carrier is
rectified by a full-wave rectifier, divided, (0.458V,«) and compared with an internal
MCU reference voltageyie = 1.5 V. If Viec > 3.3 V, the LSK periodically shorts the Rx
coil by closing M at 700 Hz. These short pulses (Zwide) indicate that the received
power is more than enough, and the Tx output paskeuld be reduced. On the other
hand, ifVie < 3.3 V, no pulses are sent, indicating that thedmitter should increase
power supplied in incremental steps. Each activilbREader detects the back-telemetry
data and sends it to the central PC station vidoited and central MCUs.

The CLPC unit adjusts the Tx output power by prongda variable DC supply,
TX Vpp, to all PAs. The CLPC consists of an MCU (MSP430}jigital potentiometer,
and a DC-DC converter (LT1370) with >85% efficienag shown in Figure 5.4x_Vpp
is adjusted by the digital potentiometer (AD516@)1i 5 V to 8.5 V in 256 steps. The Tx
power is increased by default with an adjustabép size, unless the LSK pulses are
received from the mobile unit, in which case the poawer is decreased with an
adjustable step size to maintaip. around the designated 3.3 V. This RFID-based CLPC

mechanism has been discussed in more detail ir].[120
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Figure 5.4: Schematic diagram of the RFID-based aked-loop power control mechanism [120].

5.1.3 Magnetic Sensor Array

The magnetic tracer in the mobile unit is a smdidk-shaped permanent magnet
(05 mm x 1.5 mm) with residual surface flux densifyBomax = 14,500 Gauss (K&J,
Jamison, PA). It has a mass of 0.6 g, and its mais is aligned with the Rx coil. A
three-axis anisotropic magnetoresistive (AMR) senséliMC1043 (Honeywell,
Morristown, NJ), is mounted in the center of eaelRk-RSC to measure variations in the
DC magnetic field resulting from animal movemergnSor outputs are conditioned and

digitized before being read by the local MCU thrbulge serial peripheral interface (SPI)
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and are delivered to the central PC station viacr@ral MCU. The conditioned sensor
outputs are sampled at 100 Hz, resulting in a 1@e®gonse time. Figure 5.5a shows the
magnetic sensors' data flow diagram.

In the proof-of-concept prototype system, a simplgorithm calculates the
magnitude of the flux density at the location ofte&-axis magnetic sensor, |B])& € y*

+ 7)%° The sensor with the highest |B| is consideredetdhe closest to the magnetic
tracer, and if its |B| is above an experimenta#jednined threshol®y,, the associated
hex-PSC is activated. When several sensors haveBg| the algorithm chooses the one
with the highest |B|. If all sensors have |Bus the mobile unit is out of range, (as is the
case when the rat is standing on its hind limbs,ebcample), and the most recently
activated PSC is kept active at the highest poesl! In this case, the storage capacitor
supplies the mobile unit.

Under the threshold method, the boundaries detedniny the sensors for the
active area of each hex-PSC at 78 mm couplingristaare shown in Figure 5.5b. This
method results in a 0.68 error between the sensor and PSC boundaries,oassh
Figure 5.5b. The nonlinearity of the magnetic fialdund the magnetic tracer also causes
error in this simplified method when choosing whieBC to activate. In practice, the
maximum error at D = 78 mm is ~1 cm, which indisatee need to implement an

accurate real-time magnetic localization algorifii@i.
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Figure 5.5: (a) Data flow diagram for the magneticsensor array in the EnerCage system. (b)
Hex-PSC activation boundaries around magnetic sensxy located in the center of each PSC,
which were depended on their magnetic field threshds. The center to center spacing between
hex-PSCs/sensors was 85 mm.
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5.2  Measurement Results

The measurement results presented in this sectea derived from experiments
using the proof-of-concept prototype EnerCage systéth five controlled PSCs. These
experiments are meant to evaluate the homogentityeomagnetic field generated by
the overlapping hex-PSC array and the system regptonthe mobile unit displacements,
while powering it at a designated power level.
5.2.1 PSC Array

In order to demonstrate the homogeneity of the pdvemsfer, four EnerCage unit
tiles with 32 complete hexagonal PSCs were asseimatshown in Figure 5.3. Copper
tape with 88 um thickness was used to connect & Paces that spanned adjacent unit
tiles. In this measurement, a Cartesian-coordinatetic arm was used to move the Rx
coil back and forth across the PSC field at a HeaD = 70 mm to generate a raster plot
of the received power. The power was measured 20500Q resistor, directly
connected to the Rx LC-tank, which was tuned ab@3IHz. All PTE measurements
were then combined with proper horizontal offsefdom the overall PTE distribution
across the PSC array, and variations were foute twithin £24% of the averaged PTE.
The detailed results are discussed in Chaptergor&i5.6 shows how the received power
was maintained at 20 mW Bt= 70 mm by the CLPC unit [21]. It is worth notitigat
the received power fluctuations in this graph asslthan 2 mW. The 20 mW power level
was chosen in this prototype as a level that wHgmnt to power the majority of state-

of-the-art neural recording and stimulation devidex/].
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Received Power (mW)

Figure 5.6: Received power of the mobile unit withthe CLPC in the air. The distanceD, is at 70
mm, and P;, = 20 mW.

5.2.2 EnerCage Control Mechanism

A prototype hex-PSC array, shown in Figure 5.7hviite complete PSCs driven
by two vertical controller modules, was used to lgate the functionality of the
EnerCage CLPC and magnetic tracking mechanism& iFiggnetic sensors were also
placed under the PSC array in the center of eaciplete PSC. The Rx coil in the mobile
unit was embedded in white plastic as part of thadstage shown in Figure 5.2a. Both
Viee andV,g in Figure 5.4 were monitored in open-loop (fixed dutput power) and
closed-loop (variable Tx output power) operatingditons. A 500 g saline bag (9 mg/L)
used to emulate the animal body was placed bettteeRSC array and the Rx coil, and

the system performance with and without the bagasaspared.
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Figure 5.7: Experimental setup with five hex-PSCgontrolled by two driver boards in Figure
5.2b. The mobile unit with its Rx coil embedded inplastic was held above a saline bag,
representing the animal body, by a robotic arm.

Figure 5.8 compares the variations in the PA supplyage TX Vpp in Figure
5.4) as well a¥/,e andV,eg 0n the mobile unit under open-loop (Figure 5.8&) elosed-
loop (Figure 5.8b) conditions. These conditions fareemulating the animal subject’s
movements resulting in lateral misalignment. Irstbkperiment, the mobile unit was
moved in a horizontal plane at a nominal heighbaf 78 mm from the center of PSC-3
to the center of PSC-1, and from there to the casftéSC-2, as shown by the dashed
line in Figure 5.5b. Since the center to centerccsmabetween hex-PSCs was 85 mm,
Figure 5.8 shows the voltage variations caused byimg the headstage a total distance

of 17 cm. In Figure 5.8ax_Vpp was fixed at 8.5 V, which provided ~1 W of Tx outp
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power as well as the power consumed by the coatrdllhe peaks o¥,, where the Rx
power is the highest, are obviously at the centeach PSC, where there is no horizontal
misalignment. The valleys of,. are at the edges of the PSC active areas, shown in
Figure 5.5b, where the magnetic tracking switclhesatctive PSC (vertical dashed lines).
In the open-loop measurement, since the Tx isosebmstantly operate under the worst-
case scenario, a large percentage of the Rx poagidigsipated in the regulator, and the
overall PTE was quite low. When the saline bag mased under the mobile unh;e
dropped slightly by 9.6% because of the reductiotheQ of the active PSCs [5].

In Figure 5.8b, the CLPC unit automatically adjdsi@ Vpp for Vie: to be slightly
higher tharV, regardless of the Rx coil horizontal misalignmditte peaks and valleys
of TX Vpp in Figure 5.8b are the opposite of thos&/@f in Figure 5.8a. While using the
closed-loop mechanism, considerably less powertraasmitted in order to deliver the
same amount of power to the mobile unit, leadindpither overall PTE. This is quite
desirable because higher PTE means less heatatissipn both Tx and Rx sides, less
tissue exposure to the magnetic field, and lesspéeature elevation in the cage.
Switching from one PSC to another at the PSC baigslaften creates sharp voltage
transitions in the CLPC and sensors, which canvo&lad by proper filtering and signal

process of the control algorithm.
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Figure 5.8: Moving the mobile unit by 17 cm overtiree hex-PSC in 10 s at a coupling distance of
D = 78 mm: (a) Open-loop, (b) closed-loop. Verticalashed lines indicate when the magnetic
tracking mechanism automatically switches the actie PSC.

A measurement of variations i is performed to emulate the vertical
displacements of the mobile unit. In Figure 5.9d &igure 5.9bD has been increased
from 7.0 cm to 12.0 cm above PSC-2 under open- @oded-loop conditions,
respectively. For the open-loop measurem&rtVpp is again set to handle the worst-

case conditiondd = 12.0 cm), and/,ec Was again much higher than needed at shorter
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distances, resulting in considerable power dis&ipan the CLPC and mobile unit. On
the other hand, the closed-loop operation adjutedTx power to be just enough to

achieve the desirede = 3.0 V.
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Figure 5.9: Changing the coupling distanceD, at the center of PSC-2 in Figure 5.5b from 7.6m to
12.0 cmin (a) open-loop, and (b) closed-loop cotidins.

The animal subject may also tilt its head, and ttiiscould be combined with a
lateral misalignment. In the next experiment, thecBil was manually rotated above the
center of PSC-2 in Figure 5.5b @t= 78 mm to emulate the tilting misalignment. The

measurement results for open- and closed-loop tpgreonditions are shown in Figure
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5.10a and Figure 5.10b, respectively. When thagilangle is > 69 the mobile unit
cannot be powered up, becavsg falls below 3.0 V. As with previous tests, thesed-
loop mechanism keep¥ constantin Figure 5.10b despite coupling variations, as

compared to the open-loop condition in Figure 5.10a
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Figure 5.10: Rotating the mobile unit atD = 78 mm above the center of PSC-2 in Figure 5.5(n)
Open-loop, (b) closed-loop.

5.2.3 Compensation of the Rx Coil Movement
It was shown in Figure 5.10 that one PSC cannatgereethe mobile unit when the

tilting angle of the Rx coil is > 60°. One possibl@ution is to simultaneously activate a
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pair of adjacent PSCs with out-of-phase excitasamals to create a horizontal field
between them in a way that sufficient flux passesiugh the Rx coil [22]. Two-PSC out-
of-phase excitation, along with the storage supgacitorCs, shown in Figure 5.4, can
solve the problems caused by sharp tilting misatignts as long as they last less than
~30 s, which is often the case. A similar situatiay result from the animal rearing on
its hind limbs, thereby increasirig beyond the designated 12.0 cm maximum height of
the mobile unit. More detailed discussion abous¢heonditions can be found in Chapter
6 [35].

5.2.4 Maximum Permissible Exposure to Magnetic Field

According to the IEEE standard, the maximum perilissexposure (MPE) to
magnetic fieldsHl) is 16.3f. (A/m), wheref. is in MHz [59]. Hence, at 13.56 MHz, the
MPE is 1.2 A/m. Power density in free space cafobad from
P(mW /cm?)=H?*xZ, /10, (5.1)
whereZy = E/H = (u/&)"° is the impedance of free space, or approximat@ly Q.
Using (5.1), the equivalent maximum power densityld.56 MHz would be 54.3
mW/cn? [59].

When the PA delivers 1 W to the active PSC on thesidle, the level of magnetic
field exposure at the center of the PSC passebIBte level at a height of 3.2 cm above
the surface, according to HFSS simulation resBitsce the EnerCage system operates at
a relatively low frequency via near-field interactibetween the active Tx PSC and the
Rx coil, the area in which the magnetic field sg#nis above the MPE level is confined
to a small space above the active PSC with a pe#ikea3.2 cm distance, as shown in

Figure 5.11. Therefore, using the EnerCage systethd lab is unlikely to impose any
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risk of exposure to the researchers. However aat lgart of the animal body, particularly
the legs, will be inevitably located within thisage. At this time, it is not clear whether

this condition will have any impact on the resultshe electrophysiology experiments.

Figure 5.11: The simulated maximum permissible exgsure (MPE) boundary of four PSC arrays

operating at 13.56 MHz with 1W input power. The hidnest coupling distance that meets MPE is

3.2 cm at the center of each PSC.
5.3  Conclusions

The Enercage system is a smart experimental acenanfg-term electrophysiology

experiments. This system consists of a scalabkeyasf overlapping hexagonal PSCs,
arranged in such a way that they can cover anyrarity shaped experimental field. The
EnerCage system allows researchers to create emhatwironment for freely behaving
small animal subjects for an unlimited amount ohei Three key features of the
EnerCage system are: 1. Inductive powering throaglkcalable array of modular

overlapping PSCs that are activated one or twotahe. Each individual hex-PSC has
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been optimized to account for parasitics causedveylapping and adjacent PSCs, based
on worst-case misalignment conditions, to achiegenaoth coupling distribution across
the arena. 2. Accurate non-line-of-sight 3D tragkiof a mobile unit attached to or
implanted in the animal body via an array of magnsénsors. 3. Closed-loop power
control, which significantly improves the overall'lP and limits heat dissipation and
exposure to the magnetic field.

In this chapter, the EnerCage system design previde initial concept for the
long-term animal experiment. One of the key poiotghis system is the PSC array
design, which affects the homogeneity of the PT&ridution. In the next chapter, this
issue is addressed and the new models and optiamzaiocedure for of the optimal PSC

array are introduced.
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CHAPTER VI

. OPTIMIZATION FOR OVERLAPPING PLANAR SPRIAL COIL

ARRAY

The content of this chapter includes a geometdeaign procedure and a modular
architecture for a PSC array that can create a germaus magnetic field across any large
planar surface with an arbitrary size for efficiewiteless power transmission to either
stationary or mobile targets. In the design exammd=nerCage, shown in Figure 6.1, a
3-layer modular array of hexagonal overlapping P8@és an arbitrary-sized wireless
powering arena to couple onto a circular wire-woud coil that is embedded in the
headstage of an awake freely behaving rat to indefy power a wireless neural
recording system that was described in [127]. Rarasffects of the overlapping PSCs
and their impedance matching to the driving powepliier are key aspects of a design

that can maximize the power delivered to the Rkindhe worst-case conditions.

L _ Module Bound 7

AR

Figure 6.1: Top view rendering of an overlapping fanar hexagonal PSC array to generate a
homoaeneous maanetic field for wireless power transission to freely behaving animes .
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In addition to the overlapping PSC, the EnerCagesy is equipped with an array
of 3-axial magnetic sensor modules (yellow dotthatcenter of each PSC in Figurel),
which can track in real time the 3-D position amgbiotation of a small magnetic tracer
embedded in the headstage [18]. The power carggquéncyf,, is fixed at 13.56 MHz in
compliance with the industrial scientific medicE) band [60]. In the next section, the
basic theoretical PSC equations and design proeedsllirbe reviewed, and the detailed
equations can be referred to Chapter 3. Sectionpée8ents the measurement and

analysis of the results of the coupling efficienmflowed by the concluding remarks.

6.1 Coll Design and Optimization

A key aspect of the optimization procedure is thatead of maximizing the PTE
when the Tx and Rx coils are perfectly alignieel,in the best-case scenario, the designer
should try to maximize the PTE in the worst-caseditions when the Tx PSC has the
lowest quality factor, Q, and the Rx coil is at nmaxm lateral misalignment. This will
minimize the coupling variations and create a spagth smooth coupling and
homogeneous PTE distribution.
6.1.1 Unit tile Module for the Array of Overlapping PSCs

A number of factors should be considered in thegdesf the primary PSC array
such as min-PTE with respect to the Rx coil misahgnts, coil Q-factors, power carrier
frequency {; = 13.56 MHz), manufacturability, and cost. The B3fas to be designed
for batch-fabrication in the form of modular unitd multilayer PCB that tile the
experimental arena, as shown in Figure 6.1. Simetdtions in the commercially
available PCB fabrication processes define the mam size of the unit tiles (modules),

which should be repeated to cover a designatedadréee bottom of a charging mat, an
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animal cage, or a maze. Hence, densely packed teab&SC (hex-PSC) design has
been adopted because of its superior area covenageits square-shaped counterpart
[107]. Moreover, the hex-PSC, shown in Figure @&eds only three conductive layers
as opposed to four layers needed in the squareeghBSCs for the same level of
coverage. The fourth layer can then be used ferénhnects between the hex-PSCs and
their driving circuits. When the Rx coil is latdgamisaligned beyond a maximum level,
ymax the active PSC turns off, and one of the oveiltappPSCs that has a better coupling

with the Rx coil will be activated.

(©) (d)

1.6 mm FR4 layer 1
1.7 mm Air layer 2
1.6 mm FR4 layer 3
layer 4

Interconnection and circuitry
(9 (h)

Figure 6.2: Overlapping hex-PSCs in (a) layer 1bj layer 2, and (c) layer 3, which create a (d)
rectangular unit tile (module) when all three layes are properly aligned. (e) Implementation of
the 30.8 x 28.3 chhex-PSC module on two 2-layer PCBs, made of 1-oapper on 1.6 mm FR4
substrate, based on the optimal geometries given rable II. (f) Cross section of the 2-layer PCBs
forming the three overlapping PSC layers plus an aditional layer for electronic components and
interconnects. (g) A different view of the overlapmpmg PSCs, which is color-coded to better
demonstrate the relative positions of the PSCs inaeh layer. Every hex-PSC in this design, such
as the gray one in the center, has been surroundday six PSCs in the same layer (green-2) and
overlapped by six other PSCs in the other two layer(red-1 and blue-3). Worst-case horizontal
misalignment in this configuration occurs aty.x = r/V3, which is indicated by a yellow dot.
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The EnerCage unit tile has been designed for PCBufaaturing, which is often
rectangular shaped. Figs. 6.2a (layer 1), 2b (I1&e&and 2c (layer 3) show how three
hex-PSC layers are overlapped and carefully alignecteate a repeatable pattern for a
rectangular module, shown in Figure 6.2d, which cawver any arbitrary arena. In the
proof-of-concept module, shown in Figs. 6.2e andf,6the hex-PSC patterns are
fabricated on two 2-layer PCBs made of FR4 sulestratth 1-0z copper (FR4 dielectric
thickness:its = 1.6 mm, copper thicknest: = 35 um). The 2-layer PCBs were stacked
with 1.7 mm spacindy, (close to the thickness of each PCB substratepmstruct the
unit tile. Therefore, as shown in Figure 6.2f, thelectric material under layers 1 and 3 is
FRA4, while the one under layer-2 is the air.

Figure 6.2g depicts the relative positions of thertapping hex-PSCs in different
layers. Every hex-PSC in this desigrng. the central gray PSC in layer 2 (L1), has
overlapping with six other PSCs (L1 _1to L1 3igdal and L1 4 to L1 _6 in layer 3),
and surrounded by six other PSCs (L1_7 to L1_12}hm same layer. This pattern
ensures the continuity and strength of the magrfetld regardless of the horizontal
position of the Rx coil by limiting the horizontalisalignment in any direction toi3 =
0.577 of the hex-PSC radius (the yellow dot in Fég6.2Q).

6.1.2 Modeling of the Primary PSC Array

Modeling of an individual PSC in terms of self-irlance, parasitic capacitance,
and parasitic resistance has been covered in GH&ypdé-[7]. The model for the primary
PSC array is different from the individual PSC, daese each primary PSC is surrounded
and overlapped by other PSCs. The driver circibguld be designed such that when it

activates the PSC closest to the Rx coil, all o®8Cs are open circuit. Although the
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opened hex-PSCs do not load the resonance cilmuivay a coupled closed conductive
loop does, the parasitic mutual inductance, capacét, and resistance between the metal
paths of the neighboring hex-PSCs affect @hef the activated hex-PSC. Furthermore,
different overlapping hex-PSC layers experiencéerkht parasitic effects because of
their particular 3D arrangement, shown in Figur2f.6The optimal design of the PSC
array should maximize the PTE in the worst-caselitiams.

Figure 6.2g shows the worst-case condition for eive hex-PSC, which is on
layer-2, sandwiched between six PSCs in layeri1;tb Ly 3) and layer-3 (L ato Ly ¢),
and surrounded by six adjacent PSCs in layer+2; (o L 19. The equivalent circuit
model for this PSC, including key parasitic effeessshown in Figure 6.3.; andRg are
the inductance and series parasitic resistancaatf bex-PSC, respectively, a@d and
Rei are the parallel parasitic capacitance and resistgdue to dielectric material
leakage) between metal traces within each PSCec#asply.Cg is used for the resonant
carrier frequency. Even though every two hex-PS@sthe array have some mutual
coupling, for the sake of simplicity, the modebisly considered for mutual couplings in
two conditions: (1) overlapping hex-PSC pairs a?)dadjacent hex-PSC pairs, shown in
Figs 6.4a and 6.4b, respectively. In Figure 6.3wedent circuit, the interactions between
every hex-PSC pair that fit in one of these coondgiwith the central hex-PSC in Figure
6.2g has been expressed in terms of mutual indcetdv;; ;), mutual capacitance
(Cmijj), and mutual resistanceRy, ). The mutual effects of the non-adjacent or
overlapping PSCs such as Land Ly_i0in Figure 6.2g can be neglected because both
direct and indirect couplings for these PSCs arg small compared to the others [102].

All hex-PSC mutual inductances were calculated f{@jnand (2) by considering the
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PSC pairs’ lateral misalignments,, in each of the two conditions in Figure 6.4, &nel
vertical separation between every two layers irufdg.2f. Using the spacing between
every two adjacent metal tracelg, and the hex-PSC radiugy = dw/2, the mutual
inductance of the overlapping PSC pairs in Figuee(M,,) and adjacent PSC pairs in

Figure 6.4b M) can be found by substituting, = ro1 + Sugi/ V3 andyagy = 2/3ro1 + Sy

in (2), respectively.

RM1,1_1
—MN—
Cmq,1 1 o ®
[ ]
— " .
Cs1 M”Uf\
_|I TN
| I o
[l E- 3=
QO 3T 3T
Rp1T Cp4
. Rs: Rs1 1

Active Coil Open neighboring PSCs

Figure 6.3: Equivalent circuit model of each hex-BC in the primary coil array, including key
mutual couplings and parasitic components.

@) (b)
Figure 6.4: Two types of mutual interference betwen hex-PSCs: (a) overlapping hex-PSCs in
different layers, (b) adjacent hex-PSCs in the samayer.
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The mutual capacitance between overlapping PSG pair be found from parallel

plate capacitance model,

Cov = gogr_eff % ’ (61)

s
whereegg is the vacuum permittivityts is the separation between two layeks, is the
PSC overlapping area, andes is the effective dielectric constant between the t
conductive plates [112]. The mutual resistance betwoverlapping PSC pairByy,
originates from the dielectric loss, which in tuatates taC,, and the loss tangerin(o),

of the conducting and insulating materials [85); andR.q, the mutual capacitance and
resistance between adjacent hex-PSC pairs, anglat@d using models proposed in [85]
and [109], with the hex-PSC side lengthr@fand spacing o&. The complete hex-PSC
model in Figure 6.3, including parasitic effecsads to three 18 13 matrixes foiM,
Cwm, andRy, the details of which have been presented andledd in the Appendix B.
These effects can be used for the coil model.

It should be noted that the eddy current inducethiwioverlapping hex-PSCs,
adjacent hex-PSCs, and the overlapping circuitriagar-4 is not been considered in this
model. For the overlapping PSC array, the arrangenoé the direct and indirect
coupling metal traces from the same layer (layear) different layers (layer-1 and -3) is
very complicated, so eddy current effects were tahitfor the sake of simplicity.
Furthermore, the circuitry pattern of layer-4, whihcludes sensor circuits, power
amplifiers, control circuits, power lines and trenoectors, is difficult to be standardized
in the calculation model. In order to have an aamuoptimal geometry, a commercial
electromagnetic field solver, which includes thedyedcurrent effect, overlapping

connection traces, will be involved in the desigogedure.
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6.1.3 Design Considerations for the Rx Coil

In the wireless powering design example, EnerCtge Rx coil is a wire-wound
circular (WWC) type, mounted on the animal headsf@®], [127]. Both diameteid{,)
and weight Wmnay Of the Rx coil are limited in this application carshould also be
considered in the design. These two parametenrekated as follows,

4W 1/2
rwire = 2 - ’ (62)
mp D‘Z |:doz

wherep is the density of the conducting materjal< 8.96 g/cr for copper) fuire is the
wire radius n, is the number of turns, aml; is the Rx coil outer diameter. The weight of
the insulating material around the wire strandjisored.d,, = 40 mm is considered from
[105] and limitedWmax to 0.7 g. Moreover, the Rx coil was embedded iplastic
molding material, Smooth-Cast 300 (Smooth-On, EgsRA), as part of the headstage
for mechanical stability, but this material lowertbe Q of the Rx coil by 15% compared
to air.
6.1.4 Design Considerations for the EnerCage System

The coupling distance between the overlapping He&-Brray, which constitute the
primary coil, and the secondary Rx coil was cong&d® = 78 mm on average based on
the nominal height of mature Long-Evans rats [1Q%P8]. This distance should be
changed if the cage is to be used for species siughificantly different sizes, such as
mice, or for other applications. The carrier fregeewas chosefy = 13.56 MHz in the
ISM-band to comply with the HF-RFID standard andhiace highQ from the coils,
leading to higher PTE]. Moreover, highef. results in lower number of turns in the hex-

PSCs, which in turn simplifies the geometrical dasand modular assembly of the hex-
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PSC array [129].
Table 6.1 summarizes the design constrains dueppdication and fabrication
process that were considered in our example. Thmigation procedure should consider

not only the worst-case in regards to the hex-P®@em(see section 11.B) but also the

worst-case Tx-Rx coupling due to the lateral migatient, which i9mu = (fo1 + Su/ V3

)/\/?3 = 0.58,; according to the overlapping hex-PSC pattern guifd 2g. Whenmny.x >
0.58 1, the EnerCage control system switches the act&@ # one of the overlapping
PSCs (L 1to Ly ¢) that is in the best position to resume powerirggRx coil (.e. L1 5 or
L1 4 in this case). The goal is to minimize the couphmriations as the animal subject,
with the Rx coil on its head or in its body, mowaesoss the hex-PSC array. It should be
noted that to avoid further complexity, angular afignments were not considered in this

optimization, but simulated, measured, and remeidi&gctions 6.3.

Table 6.1. DESIGN CONSTRAINS DUE TO APPLICATION AND FABRICATION PROCESS

Parameter Symbol Design Value
Rx coil outer diameter (max) o2 40 mm
Maximum weight of the Rx coil Whnax 0.7¢9
Coils’ relative distance (nominal) D 78 mm
Power carrier frequency f 13.56 MHz
Rx coil nominal loading R 500Q
Lateral misalignment (max) Vmex (rout S/ V3)//3
PSC conductor thickness (Tx) t, 35um’
Conducting material properties (Cu) O L ~17 Qm, ~1
Spacing between peak-to-peak PSCs Sai 4 mm
PCB substrate thickness (FR4) t 1.6 mm
Separation between two PCBs tair 1.7 mm
Substrate dielectric constant (FR4) &« 4.4
Substrate dielectric loss tangent (FR4) tan(s) 0.02
Plastic mold dielectric constant (Rx) &p 3.2

"1 oz copper on 2-layer FR4 printed circuit board.

The model for the overlapping active PSCs with giéia effects, which was
described in Section 6.2.2, was used for the pyncail, and the mutual coupling was

simplified to only two coilsj.e. between the active PSC and the Rx coil. In othends;
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the mutual coupling between the open-circuit PS@$ the Rx coil were ignored. The
iterative design procedure in [5] was adopted tximae the worst-case PTE, starting
from the design constraints in Table 6.1 as thBainconditions, and ending with the
optimal coil geometries. Although this equivalemtcagit model gives the user quick
design guide to save the design schedule, sonteeqfdrasitic effects are not included as
discussed. Hence, a field solver, HFSS (AnsoftsButrgh, PA), was then used to in the
design procedure to verify and fine tune the vakwgggested by the theoretical models.
The simulation model includes the all possible eddiyent effects from the overlapping
PSCs of layer 1 to 3 and adjacent PSCs of layéfofvever, the real pattern of layer 4
includes driving circuitries, sensor modules, cantiontrol units, and the connections
[20], [21], which are not easy to be justified iretmodel. Hence, layer 4 metal plane is
simulated using parallel conductive (copper) sirif®.2 mm in width and 20.8 mm in
spacing, covering 48% of the total tile area. Tisishe same percent coverage as the
layer-4 circuitry in the actual fabricated PCB [2Thble 6.2 summarizes the geometries
of the resulting coils with 50@ Rx coil loading andymax = 49.1 mm. With these
dimensions, the hex-PSC module, shown in Figured sized 30.8 x 28.3 émand
implemented on a pair of carefully spaced 2-layérrim-thick FR4 PCBs. The Rx caoill,
optimal wire radiusryire = 0.33 mm, lead to the choice of the closest stahdhagnet

wire, AWG 22 €yire = 0.32 mm).
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Table 6.2. $ECIFICATIONS OF THE ENERCAGE CoOILS OPTIMIZED AT 13.56MH z

Tx PSC Rx coll
Parameter .

(primary) (seconary)
Shape Hexagonal PSC Wire-wound
Outer diameter (mm) 168 40
Edge length (mm) 84 20 (Radius)
Number of turns 2 2
Metal trace cross section 35um x 10 mm Iwire = 0.32 mm
Metal trace spaicng (mm) 3 ~0.2
PSC inductancaud) 0.88 0.38
Weight of copper (g) 3.6 0.7
Quality factor with/without layer-4 122 /107 138
Max/Ave/Min simulated coupling coefficienk)( 0.022/0.021/0.018
Max/Ave/Min calculated PTE (%) 43.1/38.5/28.8
Max/Ave/Min simulated PTE without layer-4 (%) 41.2/35.6/27.0
Max/Ave/Min simulated PTE with layer-4 (%) 38.3/33.9/24.6
Max/Ave/Min measured PTE (%) 31.6/27.5/19.6

:*Coupling distancel) = 78 mm
Maximum misalignment for the worst-case PPy = 49.1 mm
6.2 Measurement Results

In order to measure the 3D distribution of the RidEoss the hex-PSC array, four
hex-PSC modules in Figure 2e were joint togethel)ady soldering the edges of the
PSCs with an overlaying layer of copper tape (ihéds = 88 um) to cover a 61.6 x 56.6
cnt area, as shown in Figure 5a. Excluding the incetephex-PSCs across the edges,
this arrangement results in an array with 32 coteptererlapping hex-PSCs that can
energize a 2003.7 ¢nexperimental arena.

Figure 6.5b shows the block diagram of the measemeénsetup. A Cartesian
robotic system (Velmex, Bloomfield, NY), controllddy a PC, was responsible for
moving the Rx module in the 3D space above theRRe&- array. The Rx module is
connected to a 50Q load. A digital oscilloscope (MSO4034B, TektronBeaverton,
OR) measured the peak-to-peak voltage across th@mkCand delivered the results to
the PC to calculate the received power. The PS&yamas driven by custom made

control modules that included a microcontroller (M)C RFID reader, and power
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amplifiers (PA). The details of the control modulesre been described in Chapter 5. In
one set of experiments, the Rx-module also inclualédck telemetry switch that could

establish a closed-loop power control (CLPC) medmanas in [120].

Robotic
Arm

R
Power Supply
o

Closed-loop 3 | % - Kl o)
Power Control Sl @ 2
Driver modules
(MCU+RFID+PA) [ A
PCS array %

(a) (b)
Figure 6.5: (a) Measurement setup made up of 4 héXSC unit tiles of Figure 6.2e, a robotic arm
to sweep the Rx module in 3D space, driver circuitsa digital scope, and a PC with LabVIEW.
(b) Block diagram of the measurement setu

6.2.1 Hex-PSC and Rx Coil Quality Factors

Figure 6.6 compares the calculation, simulationtivand without layer 4), and
measurement results for worst-caQg of the overlapping and non-overlappinige.(
individual) hex-PSCs on the Tx side. It can be st the optimization procedure in
section Il has maximized th&: of the hex-PSC slightly below the power carrier
frequency of 13.56 MHz. This is because the PTEeddp onQr, Qg and k, a
combination of which needs to be maximized.at 13.56 MHz. The 12 mutual coupling
PSCs, shown in Figure 6.2g, have resulted in 33&®action inQr from 184 to 122 (in
simulation) compared to an individual hex-PSC witie same geometry. Although the
simulation model with layer-4 includes the sameetage ratio as the fabricated circuit
layout, the specific layout patterns include aadiéil undesired parasitic effects, such as

the eddy currents that further decre&¥e which have not been accounted for in the
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model. Hence, the measur@d = 83.2 for the overlapping hex-PSCs are lower thath

simulation and calculation results.

250 —1-PSC_cal
—0—1-PSC_sim
——1-PSC_meas
200 ===13-PSC_cal
_ =B =13-PSC w/o L4_sim
" IYY| @ =13-PSC with L4_sim
150 —ir—13-PSC_meas
. e N
@] Yy
100
50
0
0 5 10 1356 45 20 25
Frequency (MHz)

Figure 6.6: Comparison between calculation, simutéon, and measurement results of the
overlapping and non-overlapping hex-PSCs in termsfdheir worst-case quality factors in layer-2.

In order to better understand the effects of |ayeretal plane, several metal strips
that were 19.2 mm wide and changed the spacingeegiihem to sweep the coverage
ratio from 0% to 100% is used for simulation. Siatidn results forQr of the
overlapping hex-PSCs in different layers at 13.982Ws. coverage ratios in Figure 6.7
show that when the coverage ratio increaggsof the hex-PSCs drops because of the
increased parasitic capacitance and resist&hcef the hex-PSCs in layer 3, which is the
closest to layer 4, drops to zero around 87% coegrdecause the self-resonance
frequency (SRF) of these PSCs falls even below6l816iz. Qr of the hex-PSC in a
single PCB module without the second PCB is als@sue=d for comparison. The
resultingQr = 153 was close to thgr = 144 of layer 1 PSC with no layer 4 coverage as

shown in Figure 6.7.
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Figure 6.7: Qr of the hex-PSCs in different layews. the coverage ratio of layer 4.

There are two issues of the deviation of measuréemmah simulation of Figure 6.6
and Figure 6.7. First, a more realistic patterriayer 4 would include sensor circuits,
power amplifiers, control circuits, power linesdatonnectors as describe in Chapter 5.
According [130] , the pattern of overlapping metaés affect the Q of the PSCs. Second,
several overlapping PSCs for the worst case positiolayer 2 are jointed. In other
words, they are incomplete PSCs for single tileslhswn in Figure 6.2d. Hence, the
solder connections for the incomplete PSCs are umitorm. On the Rx side, as
mentioned earlier, in order to protect the Rx cagainst moisture and mechanical
damage, it was embedded in plastic molding as qfaitie headstage [105]. The plastic
material, however, adds to the Rx coil's parasiisistance and capacitance because of
the dielectric loss and dielectric constant, respely. The dielectric loss mainly comes
from the insulation material. Therefore, a consatde amount of energy will be
dissipated across the parasitic resistance, and@ghwill be decreased. Furthermore,

when the dielectric constant of the insulator matencreases, parasitic capacitance also
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increases, and the SRF decreases. The lower SREemdowerQg at high frequency.

Figure 6.8 shows the effects of embedding the Rxirtthe plastic molding on th@g.
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Figure 6.8: The effects of embedding the Rx coihithe plastic molding onQr.

6.2.2 Power Transfer Efficiency (PTE)

The PTEvs. coupling distance from the Rx coil of overlappihgx-PSCs for
perfect alignment and the worst lateral misalignm@px = 49.1 mm) are shown in
Figure 6.9a and 6.9b, respectively. Bit= 78 mm, lateral misalignment results in 10 to
15% drop in the PTE in calculations, simulationgl] aneasurements. Any misalignment
larger thany,.x will result in the switching of the active hex-P$&€the one that has a

lower misalignment.
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Figure 6.9: The resulting PTEvs. the coupling distance from the Rx coil. (a) perfecalignment.
(b) Worst-case lateral misalignment (49 mm).

Figure 6.10a shows two adjacent overlapping PS@s tlve gray areas indicating
where they are activated if the center of the Rkisdocated within those regions. This
region will be referred to as the active area ahdaex-PSC. Figure 6.10a also shows two
possible paths that the animal, carrying the R, ecoight take from one hex-PSC to
another. Along path-li.e. from point-a to point-b, the left PSC in layervhich is

centered at the origin, is activated fox @ < 42.5 mm, and then the right PSC in layer-1,
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which is centered at X = 85 mm, is activated fors4@&m< y < 85 mm. Figure 6.10b
shows the calculated, simulated, and measured RTi&tions along path-1. It should be
noted that the PTE of the right PSC overtakes thate left PSC at X = 34.5 mm
because according to Figure 6(F; of the hex-PSCs in layer-1 is higher than the hex-
PSCs in layer-2. Nonetheless, in the location-bas®trol scheme of the EnerCage
system, the switching occurs at X = 42.5 mm. FigwHOc shows the PTE variations
along path-2 (a to c). In this case, the left PS@ctive for @ y < 49.1 mm, and layer-2
PSC is active for 49.¥ y < 75 mm. These curves clearly show the reason yhy=
49.1 mm is the worst-case lateral misalignment.g@t®ring the hexagonal symmetry in
Figure 6.2g, the red dots in Figure 6.10c showsatbest-case PTE variations as the Rx

coil, on the animal body, moves from any random-R&C to another.

Active area
of right PSC

Active area
of left PSC

(a)
Figure 6.10. (a) Active areas of a pair of adjacémex-PSCs in layer-1 and layer-2, where they are
driven to energize the Rx coil. Also two possiblateral misalignment directions, path-1: from
point a to b, and path-2: from point a to c. (b) PE variations along path-1. (c) PTE variations
along path-2.
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Figure 6.10: (b) PTE variations along path-1. (c) PE variations along path-2.

6.2.3 Power Transfer Efficiency (PTE) Variations

Figure 6.11a shows a color-coded top view of theP8C array, which matches
the colors used in Figs. 6.1 and 6.2 for diffef@@B layers. The active area for each hex-
PSC has also been identified, which covers onel thireach hex-PSC area. Since the
range of robotic arm motion in the XY plane wasiled to 1%17 cnf, the Rx coil was

swept over each individual hex-PSC after adjustivgZ axis at a designat&l These
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individual measurements were then combined to coectsBD maps of the PTE over the
entire overlapping PSC array, as shown in Figslibadnd 6.11c fob = 70 mm and 120
mm, respectively. Because of the specific desigthefhex-PSC geometry, described in
Section 6.2, the PTE variations@t= 70 mm were limited to 16.6% to 39.1% around an
average PTE of 27.95%. PTE variation®Dat 120 mm were even more homogenous,
from 6.5% to 10.9% around an average of 9.02%. Ehisonsiderably better than the
previous attempts in generating a homogeneous rtiadiredd in a large experimental
arena for similar applications [97] and [106]. Thex-PSCs on layer 1 generated the
highest peaks because of their shorter couplingumtie to the Rx coil and less overlap

with the other three layers.

(@)
Figure 6.11: The PTE mapping of four hex-PSC unit$2x2) at different coupling distances: (a)
Active areas of each hex-PSC. (l) = 70 mm; (c)D = 120 mm.
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(c)
Figure 6.11: The PTE mapping of four hex-PSC unit§2x2) at different coupling distances: (b)D
=70 mm; (c)D =120 mm.

6.2.4 Angular Coil Misalignments (Tilting the Rx Caoil)
Considering the awake animal subjects’ behavia,Ri coil is likely to be tilted
on top of horizontal displacements. Therefores important to understand the effects of

the Rx coil angular misalignments. For a circular &il, angular misalignments can
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occur along théd and ¢ axes in a spherical coordinate system, as showigure 6.12.

In order to create accurate and consistent angukalignments alond, the Rx coil was
connected to an extension of the X-axis steppelomiot the robotic setup, shown in
Figure 6.5, as it was held at the nominal heighDaf 78 mm above the hex-PSC array.
The stepper motor had 40 steps in a°3@@ation and, therefore, could changén 9°
steps. The hex-PSC array itself was placed onratable to be manually rotated with
similar step size to generate tlge misalignments. Figs. 12a and 12b show a good
agreement between the simulation and measuremarits®f the Rx coil rotation when

it was perfectly aligned above one of the hex-P§Cs 0 mm), respectively. It can be
seen that in this configuration, themisalignment does not affect the PTE because both
the Tx PSC and Rx coil are almost circular. The PA@&vever, is quite sensitive #
misalignments due tk [1 cos(8), and becomes very small whér 90° [131]. Figs. 12c
and 12d show similar results when the Rx coil i§ iay between the centers of two
overlapping hex-PSCg £ 42.5 mm). In this case, the valley of the PTEups much
earlier wherB > 60° because of the small effective coupling &etaveen the active hex-
PSC and the Rx coil.

The PTE valleys in Figure 6.11 create temporaryddsmes across the
experimental arena for the headstage electronidsichwdepend of the Rx-coil
orientation. These are difficult to eliminate by difging the overlapping hex-PSC
geometry alone. Two solutions are considered taesddthis issue in the EnerCage
system. 1. Activating two adjacent hex-PSCs simalbaisly with out-of-phase signals to
create a horizontal magnetic field, which is disagsin Section 6.3.5. 2. Adding a small

auxiliary rechargeable battery or a super-cap &hbadstage to work as a buffer and
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store energy when the coils’ coupling is good aschgorarily supply the electronics
when the Rx coil is in a PTE valley, or when thenaai stands on its hind limbs,

elevating the Rx coil abov@.x = 120 mm.

- 90
Phi (deg.) 0 g 30 60

30 60
Theta (deg.) Theta (deg.)

(a) (b)

PTE (%)
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o o
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‘ 30
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30 \ «
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09 30 Theta (deg.) 09 30 Theta (deg.)

(c) (d)
Figure 6.12 PTEVs. tilting angles for a layer-2 hex-PSC powering hecoil at the nomingD = 78
mm: (a) Simulation at X = 0 mm; (b) MeasuremenXat 0 mm. (c) Simulation at X = 42.5 mm; (d)
Measurement at X = 42.5 mm.
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6.2.5 Horizontal Magnetic Field with Out-of-Phase PSCs

To address the problem of small PTE for a combomatif severe angulaf ¢ 60°)
and lateral misalignments, shown in Figure 6.1l #ystem activates a pair of
overlapping hex-PSCs simultaneously with out-ofgghadrive signals to create a
horizontal flux between the two PSCs in a way thate flux is bent towards the Rx coil
and pass through it. Figure 6.13 demonstrates atwase scenario, in which the Rx coll
is held vertically @= 90°) in between the two PSCdat 78 mm ang = 42.5 mm. The
graphs compare the received power when the Rxis€a@ilvept along path-1 in Figure
6.10a from the center of one hex-PSC (a) to therdih) when they are either activated
individually or simultaneously with 180° phase dr#fnce. The Tx power delivered to
each hex-PSC in this experiment was set to 0.5 1)/ [2can be seen that by using the
simultaneous activation method, the received p@taundy = 42.5 mm has been almost
tripled.

In fact with proper driver circuitry and choice luéx-PSCs it is possible to steer the
magnetic flux in different orientations by contiolf the phase difference and amplitude
between power carrier signals applied to the he?SBlonetheless, the received power
above the center of the a PSC=(0 mm or 85 mm) is still smaller than the desigéd
mW level, and therefore, the use of auxiliary mefansenergy storage in the headstage
might be necessary for uninterrupted operatiormefelectronics attached to or implanted

in the freely behaving animal body.
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Figure 6.13: Comparison of misalignment (X) for diferent Tx PSCs with a tilting Rx coil (8=
90° and¢ = 0) at coupling distance = 78 mm.

6.3 Conclusions

This chapter includes an optimal design methodolémya scalable array of
overlapping hex-PSCs with a modular architecturegrged in a way that it can cover
any wireless powering area by creating a homogemoagnetic field. Thr exemplar
application for such a coil arrangement is contirsipowering of the randomly moving
electronics that are attached to or implanted énftbely behaving small animal subjects’
body for long term behavioral electrophysiology esments. The specific design of the
hex-PSC module and implemented it on a pair of @ealed PCBs has provided. The
PTE variations have been minimized by optimizing tex-PSC geometries on the Tx
side along with the Rx coil, while considering kegrasitic components and practical
constrains imposed by the application or fabricapoocess, to maximize the PTE in the

worst-case scenarios, which are critical in manmta operation over the entire
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experimental arena. The idea is that in better itmnd, when there is excess power
available on the Rx side, a closed-loop power cbntrechanism can reduce the Tx
power, as demonstrated in [120].

The worst-case in terms of parasitics that redheeQ-factor was related to the
hex-PSCs in the" layer, each of which was surrounded by 12 othexP®Cs. The
worst lateral misalignment of the Rx coil wasx = roi/ V3, and the worst angular
misalignments weré&> 60°. Such angular misalignments, however, caadoleessed to a
large extent by the flux steering technique, whitéolves adjusting the amplitude and
phase difference between two simultaneously aet/&SCs. Nonetheless, embedding a
small energy storage component in the Rx modulemseéo be inevitable for
uninterrupted operation.

All theoretical models were verified by finite elent analysis models that were
constructed in a commercial field solver (HFSS)d darther validated using a high
precision robotic measurement setup. However, tmptexity of the metal pattern of
layer 4 degrades the optimization result.

In this chapter, a design methodology for an oygilag hex-PSC array has
proposed to create a homogenous magnetic fieldifeless power transmission for the
preliminary EnerCage system. However, this prelanynsystem has several issues. In
the next chapter, these issues are addressed andetih PSC design and improved
system is introduced. Moreover, the preliminamyvivo animal experiment with the

EnerCage system is performed.
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CHAPTER VI

. THE NEW ENERCAGE SYSTEM WITH ANIMAL EXPERIMENT

RESULTS

In Chapters 5 and 6, the preliminary EnerCage sysiad coil design methodology
were introduced. In this system, each overlappexpgonal planar spiral coil (hex-PSC)
has its own sensor module and driver circuitry, ahincludes a radio frequency
identification (RFID) reader and a power amplif{&A). However, this design is not
efficient in terms of power consumption and comielRecause each PA only drives one
PSC. Therefore, there is a need to reduce the nuafldfivers and sensors. Moreover,
the communication between each control module #edpersonal computer (PC) is
based on a central microcontroller (MCU), whichrist easy to be modularized.
Therefore, a new version of the EnerCage systeladctie “EnerCage-1" is presented in
this chapter. The EnerCage-1 reduces the amouniivahg circuitry and the number of
sensors for the same amount of area by taking #ayarmf multi-coil coupling [56]. The
EnerCage-1 is also equipped with “Xport” Ethernatdules, (Lantronix, Irvine, CA)
each with its own internet protocol address (IPrass) for communication with the PC.
An Ethernet hub connects multiple control modugggether into a single network, which
the PC can then communicate with.

Figure 7.1 is a rendering of the most recent varsiothe system, the EnerCage-1.
A wireless mobile unit in the form of a headstagenoplant embedded with receiver
(Rx) coils is inductively powered by an array ofedapping hex-PSCs that tile the floor

of the cage [23]. The cross sectional view of agping PSCs is the same as in figure
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6.2g. The power transfer efficiency (PTE) has biegmroved by using a combination of
3- and 4-coil coupling mechanisms [56]. On thegmaitter (Tx) side, there are two kinds
of PSCs: the driver PSC (Coil-1;)Land the primary PSC (Coil-2,L On the Rx side,
the secondary coil (Coil-3, 3. and the load coil (Coil-4, J) are used to achieve
maximum PTE while providing the optimal load comatt Driver PSCs, (red hexagons)
driven by class-C PAs, are on layer 3, and prinRR®Cs are on layers 1 (blue) and 2
(green), as shown in Fig. 7.1. Each driver PSG#®e@ated with two of the six primary
PSCs that overlap it. This design reduces the numibdrivers and control modules to
one third the number used in the preliminary EngeCsystem [21], while maintaining a
high PTE. Each control module, mounted verticaliger the PSC array at the locations
of the yellow triangles in Figure 7.1., houses ¢batrol circuitry and three PAs that are

connected to the three driver PSCs.

Magnetic sensor
\R\AY \AY/

Figure 7.1: Top view of the array of overlapping lex-PSCs and magnetic sensors that tile the
floor of a large experimental arena for EnerCage-1
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An array of 3-axis magnetic sensors (red dots)nlgvdistributed under the hex-
PSC array, determine the location of a small magndtedded in the center of the Rx
coil. The number of sensors has been reduced bgd@rpared to the previous design in
[21], while maintaining the system tracking accyralm this chapter, the new system
architecture, the multi-coil coupling mechanisnraaliuced in Section 7.1, and the system
tracking mechanism are briefly described in Sectigh[19]. The measurement results of

the system characteristics and the animal expetiarershown in Section 7.3.

7.1  System Architecture and Coil Design of EnerCage-1

In this section, the system architecture of therEage-1 is introduced. The PTE of
the EnerCage-1 is improved by multi-coil coupli®d®], and the concept of the multi-coil
design and optimization is also discussed in tbdcsicn.
7.1.1 System Architecture

The EnerCage-1 system block diagram, shown in Eigu2, consists of five key
components: the stationary unit (PSC board), tirabboards with driver circuitry that
connect vertically under the PSC board via threéASMnnectors, the closed-loop power
control (CLPC) module [120], the mobile unit, art tcentral PC. As shown in Figure
7.3, each control board has an MCU (Tl, MSP430)iclviis responsible for delivering
control signals to three RFID readers (TI, TRF79@Ach of the RIFD readers then
controls a 68% efficient class-C PA, which in taimves a driver hex-PSC. The carrier
frequency,f, is also set to 13.56 MHz to comply with the ingia$, scientific, and
medical (ISM) band, and the hex-PSC geometries haea optimized accordingly.

The MCU has several control pins that it uses tenofhne Tx PSCs that are not

active. Each driver PSC then couples onto the Rxetber directly or through one of its
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two primary PSCs, depending on the position of Rxecoil. If the Rx coil is located
above a driver PSC (), the coupling mechanism is 3-coil coupling (b Ls to Ly), but

if it is located above a primary PSCyJLthe driver PSC delivers power through that
primary PSC via a 4-coil coupling {lto L, to Ls to Ly) mechanism [10]. Hence, each
control module controls nine PSCs, three drivessr primaries, and the active area of
each is 1/3 of the PSC layout area, as shown inr&ig.4. Since the effect of phase
control on multi-coil coupling has not been studyed, the 2:1 multiplexers (MUX) for
180 out-of-phase input signals that are used to addtles tilting problem in the

preliminary EnerCage system (Chapter 6) are removed

Ethernet CLPC modll HUB U -'.’.'\\:'.‘.'.’.'.'.'.'.‘.'_'.'.'.'.'.'.'.‘.’.'.'.'.'.'.‘.'.'.'.'f“
module
N Ethernet . 24GH
Cable 4 RE Link
m " | Driver PSC| A, -
= Power Amplifier ”Xer[ay | Secondary Wireless
3 (Class C)x 3 A and Transceiver
% 3] Load Coils (nRF)
% RFID Reader | |Relay ngm:r ?;y J
0 N
g (TRF7960) X3 Power .Neura'|
2 Managerment | /| Stimulation
X Sensor IRecording
g MCU Armay ] Circuits
= (MSP430) N Magnetic Tracer
Control Modules PSC Boards Mobile Unit

Figure 7.2: Block diagram of the EnerCage-1 system including dvers, PSCs and the mobile unit.

Each control module is also connected via flat €alib three magnetic sensor

modules, AMI 360 (Aichi Steel, Aichi, Japan). Easnsor is mounted in the center of a
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driver PSC, as shown in Figure 7.4 and collectsn@ignetic field data that it passes on
to the MCU. The EnerCage-1 system runs with twéeckht supply levels; a 5 V for all
RFID readers, control circuits, and magnetic semsodules, and a variable voltage

provided from the CLPC module for the PAs.

\ViE=Tals

- To Driver PSCs

' ' P TeTETRE

Figure 7.3: PCB layout of the EnerCage driver modle, which can drive nine independent PCSs.

On the Rx side, the mobile unit shown in Figure indudes secondary and load
coils which improve the PTE by transforming thedampedance [56]. The 13.56-MHz
AC carrier on the Rx coll is first rectified by adtifier (V;e) and then digitized by an
MCU (NRF24LE1). The mobile unit also includes aelass transceiver (NRF24LE1)
that operates at 2.4 GHz. This transceiver candeel tio transfer biological data and
power information when the LSK back-telemetry liskweak due to a large separation
between Tx and Rx coils. The MCU generates shdsegy~10us) iV« > 4V and sends

these pulses as back-telemetry data to the Tx Usaagshift keying (LSK), which is then
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read by the RFID reader, and relayed back to th&JM€Cthe control board. The MCU

then bundles the magnetic sensor data with the-tedeetry data and sends it to the
central PC via the Xport Ethernet communication atedwhich has been assigned a
unique IP address. Any number of control modules lwa used in order to extend the
experimental area to have any desired size anceshiap PC collects data from all of the
modules, records the tracking and biological dataj uses the algorithm discussed in
Section 7.2 to determine which coil to activatee FC then sends control commands to
the MCUs of the control modules and the CLPC madutech has its own Xport and IP

address. The CLPC is also connected to the huladjudts the PA supply voltage based

on the PC command to regulate the Rx power [120].

Driver Board Active Area
Connection SWItChIng
Boundary

Driver

PSCs [

Magnetic

Sensors Prlmary

PSCs

Figure 7.4: One module of the EnerCage-1: nine oxapped PSCs and their domains.

The main purpose of the mobile unit is to repldeeliatteries in the electronic or
mechanical €g. pumps) devices that are attached to, or are irtgedlam, the animal
body, and the design of its physical shape can ddifrad according to the needs of the
application. For instance, in the current protofygpe mobile unit is designed to be part

of a headstage with 32 movable tetrodes that wik pp single unit neural activity for a
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wireless integrated neural recording (WINeR) daiguésition system [127]. The WINeR
system wirelessly sends the neural signals to dependent receiver at 915 MHz after
conditioning.
7.1.2 Multi-coil Coupling *

A popular technique for wireless power transfemuctive coupling, which uses
two coils referred to as the primary,jLcoil and the secondary 4} coil, as shown in
Figure 7.5a, and as discussed in Chapter 3. Thed®Te 2-coil link shown in Figure

7.5a can be found from [68].

Q. Qu
1+ k223Q2Q3L QL ,

/72—coil = (71)

where Q. = wL3 / R, known as the secondary load quality factor, deit@es the
efficiency from the secondary colil to the load Qs / Q., as discussed in Chapter 3.
Based on (7.1), the efficiency profile of the 2icwmiductive link is a monotonically
decreasing function of the coils’ coupling distanBat for a givenQ,, Qs andkzs, there
is an optimum loadR_pre = wL3/ Q. pre, Which can result in maximum PTE [132] at

each coupling distance, and that can be found from

S22 EQQ 72)

QL ,PTE

In order to improve the PTE, a multi-coil couplingchnique is introduced, in
which two coils (secondary and load coils) are usedhe Rx side to provide optimal
load matching. 3-coil coupling occurs when just dnecoil is used (driver coil). The
mechanism of the 3-coil power transfer inductivek lis shown in Figure 7.5b, and
consists of one driver coil {(Lon the Tx side, and secondary)(land load (L) coils on

the Rx side. The PTE of this system can be fouoieh fr
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* The equations of this section are mainly deribydViehdi Kiani of GT-Bionics Lab, and the detailed
works can be referred to [56].



— kl23k§4 1Q3Q3Q4L + k124QlQ4L Q4L
,73—coil - 5 > 5 (73)
cos@)1+k2QQ, NA +B> Q

whereA, B andd are written as

A=1+ k123Q1Q3 + k§4Q3Q4L + k124Q1Q4L

B = 2Q1Q3Q4L k13k14k34
a1 B
6 =tan (Z)' (7.4)

For large coupling distances between driver andrsggry coils, the effect &4 is

small and the PTE formula can be simplified to

k223Q1Q3 . k§4Q3Q4L Q4L )
1+ k123Q1Q3 + k§4Q3Q4L 1+ k§4Q3Q4L QL

,73—coi| = (75)

The 3-coil PTE given in (7.5) consists of two teriie second of which is the PTE from
Lz to Ly if they are considered to be a 2-coil inductivelitt can be shown that the first
term is the PTE from 1to Lswhen Lg is loaded by L.

4-coil coupling occurs when a primary coil is addeetween the driver and
secondary coils (results in coupling fromtb Lyto Lswhen L is (?) loaded by {). The
idea of the 4-colil inductive link (Figure 7.5c)ts have high PTE between the loosely
coupled, highQ primary and secondary coils which are not loadeectly by the source
or load impedances, respectively. The PTE in tleeilheoupling link shown in Figure

7.2a can be found from [56]

Fagieele)eIoN Qu
[@+KQQ)- 0+ KQQ) HKEQQII+KQQ +kQQ ] Q |

/74—coil =

(7.6)

It should be noted that when the PA resistancargel the additional driver coil in

4-coll links increases the PTE but reduces the paekvered to the load due to the large
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impedance reflected into the driver coil. Furtherepdhe worst position for the PSCs
where PTE is concerned is the metal 2 layer becalifee overlapping by the top and
bottom PSCs.

The design of the inductive link for the EnerCagsyktem is based on 4-coil
coupling. The three overlapping PSCs are in thretaiiayers of two 2-layer PCBs. If
the animal subject moves to the driver PSC orpgaraary PSC, the coupling mechanism
is 3-coil or 4-coil coupling, respectively [10]. iBhmechanism reduces the number of

driver PAs and maintains a high PTE [10].
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(b) (©)
Figure 7.5: (a) Conventional 2-coil power transfeinductive link with reflected load equivalent [92]
(b) 3-coil power transfer inductive link. (c) 4-col power transfer inductive link [56].

7.1.3 Design Procedure and Optimal Results
The design of the EnerCage PSC array is based d¢iaoi coupling to achieve
the highest possible PTE. Here, a summary of thienggation procedure is explained for

3-coil links. The details of 3- and 4-coil link apization can be found in [56].
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7.1.3.1 Design Procedure

For 3-coil link optimization that includes all pamaters of L, L3 and L, (7.3) can
be used. However, this equation is overly compdidabecause it considers all coils’
parameters at the same time. Hence, (7.5), theliBedpversion of (7.3), is used. Since

the first term of (7.5) is dominated by a&nd Lg, it can be simplified to:

k123Q1Q3
LTI -1

The second term of (7.5) is dominated by L, and the loadR ). Hence, the
optimization includes two parts. The first parti@ne for L3 and Ls based on (7.7) where
Q1, Qs, andk;3 should be maximized while considering the applicatnd fabrication
constraints. Depending on the application, the sifels may be limited. The
optimization procedure for the;dls link is quite similar to the one found in [7]. The
second part of the optimization shown in Figure Which is based on (7.5) for;land
L, starts with a preliminary value of;land L; with a fixed load impedance. After
finishing the iterations of the second part, theoragimated maximum PTE can be
estimated. Then, the new geometry eshould be compared with the previous geometry
of Lsfrom the first part. If the geometry oglbas changed, the procedure returns back to
the first part with the newjdgeometry to optimize the geometries afdnd Ls. If the
geometry of kdoes not change, the procedure is finished, revgdhie optimal coils’
geometries.

For 4-coil inductive link, the optimization proceduis also separated into two
parts, the first of which is the same as that ef3kcoil link. In the second part;,LL3 and
L, are optimized with a fixed load based on (7.2)elthe interim geometry ofslis

used to determine if the geometries obtained in sbeond part are optimal. The
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optimization procedure for 4-coil links is includéd Figure 7.6. Here, 4is used to
determine the optimal link rather than hecause 4.is in strong coupling with £which
is connected to the load. Moreover, PTE is almo&df if ki, is above a certain value.
Therefore, the Lgeometry variation is less than thedeometry variation.

In the PSC array design, the model of overlappi®g$ with parasitic effects
discussed in Chapter 6 is used for 4-coil couplpgimization. In order to create a
homogenous magnetic field, the geometries of trexrlapping hex-PSCs, which act as
driver and primary PSCs in the 4-coil link, arentleal. In order to have a conventional
design example, the PCB process discussed in Gh@pseused for the PSC array, and
the constraints are similar to those shown in Té&lile In addition, some of the parasitic
effects are ignored here, as they were in Chapter 6

As for the Rx coils, two designs are studied, reféito as Set-1 and Set-2. Set-1
is used in preliminary tests, and has wire-woundsdor L; and L, that provide high
PTE. The diameter of the coils is limited to 40 manyvalue chosen based on the
parameters of the WINeR system [127]. For Setsire-wound coil is again used fogL
to improveQ, but a PCB multi-layer coil is used foi to reduce the size of the mobile
unit. The layout of L is shown in Figure 7.7. The diameter gfit 40 mm [105], and the
diameter of L, is 25 mm, or roughly the size of a quarter caiksiAfter the geometry is
decided, the iterative design procedure is executsdg the optimization shown in
Figure 7.6. Furthermore, a field solver, HFSS (ApsBittsburgh, PA), is used in the
design procedure to verify and fine tune the vakwgggested by the theoretical models.
The simulation model includes all possible eddyrenir effects from the overlapping

PSCs in layers 1 to 3. The optimization resultenflmulation are shown in Table 7.1.
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1. Applying design constraints based on the apipdinaand fabrication process.
& J

1

2. Applying the initial values: parameters far(for 4-coil), Ly, Lz and L.

4. Optimizing lybased on (7.3).

| |

5. Optimizing Lsbased on (7.3).

I
I
I

6. OptimizingL; for 4-coil link based on (7.6). |

SR ——

7. Is the efficiency improvement less than 0.1%?2

8. Is the geometry df; changed less than 0.1%7?

[9. Optimized design can be validated by a fieldesosimulation or measureme}ts.

Figure 7.6: Iterative multi-coil inductive link design flowchart.
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(a) (b)
Figure 7.7: Three-turn multi-layer PCB coil. (a) Top view. (b) 3D view.

7.1.3.2 Optimal Results

Table 7.1 shows the geometries and specificationcais that have been
optimized for 4-coil inductive links. The driver itdL ;) and the primary coil (1) are
hexagonal PSCs fabricated with 1-0z copper (thiskre 35 pm) on 1.6 mm thick-FR4
substrates. For the Set-1 design, the Rx coildadmecated with AWG-22 magnet wire
(diameter = 0.64 mm). For the Set-2 design, thersdary coil (L) is fabricated using
AWG-22 wire (diameter = 0.64 mm) in order to aclkeiewaximumQ, and the load coil
(Ls) is designed on multiple layers of the Rx PCB wihline width of 1 mm.
Disregarding situations in which the Rx coil iged, the maximum misalignment (and
therefore the minimum PTE) between the Tx and Rbs @zcurs when the center of the
Rx coil is displaced from the center of the Tx dmjlV3 of the PSC radius (48 mm). In
these results, the PTE of Set-1 is still highenth@at of Set-2 because In Set-1 has

larger diameter, which results larger the coupbhg; or L.
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Table 7.1. PTIMIZED GEOMETRIES AND INDUCTIVE LINK CHARACTERISTICS FROM SIMULATION
RESULTS
Parameters Design Value
Inductance = 0.68H
Outer diameter = 16.6 cm
Number of turns = 2
Line width = 8.66 mm
PSC driver coil () and primary coil (k) Line spacing = 2.60 mm
Quiality factor = 163 for driver PSC on layer 1
Quality factor = 127 for primary PSC on layer 2
Quality factor = 155 for primary PSC on layer 3
Weight =3.3 g
Inductance = 1.25H
Coil Diameter = 40 mm
Wire diameter = 0.64 mm
Number of turns = 3
Quality factor =188
Weight=1.0¢g
Inductance = 0.7RH
Coil Diameter = 40 mm
Wire diameter = 0.64 mm
Number of turns = 2
Quality factor = 155
Weight =0.7 g
Inductance = 1.25H
Coil Diameter = 40 mm
Wire diameter = 0.64 mm
Number of turns = 4
Quality factor =196
Weight=1.4¢g
Inductance = 0.3jH
Coil Diameter = 25 mm
Line width =1 mm
Number of turns = 3
Quality factor =177

Wire-wound secondary coil g): Set-1

Wire-wound secondary coil g): Set-1

Wire-wound secondary coil g): Set-2

PCB multi-layer coils (L): Set-2

Weight =0.3 g
L, and Ls nominal relative distancelf) 120 mm Kz = 0.033) 120 mmigs = 0.035)
Lz and L, relative distancedg,) 30 mm ks4 = 0.33):Set-1 18 mm ks, = 0.28):Set-2
Overall efficiency (%) 12.8 /6.2 (3-coil)Ser-1 12.2 /5.8 (3-coil)Ser-2
atd,; = 120 mm Max / Min* 12.6 /5.8 (4-coil)Set-1 12.4 /5.6 (4-coil)Set-2
Nominal Loading (R) (ohm) 500

*Maximum misalignmentj(ma) = 83N3 = 48 (mm)

7.1.3.3 Link Budget for Multi-coil Coupling

The link budget of a typical communication systerdi¢ates how the transmitted
signal is ‘spent’ as it travels through the linkdais received by the receiver. It is
therefore a balance sheet of energy gain and cgrtsamalong the communication path.

In this chapter, the energy gain and consumpticth@imnulti-coil coupling is analyzed to
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understand the power consumption of each stagee $ie worst case coupling is 4-coll
coupling in maximum misalignment with Set-2 coibsly this case is analyzed for the
link budget. Table 7.2 shows the efficiency at estedp of the inductive link in multi-coil

coupling for Set-2 coils, and the load is 500 ohmghis design. In Table 7.2, the

maximum loss occurs betweep dnd Lg, which is expected.

7.2.LINK BUDGET FOR THE 4-COIL COUPLING FOR SET-2 RX COILS IN MAX MISALIGNMENT

Parameters 4-coil Coupling

PA (%) 68
Matching of Tx circuit(%) 98
Connection (%) 99
LitoL, (%) 78

L, to Lz (%) 11

Lsto Ly (%) 66
Matching of Rx circuit%) 98
Total (%) Max / Min* 3.6

7.1.4 Design of the PSC Array

The PSC manufacturing process limits the shapeuaitdile to a rectangular form,
as shown by the black boundary in Figure 7.8. Raghtile includes 23 complete PSCs
(eight PSCs in layer 1, eight PSCs in layer 2, aaden PSCs in layer 3), and 30
incomplete PSCs. The driver circuitry controls ¢hdeiver PSCs and six primary PSCs as
shown in Figure 7.3, so each tile has a total oflfizer PSCs that are divided into 4
controller modules. Figure 7.8 also shows the layoli the 43 partial hex-PSCs
associated with each tile when completed by théteagljacent PSC tiles. This figure
clearly shows how the EnerCage modular architectar® be scaled to support any
arbitrarily-sized experimental arena. Each modige has 12 3-axis magnetic sensors,
represented by the red dots in Figs. 7.1 and 7¢8. F.9a and 7.9b show the layouts of
the two 2-layer PCBs that are designed based orsgheifications in Table 6.2. The

fourth layer of this design is used to connectdbetrol modules to the PSC array tiles.
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The matching capacitors and relays of the prim&g®are also on the fourth layer.

G

i
[
B O
S

PCB boundary

Sensors

Figure 7.8: Each stationary unit tile has 12 drives for 12 driver PSCs and 36 primary PSCs. Each
driver PSC has one magnetic sensor in the center.
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Figure 7.9: PCB design for unit tile of the EnerCge-1 3-layer overlapping hex-PSCs (51.2 x 44.4
cm?). (a) PCB1 for layers 1 and 2. (b) PCB2 for layer8 and 4.

7.2 Sensor Tracking Algorithm*

In order to minimize power consumption, only ongelir is activated at any given
time. The system continually monitors the animat@vement and turns on only the PSC
closest to the mobile unit. Ideally, it switcheg thctive PSC when the magnet reaches

the halfway point between two adjacent coils. Du¢he fact that each hex-PSC has six
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neighbors, the ideal switching points form a hexajdoundary, represented by the
black outlines in Figure 7.3. Red hexagons in flyare are the driver PSCs, and the
adjacent blue and green hexagons at the 3 anddck’positions are the primary PSCs
that are associated with them. Red dots representignetic sensors, and the yellow
triangle indicates the driver board entry portjragigure 7.1. The black hexagons are
referred to as the active domains of the underlyiexyPSCs.

The sensors’ raw data is first converted into dasoalue by performing a vector
sum of the three axis magnetic field componentsc&Sieach sensor is located directly
below the center of a driver PSC, the system ignarmmed to activate that PSC when its
sensor value surpasses an experimentally deternhiigldthresholdTh_H. When three
adjacent sensors report values greater than ahiesttold,Th_L, the system activates the
primary PSC that is between those three sensorsexample, if the sensors under the
red PSCs in Figure 7.3 read valudh>L, then the green PSC between them is activated
by the red driver PSC on the upper left side ofrtimelule. The red circles in Figure 7.10
represent the domains of the driver PSCs. Sincéottation of the magnet is determined
by a simple threshold scheme, a circular boundeoyral each sensor represents the area
in which the magnet generates a value ablveH for that sensor. The larger, yellow
circles surrounding each sensor represent thevathan which the magnet generates a
value abovdh_L. The primary PSCs’ theoretical domains, as defimethe intersection
of three adjacent yellow circles, are intrinsicaRguleaux triangles, as indicated by the
blue dashed outline. However, since the prograntikshéor values abovéh H first,
priority is given to the high threshold circles,dathe resulting domain around the

primary PSCs is the 6-sided green area shown ur&ig.9.
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Figure 7.10: Domains for the upper (red) and lowe(yellow) thresholds in the localization.

In the central PC each sensor value is first coegp&oTh_H and thenTh L. If a
value is greater thafh_H, the PC turns on the driver PSC associated wahgénsor. If
the value is betweeiih H and Th_L, the program checks the values of the adjacent
sensors, and if those sensors also surplask, the system turns on the appropriate
primary PSC. If the value is lower than both thddh, the program moves on to the next
sensor value. If the last sensor fails to surpatberethreshold, the last chosen PSC
remains activate.

This last feature is important for situations inieththe magnetic tracer moves out
of the range of all sensors. Occasionally, the ahsubject stands up on its hind legs or
explores the perimeter of the arena by partialljnloing the walls. In such cases, the
mobile unit may still be within the range of the &xen if the magnet is not within the
range of the sensors. Therefore, by continuingptegp the previously activated PSC, the
system can deal with an unknown state. While thgnetis out of range, the PC
continues to monitor the sensors, so that wherr#ioer is detected again, the active PSC

jumps instantly to the new location.
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7.3  Measurement Results

In order to demonstrate the efficacy of the mutiii-dinks in improving PTE as
compared to conventional 2-coil links, several measent results are presented. The
control of the overall system and the magnetickirax are also demonstrated in this
section, as well as tha-vivo experimental results for the EnerCage-1. A setuysisting

of four PSC PCBs is shown in Fig. 7.11.

Figure 7.11: Measurement setup made up of 4 hex-BSunit tiles of Figure 7.9.

7.3.1 Power Transfer Efficiency

For the EnerCage-1, the inductive coupling mecmanis based on multi-coil
coupling, and Figure 7.12 shows the calculatedukitad, and measured PTE results for
different coupling paths while the Tx and Rx ca@le perfectly aligned. The load on the
Set-1 mobile unit is 500 Ohms. In order to provaleomparison, the measurement
results for 2-coil coupling are also provided. TAeoil link consists of primary and
secondary coils while in the 3-coil coupling, tleeeiver is on the driver PSC of layer 3.

For 4-coil coupling, the receiver is on the prim&8C of layer-2. In Figure 7.12, the
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multi-coil coupling provides higher PTE at longtdisce (> 6 cm). The PTE of 3-coil is

lower than PTE of 4-coil because the driver PS@nidayer-3, which is the lowest PCB

layer.
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Figure 7.12: The resulting PTEvs. the coupling distance from the receiver for diffeent coupling
mechanism.

7.3.2 System Functionality

In order to demonstrate the overall functionality the system, six modules
including 54 complete PSCs were tested in a 2x8yams shown in Figure 7.13. The
diameter of each hex-PSC was 17 cm, and each arteewas 62.57 dvor a total area
of 3378 cm. The mobile unit had a pair of wire-wound coilgw8 turns and 2 turns for
Lz and L, respectively, as shown in Table 7.1 for Set-1 .[18] the center of the
secondary coil, two disk shaped rare-earth magfié®5 mm, 1.5 mm thick, Bax =
14,800 G, 0.85 g) were mounted as the tracer. dbalization thresholds were set at

Th_H = 120 andTh_L = 60, based on the sensor values observed at the etigee red
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and yellow circles in Figure 7.4, at a height ofcdf. These values correspond to field
magnitudes of 0.114 and 0.037 G, respectively,r a&teounting for sensor scale and

offset.

Figure 7.13: An exemplar mobile unit path for 2x3control modules array.

In Figure 7.10, the red and green domains inditia¢elocations and the black
outlines indicate the system should theoreticallyitch. These positions can be
determined by the geometry of the coils, but vaoynf the actual switching locations. To
demonstrate the error in the switching points ef dlotivated PSCs, the mobile unit was
moved along the 70 cm path that is indicated bydbed arrow in Figure 7.13 at a
height of 12 cm above the PSC array. As the magetcer moved from the center of
the green primary PSC at the beginning to the ceritthe red driver PSC at the end of
the arrow, the mobile unit voltage varied byp6. = 6.15 V and Y, c. = 0.4 V in the
open- and closed-loop conditions, respectivelystaswvn in Figure 7.14. During open-
loop operation, the PA supply was fixed at 15 Vi buring closed-loop operation, it

varied from 5 V to 20 V to maintain a mobile urettifier output of 5 V.
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The dotted vertical lines mark the location of theoretical switching points, while
the solid vertical lines mark the location of thetual switching points. The horizontal
separation between these lines can be consideresl measure of the localization

accuracy of the system using the simple threshgldamtrol method in Section 7.2.
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Figure 7.14: Theoretical and actual switching poits between active PSCs and the resulting
voltage at the output of the mobile unit rectifierwhen it is moved horizontally along the path
shown in Figure 7.13 at the nominal height of 12 cm

7.3.3 Animal Experiment

In order to demonstrate the functionality of theteyn, nine control modules (81
complete PSCs) were testiesvivo in a 3 x 3 array, covering a total area of 5068, as
shown in Figure 7.11. Since the PSC arrangemenassed on the PCB layout of Figure
7.8, the combined active area of the complete doilghe nine control modules is not
rectangular. Hence, an approximate shape is ugethdéoactual animal experiment as
shown by the black boundary in Figure 7.15, andsize is 3538 cmbased on this
boundary. In this cage, 66 PSCs are used, and de8@s are cut off by the

approximation.
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In order to reduce the weight of the mobile unittfte animal experiment, Set-2 Rx
coils are used. The specifications of the mobilé aoils are shown in Table 7.1. The
animal subject is a 15-month-old Long-Evans Rageig 500g as shown in Fig. 7.16a.
The fabricated mobile unit, the headstage, is shawrFigure 7.16b. Than-vivo
experimental setup is shown in Figure 7.16c. Thandary of the experiment was
maintained by the plastic glass cage, and the P@§ was covered with another sheet of
plastic glass, which had a thickness of 1.5 mm. faximum supply voltage for the
PAs, VDD_Tx, was 18 V to provide a maximum of 3.5whNile the minimum VDD_Tx
was 5 V to provide 0.5 W. The animal experiment wasducted for one hour without
interruption, and the results are shown in Figue/7In Figure 7.17a, the mobile unit
voltage, Ve, Was almost constantly maintained at 4 V, a vaeeby the closed-loop

power module.The PA supply voltage varied from ©\.8 V depending on the position,
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coupling distance, and tilting angle variations tbé headstage caused by the rat’s
movements

In Fig. 7.17a, some periods of interest are indidaand the results of these time
sections are expanded in Figs. 7.17b to 7.17dign#®17b (t= 5.5 min to t= 7.5 min),
Viec Was decreasing while VDD_Tx could not reach 18ué tb back telemetry noise that
was misguiding the power control algorithm. In Figl7c (t= 31.0 min to t= 33.5 min),
Vec increased above 4 V while VDD_Tx stayed at itsimum level of 5V because the
coupling was strong. In Fig. 7.17d (t= 47.0 mind5 min), although the VDD_Tx was
at its highest value of 18V, A started decreasing. There are two reasons for this
phenomenon. First, the PTE was low due to misalgmrbetween the Tx and Rx coils.
Second, the PTE of the Tx PSCs was insufficieprrémluce the necessary power because

of Tx PSC mismatch.

Figure 7.16. (a) The subject, Long-Evens rat, 15 omth old. (b) The headstage for the animal
experiment. (c) The setup for the animal experiment
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Figure 7.16:
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during one hour. (b) Time period B: the noise of tlk Tx PSC affects CLPC control. (¢) Time
period B: The minimum output power of 0.5 W still provides the power for the headstage. d)
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7.4  Conclusions

The EnerCage-1 system has demonstrated robustimealtracking as well as

closed-loop power and back telemetry data transomss bench top experiments. The
use of multi-coil links and a threshold-based tmagkalgorithm have led to higher power
transfer efficiency, and a reduction in the numiiemagnetic sensors and the amount of
driver circuitry.In vivo experiments with small, freely behaving animaljsats show the
capability of the system in an actual electrophggjp lab environment. However, there
are still some issues that must be resolved, sactiharelatively low accuracy of the

magnetic sensor tracking and the poor impedancermat of the PSC resonant

frequency because of the parasitic effects frors kaidy and the material of the cage.
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CHAPTER VIII

. CONCLUSIONS AND FUTURE WORKS

This dissertation focuses on developing the ingectoupling model and the
optimization methodology used to achieve maximumwerotransfer efficiency (PTE) in
a multi-carrier wireless link. Based on the modéle new multiband coil geometry
obtains maximum PTE for the power carrier while imizing interference in the data
link. The second component of this dissertatiothes development of a novel wireless
biological data acquisition system called the Em@@€ This system can track the
subject’s location, provide localized wireless powand transfer bidirectional data for
unlimited time periods in experimental arenas of aize. The recent progress towards
these projects is summarized in the first parthaf thapter, followed by a discussion of

future works.

8.1 Conclusions

This section summarizes the results and sciertdiatributions of the EnerCage
and multiband wireless transmission systems.
8.1.1 Multiband Transmission for Implantable Devices

This project presents a novel, multiband wirelesk With three major functions,
namely power transfer, forward data transmissiow, lsack telemetry, with a dedicated
carrier signal and coil/antenna pair for each. Ptenar geometry of the coils and
antennas is area efficient and enables subdernpddmtation. Planar spiral coils (PSCs)
are very effective for delivering wireless powen wviear-field transmission under the

extreme size constraints imposed by next-generatemoprosthetic devices. However,
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these devices need to be hermetically sealed icobipatible materials and placed in a
conductive environment with high permittivity (tigg, and in the process, the PSC
characteristics may be affected. To account fosdlehanges, a detailed PSC model was
constructed that incorporated the effects of theosmding environment on the PSC
parasitic components and the power transfer effay§PTE). This model was combined
with an iterative design method that starts witket of realistic design constraints and
ends with the optimal PSC geometries. The PSC deasigcedure was validated by
applying it to an exemplar ¥00 mnt visual prosthesis receiver coil, operating at 63.5
MHz. The finite element analysis models in HFSSenanstructed for several fabricated
PSC pairs on FR4. All calculation, simulation, andasurement results were in close
agreement for each of the design parameters, andrérated the validity of the models
and proposed iterative PSC design procedure as rshiowChapter 3. From the
measurement results, the PSC which was optimizedrdasmission through air could
only achieve 21.8% efficiency through muscle, desti@ting that accounting for
environment in the design process can result imsira 10% improvement in PTE.

The concept of the data link is addressed in Chahtas well as the methodology
for coil optimization and the detailed simulatiomdameasurement results. Two different
forward data coil designs were evaluated. The @imstsisted of a pair of vertical coils
wound across the diameter of the power PSCs, wheh produced magnetic fields that
were orthogonal to those of the power carrier, thiedefore less susceptible to noise. The
second consisted of a pair of planar figure-8 cailsvhich the electromotive force (EMF)
induced by the power carrier in one loop, oppodeat induced by the other loop.

Therefore, the total EMF resulting from the powarr@r interference when the coils are

139



perfectly aligned can theoretically be very smadle comparison of these designs is
shown with respect to their robustness againsiiest case horizontal misalignments.
Finally, simulations and measurements of the perémce of the data coils on a
miniature spiral antenna receiver are conducteds &htenna was designed to operate
with impulse-radio ultra wideband (IR-UWB) circuyitfor back telemetry. The UWB
antenna does not provide as wide a bandwidth asattmenercial chip antenna, partly due
to its implementation on a FR4 PCB. Therefore, mecek is needed to develop IR-
UWB antennas.
8.1.2 EnerCage

Wireless power and data transmission have openedpromising research
opportunities by enabling perpetual data acquisiéiod stimulation systems. This project
presents progress towards such a system, calle@&rtbeCage, equipped with scalable
arrays of overlapping planar spiral coils (PSC) &rakis magnetic sensors for focused
wireless power transmission to freely behaving ahisubjects. The EnerCage system
includes a stationary unit for 3D non-line-of-sidgtcalization and inductive power
transmission through a geometrically optimized P8fy. The localization algorithm
compares the magnetic sensor outputs with a thicedloo determine which PSC to
activate. The geometry of the coils is optimizedtfee scenario in which the mobile unit
has achieved worst-case misalignment with a PS@, camsiders parasitics from the
overlapping and adjacent PSCs. The mobile unittigclaed to or implanted in the
subject’s body, and includes a permanent magnetaet for localization, as well as a
back telemetry circuit for efficient closed-looglirctive power regulation. The EnerCage

system is designed to enable long-term electroplogy experiments on small animal
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subjects without requiring them to carry heavy aotky batteries. For the preliminary
EnerCage system, the closed-loop power managemetitanism maintains the mobile
unit received power at 20 mW despite misalignmetiltg)g, and distance variations up
to a maximum operating height of 120 mm (PTE = 5%).

A design methodology is introduced for an overlaggiexagonal planar spiral coll
(hex-PSC) array, optimized for the creation of anbgenous magnetic field. The
modular hex-PSC array has been implemented witetparallel conductive layers, for
which an iterative optimization procedure definde tPSC geometries. Since the
overlapping hex-PSCs in different layers have diff¢ characteristics, the worst-case
coil-coupling condition should be designed to pdevihe maximum PTE in order to
minimize received power fluctuations.

However, there are some drawbacks of this deslgn:complexity of the metal
pattern on layer 4 degrades the optimization rethit 2-coil coupling does not provide
an optimal load for maximum PTE, and the centralUM€nnot be used for multiple
control modules. In the new revision, EnerCageag, layer 4 design was improved by
moving some circuitry to the driver PCBs to redtloe overlapping area. The connection
mechanism between the unit tiles is improved bydded headers that allow easy
assembly of any desired experimental area as veeluraform performance of the
connected PSCs. Each driver PCB is equipped with Edinernet module for
communication with the central PC, and the Rx isigleed with multi-coil coupling to
achieve maximum PTE. Moreover, the number of dsvand magnetic sensors is
reduced in this version. The EnerCage-1 systembkas tested in a one-hour vivo

experiment. The effectiveness of the closed-loajuative power transmission and 3-D
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non-line-of-sight magnetic tracking is apparent tire results, and the experiment
demonstrates the feasibility of long-term unintpted electrophysiology experiments on

small, freely behaving animal subjects in largeezipental arenas.

8.2  Future Works

This dissertation has described a multiband call @menna design for implantable
devices as well as a wireless power and data syfstelong-term animal experiments in
large arenas. However, there are several issué¢stihaneed to be addressed, and the
relevant future works are summarized in this sectio
8.2.1 Multiband Wireless Link for Implantable Devices

For the multiband wireless link, only the powerlcdesign incorporated the
parasitic effects that exist as a result of im@#on in the tissue, as shown in [7]. Most
of the calculations, simulations, and measuremeslts were in close agreement within
the range of parameters needed for neuroprostaptiications. On the other hand, the
data link was only modeled in air, and the deviatowcurred when using tissue as the
surrounding medium around the coils. Tissue in@gdhe coils’ parasitic capacitance
and decreases their SRF and quality factors. Towethe optimal data coils’ geometry
for the tissue environment should be studied irfubhgre.

For the UWB antennas, the design is only for amd ahe measurement
environment is also the air. It should be noted #iehigh frequencies, electromagnetic
power absorption in the tissue can increase thenaatlosses [125], and one should
consider evaluating such antenna designs in sairee other tissue simulants [25].
Therefore, more work is needed to develop IR-UWBeanas not only the interference

of the data and power colils but also the parasititee surrounding environment.
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The coil design will be combined with real circufem integrated circuit) to have
a complete system. GT-Bionics were introducing & meodulation technique, called
Pulse Harmonic Modulation (PHM), for wideband, Ipawer data transmission across
inductive telemetry links that operate in the nigald domain. Using sharp and narrow
pulses, similar to impulse-radio ultra wideband-U®R/B) in the far-field, leads to
significant reduction in the transmitter power aamgtion. GT-Bionics are now working
on an integrated PHM-based transceiver, which jeeted to push the uplink bandwidth
and power consumption limits in IMD applications.

Furthermore, in order to miniaturize the module fomplantable devices, the
micromachining (MEMS) technology with smaller fe@size will be used to further
shrink the volume of the implantable multiband f@sitenna complex from the present
work and conduct measurements in the real tissueoement. The MEMS also provide
a flexible substrate, which provides the ability ¢conform to the body curvature.
Moreover, the multiband coils with actual transeeighip will be designed and tested to
demonstrate the feasibility.

8.2.2 EnerCage

The project is for developing the necessary elaats) control algorithms, and
graphical user interface software to drive the R&C array in the form of a network
under the control of a central PC base statiorthénfuture, the EnerCage system can
track animal's body, provide wireless power, angnownicate with the electronics
which will be combined with the neural recordingcaits [127], stimulation circuits, and
bio-sensors to provida vivo electrophysiological data.

Furthermore, when the animal’'s body is close to TRePSC, the tissues will
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induce the parasitic capacitance of Tx PSCs andhddhe resonant frequency [7] of the
Tx coils. Hence, the next revision of the system aatively compensate for frequency
variations of the carrier frequendy, The closed-loop frequency control (CLFC) can also
ensure a smooth power transfer to the headstagapbant. In short, by significantly
improving the quality and quantity of medical ientions and monitoring of small feely
behaving animal subjects while reducing alteratitmntheir natural habitat, the EnerCage
system is expected to enable new electrophysiotogeriments that are not possible
with today’s technology.

For the animal tracking, the simple threshold-basigdrithm [21] cannot show
the animal behavior and accurate position. The magrsensor tracking should be
improved to track accurate 3D position/orientatimina magnetic tracer [18] in the

receiver (Rx) module. In the futurey &curate animal tracking mechanism using a coatibim of

optical and magnetic sensors can provide researchih real time information about not only the
subjects’ positions within the experimental arentidiso their body gesture and head orientatiomd tlais

information can be used in behavioral analysisicapsensors such as a camera [24] require thecutoj

remain in the sensor’s line-of-sight, and theiotegson degrades when the coverage area
increases, so an array of 3-axial magnetic sen@disthat covers the bottom of the
EnerCage tracks the magnetic tracer embedded inI@®M unit. This sensing
mechanism can operate in both open and coverecespadich is a more natural
environment for burrowing species, such as rodefte. data from a real time animal
tracking algorithm will also be used to activate tiex-PSC that is in the best position to
power the mobile unit.
There are many experiments that require collectiegl-time biological

information, such as neural signals, body tempegatlood pressure, physical activities,
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blood chemical concentrations such as SpO2, NO, rmwtotransmitters. Even more
challenging is experiments that require applyingntemrupted electrical, chemical, or
mechanical stimulation, which are more power corisgpnover long periods of time. In
order to solve the existing problems, EnerCager®fteese functions: wireless power
induction, data acquisition, command transmissi@md precise tracking. This
combination provides a comprehensive solution fopatl fields of research from
behavioral neuroscience on rats to genetic engmgand phenotyping of knockout mice

in environmental enrichment.
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APPENDIX A

MODEL OF THE VERTICAL COIL

Rectangular coils’ self inductande, is calculated from the following equation by

substituting data coil geometries, and the untheflength is centimeter.
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in pH, whereg? =12 +w2.

Mutual inductance between a pair of rectangulagrsmtls is calculated by making

adjustments in the circular solenoid equations ffbi],

M = ooox&)(&)vssi%tﬁ?—fz—%ﬂ 92)

where

A;=(l43lhys) s Ay =(lg, Thyy)s and
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in uH. The four radii vectors,, (m= 1 to 4), are dependent on the four distandgs,

given by

r,=+dZ+(D+hy 12+, /2)?,

W,, +W, W, —W,
d, =AX _(d‘lde], d, =AX +(d42d3],

d, =AX +(Wd3 ;WCM j v d, =AX + (W‘“ ;W‘“ ] .

tm = dm [ rm, @andPon(un) (n is positive integer) are known as zonal harmorgogn by

[121],

P, ( ):(2E2n—l)(2E2n—3)..1 o 2n(2n-1) -2, n@2n-D(2n-2)2n-3) -4 (9.3)
A (2n)! " 20@En-1° " 2M@2@n-1)(2@2n-3) " "

T, andt, are function ofDiasz?/(hgs/2)? and Dias?/(has/2)?, respectively, and the same is
true forT, andty, Tg andts, SO on and so forth. The coefficiemisty, tg, ... or Ty, T4, T,

... are functions of the ratia, of the height of the coilhf) and its mean wire diameter

(Dia);
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L2
For the external coil, 4(Ty), 7,2 = Dia

(/2
For internal coil, L (t,), 7.2 = Dia,’
" (e /2’
T,ort, =1+ "0 T—i+ -3 77, LN-1(n-3..n-(n-] 7"
3 2 5 2 e 2

Finally, by substituting. andM from the above equations in (4.kj, can be found.
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APPENDIX B

MODEL OF OVERLAPPING COIL

The circuit model for the hex-PSCs should incluble key parasitic effects of
mutual inductanceM), mutual capacitanceC(;, which includes botlC,, and Cyg), and
mutual resistance,Rfs, which includes bothR, and R.5) among overlapping coils.
Figure 6.2g shows the worst-case condition in tesfmzarasitic effects: the black central
PSC in layer 2 is overlapped by six PSCs in lajieasid 3 and surrounded by six other
adjacent PSCs in layer-2. Since considering thastés effects among all 13 PSCs
renders the model too complicated, only the mupaabsitic effects between every two
PSCs are considered. In this simplified model, w0 PSCs are either overlapping or
adjacent, as shown in Figs. 4a and 4b, respectively

Considering that the hex-PSCs are implemented reetldifferent layers, shown in
Figure 6.2f, their mutual parasitics can be divid®d 4 categories that are summarized
in Table 10.1Mq12, Cov12, @andRyy12represent parasitics between PSCs in layers 1;and 2
Moz, Cons, @andRo 3 represent parasitics between layers 2 ayds, Conz, andRovs
represent parasitics between layers 1 and 3; aadlyfiM.g, Cag, and Ry represent
parasitics between adjacent PSCs in each layer.

Parasitic mutual capacitances can be calculateal, fro

E. &
Cov11 = A\)v 0 1o ’ (101)
2t
& 1
Cov23 = Ao; 0 t_' (102)
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C 5 = Abvgo grS_Eﬁ
1
o 2 £, .0

TR (10.3)

where g5 o IS the effective dielectric constant for FR4, uaihg the fringing effects

[112]. The overlapping area can be found from

A, =2x (%W) xng, (10.4)

wherew is the width of the hex-PSC metal trace and the number of turns.

Table 8.1. MUTUAL PARASITIC COMPONENTS

Type Value k D y Area’
Moviz 131 nH tap=1.6 mm S
Couts 8.99 pF 0'%“ (layer-1and ™3 Aoy
Roviz 78.2 K 2)
Mov2z 131 nH 0114 tar=1.7 mm
Cov2a 8.43 BF .6 (layer-2 and r +sy Aoy
Rovzs 1GQ 3)
Moviz 128 nH tarHap = 3.3
Counz 0.95pF  0.112 mm
r+ Sadi on

5 layer-1 and !
Roviz 1GQ (1ay 3)
Ma 99 nH 0.086 0 23
Cai 0.03 pF 8 (same layer) Toi+Sy for o
R 245 |Q o

"Overlapping areas between two conductors
Air dielectric loss is close to zero. Thus parasiisistance was set to NG

Regarding Gg, the two adjacent hex-PSC traces as a coplanplirsr between
FR4 and air can be considered. Then the unit lempgttasitic capacitance can be

expressed as [112],

K (ko)
K (ko)

C

= &, Z, o (10.5)

adj _unit

whereK(ko) is the complete elliptic integral of the firstki, ¢ is the relative dielectric

constant of the substrate (FR4), and

S,
kg = ——9— ki =41-kZ, (10.6)

Sy 2w’
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Er et :1+£(€rs _1)—K(kO)K(k1)

2 K (K,)K (k) (10.7)

K = tanh(7s, /4t)

" tanh[a(sy +2w)/4t,]’ k= y1-k (10.8)

Therefore, Gy = Cadj_unit X o1

The mutual resistanc&y, which includesR, and Ry, results from the material
loss, which is related to the capacitance and tatemal dielectric loss [6]. Henc&,y,
andRygj, can be found from,

1
Zﬂf |:'lan(d) |]:ov (Or Cajdv) .

R, (0Or Ryg) = (10.9)

Note thatR,s is set to 1 @ (effectively infinite) since one of the dielectmoaterials
between layers 1 and 3 is air, which has an exiselow dielectric loss.

From these equations, threex13 matrixes forM, Cy, and,Ry can be derived.
Tables 10.2 and 10.3 show the matrixesNbandCy, respectively. The matrix fdRu
can be derived from th€y, matrix using (10.9). These matrixes were then redten
Simulink (Mathwork, Natick, MA) to construct an egalent circuit model with lumped
parasitic components, shown in Figure 6.3, forl#yer 2 hex-PSC in Figure 6.2g that

shows the worst-case parasitic effects.

Table 8.2. MUTUAL COUPLING INDUCTANCE

Name L-1 L- L- L- L- L- L- L- L- L- L- L- L-
of PSC 11 12 13 14 15 16 17 18 19 110 111 112
L-1 1 Moz Moy Moy Moz Moz Moz Mag Mag Mag Mag Mag My
L-11 My 1 Magg Magi Moz Moz 0 Moy Moy O 0 0 0
L-1 2 Mos Mg 1 Magi 0 Muz Mgz O 0 Moz Mon 0 0
L- 1_3 M ovl M adi M adj 1 M ov3 0 M ov3 0 0 0 0 M ovl M ovl
L-1.4 Moz Mo 0 Mows 1 M adi M adi Movz 0 0 0 0 Mov2
L-1 5 Mue Moz Moz O Magi 1 My 0 Moz Moy 0 0 0
L- l_E Movz 0 Moz Mova M adi M adi 1 0 0 0 Movz Moz 0
17 Mg Mg O O My O O 1 Mg O O 0 My
L18 Mg My O O 0 Mz O My 1 My O 0 0
L1€ Mg O My O 0 My O 0 Mg L1 Mg O 0
110 Mg O Meg O O 0O My O O Mg 1 Mg O
L-1_11 My 0 0 Movt 0 0 Mov2 0 0 0 Magi 1 Magi
L1121, Mg O O Mu My 04640 Mg O 0 0 Mg 1




Table 8.3. MUTUAL COUPLING CAPACITANCE

Name of L-1 L- L- L- L- L- L- L- L- L-
PSC 11 12z 1% 14 1% 1€ 17 1€ 1¢
L-1 1 COVl Covl COVl Cov2 Covz Covz Cadi Cadi Cadi

Covl 1 C:adi Cadi Cov3 Cov3 0 Covl Covl 0
Cor  Cadi 1 Cuy 0 Caws Coz O 0 Cout
Covl Ca\di Cadi 1 Cov3 0 C0v3 0 0 0
Cov2 Cov3 0 Cov3 1 Cadi c:adi Cov2 0 0
Cov2 Cov3 Cov3 0 c:adi 1 c:adi 0 Covz Cov2
Cov2 0 Cov3 C0v3 Cadi Ca\di 1 0 0 0
Cuxi Con 0 0 Covz 0 0 1 Cadi 0
Casi Con 0 0 0 Cw 0 Cadi 1 Cadi

e
|I\\ [l

.
P

(£%)

AN
03\1'

l_l_l_l_ll_l_l_l_l_
[N
m Ol b

1¢ Cqg O Couu O 0 Cp O 0 Cu 1
L1110 Cu O Cou O 0 0 Cez O 0 Cu
111 Cq O 0 Cu O 0 Cup O 0 0
L-11: Cy O 0 Cu Co O 0 Cuq O 0
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