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Abstract

Wireless power transmission is a technique that converts energy from radio frequency (RF)
electromagnetic (EM) waves into DC voltage, which has been used here for the purpose of
providing a power supply to bio—implantable batteryless sensors. The main constraints of the
design are to achieve the minimum power required by the application, by still keeping the
implant size small enough for the living subject’s body. Resonance—based inductive coupling
is a method being actively researched for the use in this type of power transmission, which uses
two pairs of inductor coils in the external and implant circuits.

In this work, we have employed the resonance—based inductive coupling technique in or-
der to develop a design and optimization procedure for the inductors. We have designed two
systems with different configurations, and have achieved power transfer efficiencies of around
80% at a coil distance of 50mm for both systems. We have also optimized the power delivered
to the load (implant) and developed a power harvesting unit. Misalignment issues due to the
subject’s movements have been modeled for calculating the worst—case alignment, and finite

element modeling of the inductors has been performed.

Keywords: biomedical implants, wireless power transfer, inductive coupling, resonance—
based power delivery, power harvesting, coil misalignment, mutual inductance, finite element

method.
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Chapter 1

Introduction

Interest for biomedical implantable devices is gaining momentum among both health profes-
sionals and researchers since they offer a variety of applications. Examples of applications
include automatic drug delivery systems, devices to stimulate specific organs, and monitors
to communicate internal vital signs to the outer world. Though all of these devices perform
different tasks, one of their common issues is that of power requirements, which is a widely

researched area over the past decade.

Genetically engineered laboratory subjects under medical studies are often implanted with
microsensors that are connected by transcutaneous wires. This technique guarantees a constant
power supply and reliable data transmission of the recorded signals, while its main shortcoming
is that it requires the subject to be under anesthesia and, therefore, fails to generate undistorted
life-like physiological data of an untethered freely moving subject [2]. In addition, the size of
the battery that is used as the power source is a limiting factor for the implant’s miniaturization
and lifetime, while the battery itself requires periodical surgical replacement with possible
adverse consequences on the subject such as infections. Hence, a wireless continuous power

delivery system is a more suitable method for providing energy to the implants.

This chapter introduces the topic of the present research work. Section 1.1 provides a com-

prehensive literature review on similar works till date. Section 1.2 presents the motivation
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behind the work and the objectives of the research. Lastly, Section 1.3 describes the organiza-

tional layout of this thesis.

1.1 Review on Inductive Power Transfer Links

The first demonstration of wireless power transfer (WPT) dates back to 1899, performed by
Nikola Tesla in Colorado Springs, Colorado [3]. In his experiment, 200 incandescent lamps
were lightened when powered by a base station 26 miles away. A study on wireless monitoring
systems was conducted in 1957, where development of endoradiosondes or radio—pills was
carried out by [4]. In 1962, a passive echo capsule was also developed for similar purposes
(pressure, temperature and pH sensing) by [5]. Since then several research projects have been
undertaken in this field, including those that have been clinically evaluated, and whose power
requirements vary with device application and can range from tens of microwatts to hundreds
of milliwatts [1], [6].

For implants designed for subjects such as genetically-modified laboratory mice, housing
a battery within the implant would not be possible because of size limitations. The researchers
in [7] have proposed wireless inductively—coupled power transfer (ICPT) solutions for their
telemetry system designed for rats. Their implant uses a rechargeable battery which is charged
when the alignment of the coil enables power transfer, and is discharged when it is misaligned.
Unfortunately, this approach is not suitable for mice since the battery size would be too large
(20mm diameter).

Other energy options would utilize sources from the external environment, such as wind and
solar power, as has been implemented in Smart Dust distributed network devices [8]. However,
human or animal tissues render these methods unsuitable for biomedical implants. Therefore,
a wireless and batteryless approach for power harvesting is achieved with the use of radio
frequency (RF) signals through inductive coupling [9]. Additionally, some studies have shown

how the same link can also be used for data transfer. Although the primary application for
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Figure 1.1: General layout of a wireless and batteryless in vivo bio—sensing microsystem by
Cong et.al. [1] ©IEEE 2010

this technique was RF identification (RFID) tags [10], the same principle can be applied to

sensor—based wireless biomedical implants [11].

Some latest research endeavors by [1] in 2009 have developed an implant that has a chip
area of 2.2x2.2mm? and weighs 130mg and can be integrated with an artery of the mouse for
blood pressure monitoring (Fig. 1.1). The specifications of the chip are ideal for laboratory
mice implants given their arterial diameter of about 200um [12]. Since magnetic coupling
theory enables efficient power transfer only when the magnetic field is perfectly aligned with
the inductor, the challenge is to design a powering system that would work independent of the
subject’s orientation. Such designs, which are mainly focused on the generation of constant

minimum power from the floor of the subject’s cage, have been investigated in [13].

Inductive coupling has been the most popular method for wireless power transfer, which
requires two coils (primary and secondary coils). The efficiency of power transfer between the
coils is a strong function of the coil dimensions and distance between them, which is an unde-
sired trend in the case of freely-moving subjects. Therefore, the recent alternative method of
resonance—based power delivery has been suggested by [14] in 2007 and is explained through

the coupled—mode theory [15]. This multiple—coil based approach is used to decouple adverse
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Figure 1.2: Typical setup of inductively coupled coils (with magnetic field shown).

effects of source and load resistance from the coils, and in this way achieve a high quality factor
for them. This method is less sensitive to changes in the coil distance and typically employs
two pairs of coils: one in the external circuit called driver and primary coils, and the other in
the implant itself called secondary and load coils.

Most of the work in this area so far revolves around either static large radii coils for rela-
tively high power transfer applications [14], or printed spiral coils (PSCs) used for low power
integrated circuit (IC) implementations [16]. Some latest studies on wireless power transfer
to implantable devices based on resonance—based inductive coupling with emphasis on their

power transfer link efficiency are presented in [17], [18] and [19].

1.2 Motivation and Research Objectives

The aim of this research is to develop a design and optimization system for implementing
wireless power transmission to small-size biomedical implants for freely-moving subjects.
The system is not application—specific, and thus can be customized and implemented as per
application requirements such as size and power.

The analysis is meant to help future discrete—level WPT system designers to directly achieve
maximum possible power transfer efficiency for their systems by identifying their design con-

straints and application requirements. Therefore, the outline of our research objectives can be
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defined as follows:

e To be able to completely eliminate the need for batteries in wireless biomedical implants
for small-size living subjects, a resonance—based inductively—coupled power transfer
system needs to be developed, that is capable of delivering the required power for the

implant application (load) with maximum efficiency.

e A step—by—step design process needs to be developed for the modeling of the inductors
to be used in the system, which will be able to automatize the development of the entire
WPT system, and directly produce the parameter values with the help of specified design

constraints and requirements.

e To begin the design procedure, a discrete—component circuit needs to be adopted us-
ing the component values achieved from the previous step. Choices have to be made

regarding the type of wire to be used for the inductor coils and the operating frequency.

e Optimization of the electrical parameters, which in turn optimizes the inductors’ physical
specifications, in order to maximize Power Transfer Efficiency (PTE) and output power

of the circuit needs to be performed.

e An analytical study on misalignment of the resonating coils need to be performed to
identify the worst—case alignment scenarios. The analysis should be verified with mea-
surements and Finite Element Method (FEM) electromagnetic modeling, preferably with

the inclusion of real-life animal models.

With the above aims for the research project, a wireless power delivery system with high
efficiency along with a comprehensive design flow for modeling and optimization is presented,
with a review of previous endeavors by other researchers which have helped set the goal of this

research and provided helpful knowledge.
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1.3 Organization of the Thesis

The research thesis presents the design and optimization procedure for a wireless power trans-
fer link for biomedical implants. It has been organized in the form of chapters that have been
described below.

In Chapter 2, the modeling terms involved and optimization of the inductor coils for maxi-
mum power transfer efficiency is presented, with the help of analytical results and discussion.

In Chapter 3, the resonance-based wireless power transfer circuit is thoroughly analyzed.
Discussions on power requirements, the power harvesting circuit, and typical application sys-
tems are also presented.

In Chapter 4, the misalignment of the inductor coils in real-life scenarios is analyzed, with
various case descriptions and experimental results.

In Chapter 5, Finite Element Method (FEM) electromagnetic modeling of the inductors is
conducted with the help of FEM—-based software.

The research work is summarized in Chapter 6. Achievements are listed, and suggestions

for future work are presented.



Chapter 2

Inductor Modeling and Optimization

This chapter deals with the various modeling parameters required for the design of the inductor
coils, such as, inductance, capacitance and resistance of the coils. Analytical models for each
of the parameters are presented, which is followed by detailed analysis of the design flow and

optimization of the entire resonance—based power—transfer system.

The inductor coil models are based on a multilayer helical structure wound around a plastic
base using a special type of wire called the Litz wire. However, the design flow has been
generalized to accommodate any inductor type that requires similar design parameters. This

can be easily performed by changing the governing equation for the specific parameter.

As opposed to CMOS (Complementary Metal-Oxide—Semiconductor) coils, helical and
spiral coils are only able to operate in a moderate frequency range of a few hundred kilohertz
to a few megahertz since they have a larger size and a lower self-resonant frequency (SRF)
due to high parasitic capacitance. However, they are able to achieve a higher self—inductance,
thus an unconstrained quality factor and a better efficiency profile with respect to a carefully—
designed compact and optimized size. We will investigate details of the previous statement in

following sections of the thesis.
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Figure 2.1: Basic inductor showing current and magnetic field.

2.1 Overview

An inductor is defined as a passive electrical component with two terminals. In contrast to ca-
pacitors, which store energy in their electrical fields, the inductor stores energy in its magnetic
field. Typical inductors are made of a wire or other conductive material wound into a coil, in
order to amplify the magnetic field.

Inductance can be described using Faraday’s law of electromagnetic induction coupled
with Lenz’s law. The basic definition states that when the current flowing through an inductor
changes, a time—varying magnetic field is created inside the coil, and a voltage is induced,
which opposes the change in current that created it (Fig. 2.1). Therefore, inductors are classical
components used in electronics where current and voltage vary with time, due to the their
ability to change the phase of alternating currents.

An inductor can be modeled as an ideal inductor, with only an inductance value but no
resistance, capacitance, radiation or energy dissipation. However, real inductors consist of all
of the above unavoidable components, such as resistance (due to resistance of the wire and
losses in the core material) and parasitic capacitance (due to the electric field between wire
turns which are at slightly different potentials). These behaviors become more pronounced at
higher frequencies, and there lies a frequency point where real inductors behave as resonant
circuits, becoming self-resonant. Above this frequency the capacitive reactance becomes the
dominant part of the impedance of the inductor, and skin effect gives rise to very high resistance

values, thus deteriorating the quality factor of the inductor.
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2.2 Modeling Terms

Although different choice of equations are available for modeling inductors, the terms involved

in complete modeling for our study and application are analytically described in this section.

2.2.1 Mutual Inductance

The mutual inductance of a pair of current—carrying coils is the amount of magnetic flux linkage
between them. The mutual inductance is a strong function of the coil geometries and the
distance between them. For two non—coaxial and non—parallel filamentary coils, the mutual

inductance is [20]

—cos ¢)‘{’(k)

6 -
_ Ko = VR:Rs f (cos de @.1)

where |
V= \/1 — cos? ¢ sin® 6 — Zicos¢cose+ d—2 ,
Ry R
2 _ i i?/;/z_Jr 52’6 = — acos¢sinb,
W(k) = (% - k) K(k) - %E(k),a - ﬁ—i,ﬁ - Rip.
1) angle of integration at any point of the secondary coil;
Rp radius of the primary coil;
R radius of the secondary coil;
c distance between coil centers;
d distance between coil axes;
0 angle between coil planes;
K(k) complete elliptic integral of the first kind [21];
E(k) complete elliptic integral of the second kind [21];

Uo = 47 x 1077H/m  magnetic permeability of vacuum.
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The above mutual inductance expression (2.1) assumes that the primary coil radius Rp is
larger than the secondary coil radius Rg. It is the most general case, for when the angular
misalignment 6 or the axial misalignment d is set to zero in the equation (2.1), it takes more

simplified forms.

For our case of multilayer helical coils with axial and angular misalignment, we apply
the filament method [22] to (2.1) to calculate the mutual inductance of the entire coil, which

produces the following equation [20]:

g=K h=N I=n p=m

N1N2 Z Z 2 2 M(g’h’l’p)

g=—K h=—N l=—n p=—m

M= 2.2)
(28 + DN + D2m + 1)(2n + 1)
where .
 [cos 8 — 22-cos ¢]W (k)
M(g.h 1, p) = 22 JRa(DRs (D) f — ds,
T ) V3
2 1
V= \/1_0052¢Sin29—2}2—§)cos¢0059+yR(g),
4aV
2_ —_— .
k —m,f—ﬂ—acowpsme,
2 2 Rs 2(g. p)
WY(k) =|-—k|K(k) - -E(k = =
" (k ) OO R’ ™ Rty
bsind
=d+———p; p=-m,..,0,...,
YD =t P P m
hp
Rp(h) = R —h; h=-N,...,0,..,.N
P =Ret BN D
R, +R
p==g i he=R- R
Rs(l) = Rs + hs 0
= — l=-n,..0,..,n
’ ST+
Ry +R
(2, ) + a N bcosd
’ =C :
e r ek+ D% @m+ 7

g=-kK,..0,..K, p=-m,...,0,..,m.
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Figure 2.2: Cross—sectional view of two non—coaxial and non—parallel circular coils.

N; number of turns in primary coil;

N, number of turns in secondary coil;

a  height of the primary coil cross—section;

b  height of the secondary coil cross—section;

hp  width of the primary coil cross—section;

hs  width of the secondary coil cross—section;

R, inner radius of the primary coil of rectangular cross—section;
R, outer radius of the primary coil of rectangular cross—section;
R; inner radius of the secondary coil of rectangular cross—section;

R, outer radius of the secondary coil of rectangular cross—section.

The variables N, K, n and m in Fig. 2.2 determine the number of cells or subdivisions in the
rectangular cross—sectional area of the inductor. Higher values for these variables enhance the
accuracy of the result but takes a longer computational time for the integration. Equation (2.2)
assumes that centers of all filamentary loops that make up the secondary coil lie in different

points away from the primary or secondary coil axes.
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2.2.2 Self Inductance

The self inductance of a current—carrying coil is the amount of magnetic flux through the cross—
sectional area that it encloses. Formulas for finding the self inductance of an inductor coil, such
as the planar spiral coil, the helical coil and the printed spiral coil, have been developed, like the
ones shown in [16], [23], [24] and [25]. However, this thesis shows how the same equations
used for finding the mutual inductance, (2.1) and (2.2), can be modified to produce the self

inductance value for each of the coils.

First, we assume that M is equivalent to L,, where n = 1,2,3,4, representing the four
inductors. Next, we make a and b as half of the actual height of the coil, and 4p and hg as half
of the actual width of the coil. We make ¢ = a = b, d = 0 and 0 = 0, since there is technically
no gap and misalignment between the coils (it is the same coil). Finally, we make Rp = Ry and
N; = N,.

With the above modifications, the same equations (2.1) and (2.2) are applied to find the self
inductance values of the four coils. An important term binding the self and mutual inductance
values is the coupling coefficient k, whose value can range from O to 1. When L; and L, are

the self—inductance of the two coils, M|, and k, are related by

My = ki VLI Ly (2.3)

2.2.3 Parasitic Capacitance and SRF

Parasitic or stray capacitance between turns and layers is a common issue with inductors. It
affects the inductor operation by causing self-resonance and limiting the operating frequency of
the inductor. Stray capacitance of a single—layered air—cored inductor is modeled analytically
in [26], and using numerical methods in [27]. For the case of multilayer multiturn solenoids

with N, layers and N, turns per layer, stray capacitance is found by [28]
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1 &
Cuaty = 75 | CoNe= DNu+ Gy ) (20 = 1Y(N, ~ 1) (2.4)

i=1
where N is the total number of turns, Cj, is the parasitic capacitance between two nearby turns
in the same layer, and C,, is the parasitic capacitance between two different layers. For a tightly

wound coil, C}, and C,, are formulated as follows:

/4
7TD,'I"()
Cp,= r do 2.5
b s f§+ €1o(1 — cos) (2.5)
0
/4
7TD,'7"0
Cn = €06 do 2.6
€0 f ¢+ €ry(1 —cosO) + 0.5¢.h (2.6)

0

where D;, ry, ¢, € and h are the average diameter of the coil, wire radius, strand insulation
thickness, relative permittivity of strand insulation and separation between each layer respec-
tively [28].

The parasitic capacitance and the self—inductance determine the self-resonant frequency

(SRF) of the inductor as
1

Jeelf = —F——
Y 21 \/LCself

2.7)

2.2.4 AC Resistance

At high frequencies, skin and proximity effects increase the effective series resistance (ESR),
which decreases the quality factor of the inductor coils. In order to reduce its AC resistance,
the coils are commonly made by using multistrand Litz wire [28], [29]. Finite—difference
time—domain (FDTD) techniques are used to model AC resistance numerically in [30]. Semi—
empirical formulation using finite—element analysis (FEA) is presented in [31]. The AC resis-
tance of these coils, including skin and proximity effects, is found by [32]

4
R, =

H+K(

ND,)2 [D, VF )

Ry 2.8
Do | | 1044 ) |* " (2:8)
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where

N

Area Efficiency
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o
N
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Ratio of h/w (height over width)

Figure 2.3: Area efficiency of coil (1) versus coil aspect ratio (h/w).

_ Rs(1.015)2(1.025)N¢

N 2.9)

dc

resistance ratio of individual strands when isolated (Table 2.1);
operating frequency in Hz;

number of strands in the cable;

diameter of the individual strands over the copper in inches;
diameter of the finished cable over the strands in inches;
constant depending on N (1.55 < K < 2);

resistance in Ohms/1000ft.;

maximum DC resistance of the individual strands;

number of bunching operations;

number of cabling operations;

number of individual strands.

There are other equations available to calculate the AC resistance of the coil. The choice of

equation depends on the technical data that is given by the manufacturer of the Litz wire used.

Another possible set of equations that can be used for similar cases [28] is as follows:
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f2
R, = Rdc(l + 172) (2.10)
h

where f), is the frequency at which power dissipation is twice the DC power dissipation and is

calculated using the graph in Fig. 2.3 [28]. R, is given by

i=1
Ry = Z 7N,D;R,; 2.11)
Nqg

where N, is the number of layers, N, is the number of turns, D; is the diameter of each layer

and R, is the DC resistance of the unit—length Litz wire.

2.2.5 Quality Factor

The total impedance of the inductor after considering the parasitic capacitance and AC resis-
tance is given by [33]

Z, = (ijself) + Ryc ”

; (2.12)
]wcself

Therefore, the coil can be modeled with an effective inductance L.sr and an effective series

resistance ESR as

L _ Lself (2 13)
I (1 - szselszelf) .
Rac
ESR = (2.14)

(1 = W?LyefCerp)?
An increase in the operating frequency towards the self-resonance frequency (SRF) increases
the ESR drastically, and for a frequency higher than the SRF, the coil starts to behave as a
capacitor (from (2.13)). The quality factor of the unloaded inductor is given by

27 fLyuis(1 — L)

(ULeff fsel f

2
ESR Ru1-%)

(2.15)

Qunloaded =

where f} is the frequency at which power dissipation is twice the DC power dissipation.



CHAPTER 2. INDUCTOR MODELING AND OPTIMIZATION 16

Table 2.1: Parameters chart of Litz wire (individual strands)

Recommended Frequency Nominal Diameter | Max. DC Resistance | Single Strand
Wire Gauge Range over Copper (inch) (Ohms/m) R../Ry. “H”
28 AWG 60 Hz to 1 kHz 0.0126 66.37 1.0000
30 AWG 1 kHz to 10 kHz 0.0100 105.82 1.0000
33 AWG 10 kHz to 20 kHz 0.0071 211.70 1.0000
36 AWG 20 kHz to 50 kHz 0.0050 431.90 1.0000
38 AWG 50 kHz to 100 kHz 0.0040 681.90 1.0000
40 AWG 100 kHz to 200 kHz 0.0031 1152.30 1.0000
42 AWG 200 kHz to 350 kHz 0.0025 1801.0 1.0000
44 AWG 350 kHz to 850 kHz 0.0020 2873.0 1.0003
46 AWG 850 kHz to 1.4 MHz 0.0016 4544.0 1.0003
48 AWG 1.4 MHz to 2.8 MHz 0.0012 7285.0 1.0003

2.3 Litz Wire and Operating Fequency

The term litz wire originates from Litzendraht, German for braided/stranded wire or woven
wire. It is a type of cable used in electronics to carry alternating current. The wire is designed
to reduce the skin effect and proximity effect losses in conductors used at high frequencies.
It consists of many thin wire strands, individually insulated and twisted or woven together,
following one of several carefully prescribed patterns often involving several levels (groups of
twisted wires are twisted together, etc.). This winding pattern equalizes the proportion of the
overall length over which each strand is at the outside of the conductor [34].

Analytical models of winding losses in the Litz wire are presented in [35] and [36]. Table
2.1 [32] gives an overview of the parameters used for determining the type of the Litz wire,
such as the operating frequency, diameter and resistance. For our purpose of wireless power
transfer, the ideal frequency range of operation is from 100kHz to 4M Hz, where no biological
effects have been reported, in contrast to the extreme—low—frequency band and the microwave

band [17]. This restricts our choice of wire from AWG40 to AWG48 (Table 2.1).

2.4 Power Transfer Efficiency

The power transfer efficiency (PTE) is a metric for determining the efficiency of the wireless

power transfer circuit. It can be simply stated as P,,,/P;,, and expressed as a percentage value.
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However, it has a direct relationship with the Q—factor of the coils and their coupling coefficient

k. For a four—coil system, PTE is given by [17] [37]

n = kiokaskss VO102 V0203 VO304
VRIR, [(1 + k3,01 02)(1 + k3,0304) + k3,0, 03]

(2.16)

Higher Q—factor of the coils and good coupling between them, and lower source and load
resistance, yield higher PTE values for the circuit. For resonant-based structures, the low—
Q of the driver and load coils (due to the series source resistance of the driver coil, and the
load resistance and small size of the load coil) are compensated by the high—Q of the primary
and secondary coils, and good coupling between the driver and primary coils (k;;), and the
secondary and load coils (k34).

Efficiency does not vary much with respect to the driver coil’s Q—factor and has a maxima
for the load coil’s low Q—factor [17]. An optimum set of physical and electrical parameters

exist for the highest efficiency for each design. This is researched in the following sections.

2.5 Design Flow and Optimization

It is a challenging task to determine direct correlations between physical/electrical parameters
and performance parameters such as quality factor and power transfer efficiency because of
the number of interrelated intermediate parameters in the design process. Changing a certain
physical parameter may influence more than one intermediate parameter, all of which in turn
affect a particular performance parameter in different ways. Therefore the trend achieved is
due to a combination of effects, rendering the direct effect obscure.

This is why a complete design flow and optimization process needs to be developed for the
modeling of the inductors. The design flow is based on our design of the multilayer helical
inductor. The goal of the design is to improve and optimize power transfer efficiency, for a set
of design specifications as per the application system requirements. However, the start of any

design is by outlining its constraints, which are given as follows:
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Figure 2.4: Structure of the inductor coils and Litz wire.

e The driver and primary coil pair in the circuit is realized with the help of a plastic base
around which the Litz wire is wound (Fig. 2.4). The driver coil is wound above the
primary coil concentrically. Similar approach is taken for the secondary and load coils.

This is done in order to simplify the structure and maximize the coupling coefficient.

e The radius of the implant coil is chosen as per constraints of the implant size. The focus
of our project is to supply power to a biological implant that is meant to be embedded
inside the body of a living subject. The current implant design consists of four PCB
boards of 15x15mm? area connected vertically, one of which is the power board that will

house the secondary—load inductor pair with approximate diameter of 15mm (Fig. 2.5).

e The radius of the external coil does not have a size constraint theoretically, as it is outside
the subject’s body. However, in order to maximize the magnetic—field strength, the radius

of the external coil is dictated by the typical coil distance (50mm) to be covered as per
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Figure 2.5: The implant PCB boards demonstrating where the inductor is connected.

the relationship outer diameter = distance 2 V2 [38] from the equation [16]

2
Heor = — 2 2.17)

2307 + )

where H is the magnetic—field strength in a single—turn circular coil with radius r at a

distance x along the axis, and maximizes when the above relationship is true.

e [t is either the chosen wire type that will dictate the operating frequency or a pre—
determined operating frequency that will help choose the type of wire. The sequence

of these two choices can be decided by the designer.

The type of Litz wire is chosen as per the operating frequency of the circuit. For our

project, we want to compare two different systems, each having a different operating frequency



CHAPTER 2. INDUCTOR MODELING AND OPTIMIZATION 20

’Identify implant coil size constraint\
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Figure 2.6: Flowchart of the inductor modeling design flow.

and power requirements [39]. Therefore we choose the AWG44 and AWG48 wire types, whose
operating frequency range are 350-850kHz and 1.4-2.8MHz respectively [32]. In order for the
two systems to be directly comparable and the same dimensions of the implant inductor coil
to be re—used, the two wire configurations are selected with approximately the same diameter,
0.48mm. Therefore, the AWG44 wire has 40 strands (single strand diameter = 0.05mm) and

the AWG48 wire has 105 strands (single strand diameter = 0.0305mm).

The design flow for the optimization using the modeling terms discussed in Section 2.2 is
outlined in the flowchart in Fig. 2.6. As per this design flow and using the design constraints
mentioned earlier, we have modeled two different inductor sets, which are called System 1 and

System 2. They are described in the following subsections.
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2.5.1 System1

We closely follow all the specified design steps of the optimization process in Fig. 2.6 for
creating this system of inductors. Firstly, all the design constraints are chosen according to
the implant’s application criteria. The implant coil diameter is chosen as 15mm as mentioned
earlier. The Litz wire (40 strand AWG44) is approximately half a millimeter in thickness.
Therefore, we make the topmost layer, which is the load coil, have an inner diameter of 14mm,
thereby making the outermost diameter of the coil very close to, but not above, 15mm.

Thereafter, the rest of the inner space is left for the secondary coil winding. Twelve layers
can be accommodated, that leaves an small internal 2.24mm space to place the base of the
plastic spool. We recommend the overall height of the coil not to go over Smm for maintaining
compactness of the designed implant. Therefore, the number of turns is 9 for the secondary—
load coil pair, which gives a wire—only height of 4.4 1mm.

Since the typical distance between the external and implant coil is taken as 50mm, equation
(2.17) produces an average external coil radius of 35mm, which is chosen. Once again, the
driver coil is placed as the outermost layer. The maximum number of layers that can be allowed
for the primary coil is 82, which leaves an internal space of 5.22mm for the spool base. The
number of turns for the driver—primary coil pair is first chosen randomly but later on dictated
by the optimization of the power delivered to the load (described in Chapter 3).

The next step is to chose the type of wire, which has been explained previously. This gives
us the operating frequency limits. Now we are able to calculate all the electrical parameters of
the inductors. This is followed by sweeping of the operating frequency in order to maximize the
power transfer efficiency, sweeping of the primary coil height to maximize the actual delivered
power, and lastly, checking if the self-resonant frequency of the the coils is within the limit.

This system’s physical and electrical specifications are given in Table 2.2. Using the
MATLAB® code given in Chapter 4.2, the calculations of the modeling terms are performed
for carrying out the optimization procedure. The code also solves for the overall power transfer

circuit, which will be discussed in the following chapter.
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Table 2.2: Coils’ physical and electrical specifications: 40 strand AWG44 (f=850kH?z)

Coil Type Outer Dia. Inner Dia. Turns per No. of Height of
(mm) (mm) Layer Layers Base (mm)
Driver 1 136.36 134.78 2 1 0.98
Primary 1 134.78 522 2 82 0.98
Secondary 1 14 2.24 9 12 4.41
Load 1 14.98 14 9 1 4.41
Coil Type Inductance (calc.) | Inductance (sim.) | Capacitance | Self-Resistance Q—factor
Lself (;UH ) Lself (ﬂH ) Cxelf (f F) Rye () (unloaded)
Driver 1 1.76 1.83 40.09 0.22 43
Primary 1 2012 2001 0.31 0.83 12946
Secondary 1 46.85 47.13 2.66 0.31 807
Load 1 0.45 1.06 1.67 0.10 24

22

From the calculations, the maximum power transfer efficiency is found to be 77.13% at

50mm coil distance and 850kHz operating frequency, using the optimized parameters. The

various parameter trends observed while designing this system and the conclusions drawn from

them have been discussed in Section 2.6.

2.5.2 System 2

Modeling of this system is similar to that of the previous system. The implant coil dimensions

are identical since the implant structure is the same. However, since the Litz wire (105 strand

AWGA48) and operating frequency are different, the remaining steps of the design flow are also

different. The primary coil width and thus the number of turns is restricted to 15, because the

self-resonant frequency limit is reached sooner for the higher operating frequency (2.8M Hz).

Table 2.3: Coils’ physical and electrical specifications: 105 strand AWG48 (f=2.8 M Hz)

Coil Type Outer Dia. Inner Dia. Turns per No. of Height of
(mm) (mm) Layer Layers Base (mm)
Driver 2 83.43 81.85 2 1 0.98
Primary 2 81.85 58.15 2 15 0.98
Secondary 2 14 2.24 9 12 4.41
Load 2 14.98 14 9 1 441
Coil Type Inductance (calc.) | Inductance (sim.) | Capacitance | Self-Resistance | (Q-factor
Lse/f (/JH) Lself (llH) Cself (fF) Rac (Q) (unloaded)
Driver 2 0.98 0.99 24.63 0.12 144
Primary 2 108.03 105.22 1.78 1.21 4579
Secondary 2 46.85 47.13 2.66 0.18 1571
Load 2 0.45 1.06 1.67 0.09 88
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height
Y N = _ i)
Outer coil Inner coil Y base , width w,
Spool 3 radius

radius‘ width wo height base

Primary 1 35 |64.78 048 | 0.98 | 5.22
Primary 2 35 11.85|0.48 | 098 | 5.22
SECLLERA 7.5 588 (048 | 441 | 2.24

*all dimensions are in millimeters

Figure 2.7: Physical dimensions of the coils (for both systems).

The maximized power transfer efficiency for this system is 80.66% at 50mm coil distance
and 2.8 M Hz operating frequency. This system has the physical and electrical specifications

given in Table 2.3.

Figure 2.7 shows the dimensions for all the coils designed for the two systems. As expected,
both the systems have peak efficiencies at 50mm, which is the distance that they were optimized
for by using the external coil diameter. However, this study has proven that fine—tuning of the
actual peak output power (or power delivered to the load PDL) for a certain coil distance is

possible but requires other parameter choices to be taken into consideration.

2.6 Results and Analysis

This section will provide an analysis of the cause—and—effect relationship among the various
parameters involved in the optimization process of the power transfer efficiency. Various trends

are observed with the help of 2D and 3D graphical plots.
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2.6.1 Quality Factor of Coils

The Litz wire has been chosen to achieve a low AC resistance and a high quality factor at a
specific operating frequency. Litz wires do not offer extremely high frequencies (only up to a
couple of MHz), but we would not prefer anything higher than 4M Hz anyway, since human
and animal tissue has a lower specific absorption rate (SAR) for low—frequency RF signals

compared to the high—frequency signals.

Power Transfer Efficiency (%)
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Figure 2.8: (a) Efficiency versus unloaded quality factors Q, and Qs (Q; = 1.61, Q4 = 0.06).
(b) Efficiency versus loaded quality factors Q; and Q4 (Q, = 6422, Q5 = 277, k3 = 0.01).
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Figure 2.9: Efficiency and output power versus operating frequency (at coil distance=50mm).

Also, the small-size implant coil has a small inductance and parasitic capacitance, which
means a lower frequency of operation will require a high capacitance value for the external
tuning capacitor, thus rendering the capacitance due to tissue effects negligible. Lastly, because
of the self-resonant frequency (SRF) constraint of the coil, the operating frequency is needed
to be kept low in order to avoid high effective series resistances (ESR). All of the above reasons
help us achieve high unloaded quality factors for Coil 2 and 3, as can be observed in Fig. 2.8(a).

The loaded quality factors of the driver and load coils are restricted by the source and load
resistances. The Q—factor of Coil 4 is very low due to the high load resistance (ranging from
100Q2 to 1k€Q) and small implant size, and the Q—factor of Coil 1 is moderate due to the large
size of the external coil. However, the efficiency peaks at a certain Q4 value, and remains quite

constant with some variation in Q; values, as can be observed in Fig. 2.8(b).

2.6.2 Operating Frequency Variation

The variation in the power transfer efficiency due to changes in operating frequency is not very
pronounced in the four—coil system, as opposed to the two—coil system [17]. This is mainly due
to the driver coil having a low Q—factor due to low inductance, thus having a high bandwidth
of operation. Also, the driver coil and high—Q primary coil have a high mutual inductance and

coupling coefficient.
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Figure 2.10: Efficiency versus coil distance and operating frequency.
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Figure 2.11: Unloaded Q, versus operating frequency with different number of layers.

Fig. 2.9 and Fig. 2.10 show this phenomenon of relative immunity to operating frequency
from 400kHz to 1200kHz. However, the output power (PDL) in Fig. 2.9 decreases with in-
creasing frequency because maximum power can only be delivered to the load when half of
the power is dissipated at the source, meaning the efficiency is 50%. This happens at around
300kHz in the graph. In Fig. 2.10, the variation of the power transfer efficiency with the coil
distance is also observed, with peak efficiency being at 50mm, as anticipated.

The Q—factor of the primary coil does not exhibit much variation for a wide frequency
range. In Fig. 2.11, the maximum Q-factor achieved is shown as the number of layers of the

coil is increased.
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2.6.3 Choice of Primary Coil Parameters

As mentioned earlier, the primary coil size is the determined by the typical distance where
efficiency needs to be maximum, which is why we have chosen a radius of 35mm for a coil

distance of 50mm based on (2.17).

For the optimization process to be successful, in System 1, we have used 82 layers for the
primary coil with which the self-resonant frequency SRF is still reasonable (6.4M Hz, which is
almost 8 times greater than the operating frequency of 850kHz). Going above 82 layers would
physically require the coil to have a larger radius, which would in turn change the fine—tuning
of the peak efficiency to 50mm. For the primary coil in System 1, the width of the plastic base

is kept at a minimum of 5.22mm, for the spool to be architecturally sound.

For System 2, we have kept the primary coil radius the same because of similar design con-
straints. However, the number of layers N, is decreased to 15, because of the SRF constraint.
For this system, we have a primary coil SRF of 11.5MHz, which is more than 4 times larger

than the operating frequency of 2.8 M Hz.

For the choice of the number of turns NV,, the determining factor is the output power (PDL)
instead of the efficiency (PTE), which will be discussed in the following chapter that discusses
the overall power transfer circuit. Fig. 2.12 demonstrates how the O—factor and the SRF of the

primary coil vary with N,. As can be observed, the Q—factor does not vary much once N, is
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Figure 2.13: Coil 2 SRF versus number of turns and number of layers.

more than 6, which is also true for the SRE. However, both have a steep curve up to 6 turns.
The 3D plot in Fig. 2.13 shows the combined effect of change in N, and N, on S RF,. It can be
observed that an increase in N, does not drastically reduce the SRF, but rather causes it to have

a gradual response.

2.6.4 Two-Coil versus Four—Coil Systems

The aim of the resonance—based four—coil system is to avoid the problems observed in the two—
coil system, mainly the drastic monotonic decrease of the the power transfer efficiency with an
increase in coil distance due to the low coupling coefficient between the primary and secondary
coils. Fig. 2.14 clearly demonstrates this. It also shows the pre—determined efficiency peak

and the relative immunity of the four—coil PTE for a wide range of coil distances.

2.7 Concluding Remarks

This chapter has throughly discussed all the parameters required for successfully modeling a

multilayer helical inductor coil for RF power transmission. It has developed a optimization
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Figure 2.14: PTE versus distance for 2—coil and four—coil systems.

process for maximizing the power transfer efficiency (PTE) in a four—coil system, and demon-
strated the various design constraints, choices and trends observed during the design flow.

The two systems discussed have been fully developed with the help of the proposed design
and optimization procedure, and their parameters have been tabulated. High efficiency values,
77.13% and 80.66%, have been achieved for both the systems. Graphical plots have been
demonstrated in order to clarify how the various parameters are interlinked, and behave under
different conditions. The stability of the four—coil system in contrast to its two—coil counterpart

has also been established in this chapter.



Chapter 3

Power Transfer Circuit

Although coupled—mode theory has been originally used to to describe resonance—based cou-
pling, it can also be transformed into a simple circuit-based model. This chapter explains the
physics behind resonance—based power transfer and discusses various details of the system
design, such as electrical parameter choices, power harvesting, and application systems. The
power transfer circuit is designed using discrete components that are chosen in accordance to

the specifications of the modeled inductors in the previous chapter.

3.1 Resonance-Based Power Transfer

In 2008, the authors in [40] have investigated and established a non-radiative scheme that
can lead to strong coupling between two medium—range distant long—lived oscillatory resonant
electromagnetic states with localized slowly—evanescent field patterns, that are practical for
efficient medium-range wireless energy transfer.

Although this was the first significant attempt at the resonance—based approach after Nikola
Tesla’s back in 1914, there have been other ways of wireless energy transfer for several pur-

poses till date. These include the following:

e Radiative modes of omni—directional antennas that work well for information transfer but

30
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are not suitable for energy transfer because of high wastage of energy into free space.

e Directed radiation modes, using lasers or highly—directional antennas, that can be effi-
ciently used for energy transfer even for long distances (distances several times larger
than the characteristic size of the transmitting device), but require existence of an unin-

terruptible line-of-sight and a complicated tracking system in the case of mobile objects.

e Other non—radiative modes such as magnetic induction, but they are restricted to very

close—range or very low—power energy transfers.

The resonance—based method is based on the fact that two same—frequency resonant objects
tend to couple, while interacting weakly with other off-resonant environmental objects, and
even more strongly where the coupling mechanism is mediated through the overlap of the non—
radiative near—field of the two objects [40]. This resonant energy—exchange can be modeled by
the appropriate analytical framework called coupled—mode theory (CMT) [15], and also by the
reflected load theory (RLT) [41].

3.1.1 Coupled-Mode Theory

In this system, the field of the system of two resonant objects 1 and 2 is approximated by

F(r,0) = a)(DF(r) + ax(1)F(r) (3.1

where Fj,(r) are the eigenmodes of 1 and 2 alone, and then the field amplitudes a,(¢) and a,(¢)
can be shown to satisfy, to lowest order [15]:
dCl]

d
= e —iTay + ikay, % = —ilwy = ily)ay + ika, 3-2)

where w  are the individual eigenfrequencies, I'; ; are the widths due to the objects’ intrinsic
(absorption, radiation etc.) losses, and « is the coupling coefficient. Equations (3.2) show that

at exact resonance (w; = w; and I'} = I',), the normal modes of the combined system are split



CHAPTER 3. PoweR TRANSFER CIRCUIT 32

by 2k; the energy exchange between the two objects takes place in time /2« and is nearly
perfect, apart for losses, which are minimal when the coupling rate is much faster than all loss
rates (k >> I',). The desired optimal regime x/ VI ;T, >> 1 is called the “strong—coupling”
regime, which is set as the figure—of—merit ratio for any wireless energy—transfer system, along

with the distance over which this ratio can be achieved.

3.1.2 Reflected Load Theory

The authors in [41] have claimed that although CMT is a more physics—based approach and
RLT is circuit-based, both the methods produce the same results for ICPT. However, CMT
produces relatively simplified equations but works only for very low coupling and high-Q coils.
In the RLT method, the resistive load R, is transformed into a reflected load onto the primary
loop at resonant frequency. It has been shown that the highest PTE across such inductive links

can be achieved when all LC—tanks are tuned at the same resonance frequency [29].

3.2 Circuit Specifications

The model for the resonance—based four—coil power transfer system consists of lumped equiva-
lent circuits for the four inductors, referred to as driver, primary, secondary and load coils (also
denoted as coils 1 to 4), as shown in Fig. 3.1. In the four—coil system, the high—Q primary
and the secondary coils compensate for the low—Q of the source and load coils and the low
coupling of the intermediate coils.

The coils are tuned to the operating frequency by varying the tuning capacitance C,, for
the given self—inductance as per the equation w = 1/ v/L,C, . For our example case, a voltage
source E of 10.2V is used. A source resistance R,,,.. of 50Q and a resistor R, at 5.5Q to
mimic the source resistance of a power amplifier are used in the first loop, as shown in Fig.
3.2. Lastly, a typical load resistance for implant circuitry Rj,,; at 100Q is included in the last

loop of the circuit, apart from the lumped equivalent components of the inductor coils.
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Figure 3.1: Lumped equivalent circuit of the inductor.
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Figure 3.2: Electrical model for the power transfer system.

When circuit theory in the form of Kirchoft’s Voltage Law (KVL) is applied to the system,
we achieve the following matrix that defines the relationship between voltage applied to the

driver coil and current through each coil [17]:

I Zy Zin Ziz Zy E
I oy 2oy Zp3 Zoy 0
- (3.3)
4] 231 Zzy Lz Lz 0
Iy Zy Ly Zyz Zy 0

where

Zwn =R, + jwL, + 1/ jwC,, form=n
= jwoM,,,, form #n
Coupling coeflicients k3, ky4 and k4 are neglected due to the small size of the driver and

load coils and relatively large distances between the respective coils. Therefore, the matrix

elements Z3, Z4 and Z,4 are taken as zero so that they do not have an effect on the results.
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3.3 Input and Output Power

The ratio of the output power over the input power determines the power transfer efficiency.
It is an extremely important parameter in wirelessly—powered biological implants because of
safety issues and standards regarding tissue exposure to RF electromagnetic radiation [42].
Therefore, maximizing the efficiency will guarantee a relatively high power output at the load
even with a relatively low power wave that has to travel through the body.

However, the optimization of the efficiency does not automatically optimize the output
power. In cases where we are safely below the exposure limit, and we require a high power
delivered to the load (PDL), we can choose to maximize it, even if it at the cost of a lower
power transfer efficiency (PTE).

The matrix in (3.3) can be solved for various circuit parameters. For our purposes, we can
solve it for the input power and the output power at load resistance R;,,;, which produces the

following equations:

Psource = EIl, Plogg = 142Rload (34)

where E and R, are taken from the circuit’s example case as 10.2V and 100€ respectively.

Replacing I, we can achieve the following version of the equation:

Puus = Rins jP MMMyl Ly VLI Ly E
odi - oa
VL Ly VLo Ly NLsLy (M3, M3,w* + Z11 Z00 733744 + (M3, 733744 + M3, 211 Zag + M3, 211 Z22))

(3.5)

The equation (3.5) determines a direct relationship between the actual power delivered
to the load (PDL) and characteristics of the designed inductor such as its self and mutual
inductance, stray capacitance and AC resistance. Therefore, we can use this equation in our
proposed optimization process directly to maximize the PDL, in a similar approach that was
taken to maximize the power transfer efficiency (PTE) in the previous chapter. This is how a

PDL versus PTE trade—off can be achieved depending on application requirements.
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Figure 3.3: (a) 3D plot for PDL versus coil distance and number of turns. (b) 2D plot for PDL
versus coil distance for up to 8 number of turns.

3.3.1 Effect of Number of Turns on Peak Power

In contrast to the radius of the external inductor being used to tune the efficiency to a certain
coil distance, the PDL tuning is dependent on the height (number of turns) of the external
inductor. To demonstrate this, we have conducted a sweep for PDL versus number of turns for

a range of coil distances, showed in Fig. 3.3(a) and 3.3(b).

In these graphs, it is observed that the general trend is that the peak PDL will be at a

smaller distance as the number of turns increase. The recession of the peak is very distinct
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Figure 3.4: PTE versus coil distance for several number of turns.

with increasing number of turns and for our typical coil distance of 50mm, we would require
about 2 turns only to maximize PDL, which has been incorporated in our two system designs.
From Fig. 3.4, it can be observed that the efficiency peak does not vary significantly with
increasing number of turns and for a higher number of turns, the efficiency is quite uniform

across the range of distances.

3.3.2 Effect of Source Resistance

As shown in Fig. 3.5, the source resistance does not have a significant effect on the power

transfer efficiency. PTE peaks slightly higher and at a slightly smaller distance with a lower R;.
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Figure 3.5: PTE versus coil distance for different source resistances.
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Figure 3.7: Input power, output power, and efficiency of System 2.

3.3.3 Results

After performing the optimization of the output power, we have achieved high values for sys-
tems 1 and 2 described in Chapter 2, that is shown in Fig. 3.6 and 3.7.

For the coils in System 1, a PDL of 22.3dBm has been achieved for 50mm coil distance.
For the high frequency coils in System 2, a PDL of 0.76dBm has been achieved for the same
distance. Therefore, our systems have been optimized in a way so that both PTE and PDL are
maximized at the same distance between primary and secondary coils.

It is to be noted that for the System 2 circuit, we have chosen an R),,; value of 1kOhm and
a voltage source of only 1V, since it was the requirement for our power harvesting circuit in
[43]. Also, for both the systems, the optimized operating frequency was the lower limit of the
respective Litz wire, 350kHz and 1.4M Hz respectively. Therefore, it can be concluded that

the lower operating frequency limit produces higher PDL values whereas the higher operating

frequency limit produces higher PTE values.
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Figure 3.8: Power harvesting unit with rectifier and voltage regulator blocks.

3.4 Power Requirements and Harvesting Unit

So far we have only considered the transmission of power from the external circuitry to the
implant coil. But the power in this form is not suitable for direct consumption by the implant.
Therefore, we have designed a power harvesting circuit that rectifies and regulates the output
power into a constant DC form.

Since the power requirements will vary as per the application of the implant, the power
harvester circuit has been designed assuming a load resistance of 100Q for the architecture of
System 1 in Chapter 2. This system has a voltage output of 8.08V at 850kHz, which is taken
as the input voltage to the power harvesting circuit in Fig. 3.8.

The power harvester is entirely made up of discrete components. The system of diodes
is a full-bridge rectifier or AC-to—DC converter. We have used the commonly—used D1IN914
diode, which has a high switching speed and low forward voltage drop (= 0.6V). Any diode
with similar rating can be used for the rectifier section. The capacitor C; is for smoothing the

output waveform, and has been calculated using the following relations:

Vdc

Vie =Vae =2Vp, r = oo —
¢ > 7 2fC1Ripaa

(3.6)

where V. is the AC input, V. is the DC output, V), is the forward voltage of the diode and r is

the height of the ripple in the output waveform.
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Figure 3.9: Output power versus time for different values of R,,;.

Next we have a voltage regulator or DC—to—DC converter for forcing the output voltage to
a certain constant value. For this purpose we have used the LT1121 micropower low dropout
regulator with shutdown from Linear Technology. It has a dropout voltage of 0.4V and a 150mA
output current.

Its four pins can be configured as per the requirements. The Shutdown pin has been shorted
with the V;, since we are not using that feature. The Output and and the Adjust pin have been
arranged as a potential divider so that the output voltage at R,,; can be adjusted by changing
the value of R;, thereby changing the R,/R, ratio. Without the potential divider, the output
voltage would be a constant of 3.75V for this regulator.

The graph in Fig. 3.9 shows how the output power varies for different values of R;, and
saturates somewhere above R; = 700Q. The maximum power output that can be achieved
with this circuit for an R; of 750 or higher is 420mW, which is suitable for typical biological

implant applications.

3.4.1 Charge Pump

The charge pump is an optional section to the power harvester unit, which can be added in order
to amplify the input voltage to the harvester. For demonstrating the voltage amplification, we

have created a charge pump out of discrete components, shown in Fig. 3.10.
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Figure 3.11: Output voltage versus time for different values of V.

This charge pump is a typical variation of the Dickson’s charge pump [44]. The input
voltage signal is offset by the shunt diode, and the resulting signal is then rectified by the series
diode. By stacking a number of charge pump stages, the voltage signal can be multiplied to a
much higher value, although adding too many stages also increases the parasitic capacitance of
the diodes and the output impedance of the multiplier.

The designed charge pump uses the same voltage input from System 1, and capacitors with
a low value of 10uF in order to speed up the transient response. It can replace the rectifier unit
of the power harvester, if a higher power output is required for the implant application circuitry.
Fig. 3.11 shows that for the input voltage of 8.08V, a voltage of 26V is achieved at the output

of the charge pump.
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Figure 3.12: Block diagram of overall system: external and internal sub—blocks.

3.5 Typical Application Systems

Wireless power delivery can be used for numerous applications of modern autonomous elec-
tronic devices such as cell phones, laptops and household robots. For our project, we are using
it for implantable bio—sensors. This section presents a generic version of such a system, in

order to demonstrate the functions of its various components [38].

The implantable system incorporates the receiver coils designed in the previous chapters.
The overall system is divided into two units: external and internal (Fig. 3.12). The external unit
includes both a power delivery section and an end device. The power delivery section contains
a larger transmitting coil, which is connected to a wired power source, and is designed to allow
for maximum power transfer to the smaller implant coil. The second sub-block is the end
device, which can refer to a computer or a more application—specific embedded system. The

end device is connected wirelessly to the internal unit through a wireless data—link (antenna).

The implantable internal unit is a small application—specific system, designed to capture
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bio—sensor data using a custom interface board and communicate it to the end device for further
processing. The implantable unit contains three main sub—blocks, a power—harvesting block, a
processing and transceiver block, and an application—specific interface block.

The power harvesting section of the internal system comprises of the inductor coil con-
nected to other components to regulate and increase the reliability of the input power to the
implant. Apart from the discrete component level power harvesting unit designed in Section
3.4, an Integrated Circuit (IC) level design of the power harvester has also been simulated
in CMOS 0.13um technology [43]. The design consists of a low—voltage low—power voltage
regulator, which includes a charge pump and a temperature insensitive voltage reference.

The internal unit contains a microcontroller and an RF transceiver, that preferably have
a low power consumption. The data is transmitted to the end device using Frequency Shift
Keying (FSK) modulation at a frequency of 2.45 GHz. This allows the system to work in the
Industrial, Scientific and Medical (ISM) band, which allows existing antenna technologies and
devices to be used, while reducing developmental time and cost. Any signal processing and
data compression is done in the microcontroller before it is sent to the end device.

The interface block of the implant includes bio—sensors that can be used for various ap-
plications such as temperature and blood pressure monitoring. The interface electronics are
custom to the application in order to reduce the power consumption of the system. Overlap-
ping application areas may use the same or similar electronics, further reducing the size and
power consumption of the system. The implantable system is able to be modified to be im-
planted into lab subjects of various sizes and for different applications. Only modifications to

the interface electronics and inductor design are required.

3.6 Summary

This chapter implements the inductors designed in this research in the actual implant circuit.

It gives a clear overview of the theory behind resonance—based power transfer and how the
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coupled—mode theory can be translated into a more circuit—based approach. The circuit speci-
fications thoroughly define all the components of the power transfer block of the external and
implant circuits, including the lumped equivalents of the four inductors. Circuit theory calcula-
tions are used to derive direct relationships between output power and the inductor parameters,
so that optimization of output power can be performed by reusing the procedure developed for
efficiency optimization.

A novel relationship has been observed between the number of turns of the coil and position
of the peak output power in Section 3.3.1. It shows that a greater number of turns shift the peak
power to a smaller coil distance. This knowledge will enable future inductor designers to
fine—tune their coils as per very specific application requirements. Also, the effect of source
resistance on efficiency has been noted.

The results of the optimization procedure have been graphically demonstrated for the two
systems described. System 1 has a PDL of 22.3dBm and System 2 has a PDL of 0.76dBm
for their respective specifications. Conclusions have been drawn on the optimal frequency for
maximum output power.

In this chapter, a power harvesting unit and a charge pump have been designed to rectify,
regulate and amplify the output voltage of the power transfer circuit. A power output of 420mW
has been achieved with the power harvester and a voltage output of 26V has been achieved with
the charge pump. Lastly, a typical implant application system has been described with all of its

sub—components.



Chapter 4

Misalignment Analysis

Most of the studies conducted so far on wirelessly—powered biological implants deal with
standard scenarios where the subject would be at a constant distance and/or position from the
external circuitry. Some studies, such as [1] and [45] have addressed the issue of misalignment,
but have not delved into it as far as the effects and boundaries of misalignment are concerned.

Therefore, in this thesis, we have conducted analysis and calculations on axial and angular
misalignment of the primary and secondary coils, with conclusions on the feasibility of the

power transfer circuit and allowable worst—case alignments of the two inductors.

4.1 Mutual Inductance with Misalignment

4.1.1 Overview

An inductive link can be compared to a loosely—coupled transformer for various electromag-
netic applications, where the magnetic field generated by the primary coil is partially picked
up by the secondary coil, thus enabling wireless power transfer. However, this system needs
to be optimized for misalignment tolerance when the implant is meant for living biological
subjects. Any misalignment directly affects the mutual inductance, which in turn reduces the

overall power transfer efficiency.

44
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Therefore, the formula to find mutual inductance for circular coils in air has to take into
consideration both axial and angular misalignments. This research area has a long history of
contributions in electrical engineering. A lot of research has been based on the application
of Maxwell’s formula, Neumann’s formula and the Biot—Savart law; as well as the use of
analytical or semi-analytical forms expressed over elliptic integrals of the first, second and third
kind, Heuman’s Lambda function, Bessel functions, and Legendre functions. The problem can
also be addressed by using numerical methods, such as the finite element method (FEM) and
the boundary element method (BEM).

In this research, we have adopted the approach taken by [46] and [20] that uses the filament
method, where coils of rectangular cross—section are replaced by a set of filamentary circular
coils. The formulas stated here yield Maxwell’s well-known formula for mutual inductance of
two circular coils, when the coils are parallel and coaxial. The mutual inductance is calculated

using series that converge slowly, and is a good alternative to numerical methods.

4.1.2 Cases of Misalignment

The expression for mutual inductance has already been given in Chapter 2 in the form of

equations (2.1) and (2.2). They are restated below for the convenience of the reader:

0—— Wk
o R f«:os cos¢> ® o

g=K h=N I=n p=m

NINZ Z Z Z Z M(g’h’l’p)

g=—K h=—N |=—n p=—m

TS+ DN+ DC2m+ D2+ 1)

(2.2)

These equations deal with both the axial and angular misalignment cases. However, there are
more details about the orientation of the inductors that need to be taken care of while using
these equations. This will be the topic of discussion for this subsection, where we will prove

the universal nature of (2.1) and (2.2).
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The well-known filament method [22] along with equations (2.1) and (2.2) are used for
the calculation of the mutual inductance between all pairs of inclined circular coils either with
rectangular cross or negligible section. In the calculations, we have to take into account two
coils where the axis of the primary coil will be the axis z and the axis of the secondary inclined
coil will be the axis 7' . In this treatment, it is important to distinguish two cases given below,

for which the choice of calculation methods would be different [20]:

e Centers of the filamentary circular coils which replace the secondary inclined coil lie in

different points away from the axis of the primary coil.

e All centers of the filamentary circular coils which replace the secondary inclined coil lie
in the same point of the axis of the primary coil or they lie in the same point of the axis

of the secondary coil.

A detailed analysis of the cases can be found in [20]. For the case where the center of the
secondary coil lies in the same axis as that of the primary coil, instead of applying the filament

method to (2.1), it is applied to the following equation:

o [ k)
M = - VRpRg cos Gf —\/VTd(ﬁ “4.1)
0

where

V= \/1 — cos2 ¢sin’ @,
2 = 4aV
(1 +aVy+&’

Y(k) = (% - k) K(k) - %E(k),oz =

& =B —acosgpsind,

RS C

ReP TR

It can be observed that (4.1) is a simpler form of (2.1), and can be easily achieved by
making the axial distance d = 0. This implies that the centers of both the coils lie on the same
axis. Therefore, for our design, using (2.1) and (2.2) based on only the first case will suffice.

The second case is almost irrelevant for our purpose since it is now only used when the

secondary coil is a thin disk coil, as shown in Fig 4.1. However, if we do choose to go with a
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Figure 4.1: Cross—section of two non—coaxial and non—parallel circular coils, where the sec-
ondary coil is a thin disk coil, represented by a single filamentary coil.

single—turn secondary coil, we can again use the same set of equations (2.1) and (2.2) for the
second case, by suppressing the variable deciding the number of turns (p = m = 1) in (2.2) and

making d = 0 if the coils are coaxial.

Another equation that has been stated in [47] deals with only the non—coaxial case, with

the axes of the two coils being parallel:

(1-+ WYk
= ~ VRoRs f ot ¢) ( )d¢ 4.2)

where

2 1
V= 1+d——2icos¢
R: Ry

5 4aV Rs c
== —, =
(1 +aV)2 +ﬁ2 RP RP

2 2
P(k) = (% - k) K(k) - ZE(b).

This case too, as shown in Fig. 4.2, can be ignored for our purpose because (2.1) collapses

into this form when 6 = 0, thus making the term cos 6 = 1.



CHAPTER 4. MISALIGNMENT ANALYSIS 48

z z
A A
N, turns
k o 2m+l
h £
A - >y
A
...
i ; : """" +
5 R 2n+1
¢ hp d 2N+1
» 2K+
k L L L e e mm s
F llllllll’
" F P P
> X,)
a F L L Lo oo
F L L Lo oo
il NIZM}”I’IS
R,

Figure 4.2: Cross—section of two non—coaxial but parallel circular coils.

Therefore, the conclusion on the use of different formulas of mutual inductance for differ-
ent misalignment cases is that using the general case stated in Chapter 2 is the most efficient

method. Other cases can be achieved by assigning appropriate values to the variables involved.

4.2 Techniques for Calculation

Essentially, any numerical solver can be used to apply the formulas and produce results. We
have used the software MATLAB® for the calculation purposes. A function—based modular
approach proved to be the most efficient method for performing the mutual inductance calcu-
lations. The flowchart in Fig. 4.3 demonstrates the sequence of these functions starting from
the optimization level down to the integration level.

We have chosen the Romberg’s Method function (rombint) that is predefined in the software
to perform the integration given in the expression (2.1). This method is used to estimate definite
integrals. The variable funfcn describes the integrand of the variable ¢ and is called from a
separate module, which consists of all the intermediate values such as V, k*> and (k). The

domain of integration is from a to b, which are set to 0 and 7 in our case.
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Figure 4.3: Sequence of function calls to perform mutual inductance calculations.

The main code performing the inductance calculations (stored in a file called ‘inductance.m’)
simply calls the rombint function (stored in a file called ‘rombint.m’), declaring its parameters
as the integrand funfcn (stored in a file called ‘integrand.m’ in our case), the lower bound 0
and the upper bound 7. A detailed sequential structure of the MATLAB program is tabulated

in Tables 4.1 and 4.2.

4.3 Results and Discussion

As stated in the beginning, this chapter is meant to establish strict boundaries on the extent of
misalignment between the primary and secondary coils. It needs to be noted that misalignment
cases are not considered between the source and primary coils, and the secondary and load
coils, since they are wound co—centrically over the same central structure (a plastic base).

The graphs in Fig. 3.6 and 3.7 in the previous chapter have demonstrated input power,
output power and efficiency values for different coil distances, calculated with the help of
numerical analysis. However, the coils there were considered to be aligned parallelly, with
their centers along the same axis.

By using the equations (2.1) and (2.2), and then (2.3), which states the relationship between
self and mutual inductance of a coil pair, we are able find the coupling coefficient k3 for
all types of misalignment cases, which could otherwise only be found empirically through
measurements. Once we have the value of k,3;, we can replace it in the power.m function in

order to find the input and output power of the power transfer circuit.
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Table 4.1: Detailed sequence of MATLAB functions used in the optimization process (Part 1)

MAIN CODE: optimization.m

e Declaration of all physical properties as global variables such as radius, height, width,
distance, number of turns and layers, frequency etc.

e Opening of a text file to save parameter values.
e Code to perform optimization process as per flowchart in Fig. 2.6.

e Calling separate functions for each parameter calculation (described below):

1. inductance.m 2. resistance.m 3. self_res freqm 4. q_fac_effm 5. power.m

1. inductance.m

e Separate codes for all self—inductances (L;, L,, L3, Ls) and mutual inductances (M,,,
M3y, My3). M3, M>y, M4 neglected (later set to 0) due to size and distance of inductors.

e Calculation of k;,, k34, ko3 from L,,, L, and M,,, values.

e Each inductance calculation involves the following:

— Assigning values to variables a, b, ¢, d, Rp, R, hp, hs, N1, N, from the values declared
in optimization.m for the global variables.

— Variables N, K, n, m set to 6 (can be set to a higher or lower value to increase or
decrease accuracy of calculation as well as speed of code execution.

— Nested for loops run for variables 4, [, g, p, inside which calculations are performed
for z(g, p), Rp(h), B(h, g, p), Rs (D), a(h,]) and M(h,1, g, p).

— For calculating M(h, [, g, p), the rombint.m and integrand.m functions are called with
the command out = rombint(@integrand, 0, ).

1.a) integrand.m 1.b) rombint.m

e Declaration of function M(h,l,g,p) =

integrand(¢).
e Predefined function built into
e Declaration of global variables Rp(h), MATLAB.

B(h, g, p), Rs(), a(h, D).

e Performing calculations for V(I), k2,

e No changes required.

K(k), E(k), ¥Y(k) and M(h,l, g, p).
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Table 4.2: Detailed sequence of MATLAB functions used in the optimization process (Part 2)

2. resistance.m

e Assigning values to variables and performing resistance (both DC and AC) calculations.

e Equations (2.8) and (2.9) were used for System 1 and equations (2.10) and (2.11) were
used for System 2.

e If finding value of 7 to find f, in (2.10), values are interpolated from the graph given in
Fig. 2.3 by using the built-in MATLAB function spline.

3. self_res_freq.m

e Assigning values to variables and performing calculations for stray capacitance Cj.s as
per equations (2.4), (2.5) and (2.6).

¢ Finding the self—resonant frequency fi.;s from self—inductance L.;s (from inductance.m
function) and Cy,;r values by using (2.7).

e Using fy to find L.;r and ES R values, which are the effective inductance and effective
series resistance respectively.

4. q_fac_eff.m

e Finding values of Q;, @, @3, Q4 from L., and ESR values calculated in
self_res_freq.m. For Q; and Q,, source and load resistance values are added to ESR
in order to make it loaded Q-factor.

e Calculating efficiency from coupling coefficients k,,, (from inductance.m function) and
Q-factor values by using formula in (2.16).

S. power.m

e Assigning values to voltage source E, k,,,, and R, L,, C, for each inductor coil n.

e Nested for loops run for m and n to define the KVL matrix in (3.3), in order to find the
current through each loop 1,.

¢ Finding values of P;,, P,,; and V,,, by using simple electrical relations.
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Figure 4.4: (a) Coupling coefficient k,3 versus angular separation 6 for different coil distances
¢ (axial misalignment d is 0). (b) Coupling coefficient k,3 versus axial distance d for different
coil distances ¢ (angular misalignment 6 is 0).

Therefore, if a minimum output power value can be identified for a system, which must be

achievable for the implant to operate properly, it is a straightforward process to find the mini-

mum ky3 value required. This is how the worst—case values of misalignment can be calculated.

4.3.1 Observations and Modeling

For System 1 and System 2, it is observed in the graphs in Fig. 3.6 and 3.7 that the output
power maintains a minimum value that is about half of the input power (efficiency = 50%) up
to a distance of 75mm, after which it deteriorates. The maximum efficiency for both systems
is at around 50mm, since it is the distance for which the specific external coils (70mm average
diameter) have been designed. At 75mm distance and with perfect alignment between coils, the
power delivered to the load Ry, is 18.3dBm for System 1 and -5.55dBm for System 2, which
are typical adequate levels for the operational purpose of small-size biomedical implants.
Using equations presented in Section 4.1, we have defined the coupling coefficient k,3 for
various coil distances, and axial and angular misalignments, that have produced the graphs in
Fig. 4.4 and 4.5. Fig. 4.4 demonstrates the effect of one type of misalignment (either axial or

angular), keeping the other constant, for different coil distances.
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Figure 4.5: Sensitivity analysis of k3 with respect to both axial and angular misalignments
(c=50mm).

The trend, as anticipated, is decreasing coupling coefficient with increasing misalignment,
until k3 drops to almost zero. However, the function will never reach zero exactly but keep
approaching it. A sharp peak is seen in Fig. 4.4(a) for ¢ = 10mm at d = 15mm because at this
point the coil distance c is less than the axial misalignment d, which causes the magnetic field
to be oriented in an unusual pattern.

The 3D graph in Fig. 4.5 shows the simultaneous effects of both types of misalignment, for
a fixed distance of 50mm between the primary and secondary inductors. The color—coding of

this graph can be used to find regions where k»3 is higher than a specified minimum value.

4.3.2 Worst-Case Alignment

Since System 2 has been designed as per the requirements of our integrated circuit in [43],
we will consider it as our test—case circuit configuration for analyzing misalignments. This
integrated circuit works well in the sub 1mW power region, specifically between (100uW and
500uW). Therefore, a good power value for us to work with would be 250uW.

At a distance of 75mm between the primary and secondary coils, the output power is a little
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Figure 4.6: Flowchart to find worst—case alignment of primary and secondary coils.

over 250uW (279.5uW precisely). Ideally, similar amounts of power should still be achievable
regardless of the inductor orientation. Therefore, an analysis in order to find the worst—case
alignment at which 250uW of power is still deliverable to the 1kOhm load has been conducted
using the specified equations and graphs. The steps involved are outlined in Fig. 4.6.

To begin with, we note the value of the coupling coeflicient k3 at the 75mm coil distance.
Calculating k,3 from equations (2.1), (2.2) and (2.3), we get a value of 0.032. This implies that
ky; needs to be at least 0.032 for a minimum of 250uW of power delivery to the load. From
the sensitivity analysis graphs given, it is observed that k3 approximates this value when the

primary and secondary coils are apart by

75mm but perfectly aligned (from Fig. 3.6 and 3.7);

50mm with axial distance of 22.5mm, but parallel (from Fig. 4.4(a));

50mm with angular separation of 55°, but coaxial (from Fig. 4.4(b));

50mm with axial distance of 10mm and angular separation of 37.5°, or alternatively, with

axial distance of Smm and angular separation of 45°(from Fig. 4.5).

The above—mentioned orientations are the worst—case alignment cases for System 2 to

operate successfully with an integrated—circuit biological telemetry system implanted inside
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Figure 4.7: Typical subject (mouse) with implanted telemetry system powered by external coil.

a freely—moving subject. Misalignments beyond the orientations considered will reduce the
power delivery too much with respect to the specified requirement and the implant circuit will
potentially fail to operate.

The best method to physically implement this system is to have the larger coil (driver—
primary coil pair) at the bottom of the cage in which the subject is housed, as shown in Fig.
4.7. The walls of the cage should be distanced as such so that the subject is physically unable
to cross the axial misalignment boundaries. The angular misalignment boundary is capacious
enough to allow for tilted or sleeping positions of the subject.

However, when the implant coil is at 90° angular misalignment, the magnetic flux linkage
becomes zero, thus enabling no power transfer. This problem can be avoided with the use
of a Helmholtz configuration [48] (with two external coils, each at the top and bottom of the
cage), or having more than one implant coil in the form of an array. These implementations
will require extensive modifications to be made to the overall system design and are outside

the scope of this research work.
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4.4 Summary

This chapter has dealt with the issue of coil misalignment for the case of freely—-moving biolog-
ical subjects. It has given a thorough description of the different types of possible misalignment
cases and what techniques are present for calculating them. It has demonstrated the approach
we have taken for calculating coil misalignments for the two designed inductively—coupled
power transfer systems.

The series of MATLAB®) codes that have been created to implement the overall optimiza-
tion and modeling of the inductive system, taking care of coil misalignment, has also been
given in this chapter. The detailed modular structure of the program will enable future design-
ers to have a better idea regarding implementation procedures.

Sensitivity analysis based on System 2 given in Chapter 2 has been conducted for axial and
angular misalignments, as well as the simultaneous effect of both types. Worst—case alignments
have been specified for a minimum power supply of 250uW to the power harvester in [43]
using System 2 specifications. It has been shown that if a certain coupling coefficient number
is known and needs to be matched, boundaries of misalignment can be calculated for axial,

angular and simultaneous cases, by following the series of steps summarized in Fig. 4.6.



Chapter 5

Finite Element Method Modeling and

Surrounding Environment of Coils

Numerical methods can be implemented in order to verify some of the results we have gathered
so far in the previous chapters. This will offer a more solid proof to the analyses conducted and
pave the way to manufacturing of the proposed designs. Therefore, this chapter includes the
numerical method modeling that has been conducted using the Finite Element Method (FEM)
by using commercial software products called COMSOL® and EMPro®. Important electrical
parameters of the coils have been evaluated using these software simulations.

This chapter also deals with current standards on the permissible extent of RF radiation
and exposure, as well as the effects of the inclusion of external materials including biological

matter into the model, since it will be an issue in the real-life operation of the implants.

5.1 Introduction to the Finite Element Method

The finite element method (FEM) is a numerical technique for finding approximate solutions of
partial differential equations (PDE) and their systems. In simple terms, FEM is a method for di-
viding up a very complicated problem into small elements that can be solved in relation to each

other. Although it has its origin in the field of structural analysis, it is now employed in diverse

57
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areas such as waveguide problems, electric machines, semiconductor devices, microstrips, and
absorption of EM radiation by biological bodies [49].

Although the finite difference method (FDM) and the method of moments (MOM) are con-
ceptually simpler and easier to program than the finite element method (FEM), it is a more
powerful and versatile numerical technique for handling problems involving complex geome-
tries and inhomogeneous media. The systematic generality of the method makes it possible to
construct general-purpose computer programs for solving a wide range of problems. Conse-
quently, programs developed for a particular discipline have been applied successfully to solve
problems in a different field with little or no modification [50].

The finite element analysis of any problem basically involves the following steps:

e Discretizing the solution region into a finite number of subregions/subdomains, called

finite elements;

Interpolating solution for each element;

Deriving governing equations for a typical element;

Assembling of all elements in the solution region;

Solving the system of equations obtained;

Post—processing to generate solutions to required parameters.

Discretization of the continuum involves dividing up the solution region into subdomains,
called finite elements. Some typical elements for one—, two—, and three—dimensional problems
can be lines, triangles, rectangles, quadrilaterals, tetrahedrons and hexahedrons constituting
different number of nodes.

All of the above—mentioned steps are nowadays solved automatically with the help of de-
veloped FEM-based software, so the need for hands—on calculations has dramatically reduced.
However, the basic principles will enable the reader to visualize the requirements, techniques

and application of such a vastly popular numerical method.
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5.2 COMSOL® 2D Electromagnetic Simulations

This section describes the simulations performed by the software, primarily in order to verify
the results for coil resistance, coil self-inductance, and coil mutual inductance with and without
misalignments. The version of the COMSOL software used was 4.2a, which contains all the

necessary modules for our electromagnetic simulations.

5.2.1 Model Setup

A model in COMSOL needs to be set up by following some predefined criteria. The steps

involved in setting up the model are given below:

e Two-Dimensional Model Setup: The 2D model was set up in the 2D axisymmetric
dimension. This choice of dimension is very helpful in simplifying complicated 3D
geometries and significantly reducing simulation time, since it works with only a cross—

section of the geometry and combines the results to 3D at the end.

The physics added was Magnetic and Electric Fields (mef) under the AC/DC module.

Lastly, the type of study was chosen as Frequency Domain with a frequency of 2.8 M Hz.

e Geometry, Materials and Mesh: The geometry was defined in millimeters as arrays
of circles for the primary and secondary helical coils. The boundary was chosen as a

semicircle (for sphere in 3D).

The material assigned to the boundary was Air with infinite elements, and to the coil
domain was Copper, with slightly modified parameters due to the use of Litz wire. Lastly,

the mesh chosen was a coarser triangular mesh (Fig. 5.1).

e Governing Equations: The coils were assigned with the predefined Multi-turn Coil
Domain feature of COMSOL. It adds an externally generated current density to the right—
hand side of the equation that the Magnetic Fields interface defines. This feature sets the

conductivity of the domain to zero because the induced current in the coil windings is
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Figure 5.1: 2D coil setup in COMSOL and coarser triangular mesh.

handled in a homogenized manner. The external current density can be calculated in
different ways, depending on whether a total current or a total voltage is specified. This

definition uses the following governing equations:

(jwo — w’ee)A + VxH — ovxB = J, 5.1
J. = NI.,ii/a..i (for current—driven coil) (5.2)
Rcoil =A fNL/O-coilacoilA (53)

Leoi = 2Wm/12 (54)

M;; = ®;;/1; = (j/ @) Vinaucea,ij/ 1) (5.5)

The terms in the above equations follow basic electromagnetic notations. The primary
coil domain was assigned with an excitation of 1A, while the secondary coil domain was

set to zero. This was done in order to calculate the induced voltage in the secondary coil.
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Figure 5.2: Magnetic flux density (normal) and electric field (normal).

5.2.2 Simulation Results

The model was simulated with the given setup and specifications, and 2D plots were generated
for the magnetic flux density and the electric field, as shown in Fig. 5.2. From the figure, it is
evident that both the magnetic flux density and the electric potential is maximum around the
primary coil domain, since it has been excited with a current of 1A. However, these parameters
are not zero around the secondary coil, because of the magnetic flux linkage that causes some
amounts of induced voltage in it.

Results for other parameters were also found with the help of COMSOL’s built—in func-
tions, such as self—-inductance, resistance and mutual inductance of the coils. Table 5.1 shows
a comparison and error calculation between the values that were calculated in Chapter 2 for
System 2 and the values that were obtained from the COMSOL simulations.

All of the simulation results were within a very close error range of the results calculated
using the equations. The maximum error percentage was 5.6%, which was mostly due to
approximations in formula and use of a coarser mesh (trade—off between accuracy and run

time). Therefore, the EM model in COMSOL has successfully validated the theoretical results.
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Table 5.1: Comparison between theoretically calculated and FEM simulated parameter values

Coil Type | Inductance (calc.) | Inductance (sim.) | Error | Resistance (calc.) | Resistance (sim.) | Error
Lyeyy (uH) Lyey (uH) (%) Rac () Rec () (%)
Primary 108.03 105.22 2.6 1.78 1.88 5.6
Secondary 46.85 47.13 0.6 2.66 2.53 4.9
Mutual Inductance (calc.) | Mutual Inductance (sim.) | Error
Mys (uH) Mys (uH) (%)
0.55 0.54 1.8

R
=

r=0

Figure 5.3: Coil setup with the secondary coil being misaligned, and its 3D rendition (view at
225° revolution).

5.2.3 Shortcomings of the 2D Axisymmetric

It appears that the 2D axisymmetric model can be changed for misalignment analyses by axially
shifting and tilting the secondary coil cross—section, as shown in Fig. 5.3. However, doing this
will not give out correct results, because the model then no longer remains axisymmetric.

If the cross—section shown in the figure is revolved by 360° to generate its 3D rendition,
it will not generate the correct 3D misaligned secondary coil, but the geometry shown beside
the cross—section instead. Therefore, we are required to perform actual 3D simulations for

misalignment analysis, as given in the next section.
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Figure 5.4: Electric field (normal) at 12.80M Hz showing noise.

5.2.4 Eigenfrequency

Eigenfrequency can be defined as one of the resonant frequencies of an oscillatory system.
Increasing the primary coil size increases the parasitic capacitance between its turns and layers.
To obtain a high Q-factor at a relatively lower frequency, the inductance of the primary coil,
and therefore its size, should be large. This results in a significant effect of parasitic capacitance
on its self-resonant frequency or eigenfrequency.

To reduce the parasitic capacitance between the turns and layers, a low dielectric insulating
material is usually inserted between the coil layers. As a rule of thumb, the thickness of the
dielectric layer should be varied until the eigenfrequency is 3—4 times higher than the frequency
of operation so that its effects can be reduced in the coil’s overall Q—factor.

Therefore, the last study of the 2D design that was conducted was for the eigenfrequency
of the entire coil domain. Through simulations, the eigenfrequencies that were found (in MHz)
are 8.58, 9.67, 10.72, 11.26, 11.76, 11.86, 12.21, 12.80, 13.08 and 13.13. The lowest eigen-
frequency at 8.58 M Hz is the fundamental one, which is more than three times higher than the
system’s operating frequency of 2.8 MHz. Fig. 5.4 shows how the model behaves due to the

effect of self-resonance (noise) at a higher operating frequency.
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5.3 COMSOL® 3D Electromagnetic Simulations

Although the 2D axisymmetric model gives accurate values for a number of parameters, a 3D
model was set up as a next step in order to simulate results not possible to achieve through the
previous approach. For the 3D simulations, the model was changed to 3 layers and 3 turns for
the primary coil, and 1 layer and 3 turns for the secondary coil. This was done because 3D

models in general have a much longer simulation time.

5.3.1 Model Setup

The steps involved in setting up the 3D model are given below:

e Three-Dimensional Model Setup: The model was set up in the 3D dimension. Two
physics were added from the AC/DC module, Magnetic and Electric Fields (mef) and

Magnetic Fields (mf). Lastly, the type of study was chosen as Stationary.

e Geometry, Materials and Mesh: The geometry was defined in millimeters as helices.
The primary coil was a combination of three separate 3—turn helices which where joined.
The secondary coil was one helix with 3 turns. A cylindrical boundary was chosen,
in order to avoid corners generated by rectangles. Air and Copper were the assigned

materials. Lastly, the mesh chosen was a coarse free tetrahedral mesh (Fig. 5.5).
e Governing Equations: The coils were assigned with two different types of excitation
for the two physics types:

a) The Terminal feature: The Terminal node provides a boundary condition for connec-
tion to external circuits or to a specified voltage. By specifying zero charge, a floating

potential condition is obtained. This definition uses the following governing equation:

f -n.JdS =1 (5.6)
aQ



CHAPTER 5. FINiTE ELEMENT METHOD MODELING AND SURROUNDING ENVIRONMENT OF CoILs 65

20

Figure 5.5: 3D coil setup in COMSOL and coarse triangular mesh.

One terminal of each coil was assigned with Ground. One terminal of the primary coil
was assigned with a current excitation of 1A, while one terminal of the secondary coil

with 0OA, in order to calculate the induced voltage in the secondary coil.

(b) The Edge Current feature: The Edge Current feature allows us to specify a line

current along one or more edges. This definition uses the following governing equations:

—nXH:JS,nX(Hl—Hz):JS (57)

The primary and secondary coils were assigned with edge currents of 1A and OA.

5.3.2 Simulation Results

The model was simulated with the two features. 3D plots were generated for the electric
potential and the magnetic flux density, as given in Fig. 5.6. The figures demonstrate how the
electric potential and magnetic flux density is maximum around the primary coil. The electric
potential is highest at the excited terminal and gradually decreases along the perimeter of the

two coils. The magnetic flux linkage between the two coils is also evident from the figure.
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Figure 5.6: Electric potential and magnetic flux density (normal).

5.3.3 Inductance Values

The self and mutual inductance of the coils were also found from the 3D simulations. They
were conformal with the values calculated by the theoretical analysis. COMSOL finds self—
inductance values automatically through its Global Evaluation feature in the Results section.

The mutual inductance was found by performing a line integration along the secondary coil
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of 1A, the projection of the magnetic vector potential in the direction of the local tangent vector.
The magnetic vector potential components at edges are available as tAx, tAy and tAz, and the
edge—tangent vector components are denoted as t1x, ¢t1y and ¢t1z. The projection tA is then

defined by the dot—product of the tangent vector and the magnetic potential:
A =tAx*tlx +tAy = tly + tAz = t1z (5.8)

The mutual inductance value for the modified coils was found to be 0.33uH by this method.

5.3.4 Parametric Sweep

The mutual inductance has been plotted against four parameters (Fig. 5.7): the radius of the
primary coil (the secondary coil radius is kept constant due to implant design constraints), the
distance between the two coils, the axial displacement between the two coils, and the angular
displacement between the two coils. This is done in order to compare the simulated mutual
inductance trends with the results obtained through the equations.

It is demonstrated in Fig. 5.7(a) how the mutual inductance decreases with increasing
distance between the two coils, for constant coil sizes. Fig. 5.7(b) shows that a larger primary
coil results in a larger mutual inductance. Fig. 5.7(c) and 5.7(d) have a similar trend, which is
of decreasing mutual inductance with increasing misalignment of the coils.

The two effects of axial and angular misalignment can be combined, as shown in the previ-
ous chapter (Fig. 4.5). Therefore, a similar set of conclusions about the worst—case alignment,

such as the ones stated in Section 4.3.2, can be derived with the help of these FEM simulations.

5.4 Standards on RF Radiation and Exposure

The IEEE Standards Association mandates standards for safety levels with respect to human ex-

posure to radio frequency electromagnetic fields between the frequencies of 3kHz and 300G Hz.
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Figure 5.7: (a) Mutual inductance versus coil distance. (b) Mutual inductance versus pri-
mary coil radius (coil distance=50mm). (c) Mutual inductance versus axial misalignment (coil
distance=50mm). (d) Mutual inductance versus angular misalignment (coil distance=50mm).
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These specifications can be safely extended to other living subjects as well. The most recent
of these standards is the IEEE Std C95.1™, that has been published in 2005 [51]. In order to
implement our power transfer links, it is very important for us to follow these standards and
check if the exposure limits are crossed.

Maximum Permissible Exposure (MPE) Limits for controlled RF environments are stated
for various frequency sub-ranges. The MPEs are defined in terms of the RMS electric field
strength (E) in V/m, the RMS magnetic field strength (H) in A/m and the RMS power density
(S) in W/m?. The averaging time is 6 minutes. For uniform exposure over the dimensions of
the body, for example, certain far—field plane—wave exposures, the exposure field strengths and
power densities are compared with the given MPEs. However, for non—uniform exposure such
as that in our case, the mean values of the exposure fields, as obtained by spatially averaging
the squares of the field strengths or averaging the power densities over an area equivalent to the
vertical cross section of the projected area, are compared with the given MPEs [51].

As per our frequencies of interest, we will only talk about two frequency sub-ranges, which
are 100kHz to 1MHz, and IMHz to 30MHz. For both, the RMS electric field strength (E) is
1842/ fy[V/m] and the RMS magnetic field strength (H) is 16.3/ f),[A/m]. Here, f); denotes
the frequency in M Hz. The RMS power density measure is usually used for higher frequencies.

As can be observed in Fig. 5.2, the maximum RMS E-field is 692/ f),[V/m] and the max-
imum RMS H-field is 7.6/ fy;[A/m] (converted from Tesla). Both values are lower than the
specified MPEs. This proves that for this case for non—uniform exposure, even the maximum
field strengths at a certain spatial point are well within the exposure limits, thus eliminating the

need for spatially averaging the squares of the field strengths to find its mean value.

5.5 EMPro® 3D Electromagnetic Simulations

This section describes the simulations performed by the software EMPro, which is specifically

designed for carrying out electromagnetic simulations. It employs two different techniques,
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Figure 5.8: 3D coil model in EMPro.

FEM (finite element method) and FDTD (finite—difference time—domain), in order to perform
its simulations. FDTD is a time-domain method, whose solutions can cover a wide frequency
range with a single simulation run, and treat nonlinear material properties in a natural way.
FDTD is preferred when there is a high number of mesh cells, whereas FEM is more efficient

for solving high—Q and multi—port applications.

The choice of the technique depends on the kind of model to be simulated. The version of
the software used for our simulations is 2011.12. The data collected from the simulations is
in the form of scattering parameters (also known as S—parameters), which can be transformed

into a number of different electrical parameters such as inductance, resistance and Q—factor.
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5.5.1 Model and Simulation Setup

The coils are set up in the 3D space using the helix geometry feature of the software. Instead of
making a circular helix, a hexagonal structure is chosen, which is a very good approximation,
and also significantly reduces simulation time. The different layers (helices) of the coils are
joined using the loft faces feature. The material assigned to the coils is copper, and to the rest
of the space is freespace, with their predefined parameters. The boundary conditions are set as
absorbing for all the axes (x, y and z).

The excitation for the coils is provided to the ports using a 500hm voltage source with an
amplitude of 1V and phase shift of 0°. The ports 1 and 2 are set up as feeds through the start
and end faces of the load and driver coils respectively. Fig. 5.8 shows the setup of all the four
coils in the 3D model space.

The type of simulation chosen for this model is FEM. We specify the following simulation
parameters: adaptive sweep type with 20 sample points, start and end frequencies of 10kHz
and 10MHz, mesh delta error of 0.01 with 10MHz refinement frequency, and direct matrix

solver with an order of 2 basis functions.

5.5.2 Results

Since two ports are assigned to the system of inductor coils, it behaves as a two—port network.
The simulations produce S—parameter data, which is a term for defining the network in terms
of its incident and reflected power waves. The S—parameters are called S, S»1, S12 and S,

based on the numbering of the excited ports. They are defined in the following equations:

b
Sy =—
z1
Sy = —
. Zl 5.9
Sip=—
zz
Sy =—
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Figure 5.9: Simulated S-parameters of the EMPro model.

where a, is the incident wave at port n and b, is the corresponding reflected wave.

The S—parameters can be easily transformed into Z—parameters, which can be used to find
values for parameters such as the inductance and the resistance. These equations can be found
in several resources on microwave engineering such as [52]. Once the Z—parameter values are

found, the following equations are used to find the electrical parameters:

imag(Z,)
L,=———— 5.10
2nf (5.10)
imag(Zm)
M,,=——— 5.11
2nf (5.11)
real(Z,,)
R, =——— 5.12
2nf (5.12)

where L,, M,,, and R, denote self—inductance, mutual inductance and resistance respectively.

Fig. 5.9 shows the four S—parameter plots that have been simulated for the model within



CHAPTER 5. FINiTE ELEMENT METHOD MODELING AND SURROUNDING ENVIRONMENT OF CoiLs 73

the given frequency range of 0 to 10M Hz. As can be observed from the plots, the S—parameters
do not have a sharp peak at any particular frequency, which indicates its broad—band nature.
The transmission efficiency of the power transfer link can be directly calculated from S,; via

the following equation:

n21 = 100x]S 5, *[%] (5.13)

By calculating 7,; from the S, data, we achieve transmission efficiencies of approximately
50% and 80% at 2.8 MHz and SMHz respectively, for a coil distance of 50mm. The values
are comparable with our analytical results but are not accurate with respect to the operating
frequencies. This is due to the fact that the coils in the model were made with a plain copper
wire structure that has a different equivalent series resistance, instead of the twisted multistrand
structure of the Litz wire. The model becomes too complicated for successful computation
when Litz wire structures are used. Also, a hexagonal structure was used instead of a perfectly
circular helix. The values achieved for the electrical parameters as per equations 5.10, 5.11 and

5.12 were also conformal with the theoretical values with small error margins.

5.6 Inclusion of External Structures

The study to observe the behavior of the model with external structures in between and around
the external and implant coils is an important one, since it will help predict the efficiency of
the power transfer link in the real-life scenario. Therefore, we have conducted a few studies

on the impact of external structures in this section. They are listed as follows:

o A metal plate with an area of 15x15¢m?, made from PEC (Perfect Electric Conductor)
from the material library, was inserted between the external and implant coil pairs. This

showed a decrease in the transmission efficiency to 27% at 2.8 M Hz.

o A repeater coil, with the same configurations as that of the primary coil, was inserted
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this time. The distance between the external and implant coils was kept the same, and
the repeater was placed at 25mm distance from each. The transmission efficiency was

observed to increase in this case, to 59% at 2.8 M Hz.

e A material with the properties of muscle tissue (of human beings) was used for this
simulation. The dielectric properties of permittivity and conductivity at the frequency of
interest were taken from [53]. The mass had an area of 50x50mm? and a thickness of

Smm, and was placed in the middle of the coil setup.

As explained in Chapter 2, biological tissue has a low SAR for low—frequency RF sig-
nals (below 4MHz) and therefore, did not have a very significant impact on the power
transmission efficiency. The efficiency reduced to 48% for this simulation, which was a

difference of only about 2% with the simulations without the tissue matter.

5.7 Summary

This chapter has validated some of the results obtained theoretically with the help of electro-
magnetic simulations based on Finite Element Method modeling. The two software products
used have employed different approaches and techniques to model and simulate the system of
four mutually—coupled inductors for optimized wireless power transfer. Both two—dimensional
and three—dimensional layouts have been employed to evaluate various physical and electrical
parameters of the inductors.

The COMSOL simulations demonstrate quantified electric field and magnetic flux density
plots, as well as parameters such as resistance, self and mutual inductance, that successfully
validate the theoretical results. Parametric studies have been conducted for mutual inductance
versus primary coil size, distance between coils, and their misalignment. Thereafter, the ob-
served trends have been analyzed. Lastly, an eigenfrequency study and comparison with RF
exposure limit standards have been performed on the coil model. All of the performed design

steps have also been reported sequentially.
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The EMPro simulations demonstrate the approach of using S—parameters to calculate vari-
ous electrical data of the inductors as well as the overall power transfer efficiency of the system.
The results produced match with those achieved through the theoretical analysis. Furthermore,
various external components, including biological materials, have been modeled in the system
in order to analyze their effects. This has been helpful in order to gather an idea of how such
materials will affect the power transfer system in real-life implementations. It is also a good

starting point for performing numerical modeling of these effects.



Chapter 6

Conclusions

The aim of this thesis was to design and optimize a wireless power transfer link for imple-
mentation in bioimplantable telemetry systems. The method of resonance—based inductive
coupling has been employed for achieving this goal, and the optimization process has led to

the modeling of two power transfer systems based on specific application requirements.

6.1 Thesis Contributions

The contributions of this thesis can be outlined as follows:

e Various power transfer links have been reviewed in order to justify the need for a fully—
optimized resonance—based inductively—coupled system, that is capable of wirelessly

transferring adequate power to small—size low—power biological implants.

e Specific modeling terms involved for fully defining a multilayer helical inductor coil
have been introduced and described with equations, with emphasis on the use of Litz
wire and its different operating frequencies. With that the power transfer efficiency (PTE)

parameter of the system has been analyzed.

e A complete design flow for the inductor modeling and optimization to maximize PTE has

been developed. The design and optimization process has been implemented to create

76
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two different inductive coupling systems, namely System 1 and System 2, that operate
in the 350 — 850kHz and 1.4 — 2.8 M Hz frequency ranges respectively. The efficiencies
achieved for the two systems are 77.13% and 80.66% respectively at a coil distance of
50mm. Other parameters of both systems have also been tabulated. Conclusions have

been made on observed trends of the inductors’ physical and electrical parameters.

e A power transfer circuit that uses the designed inductors has been developed and circuit
specifications have been described. Relationships for input and output power with other
electrical parameters have been defined in order to simplify the process of maximizing

the power delivered to the load (PDL).

Maximized PDL values of 22.3d Bm and 0.76d Bm have been achieved for System 1 and
System 2 respectively. Furthermore, a novel relationship has been developed between
the number of turns in the primary coil and placement of the peak power with respect to

coil distance.

e A power harvesting circuit using discrete components, that uses a rectifier and a voltage
regulator, has been demonstrated, which is capable of delivering an output power of
420mW. Also, a charge pump capable of producing an output voltage of 26V with an

8.08V input voltage has been developed for the power harvester.

A typical application system where the inductive power transfer system can be imple-
mented has been demonstrated, with descriptions of the RF transceiver, the microcon-
troller, the IC level power harvester and the interface electronics. The size of the implant
is comparable to devices that can be placed inside the chest cavity of a rabbit for obtain-

ing physiological data from the heart with the help of bio—sensors.

e The issue of axial and angular misalignment between the primary and secondary coils
has been analyzed, with an account on the different equations available. The func-
tions involved in calculating misalignment in terms of the coupling coefficient k, using

MATLAB®) codes, have been sequentially outlined.
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Modeling of the worst—case distance and alignment that is still capable of delivering

adequate power to the implant in [43] has been performed.

e Finite element method (FEM) electromagnetic modeling of the coils has been performed

using COMSOL® and EMPro® software, using both 2D and 3D models. The results

are in accordance to the theoretical results from the previous chapters and verify their

validity, with a maximum error of only 5.6%. The FEM simulations also check the

models against RF safety regulations and demonstrate the effects of external elements on

the power transfer link.

All of the individual contributions make up the modeling sequence of the entire power

transfer system, starting from the design of the four individual inductors and the power transfer

circuit, to misalignment issues and FEM modeling. This will equip future system designers

with a step—by—step procedure manual for designing such power transfer links.

6.2 Comparison with Previous Works

Our work is compared against some similar endeavors undertaken in this field, as summarized

in Table 6.1. It can be observed that the power transfer efficiency achieved in this work is the

highest with respect to coil distance and implant coil size.

Table 6.1: Comparison of this research with other similar works

AREAS Cong [1] Kurs [14] Jow [16] RamRakhyani [17] This Work
Coupling Type Inductive Resonance—based Inductive Resonance-based | Resonance-based
Inductor Type Helical Helical Printed Spiral Multilayer Helix Multilayer Helix

Circuit Type Integrated Discrete Discrete Discrete Discrete
Implant Coil 2.5mm radius 30cm radius 10mm radius 11mm radius 7.5mm radius
Size Imm height 20cm height - 2.5mm height 4.5mm height
Efficiency No Data 40% at T*radius | 30% at 2*radius 82% at 2*radius 81% at 7*radius
Optimization No No Yes Yes Yes
Misalignment No No No No Yes
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6.3 Future Work

Based on the achievements of this thesis, there is some scope for future developments to be

made on the work done, which will increase its completeness. They are listed as follows:

e Conducting further simulations in the FEM electromagnetic front, in order to include
all the parameters involved in the modeling and optimization process of the inductors.
This will also provide a way of easily manipulating the structures, and changing their
orientation and environment in order to draw better conclusions on the various effects on

the power transfer link.

e Manufacturing of prototypes for the inductors, the power transfer circuit and the power
harvesting unit, and integrating them with the prototype implant already available that
uses battery as a power source. This will enable measurements of real-life data, obser-

vations on inaccuracy and suggestions on possible improvements.

e Miniaturization of the implant as well as the inductor from a discrete off—chip component
to an integrated on—chip component such as a printed spiral coil (PSC). This will help
make the the size of the implant comparable to devices that can be placed in—vivo smaller

living subjects like the rat or the genetically—engineered mouse.

e Extension of the results achieved to a Helmholtz configuration in order to increase the
total power delivered to the load. Also, analyses can be performed for other coil links
such as the two—coil link, three—coil link, and repeaters in between the external and
the implant coils. However, this will require extensive modifications to be made to the

modeling equations and the circuit theory used.
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