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ABSTRACT

WIRELESS POWER TRANSFER WITH BIDIRECTIONAL TELEMETRY FOR
ACTIVE IMPLANTABLE MEDICAL DEVICES

AVAN, ONUR

M.S., Department of Electrical and Electronics Engineering

Supervisor : Prof. Dr. Nevzat Giineri Genger

October 2017, 99 pages

This thesis presents a wireless power transfer (WPT) system for powering implantable
medical devices (IMDs).In order to make IMDs smaller and longer life devices pri-
mary batteries are replaced with rechargeable ones for the last two decades. Con-
sequently, WPT systems are implemented for IMD’s. Electromagnetic induction is
the most preferred and safety proven method among existing WPT methods. How-
ever, loose coupling inherent in these systems limits the implant depth and increases
the battery recharge time. A multi-coil approach (Strongly Coupled Magnetic Res-
onance) using Litz wire is implemented in this work to increase the power transfer
efficiency and to alter problems defined in the traditional methods. 1 MHz operation
frequency is selected by analyzing AC resistance of Litz wire types to achieve high
quality factor coils and also by analyzing dielectric and conductivity losses in tissue.
To take control over WPT and communicate with the device, a half-duplex bidirec-
tional telemetry system is designed. In the design procedure, first, WPT system is

modeled analytically and then optimized in MATLAB platform. The results are veri-



fied numerically in COMSOL Multiphysics program. A frequency control method is
demonstrated by using a switch capacitor array at the power amplifier side to adapt
the system to different implant depths. In the telemetry part, ASK modulation is used
for both forward and backward communication with low modulation depth without
disturbing the received power at the implant side. Modulator and demodulator circuit
designs are simulated using LT Spice software. PCB design for the hardware of both
implantable device and the external charger device is performed in Altium CAD plat-
form. 58 % (DC/DC) power transfer efficiency is achieved to transfer 485 mW power
at 4 cm implant depth. A Manchester encoded half-duplex bidirectional telemetry
system with 19200 baud rate is also established.

Keywords: Wireless Power Transfer, Near Field Communication, Medical Implants
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VUCUT ICERISINE YERLESTIRILEBILEN MEDIKAL CIHAZLAR ICIN
KABLOSUZ GUC AKTARIMI VE CIFT YONLU HABERLESME

AVAN, ONUR
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii

Tez Yoneticisi : Prof. Dr. Nevzat Glineri Genger

Ekim 2017, 99 sayfa

Bu tezde viicut igerisine yerlestirilebilir medikal cihazlar i¢in bir kablosuz gii¢ akta-
rim sistemi sunulmusgtur. Son 20 yildir, daha kii¢iik ve uzun omiirlii cihazlar yapmak
amaciyla tekrar sarj edilemeyen bataryalar tekrar sarj edilebilir olanlar ile degistiril-
meye baglanmigtir. Bu degisimin bir sonucu olarak kablosuz gii¢ aktarim sistemleri
bu cihazlarda uygulanmistir. Elektromanyetik indiiksiyon yontemi diger yontemler
arasinda en ¢ok tercih edilen ve giivenligi kanitlanmig olan yontemdir. Ancak, bu sis-
temlerdeki diisiilk manyetik baglanma katsayis1 cihazlarin viicut icerisine yerlestirilme
derinligini sinirlandirmig ve bataryanin tekrar sarj edilme siiresini uzatmistir. Bu ca-
lismada, ¢oklu bobin kullanim yaklasimi (Giiclii Baglantili Manyetik Resonans) Litz
kablo tipi kullanilarak uygulanmistir. Bu yaklasimla hedeflenen gii¢ aktarim verim-
liligini arttirmak ve geleneksel methodlarda goriilen problemleri ¢ozmektir. Sistem
maksimum c¢alisma frekansi olarak 1 MHz secilmistir. Frekans se¢imi i¢in yiiksek

kalite faktoriine sahip bobin tasarlamak i¢in kullanilan Litz kablonun degisken akim-
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daki resistansi analiz edilmis ve se¢ilen frekansin doku {izerindeki iletkenlik ve yalit-
kanlik gii¢ kayiplar1 incelenmistir. Kablosuz gii¢ aktarimini kontrol etmek ve medikal
cihaz ile haberlesebilmek amaciyla yari ¢ift yonlii bir telemetri sistemi tasarlanmis-
tir. Kablosuz gii¢ aktarim sistemi tasarim siirecinde once analitik sistem modellemesi
yapilmig sonra model MATLAB platformu iizerinde optimize edilmistir. Elde edi-
len sonuglar daha sonra COMSOL programinda dogrulanmisgtir. Sistemin farkli vii-
cut derinliklerinde ayni performansi gostermesi i¢in frekans kontrolii uygulanmistir.
Verici kisimda kullanilan gii¢ yiikselticiyi yeni frekansa uyumlu hale getirmek icin
kondansator anahtarlama metodu kullanilmistir. Yakin mesafe haberlesmesinde gen-
lik kaydirma yontemi hem ileri hem de geri telemetride diisiik sinyal gecisleri ile
implement edilmistir. Buradaki amag, haberlesme sirasinda alic1 voltaj seviyesinin
diismesini engellemektir. Telemetri icin tasarlanan devre yapilarinin simulasyonu LT
Spice programinda yapilmistir. Viicut icerisine yerlestirilebilir medikal cihaz ve ha-
rici sarj cihazininin elektronik kart tasarimi Altium CAD programinda yapilmistir.
Medikal cihaza 4 cm mesafede 485 mW giic aktarilirken % 58 (DC/DC) verimlilige
ulagilmigtir. Manchester kodlanmis yari ¢ift yonlii telemetri sisteminde ise 19200 veri

iletim hizina erisilmistir.

Anahtar Kelimeler: Kablosuz Gii¢ Aktarimi, Yakin Mesafe Haberlesmesi, Viicut Ice-
risine Yerlestirilebilir Medikal Cihazlar
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CHAPTER 1

INTRODUCTION

Implantable medical devices (IMD) are utilized increasingly in a wide range of area
to monitor or threat disorders in body. Cardiac, spinal, cortical implants have shown
great improvement in functionality in the last decades. Traditional methods to power
these devices usually employ implantable batteries and percutaneous links. Using a
percutaneous link involves high risk for infection. On the other hand, implantable
battery has limited operation time depending on its energy storage capacity. Due to
long-term usage needs and patient safety, wireless power transfer (WPT) has become

the preferred solution for IMDs [5].

IMDs can be either powered directly from a WPT system or using a rechargeable bat-
tery which is charged with WPT. The design of the WPT employed in these devices
significantly depends on the implantable device’s power and size requirements. How-
ever, the main problem of IMDs using WPT is the power transfer efficiency. Most of
these devices are powered using magnetic induction methods. Because of the limited
area on the implant side, weak coupling exists between the transmitter and receiver
coils and this limits the implant depth of the implantable device. Secondly, devices
requiring higher power for operation (neurostimulators, left ventricular assist devices,
etc.) are placed in soft tissue due to the size of these devices. For such devices, the
optimum implant depth can vary from within subjects and additional control mecha-

nisms should be employed to account for the variable coupling problem.



1.1 Scope of Thesis

The primary intend of this thesis study is to realize a WPT system to supply wireless
power for implantable medical devices that utilize a rechargeable battery. Specific

goals are as follows,

-to improve the WPT efficiency at increased implant depths,

-to construct an adaptive efficiency improvement method for varying positions and
orientations during WPT

-to perform a telemetry system to communicate with the IMD and control the WPT

operation

In order to achieve these objectives for complete system design, in this thesis step by
step design approach is applied. Analytical model of the WPT system is optimized
by preparing a design flowchart and results are verified by numerical analysis. Hard-
ware design for complete WPT performance is studied by performing circuit analysis.

Finally experimental setup is prepared to validate proposed system.

1.2 Literature Review

Literature research on WPT for implantable medical devices is confined into 3 major

approaches: magnetic coupling, capacitive coupling and ultrasonic transmission [6].

1.2.1 Ultrasonic Energy Transfer

For implantable medical devices ultrasound waves that have frequencies generally
greater than 200 kHz are used. The waves propagate through tissue and carried energy
is converted to electrical energy by using a piezoelectric transducer inside the device.
Comparing with inductive coupling the effort shown in this area is quite less. There
are some researches that transfer energy up to tens of mWatts effectively. In [7],

70mW power at 40 mm implant depth is transferred with % 27 efficiency.

2



Human body is composed of different organs with different densities. Therefore,
acoustic impedance in the body changes significantly and this limits the use of ultra-
sonic power transfer in specific body locations, like soft tissue with no bone. Acoustic
impedance of bone is so high, therefore allmost all of the ultrasound wave is reflected

back [8].

The second and main problem for this method is the long-term effects to tissue long

term effects of vibrations caused by ultrasound are not investigated in detail yet.

1.2.2 Capacitive Coupling

Capacitive coupling is a near field wireless power transfer solution that utilizes the
construction of an electric field between two conductive plates. As time-varying volt-
age excites the transmitter plate, wireless power transfer over tissue is established by

the displacement currents [9].

For high power transfer capability, either the strength or the rate of change of the
electric field should be high. Electric field strength could be increased by reducing
implant depth and this limits the application range. High operating frequency on the
other hand, decreases the DC rectification efficiency. Nevertheless, the method is
suitable only for implantable devices with low power requirements (a few mWatts)

and having implant depths less than 1 cm [10].

1.2.3 Magnetic Coupling

1.2.3.1 Mid-Field and Far-Field Electromagnetic Coupling

Mid-field wireless power transfer could be used for miniaturized implants with the
receiver size being much smaller than the wavelength of the corresponding opera-
tion frequency. The distance between the transmitter and receiver is on the order of
one wavelength. The weak coupling is compensated by high frequency but still the
received power remains about a few mWatts and the transfer efficiency is too low

[11].



Far-field coupling relies on the principle of electromagnetic radiation. The method is
well investigated at free space but resources for biomedical application is still limited.
That is mainly due to the of high operation frequency (GHz range). At very high
frequencies, the tissue and rectifier losses become important. Therefore, low overall

power transfer efficiency makes this method impractical for use in IMDs [12].

1.2.3.2 Near-Field Inductive Coupling

Near-Field inductive coupling is the traditional and safety proven WPT method. The
method simply works on the principle of electromagnetic induction. A transmitter
coil placed in close proximity with the IMD generates a time-varying magnetic field,

which in turn, induces electromotive force (emf) in the receiver coil.

Researchers have proposed numerous near-field inductive coupling methods for IMDs.
These methods differ from each other in terms of the resonance structure and the num-

ber of coils used in the models, which will be explained in detail in the next chapter.

In order to perform a quantitative comparison of these methods used in IMDs, a com-
prehensive literature survey is conducted. In all these studies, the transmitter side is
driven by an AC source and there is no rectification at receiver side. Therefore, the
power transfer efficiencies of these systems are AC to AC for voltage (or current)

point of view.

Luo et. al. used a 4-coil resonant based WPT system for DBS devices at 4.07MHz
[13]. Cylindrical coil with 14 mm diameter and 3 mm height was used at receiver
side. Experiment accomplished when air was between coils and at 10cm distance.

Results show 6.775 % efficiency to power 10 € load at receiver side.

Bhuyan et. al. used a 2-coil resonant based WPT system at 720 KHz [14]. Air core
results of the study shows 32 % efficiency at 4 cm distance to power 20 €2 load.

Xue et. al used a 2-coil resonant based WPT system at ISM band (13,56MHz) [15].
The coils were fabricated on PCB. Receiver coil with dimensions 25 mm x 10mm
was used to power 50 2 load. At 2 cm distance 20,5 % efficiency was reached at air

core and 18,3 % under pork tissue.



RamRakhyani et. al. used a 3-coil resonant based WPT system with 2 coils at trans-
mitter side and a single coil at receiver side [16]. In this work, Litz wire was used
at the receiver side with a coil diameter of 1,5 cm. Frequency of operation was 3,37
MHz and 55 % efficiency is obtained at air core to power 110 €2 load at 1 cm implant

depth.

Hu et. al. used a 4-coil resonant based WPT with self-resonant coils [17]. In order to
achieve self resonance at the receiver coil a 1,5 cm radius coil at a very high operation
frequency (226 MHz) is used. Results demonstrates 46,7 % efficiency at 30 mm

distance under tissue.

Chiao et. al. used a 4-coil resonant based WPT system at 700 KHz [18]. Receiver
coil was composed of Litz wire with 22 mm in diameter and 2.5 mm in height. At 20

mm implant depth, system reaches 70 % efficiency under air core.

1.3 Thesis Organization

ClassE Multi-Coil Full Bridge Manchester
Amplifier Approach Rectifier AEHILED) Encoding
Efficiency Modulator
Optimization Design
. . Demodulator
Coil D .
esigh Design

AC Resitance Coupling
Analysis Analysis

Figure 1.1: System Blocks

In Chapter 2, theory of wireless power transfer via electromagnetic induction is ex-
plained first. A novel method of Strongly Coupled Magnetic Resonance is analyzed

and critical parameters for coil design are demonstrated.

5



In Chapter 3, power amplifier and rectifier structures are discussed in detail. Effects

of these blocks on WPT performance are analyzed for complete system performance.

In Chapter 4, wireless power transfer design procedure is explained and design is
completed. Adaptive system operation and corresponding feedback mechanisms are

presented.

In Chapter 5, near field communication over WPT system is explained. Modulation

and encoding schemes are analyzed and related hardware design 1s exhibited.



CHAPTER 2

WIRELESS POWER TRANSFER VIA ELECTROMAGNETIC
INDUCTION

2.1 Theory

The fundamentals of wireless power transfer via electromagnetic induction consist

Biot-Savart Law and Faraday’s Law of induction and Lenz Law.

Assuming an electrical current is passing through a coil, magnetic flux density gener-

ated by the flow of charges is given by Biot-Savart Law [19], [20],

B— _Ho M 2.1

47 1 7"2

where r is the distance from the wire element to the point at which the field is being
—
computed, €, is the unit vector of . Idl is linear-current-element in the wire, and /i

is the permeability of free space.

If the current [ passing through coil is time varying, magnetic flux density expression

also varies depending on the frequency and position of the field point.

If there are two coils, and one of the coils (transmitter coil) is excited, the magnetic

flux @5, in the second coil (receiver coil) can be expressed as,

By — / By - dS, 2.2)

>
where Bs; is the magnetic flux density generated by transmitter coil, S5 is the surface
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of secondary coil. Voltage induced on the receiver coil due to alternating magnetic

field generated by the first coil is given by Faraday’s law of induction [19], [20] :

— - (2.3)

where vy(t) is the induced voltage in the second coil and E is the induced electric

field strength.

Mutual inductance M>; can be defined as the ratio of the partial flux ®5; enclosed by

conductor loop 2, to the current /; in conductor loop 1 as shown in Fig. 2.1.

[ Bu(L)dS;  ¢u(ly)
My = 7& I = I, 2.4)

Similarly self inductance L; of coil 1 becomes,

_ (I)ll(-[l)

Ly (2.5

I

O(h) ‘\

I

Figure 2.1: Mutual inductance M5, by the coupling of two coils via a partial magnetic

flow

For the closed loop case of second coil (i.e current passes over coil), the current
through L, also generates an additional magnetic flux ¢, which opposes the mag-

netic flux ¢9; (Lenz Law) [21].



Using Eq. (2.4), (2.5) and (2.6) the voltage on coil 2 becomes,

dq)g o dq)gl — d@gg

valt) = —; i
dll dZQ

= M— Lo—=

dt 2 dt

Here i, is the short circuit current in the second loop due to current z; in the first loop.
Figure 2.2 shows the circuit model of magnetically coupled conductors (coils). If the
receiver coil’s internal resistance R is also taken into account, the voltage v () on

the load resistance 2, can be written as,

di diy .
vy(t) = Md—tl - LQd—; —iyR, (2.6)

_i, M R2
Jd77 .
L1 L2
V2
RL

Figure 2.2: Equivalent circuit for magnetically coupled coils. L; and L, refers to the

inductance of transmitter and receiver coils respectively, R is internal resistance of

receiver coil, Ry, is load resistance and v is voltage on the load resistance.

Since the currents passing through the coils are sinusoidal for most of the cases we

can write Eq.(2.6) in complex notation for w = 27 f,

‘/2 = jwMIl — jWLQIQ — ]2R2 (27)

9



Replacing V, = I, Ry, in Eq.(2.7) gives the relation between [ and /5.

2 Jwlo + Ry + Ry,

(2.8)
Modeling equivalent circuit of the transmitter coil under magnetic coupling with
the receiver coil introduces a new imaginary impedance Z,.r, which is the reflected

impedance from the receiver coil [22]. Figure 2.3 shows the model.

R1

Zref I::I V1

L1

f

Figure 2.3: Equivalent circuit diagram of transmitter under mutual coupling. L is
transmitter coil inductance, [?; its internal resistance and Z,. is reflected impedance

from receiver, 7, is current passing through the coil and v, is voltage across the coil.

If the similar approach is applied at transmitter side, voltage across transmitter coil is

calculated as follows,

‘/1 = ijgll — jLL)MIQ + [1R1 (29)

Replacing I, with I; from Eq.(2.8) gives the equivalent transmitter coil impedance

Z1,

V;
Zy = 1_1 = jwlo 4+ Ry + Zyes (2.10)
1

10



where
(wM)?

Zre = - 2.11
d JwLly + Ry + Ry, ( )
Then, in general form the reflected impedance seen at the transmitter side is,
M 2
Zyes = (“’Z ) 2.12)

where Z,.. is the equivalent impedance seen at the receiver side.

2.1.1 Resonant Wireless Power Transfer

Maximum power efficiency for a resistive load can be achieved at the resonance con-
dition. In the same way, for a properly designed wireless power transfer system the

maximum efficiency is achieved at resonance condition [23],[24].

Figure 2.4 shows the basic circuit structure of a wireless power transfer system with
magnetic induction. The system is composed of two series tuned resonant tanks.
Power transfer efficiency of the all system is found by multiplying the efficiency of
each resonant tank. For each loop (tank), efficiency is defined as the power transferred

to the load over total power appear on all elements.

Total power transfer efficiency, voltage source at transmitter side and voltage sink at

receiver side, is described as,

_ Power dissipated on load Ry, at the receiver (2.13)
= Power transmitted from the source Vj '

Power efficiency at transmitter side,

Re{Z, e 11 I}}
= a1l 2.14
m Re{V.I} (2.14)
Power efficiency at receiver side,
Re{Rp1>1;
= Re{R, 13} . (2.15)
RG{(RL + ijQ + ]w_Cz + R2)12]2}
The overall efficiency is,
n="n-m2 (2.16)

11



R1 R2

Vs Iy I RL

C1 c2

Figure 2.4: Basic circuit structure for resonant wireless power transfer system. L1, L2
transmitter and receiver coil inductances respectively, C'1, C'2 corresponding series

tuning capacitors, M/ mutual inductance between coils.

= ———, Zyey becomes pure

At the resonance condition, where w = wy = \/Lll o T VLo

resistive and efficiency becomes,

o Zref RL
1= Z,+ RiRy + Rs

(2.17)

2.1.1.1 Resonant Structures

Four circuit topologies, based on tuning capacitance connection type are shown in
Figure 2.5.

-Series-Series Resonant

-Series-Parallel Resonant

-Parallel-Parallel Resonant

-Parallel-Series Resonant

Considering the practical implementations of a wireless power transfer system, the
power source of the system is mostly a battery, not an alternating source. Due to the
need of a sinusoidal current to drive the system, a power amplifier should be used.
Efficient amplifier topologies like class E (or class F) amplifiers are series resonant
circuits. Consequently, on the transmitter side the series resonant circuit is suitable

choice.

12



Cl c2

Rs R1 R2

§RL
+

L1 L2

Rs
R2
+

- §m

Cc2

(o Q -

c1
R1
L1
Rs R1 R2 R R1 R2 I
+ | | [ |
cl Cc2 Cl
L1 L2 L1 L2

(c) (d)

Figure 2.5: Circuit models : (a) series-series resonant , (b) series-parallel resonant ,

(c) parallel-parallel resonant , (d) parallel-series resonant

On the receiver side, parallel topology analysis shows that there could be two capaci-
tor values for resonance condition depending on the load resistance. The impedance

seen due to mutual coupling at the receiver side,

1
Zseen = jwlo + R , R R
Jwlo + L2+(]w02 + Reo)//RL

The formula above shows resonance condition that does not only depend on tuning
capacitor but also the load resistance (i.e tuning capacitor value changes depending
on the load resistance). Therefore for systems with variable load, parallel resonant

structure is not suitable.

In this study charging rate is not variable. However, when wireless power transfer
system is active, the power is not only consumed for charging the battery but also by
other system activities of the IMD.Therefore from WPT perspective load is not fixed

during operation and series resonant structure at receiver side is a better choice.

13



2.2 Strongly Coupled Magnetic Resonance

Strongly coupled magnetic resonance (SCMR) fills the gap between two main wire-
less power transfer methods, electromagnetic radiation and electromagnetic induction
[1]. Electromagnetic radiation transmits power to long distances with low efficiency
while electromagnetic induction powers short distances with high efficiency. SCMR
achieves high efficiencies at mid-field, i.e. for distances lower than wavelength of the

signal by using high quality factor coils [25].

Transmitter Coil Receiver Coil

C1 R1 R2
.

|
|
i

AR
L3 f:= %L:& gm_

A A
: .

.
» .

I+
-
=
VA
(2]
N
-~
~N
a's g g -
N
w
N
VA T

.
u- .

Driver: Coil Mi2 W Load Coil

Figure 2.6: Strongly Coupled Magnetic Resonance System Architecture

SCMR is mainly a form of resonant magnetic induction implemented with four coils
as seen in Figure 2.6. In this method the actual power transfer exists between the
middle very high () resonators. Driver coil is used to increase reflected load against
source resistance and load coil is used to minimize load resistance to achieve higher
reflection. Since the loaded () factors of the resonators are high, minimal power loss
could be achieved during the power exchange between inductor and capacitor of the
corresponding resonator. Consequently a high efficiency system could be designed

even at a low coupling.

From the reflected load theory, Eq.(2.12), load reflected on transmitter coil is inversely
proportional with the load at receiver side. The critical part of the SCMR operation
is to transform receiver load to a minimum resistance. In this way reflection on the

transmitter increases and higher power transfer efficiency is established.

If high quality factor coils at implant size could be achieved at a frequency that does
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not generate high tissue losses, a wireless charging system for an implantable biomed-

ical device with high efficiency could be obtained with SCMR implementation.

The original derivation of SCMR is based on Coupled Mode Theory [25], [26]. But
Reflected Load Theory also gives the same result [27] and in this thesis the system

will be evaluated by Reflected Load Theory.

Figure 2.6 describes the simplified system model, where the mutual inductance be-
tween nonadjacent coils are ignored. This assumption is based on the coil locations.
Because coil 1 is in close proximity with coil 2 and physically constructed smaller ,
coil 2 magnetically shields the interaction of coil 1 with other coils. Therefore mutual
couplings M3 and My, are negligible. Similarly due to same reasons Mo, is also not

taken into account.

Performing Kirchhoff‘s Voltage Law (KVL) to the model shown, the relationship

between currents through each coil and the voltage applied to the driver coil can be

shown as :
v, [R.+2 —juMas 0 o | [n]
0 —jwM V4 —jwM 0 I
_ J 12 2 J 23 2 (2.18)
0 0 —JwMas3 Z3 —JwM3y I3
_O_ L 0 0 —jWM34 Z4 ] _14_
where

1
Zi=R,+ R (Wl + —
1 + R+ j(w 1+wC’1)

1
7o =R i (wL —_—
2 o+ j(w 2+w02)

1
Zs =R i (wL —_—
3 5+ Jj(w 3+w03>

1
7y = (WL + ——
4 RL—|—R4 +j(w 4+w04)
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Solving the equation by applying the Reflected Load Theory gives the closed loop

formula for the system impedance Zj,,

Vs My,)?
Zsys = [_ = (Zl + <w 12) ) (219)
1 (WMQS)Z
Zy+ ———
Z L+ (WM34)2
3 Z4

At the resonant condition, where the driving frequency generates no imaginary impedance

on the tanks, w = wy , impedance of individual tanks become,

leRS+R1

Zy = Ry

Z3 = R

Zy =Ry + Ry

Designing the system based on Eq.(2.18) is not the best way to optimize power trans-
fer efficiency, because the effects of each resonators on system is not seen clearly.
Finding the efficiency of each individual loop and investigating the effect on neigh-

bor loop is a better way to characterize the system.

Nsys = M1-7)2-73.7)4 (220)
where (at w = wy),
Z wM5)?
N2 = Tif, Zoy = %, Lipef = Lon + 21
Z wMy3)?
"2 2 Zyp = (M) s Loref = Zs2 + 2o
ZZ ref ZS,ref



Za3 . (WM34)2

, Laref = Laz + L3

R

774274

Z;; is the reflected impedance from i, coil to jy, coil and Z; .. s is the total impedance
seen on 7;, resonator with reflection. That is reflected load from neighboring coil is
added to resonant loops. The formulation is valid for resonant operation, that is all
the reflections are resistive. Otherwise complex power equations need to be used to
find efficiency as in Eq (2.13) and Eq (2.14). The methodology is going to be used at

WPT Design section to maximize the WPT efficiency.

2.2.1 Frequency Splitting Phenomenon on SCMR

Frequency splitting phenomenon is a result of increasing coupling between transmit-
ter and receiver blocks. As the coupling between coil 2 and coil 3 increases reflected
load on coil 2 increases. The increase makes the load reflected on coil 1 smaller. After
a point reflected load on coil 1 becomes very low and first resonator efficiency drops

significantly. This efficiency drop effects all system performance.

In the case the system efficiency maximizes at both below and above of original sys-
tem resonant frequency. The system behavior depends on the load impedance and

coupling coefficient ko3 between the resonant coils.

The overall system could be evaluated around critically coupled points as seen at
Figure 2.7. At this point where ko3 = k..;; the reflected impedance from secondary
coil to primary coil is equal to the initial impedance of the primary coil Z;. When ko3
lower than k.,.; the system is under-coupled and reflected impedance is smaller than

the initial impedance of primary coil.

In the over-coupled area the impedance reflected from secondary coil to primary coil
is smaller than the initial impedance of the primary coil. This means that power is

mostly dissipated at the load side. In this region efficiency peaks at two symmetric
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Figure 2.7: S5, magnitude as a function of frequency and coupling coefficient ko3 [1]

(assuming ac resistances of coils remain same) roots around original resonant fre-

quency and as coupling increases roots go far away from each other 2.7.

Frequency splitting is a critical part to discuss before starting design. In order to
maintain the high efficiency operation frequency must be changed. That makes WPT

control difficult and results in more complex control systems.

2.3 Coil Design

Circular geometry is concerned for the design due to the reasons:

- its conformity for the implantable medical device physical properties

- to make the analytical expressions easier

For a single loop coil with the condition R/a << 1, the self inductance of the coil is

given by

Lo, B) = poa(in( ) ~ 2) 2.21)
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where « is the radius of the coil and R is the wire radius.

Self inductance of a coil is calculated by summing single loop inductances of indi-

vidual turns and also adding each mutual inductance between turns .

ai

az

Figure 2.8: Geometric arrangement and notation for primary and secondary coils
composed of concentric circular loops. a; and b; are coil radii of the corresponding
turns, d is distance between coils, p is distance between axes,N, and N, are turn

counts of the corresponding coils

For relative permeability of the wire and the surrounding environment is unity, mutual

inductance M [28],

M(a,b,p,d) _WO\[/ Ji( \/>J1 \[JO ap/Vab) exp(—xd/Vab)dx

(2.22)

where a radius of first loop, b radius of second loop, p axial misalignment, d distance

between loops and J; , .J; are Bessel functions of zeroth and first order respectively.

Mutual inductance for the perfect coupling case (i.e axially aligned) is calculated by,
2 2
M(a,b,p=0,d) = uo@[(g — KK (k) — () E(r)] (2.23)

K
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where K = ( ( dab V3 and K (), E(k) are complete elliptic integrals of the first

(a+b)2+d?
and second kind.

Therefore the overall self inductance of a coil with circular geometry (helix or spher-

ical) is given by,

Na Ng Nb
Lo=)Y L(a, R)+ > Y M(a;,a;,p=0,d=0)(1-d;) (2.24)
i=1 i=1 j=1

2.4 Coupling Between Coils

The coupling coefficient “k” between coils is defined by,

k = % where M, is the mutual inductance between coils and L, and L, are
self inductances of the coils. The mutual inductance between two coils are found by
summing the mutual inductance of each turn of one coil with every other turn of the

other coil .

Ng N

Moy, =Y = M(a;,bj,p,d) (2.25)

i=1 j=1
where N, , IV, denote the number of turns in the two and a; , b; are the loop radius

for the corresponding turn.

2.5 AC Resistance of a Coil

The theory behind Strongly Coupled Magnetic Resonance requires high quality factor
"X coils. ) factor is given by,

storage power  wlL

- dissipating power R

where w is angular frequency (at resonance), L is inductance of coil and R is the

resistance (AC resistance) of the coil.
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Since the implantable device is small, it is not possible to use a high inductance coil
inside the device. The only way to design a high () coil is to increase frequency while

keeping ac resistance low.

2.5.1 Litz Wire

Litz wire type consists individually insulated parallel (twisted or not) strands and
constructed to reduce ac resistance losses due to skin and proximity effects up to a
few MHz. Therefore the wire type is the best candidate to achieve high () coils.
Calculating the ac losses of the coil formed by Litz wire correctly is a major process

for the design procedure.

Two methods are concerned for calculating the ac losses.

2.5.1.1 Method 1

one strand

Ax ,

> X

Figure 2.9: External and Internal magnetic field on a single turn where 7. is conductor

radius and 7 is position of the strand in conductor (Litz wire) [2]

This method calculates Eddy current losses due to alternating AC current and then
finds AC resistance of the coil in a closed loop formula [2]. Figure 2.9 shows magnetic
field at a point(strand) over the coil formed by magnetic field generated by other turns

H.,; and the magnetic field generated by the turn itself H;,,;. Therefore the overall H
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field at a point expressed as,

H=H + Hypy = (Hews + Hing Sin0)F + Hipg cos 0T (2.26)

A critical assumption in the method is, it calculates the H — field across the winding

layers with linear distribution. Then H.,; is found as follows,

A
Hew(Da, k) = (k= DIy + 115 * 2.27)
Te
Ax =r.+rcost
Ir
H,, = 2.28
t(T) 92 ( )

where k is the layer number , I, is amplitude of current by unit width of a layer, 7. is
conductor radius and r is position of strand in the turn. For a single layer coil, layer

number corresponds to turn number.

Using the result in Appendix A, AC resistance of Litz wire per unit length is found

as,

7T2N05
v — —(16m* — 1
7T(5N0d0 1<w) 24 ( om +

24

T2

2P  \/2Np
Rac = =

)Wa(1))) (2.29)

2.5.1.2 Method 2
This method is implemented by evaluating the magnetic field distribution on each
conductor that caused by other turns independently.

Appendix B explains the derivation in detail and result is used to calculate AC resis-

tance of planar spiral coil constructed by Litz wire.

From [29], losses of a spiral planar winding constructed by Litz wire could be calcu-

lated by integrating conduction losses, eddy current losses due to internal magnetic
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field and eddy current losses due to H.,; (generated by other turns) for each turn of

the coil.
V2pNI V2pBNI 821 Bril N2
= U S S S AS—— ) _ c § ea:t\l] 2.
AC 70 Nod 1(¥) wodo 2(1) ddy — 72 2(¥)  (2.30)
where,

p resistivity,

N number of turns,

I current single on conductor,
Ny number of strands Litz wire,
dp strand diameter,

r. conductor radius.

2.5.1.3 Results of AC Resistance Modelling Methods

Litz Wire AC Resistance vs Frequency

—method 1
— method 2

0.8

o = o =}
IS o o ~
‘

Resistance(Ohm)

o
w
:

o
[S)

b5

1 15
frequency(MHz)

Figure 2.10: AC Resistance vs Frequency for designed transmitter coil

2.10 and 2.11 shows results of the implementation of two methods for the designed
transmitter and receiver coil. Both methods are in strong correlation for both coils.
The Litz wire types and the coil parameters are explained in detail in WPT Design

section.
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Litz Wire AC Resistance vs Frequency
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Figure 2.11: AC Resistance vs Frequency for designed receiver coil
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CHAPTER 3

POWER AMPLIFIER AND RECTIFIER DESIGN

This chapter explains the design and critical points for DC to AC conversion at trans-
mitter side and AC to DC conversion at the receiver side. It is critical to analyze power
amplifier and rectifier selections before starting WPT design because this WPT anal-

ysis and adaptive system operation is closely related.

3.1 Power Amplifier Design

Implantable medical devices, either wireless powered or wireless charged, are battery
powered at the transmitter side due to its practicality and safety for electrical isolation.
Because inductive links use alternating magnetic field to transfer power, an AC to DC
conversion is necessary. A high efficiency power amplifier is therefore critical to

provide both lower power losses and lower data transfer losses.

Different power amplifiers such as A, AB, B, C, D, E, F are used in transcutaneous
power amplification systems in medical frequency bands with output powers chang-
ing mW to several watts. Two main categories exist for power amplifiers: linear
and switching amplifiers. Switching power amplifier is the common choice for many

designs due to high efficiency and high frequency band compared to linear amplifiers.

Among switching power amplifiers, Class-E amplifiers is the one that is used widely
in wireless power systems because of their simplicity [30]. In this thesis class-E

amplifier is also the design choice and will be concerned in detail.
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3.1.1 Class_E Power Amplifier

Most of the power amplifiers lose largest power at the switching device. Hence for
class-E amplifier efficiency is maximized by minimizing those losses. The amplifier
(Fig.3.2) works with zero voltage zero current (ZVZC) principle that is transistor
voltage and current are not high at the same time as shown in Fig.3.1. At the transistor
‘on’ state, the voltage is nearly zero when current is flowing, that is, the transistor
acts as a low resistance closed switch. At the transistor *Off’ state, the current is zero
when there is high voltage, that is, the transistor acts as an open switch. Also for a
better operation zero slope voltage and zero slope current switchings should exists at

transitions to minimize losses [31].

Current Through Switch

Switch
“OFF” State

Switch )
“ON" State

Voltage Across Switch

Figure 3.1: Ideal transistor voltage and current waveforms for class-E amplifier

Fig. 3.2 shows the schematic of class-E amplifier. In the circuit L; maintains constant
current to the system, C'; supports ZVZC operation, L, is transmitter coil for wireless
power system, (5 is tuning capacitor for resonant operation and R1 is the reflected

resistance from the load side.
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wlo

Amplifier loaded quality factor @, = “%

is critical for operation. Because the har-
monic content will be filtered out at high () resonant tanks of the WPT system gener-

ated current at the amplifier side should be as pure as possible. The second harmonic

current is % and third harmonic current is % relative to fundamental current. In

nominal circuit operation minimum possible (), value is 1.7879 [32].

ud B

% . . II C2 WL2
=1 % 1

1L T

\Y%

R1

Figure 3.2: Schematic of class-E power amplifier

In the design procedure L, and 1 values are determined from the WPT design results
and therefore values for the remaining circuit elements are calculated according to

those. From [32]:

1 0.91424  1.03175 0.6
C) = 0.99866 + — + 3.1
1 ER— @ @ Tepn OV
1 1 1.01468 0.2
Cy = 1.00121 - 32
> 2nfR1 (QL —0101823" o= 17379 (27 f)2L, (3:2)

L, does not have a single value point , for proper operation its impedance value needs

to be 30 times or more larger than impedance of C'.
The overall resistive losses of the amplifier is,
Ripada = R1 4+ ESRps + ESRce + 1.365Ron — 0.211ES R 3.3)
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where the ESR is equivalent series resistance.

Efficiency of the amplifier is calculated as,

R (27 A)?
= — —0.01 3.4
1 Rload 12 ( )

where A = (1 + %) (%f) , t¢ 1s the fall time of the drain current when the transistor
is turned-off, 7" is the period of operation and "0.01" refers for dc-feed choke dc and

RF losses.

The final equation to describe class-E amplifier is for its power output and it is calcu-

lated as follows.

0.414395 0.577501 0.205967

)2
0.576801)(1.0000086 — — +
( 3 QL Q7 Q3

) (3.5)

Vp is the transistor saturation offset voltage and it is taken zero for field-effect tran-

sistor.

3.1.2 Class-E Amplifier Optimal Design

In wireless powering applications, the reflected impedance changes due to positional
changes and load changes on the receiver side. Due to that load impedance of class-E
amplifier shifts during operation and therefore optimal design value for R;,,s should
be carefully investigated. Fig.3.3 shows waveforms of class-E amplifier for various
loads. When R;,,q equals optimum design value (Design Point) zero voltage zero
current switching appears ideally. But for the cases when Design Point does not
match additional transistor losses generates. For the case R;,,q < Design Point, the
load tends to draw current from amplifier quickly and the amplifier voltage increases
to compensate this. This results in device body diode conduction during the transistor

off period.

When Rj,.q > Design Point, load tends to draw insufficient current from amplifier,
yielding incomplete voltage transition. MOSFET switches when residual voltage re-

mains on it (hard switching) which leads C'oss (transistor output capacitance) losses.
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Rioag < Design Point Ri.aq = Design Point Ricaq > Design Point

M Capacitance
V"f I _"6.5 X VDD V; I Vf I (COSS + Csh)

3.56 x Vpp
Body Diode ~2x Vpp Losses

Conduction
VDS

Ip Io

time 50% time 50% time

50%

Figure 3.3: Class-E amplifier Vg, Ip graphs as a function of time for different load

resistances [3]

Because for the first case losses increases linearly with decreasing load and for the
second case increases exponentially with increasing load , Rj,,q<Design Point is a
better choice for load variation and should be considered first before starting the de-

sign.

3.1.3 Class-E Amplifier Design Results

The amplifier is designed according to the WPT results for operation at 4 cm implant

depth. The parameters are shown in Table 3.1

Table3.1: Parameters of designed class-E amplifier

LI  Cl C2 L2 R
| 330uH 4.5nF 1.18nF 22.7uH 61} ||

For 1 Mhz operation frequency, loaded quality factor of the system becomes 22 the-
oretically. This value is high enough for achieving almost sinusoidal current and first

harmonic component of the current is only %?2.2. (Fig. 3.6)

Amplifier designed with the calculated parameters are simulated at LT-Spice as shown
in Table 3.4. In the simulation, 350 mS2 L2 inductor AC resistance, 100 m2 L1
resistance and 50 mS) capacitor parasitic resistances are included. ZV/ZC switching
is seen in Fig. 3.5. Although soft switching of current is not observed, this is not

critical for high efficiency operation. 715 mW power is supplied to the 6 Ohm load,
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while total power input to the system is 775.5 mW. Consequently, amplifier efficiency

becomes almost % 92.

» » I
A I - 1.18n-
M| .
— - e
- CIRLMLOD4E | - - TTagn -

"PULSE(D 5 1n 1n 1n 0.5u 1u 100000)
~tran 0 3m 10n in -
Figure 3.4: Class-E amplifier schematic on LT Spice

V(n002) 1d(M1)

12V 1.5A
11V - 1.2A
1oV - 0.9A
9V
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8V
v ~ 0.3A
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5V --0.3A
4V 1--0.6A
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1V
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AV-| —1.8A
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1.503ms 1.505ms 1.507ms 1.509ms 1.511ms 1.513ms 1.515ms

Figure 3.5: Zero voltage/Zero current switching behaviour

For distances greater than 4cm, I?;,,4 on the amplifier decreases and system operates
below Design Point. Because in this region there are only MOSFET internal body
diode losses happens and it is not very critical. No action is taken for operation when

implant depth is larger than 4cm.

On the other hand, load on amplifier increases significantly due to higher coupling

with the receiver for distances lower than 4 cm. This generates hard switching losses
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Figure 3.6: Almost pure coil current with IMHz frequency

on the transistor and efficiency drop becomes important. As will be explained in the
WPT design section in detail, to solve this problem system operation frequency is
changed to achieve optimum operation. Class-E amplifier is needed to be tuned for
the new configuration and this is done by applying a switch capacitor array parallel to
C2 capacitor. Switching operation is done with Solid State Relays (SSR) to pass the

current in two ways, in order to not to disturb the AC current.

3.2 Rectifier Design

Rectifier design is another critical chapter in wireless power transfer process. If the
rectifier at the receiver end is not a well-considered solution, the system performance
remains average even though the designed WPT system is excellent. To charge the
rechargeable battery and supply other system voltages at receiver side DC voltage is
required hence the generated voltage/current on receiver coil must be converted to

DC.

Rectifier design plays critical role to keep system voltage stable and not to disrupt

coil current to continue resonant operation.

Among the rectifier topologies that are investigated, one topology with minimum ad-
ditional component count is Zero Voltage Switching (ZVS) class-E rectifier in Fig.

3.7. The advantage of this topology is, it only uses one rectifying element (diode)
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Figure 3.7: ZVS Class-E rectifier

and minimizes the loss on it. However, phase difference between voltage and current
on the receiver side disrupts resonant operation and needs compensation on the trans-
mitter(s) side. It would be a problematic solution for variable load system because
as the load resistance changes, duty cycle of the rectifying diode changes and phase

difference also changes [33].

D2

V+ D1

@ I Co

RL

Figure 3.8: Class-D synchronous rectifier

Another rectifier topology with minimal component count is current driven synchronous
class-D rectifier as shown in Fig. 3.8. This rectifier topology is proper for resonant
operation. By replacing the diodes with transistors it could also be used as a regulator.
However diodes turn on and of with high dV//dt which results in high switching noise

[34], [35].

32



C D1

Ladd
Coil ey " ! P !
D3:l; D4;l:
+ Co
— g“'—
1—"—- ——
D2

Figure 3.9: Full bridge rectifier

The common choices for the rectifier for implantable devices are full-bridge recti-
fiers. For that type of rectifier to be efficient the inductance of the coil should be high
or load resistance should be small. But for an implantable device because of small
geometry constraints inductance can not be high enough and devices perform low
current operations. Fig. 3.9 shows full bridge rectifier circuit sourced from a series

resonant LC tank. From [36],

-Q > % for diode to be continuous conduction

- (Q > 2 for the line current to be nearly sinusoidal (less than 5 percent third har-

monic) and power factor to be unity.

Considering the constraints and reasons above, the full-bridge rectifier is considered
to be best choice for an implantable device if the coil is supported with additional

inductor to increase loaded quality factor.

3.2.1 Rectifier Design Result

Taking into account the WPT design results, a load coil with 1.3 uH inductance is
achieved. However for a load resistance of 50 € at receiver side results in () factor of

0.163. This is lower than 2/7 for diodes to be in full conduction mode.
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To make line current almost sinusoidal, () factor should be greater than 2. To achieve
this value the load coil inductance need to be higher than 16 uH. Because changing
load coil is not an option for optimum WPT operation a discrete inductor series with
load coil is used. In this case the additional inductor is required to be low loss and
minimum size. Because it is not possible to find an inductor around 15 v/ inductance
with the given properties a 5.6 uf{ inductor is used at least to achieve full conduction

of diodes.

Designed rectifier is simulated using LT Spice at 1 MHz frequency as shown in Fig.
3.10. In the simulation, 100 m{2 coil AC resistance, 800 m{? inductor internal resis-
tance and 50 mS) capacitor parasitic resistance is included. As shown in Fig. 3.11
diode is fully conducting but current in load coil is not a perfect sinusoidal as seen in

Fig. 3.12..

L2 c1
xR i Do
5.6 3.8n _
L1 EMEG3010BEA
5 )1.04p
PMEG3010BEA PMEG3010BEA
vi ' ' c2 R1
A oy < 50
SINE(0 7.5 1000k) PMEG3010BEA
tran 0 3m 10n 1n

&

Figure 3.10: Designed rectifier schematic

541 mW power is dissipated on 50 €2 load resistance when the input power of 614

mW is supplied. Efficiency of the rectifier becomes % 88.
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Figure 3.11: Rectifier diode current
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Figure 3.12: Current on the load coil after rectification
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CHAPTER 4

WPT DESIGN

Before starting WPT design for maximum efficiency operation, it is necessary to

define requirements and develop a design flowchart as shown in Fig. 4.1

As a first step the size of the implanted device determines optimization parameters.
Rechargeable stimulator devices’ radius changes from (not perfect shape, estimated
from base areas) 2,5 cm to 3 cm mostly. To keep the used area minimum in this work,
maximum receiver coil radius is selected to be 2 cm. As explained in AC resistance
analysis, Litz wire is selected to achieve a high Q receiver coil. For Litz wire to be
efficient against eddy current losses skin depth of copper at that frequency should be
smaller than the strand diameter [37]. Litz wires are manufactured up to 46 AWG
(40 um) in strand diameter but are produced on demand (due to high manufacturing
costs). Therefore wires with 44 AWG (51um) strand diameter with different strand
counts are used for optimization. Therefore the skin depth at maximum frequency

becomes d a0 = 51 um

The frequency corresponding to this skin depth value is calculated as 1.67 Mhz. The
system is not forced up to limits and by giving 10% tolerance, 1.5 MHz is selected as

the upper frequency.

The critical part in the frequency selection process is that, it should not generate

excessive tissue losses for patient safety.
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Define area limitation for rece er coil(s) in the
implantable device

.

Define Litz-wire types used in the coil design

v

Select upper frequency limit for operation so that
defined wires minimizes AC resistance and tissue losses

v

Define implant depth that the system will be optimized

v

Find the fransmitter coil radius such that at the defined implant
depth coupling with the recewer is maximum

.

Sweep frequency and £43 such that efficiency is maxamized

v

Define load voltage and current requirements to set
load resistance(R )

:

Des=ign load coil such that 243 is the found value for
the given load R

v

Design driver coil such that efficiency of the block is high
but Z21 is low for proper amplifier operation

Figure 4.1: Wireless power transfer design procedure
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When tissues, skin, fat and muscle are investigated up to 1.67 Mhz, it is seen that
muscle has the highest conductivity (conduction losses) and skin has the highest loss
tangent. But the losses are negligible up to a maximum frequency of 1.67 Mhz. Fig.
4.2 and Fig. 4.3 shows the conductivity and relative permittivity of muscle, skin and

fat up to 1.5 MHz.
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Figure 4.2: Tissue conductivities vs frequency
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Figure 4.3: Tissue relative permittivity vs frequency

Rechargeable implantable devices’ maximum implant depth are up to 2-2.5 cm for
most of the devices due to WPT limits. The depth was up to 4 cm for non-rechargeable

devices and in this study implant depth is selected as 4 cm.
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Figure 4.4: Coupling coefficient k for different coil radiuses at 4 cm distance

After selecting the maximum implant depth, transmitter coil radius should also be
defined before optimization procedure. It is the radius that generates maximum cou-
pling with the receiver coil at a given implant depth. Magnetic coupling coefficient
(k) is a parameter that depends only on the physical constraints. Although the cou-
pling coefficient depends on the number of turns, k& factor between single turn coils
gives the right result. Therefore single turn transmitter with a receiver of 2 cm radius
is investigated. The distance between coils are assumed as 4 cm. Fig. 4.4 shows the
graph of k as a function of transmitter coil radius. Results show maximum coupling

occurs when the transmitter coil radius is 4 cm.

After setting the size restrictions’ to start the design, an optimization procedure should
be defined. SCMR power transfer method uses the load coil (coil 4) to transform
optimum load to receiver coil (coil 3). In the same manner the driver coil (coil 1) is

used to maintain the optimum load to the power amplifier.

In the center of the design, strongly coupled transmitter and receiver coils exist.
Therefore after designing these coils it is straightforward to design driver and load

coils.

The first thing to decide is the selection of Litz wire type for coils. 4 Litz wire types

are ordered for the design as shown in table 4.1.
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Table4.1: Litz wire types and corresponding parameters

wire type strand count strand diameter(mm) wire diameter(mm)
Typel 105 0.05 0.511
Type2 255 0.05 0.812
Type3 400 0.05 1.024
Type4 1050 0.05 1.628

Among these wires, Typel is selected for the receiver coil to minimize coil volume
and increase the mutual inductance with the transmitter coil. For the external coil
there is no strict volume requirement and it is more critical to design a low loss coil
to increase power efficiency. Therefore, Type3 and Type4 wires are candidates for
transmitter coil wire type but Type3 is selected to increase power amplifier quality

factor (because smaller wire diameter increases turn number).

Note: For 4-coil SCMR design, power amplifier is connected to the driver coil (coil
1) not transmitter coil (coil 2). But the design implemented in this thesis has a 3-coil

structure finally due to adaptive operation requirements.

2 unknown critical parameters; frequency of operation and reflected load from the

load coil to the receiver coil 743 remain.

Table4.2: Optimization parameters

parameter range step
frequency [800-1200] KHz 100 KHz
L3 [2-8] Ohm 500 mOhm

Parameters in Fig. 4.2 are swept with the given step sizes to find the best pair that
provides maximum power transfer efficiency in the given ranges. The result is shown
at graph 4.5. From the results it is observed that as frequency increases, efficiency

increases slightly and reaches a maximum for Z,3 is greater than 4 ().

As a result, the operation frequency is selected as 1 Mhz and Z43 as 5 €2. The slight
increase in efficiency above 1 Mhz is ignored because it also results in higher rectifier

and amplifier losses.
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Efficiency vs Frequency and Load Graph
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Figure 4.5: Efficiency with frequency and Z,3

4.1 Receiver Voltage and Current Requirement Analysis

The system is designed to recharge a battery inside an implantable device. Im-
plantable devices like neurostimulators have 200 mAh to 300 mAh capacity Li-ion
batteries. Li-ion batteries have nominal voltage 3.6 to 3.7 V and charged at 4.1 to 4.2
V at maximum. The most suitable charging scheme for Li-ion batteries is constant

current/constant voltage (CC/CV) charging due to mainly two reasons [38], [39], [40]:

- degradation in battery capacity is minimum

- increase in life-cycle

The charging rate also effects battery health and lifetime significantly. In [40] it is
noted that 0.5 C charging current is suitable for CC/CV charging. Charging a 200
mAh battery with 0.5 C rate corresponds to 100 mA current.

At constant voltage stage, the voltage need to be supplied to battery is 4.2 V. Including
the rectifier ( 300 mV), regulator ( 200 mV) and battery charger IC ( 300 mV) voltage
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drops, nearly 5V voltage should be maintained.

Therefore load on receiver becomes,

charging voltage 5V

R =500

L= charging current 100 mA

Consequently, the system could be considered to transfer power to a 50 €2 load.

4.2 Adaptive System Operation

Orientation changes between wireless power transfer coils effect all systems that use
magnetic induction method. Due to this fact, coupling coefficient £ depends only
on the physical placement of the coils, as the relative position between coils changes
k changes and mutual coupling changes. As a result of this, reflected impedance
changes and system performance show degradation. For a SCMR system, this re-

sponse is seen more strongly due to existing high mutual coupling.

The system designed is optimized for 4 cm implant depth. But for different patients

it could be used at 1 cm depth or more than 4 cm.

Efficiency vs Distance Graph
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Figure 4.6: Efficiency versus distance graph for the 4 coil system
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Reflected Load on Transmitter vs Distance Graph
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Figure 4.7: Z5; versus distance graph for the 4 coil system

Fig. 4.6 and 4.7 show the designed system’s efficiency and reflected impedance (Z5;)

graphs for 1 to 5 cm distance range.

From the graphs it is seen that as the distance between transmitter and receiver coil
decreases reflected impedance on the driver coil decreases. As a result efficiency de-
creases. That behavior could be handled with a higher impedance driver coil. In that
case even the reflected load decreases with decreasing distance it would still remain
high compared to coil ac resistance and efficiency would not degrade. However a
wide load range is not applicable for class-E amplifier. So even though the wireless
power transfer efficiency remain stable as coils get closer, it is not possible to drive

system due to power amplifier limitations.

To solve this problem, that is keeping the reflected impedance on the driver coil stable

as the orientation changes, different methods are presented in literature.

The first one is only applicable for SCMR systems [41]. The method suggest using
more than one driver coils with each having different inductance and couplings with
the transmitter coil. Only one driver coil is active at a time depending on the transfer
distance. The paper does not include a feedback mechanism on changing the driver

coils and making it manually. It is therefore not autonomous and has power drops
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between driver coil selections. Also due to larger volume requirement on transmitter

side the method is not preferred in this design.

The second solution is using buck-boost DC/DC converters at the load side [42]. By
controlling the switching the frequency of the converter, the load seen by the receiver
coil 7,44 changes and the system response is controlled from the receiver side against

placement changes.

For an ideal DC/DC converter input power equals to the output power, i.e.,

V;nIm — Vout Iout

The impedance seen by the converter output R, that is, actual load to transmit power

is (in our case rechargeable battery and modeled as resistive load),

‘/out
Zout = 7 = Rload

[ out

The input impedance of the converter, that is impedance seen by the load coil Z, is,

V2

in

Zin = Zout V2
out

Therefore for the boost converter as the load seen by load coil decreases, for the buck

converter it increases.

This method is a proper alternative for a wireless power transfer system. But for an
implantable device the complexity and component cost (both size and count) of the

method shows that it is not a good solution.

The third method includes tuning the power amplifier for different operation points
by a capacitor array [43]. The solution presented in this thesis uses switch-capacitor

array as a way explained below.
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Figure 4.8: Z5; versus distance graph for 3-coil system

During the analysis of the SCMR wireless power transfer systems, it is seen the that
system could be implemented as a 3-coil system 4.8. Since the loaded () factor of
the transmitter coil is high enough for the class-E amplifier, it could be used as a
driver coil. Figures 4.9 and 4.10 show the results of the designed 3-coil system. It is
seen that as the distance decreases efficiency increases naturally. But the increase of
the reflected resistance (Z»3) is dramatic and can not be handled properly by class-E

amplifier again.
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Figure 4.9: Efficiency versus distance graph for 3-coil system

When the system is analyzed in depth, it is seen that reflected load on the transmitter
coil could be modified against distance changes by changing the operation frequency.
Fig. 4.11, Fig. 4.12, Fig. 4.13 shows efficiency, reflected impedance (real part) and
reflected impedance (imaginary) graphs with operation frequencies at 1 cm ,2 cm and

3 cm transfer distances.
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Reflected Load on Transmitter vs Distance Graph
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Figure 4.10: Z,, versus distance graph for 3-coil system

The graphs show wireless power transfer system, tuned at 1 Mhz, gets into resonance
at some lower frequency for different distances with similar loads where the system
is tuned for 4 cm. For different implant distances system could be retuned to different
operation frequencies by keeping the load resistance stable. Power transfer efficiency

also remains stable.

For that purpose, the class-E amplifier is tuned to the new operation frequency [44]

by using a switch capacitor array [45].

Besides changing operation frequency to control the WPT system, the supply volt-
age level on the transmitter side should also be controlled.To achieve this a DAC
controlled buck converter is used. By changing the DAC output, feedback of the con-
verter is changed yielding a change in the output voltage level. By using this method,

class-E amplifier voltage level can be adjusted between 0 to 5 V with 20 mV steps.

4.2.1 Amplifier Feedback Design

Four feedback mechanisms are performed to detect conditions for an operation fre-

quency change:

- A power monitor device that measures voltage and current values of the supply of
amplifier. By reading this voltage and current values, impedance seen by the amplifier

supply is calculated and checked whether it is in the proper operation range.
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Figure 4.11: 3-Coil design results at 1 cm
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Figure 4.12: 3-Coil design results at 2 cm
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Figure 4.13: 3-Coil design results at 3 cm
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- The second method is to check the soft switching structure of the class-E amplifier.
If the amplifier is overloaded, voltage remains on the MOSFET transistor when the
gate is started to open. When the voltage drops to ground level, nearly 20 ns passes
and this hard-switching case should be detected in this interval. To achieve this, an
npn BJT transistor driven by a reverse polarity clock signal of class-E amplifier clock
signal is used as seen in Fig. 4.14. The voltage on the collector of the transistor
is compared with a threshold level. If hard switching exists comparator outputs ns
pulses. If this output is sent to microcontroller (MCU) directly, it generates continu-
ous interrupts which is not preferred. Therefore output of the comparator is given to
a monostable multivibrator to make pulses longer. In this way MCU can detect this

error situation at any time.

vE o
L1
Iz 3

Comparator Multivibrator

Square

1L

D1

Figure 4.14: Zero voltage switching detection

- The third and critical method is to measure current on the driver coil. In order to
achieve this, voltage on capacitor C2 is measured, as shown in Fig. 4.15. A peak
detector with time constant 1 ms, much larger than driver clock period(1/1 Mhz) is
used. The signal level could be up to 100 V and therefore divided and buffered before
sending it to the MCU as an analog input. MCU converts this analog signal to digital
form and calculates current on driver coil. Because voltage on the receiver side is
also learned from back telemetry, coupling between coils is calculated. By learning

coupling coefficient k system is tuned to correct the operating point.
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Figure 4.15: Circuit for estimating the transmitter coil current

- The last method is to detect the voltage level on the drain of class-E MOSFET. This
is done similarly using with the hardware explained in method 3. Comparing the peak

voltage level with the supply level, amplifier operation point is detected [3].

4.3 Numerical Analysis Results

After designing the wireless power transfer system by using analytical model, the
results are also confirmed numerically by using COMSOL Multiphysics program.
Magnetic and Electric Fields Module and Electrical Circuit Module are used for sim-
ulation. Frequency domain analysis at 1 MHz frequency is performed on 2D axially

symmetric system.

The system is modeled in AC/AC configuration as in Fig. 2.6. The model is first
simulated assuming 4 cm distance between the transmitter and receiver coils (Fig.

4.16). Fig. 4.17 shows magnetic flux distribution of system.

The same system is then simulated in tissue as shown in Fig. 4.18. Tissue is con-
structed from 4 mm skin, 40 mm fat and 20 mm muscle behind the implant device.
Since the device needed to be placed between fat and muscle, to keep implant depth
proper fat tissue is kept thicker. Fig. 4.19 shows the magnetic flux distribution of

system.
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Figure 4.17: Magnetic Flux distribution with air between coils
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Figure 4.19: Magnetic Flux distribution with tissue between coils
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The power transfer efficiency of the air core model is found to be % 85,5 ,while %85
is found in the tissue model. Comparing the efficiency and magnetic flux distribution
results, it is seen that operation frequency does not generate excess tissue losses and

it is suitable for safe operation.
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CHAPTER 5

NEAR FIELD COMMUNICATION

Near field communication (NFC) is a process that performs data transfer over the
same electromagnetic waves that transfers wireless power. The main idea to imple-
ment this system is to use the wireless power transfer in a controlled way. Data
transfer about wireless power transfer related data, makes the system more reliable
and safe. The data transfer ability between implantable device and external charger
device also removes the need for any other communication channel. By using NFC
any data that controls the implantable device could be send and any signal that is

monitored could be received.

For the designed NFC system to be practical and reliable, during the data transfer,
voltage level on the receiver side should not drop to a level that disturbs power transfer
and therefore battery charging operation. To perform the system in this way NFC
should not change wireless power transfer efficiency. In addition modulation and
demodulation circuits should not be complex so that the hardware used at the receiver

side can be minimized due to size requirements.
There are three modulation techniques used for the implementation of near field com-

munication [46], [47],

1- Amplitude Shift Keying (ASK)
2- Frequency Shift Keying (FSK)
3- Phase Shift Keying (PSK)
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The choice of modulation technique on the receiver side is more straight-forward.
Since the communication is performed over the WPT lines and it is controlled by
transmitter side it is not possible to change frequency or phase from the implant (re-
ceiver) side. The only way is to change the load seen by receiver coil. This is called

Load Shift Keying at some sources but in the end results as a Amplitude Shift Keying.

For the transmitter side all modulation methods mentioned above are possible but
the preferred method is again ASK. Since wireless power transfer system designed
in this thesis uses resonance FSK decreases WPT efficiency. In addition, since the
system is implemented by coils that have high Q factor, it is not possible to have a
wide-band system. PSK is a good solution to keep efficiency stable during operation
and it is easy to implement on modulation side. However demodulator circuits on
the implant side are complex and they are not the best solution unless performing an
ASIC design. ASK on the other hand is easy to implement on both the modulation
and demodulation side. By keeping the modulation depth small, an NFC system with

little power loss during communication could be implemented.

Bit stream 1 0 0 0 0 1 0 1 1 1 1

Binary encoding

vanchesierencosing | | | [ [ [ | L L L

Figure 5.1: Binary Encoding and Manchester Encoding Schemes for the correspond-

ing bit stream

For this half duplex communication system Manchester Encoding (ME) method is
selected. Fig. 5.1 shows ME data structure. ME defines low to high transition as bit
0 and high to low transition as bit 1. Therefore both bit 0 and bit 1 includes digital
high and digital low signals as a pair with 50 duty cycle but in reversed order. The
advantage of using ME - consecutive 0’s or 1’s does not create different voltage drops
depending on the data sent. Whatever the data sent it has 50 percent digitally high
and 50 percent digitally low signal. - The pulses inside data is either 1/baudrate or
2/baudrate. That makes the demodulator design easier. If ME was not used pulses of

data could be 1/baudrate or 8/baudrate (consecutive 0’s or 1’s for a byte).
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The data transfer is preferred to be implemented over UART interface of microcon-
troller units. The hardware UART module’s inside the MCU transfers the bits of data
with a little firmware load. The other way to achieve same result could be using timer
module, detecting edges of transitions and decoding data from pulse widths of de-
tected signal. This is a heavy load for an MCU that operates at low clock frequency

to not to spend much power.

Baud rate selection primarily depends on the carrier frequency and step response of
the class-E amplifier. The rate should be lower than 1/10 of the carrier frequency for
proper demodulation. On the other hand for backward telemetry, data should not be
lost due to class-E amplifier response and should be smaller than its settling time (step

response).

The baud rate selected for NFC operation is 19200 bps (one of standart UART baud
rate) considering limitations explained above. That is the modulation signal is about
50 KHz which is small enough to recover data from carrier signal (i.e WPT frequency,
between 800 Khz to 1Mhz). In the end due to Manchester Encoding bit rate of the
system becomes half of the baud rate, that is 9600 bps.

5.1 Modulator Design

- Modulator Design at the Transmitter Side

The modulator circuit used in transmitter side is shown in Fig. 5.2. Class-E power
amplifier is used at the transmitter side to drive the transmitter coil. The load on RC
resonant branch of amplifier is 6 Ohm during charging. To get a low modulation depth
a 60 Ohm load branch is added to the system. Because UART lines are digitally high

while they are not active, newly added load branch is driven by a PMOS inverter.

The diode on load branch is to stop reverse current that passes from body diode
of NMOS transistor (the current is AC). Average power transferred during forward

telemetry is dropped only 10 percent.
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Figure 5.2: Modulator design at the transmitter side

- Modulator Design at the Receiver Side

The modulator circuit used in receiver side is shown in Fig. 5.3. The system is
detuned from the resonance frequency during backward telemetry and load shifting
to transmitter is changed. Again the detuning branch is driven by PMOS inverter.
The modulation is processed from only one edge (signal is still not rectified) not to
lose power on other cycle. The capacitor value is chosen such that voltage drop is

minimum.

5.2 Demodulator Design

The demodulator circuits for both the transmitter and receiver sides are implemented
in a similar structure due to similar modulation structures for both forward and back-
ward telemetry. The only difference happens at the amplifier side because of different

signal voltage levels. The ASK demodulator circuit is shown at Fig. 5.4.

While at receiver side demodulator input is taken from the node where inductor and
tuning capacitor meets (before signal supressed by capacitor), at transmitter side de-

modulator input is taken from the drain node of NMOS transistor.
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Figure 5.4: Demodulator circuit design
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The demodulator consists of several passive elements used for first order filtering of
the carrier and DC signal that generates artifacts on the desired modulation signal.
The first stage performs a peak detection to catch modulation data (also low pass fil-
tering). For further removal of the out-of-band signal a low-pass filter stage follows
the peak detector. That stage is continued with a high-pass filter to remove the DC
signal. The obtained signal is amplified and filtered by OPAMP so that the signal
level almost reaches to supply rail levels. The final stage is a converter with hystere-

sis to invert the signal for making it UART compatible.

"PULSE(D 510" 10n [10n 0.5u 1d 4

1 25u 500 10) |
v

Figure 5.5: Schematic of the complete system designed in LT Spice
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Figure 5.6: Modulated signals on external charger and implant side
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Figure 5.7: Modulation signal from external charger and Demodulated signal at the

Implant side
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Figure 5.8: Modulation signal from Implant side and Demodulated signal at the ex-

ternal charger side
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CHAPTER 6

EXPERIMENTAL RESULTS

Theoretical analysis and the design steps of complete wireless power transfer system
for IMDs are presented in the previous chapters. In this chapter practical results of
coil design, WPT efficiency and NFC performance are discussed. Fig. 6.1 shows
the wound coils and Fig. 6.2 shows the manufactured boards of external charger and

implantable device.

Figure 6.1: Wound coils of WPT system. On left side transmitter coil, on middle

receiver coil and on right side load coil
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Figure 6.2: Manufactured PCB’s for the WPT system. External Charger is on the left

and receiver electronics of IMD is on the right

6.1 Experimental Setup

The numerical analysis showed that the system performance is very similar for the
cases air between coils and tissue between coils. That is, almost no tissue losses ap-
pear during WPT due to low operation frequency. Because of this fact, styrofoam
layers, which has same electrical parameters with air, used between coils in experi-
ments as shown in 6.3. In the experiments Agilent E3631A Triple Output DC Power
Supply, Agilent 34410A Digital Multimeter and Agilent DSO6014A Oscilloscope are

used for supply and measurement devices.

For proper power transfer analysis, DC power supply input of power amplifier at
transmitter side is given separately to ignore external charger device internal power
consumption. Voltage and current parameters for transmitted power are measured
from DC Supply digital screen. For the received power parameters, DC supply is
connected directly to rectifier output at the receiver side to check current drawn from
the supply at given voltage 4.5 V. At actual WPT operation only rectifier voltage is

measured via multimeter. Current drawn at that voltage was already measured.
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Figure 6.3: Experimental Setup for the system at 4 cm transfer depth

6.2 Coil Parameters

Table 4.15 shows calculated and measured inductance values of the produced planar

spiral coils.

Table6.1: Inductance comparison of the coils

coil# MATLAB COMSOL Experimental

Coil2 22uH 2258 ulH 2140 uH
Coil3 104uwH 1035uH 11.49 uH
Coil4 1.04uH 1.19uH 1.31 uH

All the inductance values measured experimentally are in close proximity with the
MATLAB and COMSOL results. However the reasons for the slight difference are as

follows,

- for coil 2, inner side 1 turn is removed for better tuning of the amplifier

- for coil 3, there is 1 mm offset from target radius due to production error

- for coil 4, radius of the coil is increased 1 mm intentionally to achieve the desired
Z43 value. This is because coil 3 is in very close proximity with coil 4 and coupling

coefficient very tolerant to even slight positional variations.
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AC Resistance values of the coils for 1 MHz operation frequency are demonstrated in
Table 6.2 . Experimental results matches with the results of both methods. The value

of Coil 4 shows an increase, due to increased radius of the coil.

Table6.2: AC Resistance comparison of the coils at 1 MHz frequency

coil# Method 1 Method2 Experimental

Coil2 338 m) 320 m{2 342 mf2
Coil 3 321 m$2 304 m<2 303 mf2
Coil4 86 mf2 64 mS) 109 m$2

6.3 WPT Power Efficiency Results

The overall WPT system is composed of power amplifier, core WPT system (AC/AC)
and rectifier blocks. AC to AC efficiency of the system at 4 cm implant depth was
found to be % 85 percent from both analytical and experimental results. At lower
depths with decreased operation frequency, amplifier loading was suppressed and
WPT efficiency stability maintained. Table 6.3 shows the theoretical results of the

efficiency of each system block.

Table6.3: Efficiency of the system blocks expected by design results

Power Amplifier WPT (AC/AC) Rectifier Total Efficiency
| % 92 % 85 % 88 % 68 |

Table 6.4 shows the experimental results for the efficiency of the system for 1, 2 and

4 cm implant depths.

Table6.4: Experimental results of overall wireless power transfer efficiency

Depth frequency Source Voltage, Current Received Voltage, Current Efficiency

Iem 880 kHz % 4.7V, 180 mA 4.5V, 108 mA % 57
2cm 940 kHz % 4.25 V, 195 mA 4.5V, 108 mA % 58
4cm 1000 kHz % 4.76 V, 174 mA 4.5V, 108 mA % 58
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At all implant distances efficiency values of the complete system are found % 10

lower than the expected design results. Possible reasons are as follows:

- ESR values of the tuning capacitors are higher than the value used in analysis (50
m{?)

- SSRs used in amplifier side creates additional losses

- Loss of the additional inductor used in the receiver side is more than expected

- 2 % second harmonic on ClassE amplifier current

6.4 Near Field Communication Results

Forward and backward telemetry for 1, 2, and 4 cm implant depths at frequencies
of maximum power efficiency is analyzed experimentally. Manchester encoded data
pulsed by MCU UART channel at 19200 baud rate is implemented. The data used in
operation is one byte 0x8B which appears as two byte 0x9A and 0x65 after Manch-
ester encoding. The data byte is selected such that it has all the combinations of the

consecutive digital pulses, 00, 01, 10, 11.

6.4.1 Forward Telemetry Results

Forward telemetry results at 2 cm implant depth are shown in Figures.6.4 - Fig.6.9.

From Fig. 6.8 it is seen that the data is demodulated successfully. At the end of the
data UART stop is a little longer than it should be. It may generate problem for data
recovery of the final byte of the stream. However with a proper communication pro-
tocol that involves byte length in its header the problem is solved easily by MCU by
sending extra one byte at the end of the stream. In this way communication becomes

more reliable.

Fig. 6.9 shows the rectified voltage variation during data transfer. It is seen that the

voltage drop is about 100 mV and it is not critical for proper operation maintenance.
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Figure 6.4: Forward Telemetry at 2 cm depth: Yellow trace shows the data modulation
signal sent from the external charger side. Green trace shows the variation of the

demodulator input signal at the IMD side.
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Figure 6.5: Forward Telemetry at 2 cm depth: Yellow trace shows the data modulation
signal sent from the external charger side. Green trace shows the low pass filtered

output of the peak detector at the IMD side.
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Figure 6.6: Forward Telemetry at 2 cm depth: Yellow trace shows the data modulation
signal sent from the external charger side. Green trace shows the high pass filtered

signal before amplifier stage at the IMD side.
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Figure 6.7: Forward Telemetry at 2 cm depth: Yellow trace shows the data modulation
signal sent from the external charger side. Green trace shows the amplified signal

before inverting comparator at the IMD side.
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Figure 6.8: Forward Telemetry at 2 cm depth: Yellow trace shows the data modulation
signal sent from the external charger side. Green trace shows the demodulated signal

at the IMD side.
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Figure 6.9: Forward Telemetry at 2 cm depth: Yellow trace shows the data modulation
signal sent from the external charger side. Green trace shows the rectified voltage

variation at the IMD side during data transfer.
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Figure 6.10: Forward Telemetry at 1 cm depth: Yellow trace shows the data modu-

lation signal sent from the external charger side. Green trace shows the variation of

demodulator input signal at the IMD side.
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Figure 6.11: Forward Telemetry at 4 cm depth: Yellow trace shows the data modu-

lation signal sent from the external charger side. Green trace shows the variation of

demodulator input signal at the IMD side.
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Forward telemetry performance at 1 cm and 4 cm implant depths are also analyzed.
Fig. 6.10 and Fig. 6.11 shows the demodulator input signal at 1 cm and 4 cm respec-
tively. The signals are also demodulated correctly even with different responses at

demodulator input side.

The critical point for the performance of the forward telemetry system is that amplifier
should be tuned as close as possible to its ideal value. Otherwise response of the

amplifier becomes unpredicted and data can not be recovered correctly.

6.4.2 Backward Telemetry Results

Backward telemetry results at 2 cm implant depth are shown in Fig.6.12 - Fig.6.15.
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Figure 6.12: Backward Telemetry at 2 cm depth: Green trace shows the data modu-
lation signal sent from the IMD side. Green trace shows the variation of demodulator

input signal at the external charger side.

The voltage drop at the rectifier side is 150 mV during backward telemetry as seen
in Fig. 6.16 and that drop does not create a problem for charging operation. Small
decrease in charge current could occur but it could also be compensated by setting the

voltage level with 150 mV margin initially.
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Figure 6.13: Backward Telemetry at 2 cm depth: Green trace shows the data modula-
tion signal sent from at the IMD side. Yellow trace shows the low pass filtered output

of the peak detector at the external charger side.
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Figure 6.14: Backward Telemetry at 2 cm depth: Green trace shows the data modu-
lation signal sent from the IMD side. Yellow trace shows the amplified signal before

inverting comparator at the external charger side.
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Figure 6.15: Backward Telemetry at 2 cm depth: Green trace shows the data modu-
lation signal sent from the IMD side. Yellow trace shows the demodulated signal at

the external charger side.
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Figure 6.16: Backward Telemetry at 2 cm depth: Green trace shows the data modula-
tion signal sent from the IMD side. Yellow trace shows the rectified voltage variation

at the IMD side during data transfer.
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Figure 6.17: Backward Telemetry at 1 cm depth: Green trace shows the data modu-

lation signal sent from the IMD side. Green trace shows the variation of demodulator

input signal at the external charger side
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Figure 6.18: Backward Telemetry at 1 cm depth: Green trace shows the data modu-

lation signal sent from the IMD side. Green trace shows the variation of demodulator

input signal at the external charger side
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Fig. 6.15 shows the demodulated signal output at the external charger side. The data
sent from the implant device is demodulated correctly. The behavior of backward
telemetry is investigated at 1 cm and 4 cm distances also. Fig. 6.17 and Fig. 6.18
show the demodulator input signal at 1 cm and 4 cm depths respectively. Because
the demodulator input signal is taken from the drain of MOSFET of class-E amplifier
telemetry performance is strongly related with the amplifier response. As seen its
behavior changes at different implant depths. The data is recovered at all cases but
when amplifier is tuned perfectly. Therefore as in forward telemetry case amplifier

should be tuned correctly to achieve error free data transfer for backward telemetry.
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CHAPTER 7

CONCLUSION

In this thesis, analytical, numerical and experimental analysis of wireless power trans-
fer system for implantable medical devices are presented. The aim of the thesis was
to investigate higher efficiency WPT system for IMDs to decrease charge time and

increase implant depth.

Magnetic induction is the traditional method to transfer power for IMDs. However,
the applications of the method is limited to a 2,5 cm implant depth with low power
transfer rating because of SAR limitations. In order to improve system performance
a novel method, Strongly Coupled Magnetic Resonance [25], was proposed for IMDs
and its compatibility was investigated. The method SCMR uses 4 coil system to
achieve high efficiency by using high () factor middle resonators to increase power
coupling. High () factor coil design at implant size is a challenging task and handled

by using Litz wires.

In order to make WPT system practical, power amplifier and rectifier stages are dis-
cussed and implemented to achieve DC driven and DC ended system. ClassE power
amplifier is chosen as the power amplifier due to its high efficiency characteristics
and suitable usage for resonance condition. However, the amplifier is not tolerant to
significant load changes and needs to be retuned for different operation points. This
behavior affected the WPT design methodology significantly. The WPT system was
optimized and designed for 4 cm implant depth. But to make the system operate at
lower distances (highly increased load coupling) a 3 coil system is implemented by
changing the frequency of operation and hence adjusting the amplifier for the new op-

eration point. At 1 cm to 4 cm operation range % 58 overall wireless power transfer
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efficiency was achieved.

A near field communication system was also designed to make power transfer in a
controlled way and also to transfer data for the IMDs actual operation. Manchester
encoded data communication was established at 19200 baud rate for both forward and

backward telemetry.

The critical point for the system behavior was the amplifier operation. If it is not
tuned correctly, NFC can not be established. Because the received power data is
lost at the transmitter side, perfect tuning also not perfectly established with other

amplifier feedbacks.

In this thesis a WPT system for biomedical devices with bidirectional telemetry is
presented. To improve the performance of the system for realistic applications some

points should be analyzed further in the future. They are as follows,

- A smaller strand diameter Litz wire for higher frequency operation could be used to
decrease implant coil radius while preserving transfer efficiency

- A smart feedback mechanism to find optimum operation point could be investigated
to maintain WPT operation for different implant depths.

- NFC demodulator design and encoding scheme could be improved to be tolerant for

untuned amplifier behavior.
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APPENDIX A

LITZ WIRE POWER LOSS CALCULATION

Eddy current losses in a given strand of a conductor is given by [2],

) 2T
P:p/2/ / JJrd,d,
0 0

I*p 2v/2mp
P = v —
\/§7T(5d0 1(77Z)> 5

H?Wy (1) (A.1)

where,

I amplitude of current in conductor,
- b

0= /=~ o 18 skin depth,

dp diameter of a strand,

P copper resistivity,

W1 (), Wa(eh),

_ ber(u/V2)ber (6/v/2) = bei(w/VE)ber' (1/V2)

Uy (v) ber' (/2 + bei (¥ //2)

 bera(u/v/2)ber’ (4/v/2) — beis(/VD)bei (/D)
ber?(6/7/2 + bei?(6/7/2)

Vs ()

where, ber and bei are real and imaginary parts of Kelvin Function respectively,
_ d
p=2.

Then the density of Eddy current losses in k;, layer of 7, conductor is expressed as,

87



ar, _ 8, Bps 2%

H?*Wy(v)

dS ~ wd T 2Rroriu, () or

B is the packing factor , § = (dj—g)% Ny number of strands in Litz wire, d,. conductor

diameter.

The total power dissipation, per unit length of the winding, is found by summing all

conductor losses of each layer,

’

P=>> Py
k=1 j=1
2 2
= () - N8 1om? — 1+ 2/ W) A2

where,

N number of conductors in a layer and m number of layers.
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APPENDIX B

MAGNETIC FIELD CALCULATION ON COIL ITSELF

M

Figure B.1: Schematic diagram for the calculation of z-directed H-fields applied to
target wire A by source wires B and C, [ is current on each wire, g is conductor

radius, «, [ and -y are reference points [4]

Figure B.1 shows the reference points «, 3 and v on a conductor to find the magnetic
field on it [4]. The reference points are selected on the edges of the conductor because
the magnetic field expression is used to determine proximity effect losses and these

losses maximizes on edges.

H-field intensities, from the right side and left side neighbor wires respectively, are

calculated as follows,

—>£ DPright — To COS 0

~ B.1
2m p72"ight + T(Q) - 2pm‘ghﬁ”o cos ( )

Hz,rz’ght = -

> 1o Pleft + 1o cost

: B.2
2m pZZeft + T(% + 2pleft7”0 cos f ( )

Hz,left -
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pright and peft are center to center distances of the corresponding wires.

Then the magnitude of H-field intensities on reference points becomes,

& Pieyt

Hejepr = QWW (B.3)

Hoight = 2];]% (B.4)

Hﬂ N Hﬁ’left Hﬂ rioht = 212 (pleft1+ To - pm’ghtl - 7“0> ®-5)
H’Y = H%left - H%right = ﬁ( ! - ! ) (B.6)

27 "Pleft — 10 Pright + 70

Pair group (except the target wire)
A L
/ target ™ :

Ieﬁ-side wires wma I ight—side wires  Asym metric group
.p,.,,. RCORORC:S
mh meth -th (2m=1pth  2Zmeth Neth

Figure B.2: Schematic of coil configuration when calculating H-fields on the m-th

wire in a system of N turns [4]

If the winding is considered as two group of wires as shown in figure B.2, calculation
of the magnitude of magnetic field gets easier because reference points $ and ~ are
symmetrical in pair group. Due to the fact proximity effect is proportional with the

square of H-field , H,,, is ,

, 1
_ 2
Hyair = Z\| 5 (H3 + H2)
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And the H-field on the my;, wire due to iy, and j,, pair wires,

Hm,pair (Z, .7) = ?Hm,pair (Zu j)

20\ (P —76)° (o =787 (Ph — 70) (0 — 70)
H field applied to my, wire from k;;, wire can be obtained at reference point «,
Hyp ooy () = ZHy oy — — 720 Ponk (B.8)
m,asy m,asy .

p— Z —
2m p?, +
Summation of H-fields from pair and asymmetrical turns on m,, wire gives the over-

all H-field,

Hm = Hm,pair + Hm,asy = ?Hm (B9)
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APPENDIX C

EXTERNAL CHARGER DEVICE SCHEMATICS
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Figure C.1: External Charger Device: Schematic of Module Power Supply
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Figure C.3: External Charger Device: Schematic of Demodulator Circuit

94



Button1

AVoltage 7

U3l

ACuirent

PGOOD

PL3T/
PL4TBO.

ERROUT

EC TZC SDA

ECIZCSCL

AAEORTCCLE/A0/CDO/VEREF-
0 2TAICLE/CDOUT/A1/CDI/VEREF+
TAOCLE/CDOUT/A2/CD2
2UCBOSTE/A3/CD3
1/UCAQSTE/A4/CD4

> PL3TB0.2UCAOCLK/AS/CDS
P1.6TB1.1/UCBOSIMO/UCBOSDA/TAD.0
e P1.7/TB12/UCBOSOMI/UCBOSCL/TAL.0

P20/TB2 0/UCAOTXD/UCAOSIMO/TBOCLE/ACLK.

EC MOD IN

EC_ DEMOD OUT

P2.1/TB2 1/UCAORXD/UCAOSOMITBO 0
TB. CBOCLE/TB1.0

X A1STE/AG/CD10
2 4TALOUCALCLE/AT/CDI]

P2.5/TBO.O/UCAITXD/UCALISIMO
P2.6TB1.O/UCAIRXD/UCALSOMIL
o

P I/TDITCLR/TBIOUTHMCLE/CDT

PI3/TCK/CDI i
PIL4XIN (e
PILIXOUT f=

EC UART TX

PI.O/TDO/TBOOUTH/SMCLE/CDS é

PIYTMSTB0UTHACLRICDS [y
LED IND1
7 LED INDZ

22 MCU RST
91 __MCU TEST

= P3.7TB22 RST/NMLSBWTDIO Q‘;
0 TEST/SBWICK (=
= VCORE 3
AVSS £
A AVSS
I H DVSS 3
lOOlj_lO(}nF
EC_VDD EC_VDD EC_VDD EC_VDD
R42 R43 R44 R4S
10K 10K 100K 100K
Button]] R46 MCU RST| . R47
D32 - aD33 B —
(N FLED-SMD 068 "LED SMD 0603 —l 1K
\TJ T 30 3
> £ EVQ-Q2KQ3W, E
a ] €39 C40
Z Z 100nF T 100nF ‘(
[a] a
[5) =
= —

EC_GND

EC UART RX _R4Q
EC UART TX "Ra1

V0-Q2K0IW

EC_VDD EC_VDD

L

R39
10K | 10K

C SCL

EC 12C SDA

EC

Ec_vpp CONN30

0

MCU RST
MCU TEST

= 4pmmale recepticle

O0R

Fpin male recepticle

TP30

e

Figure C.4: External Charger Device: Schematic of MCU and User Interface

Figure C.5: PCB layout of the external charger
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APPENDIX D

IMPLANTABLE MEDICAL DEVICE SCHEMATICS
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Figure D.1: Implantable Medical Device: Schematic of Power Harvester and Modu-
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Figure D.5: PCB layout of implantable medical device
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