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Abstract

For the new generation of Active Implantable Medical Devices (AIMDs), tech-
nological advancement in electronic and micro and nanofabrication is going in the
direction of reduction of size and power consumption, and improvement of thera-
peutic efficacy and safety. The power supply of implantable devices is still an open
challenge. Most AIMDs are powered by a primary battery that takes up much
space, and that has to be replaced when running out. Also, one of the main chal-
lenges is to ensure proper and sufficient power delivery to the entire device without
overheating it.

We have developed a Wireless Power Transfer (WPT) link using the Near-field Res-
onant Inductive Coupling (NRIC) to recharge subcutaneously implanted batteries
and to power supply AIMDs without a battery. We have evaluated key perfor-
mance parameters for the WPT system, taking into account size, maximum power
dissipation, and thermal performance of the receiver, energy provisioning from the
transmitter, and overall efficiency.

First, we have characterized the WPT link by testing the transmission efficiency
with respect to both the distance of the coils (up to 20 mm) and their alignment and
by varying the load (simulated battery). Tests were carried out with interposed air
and then with a conductive environment with high permittivity (animal tissue) to
simulate skin behavior. Another essential aspect that has been taken into account
is the heating of the device, which must be kept under control to avoid overheating
the surrounding tissue. We have then developed a hardware and firmware commu-
nication system between the receiver and transmitter to improve the power transfer
efficiency (PTE).

Measurements show that the maximum power efficiency achievable goes from 26.7%
to 45.4% for 10 mA to 100 mA charging current at a relative distance of coils from
2.8 to 10 mm. The power transmission is not affected by the interposition of ani-
mal tissue. We have performed the recharge of three different batteries at 25 mA
and 10 mA with a relative coils’” distance of 10 mm to validate the system. The
temperature increase above room temperature of the Tx coil and the Rx receiver
is no more than 5 °C and 2 °C, respectively, during the 10 mA recharge phase.
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Chapter 1
Introduction

Since the first pacemaker had been implanted in 1958 [1], technological develop-
ment has brought major and significant breakthroughs in the world of implantable
devices. Great challenges have been faced while realizing safe implantable devices:
the search for biocompatible materials, proper size and durability of batteries, the
functionality, and wireless communication. Progress in implantable devices goes
hand in hand with the technological development of electronics and microsystems.
Over the last 50 years, advances have shown how an implantable device can improve
a patient’s living conditions. The ever-growing biomedical market also shows how
important it is to push forward in this field, implementing new and more efficient
solutions. The world of implantable devices moves towards the direction of smaller
and less invasive devices, which have low power consumption, and are reliable and
safe. There is also a strong focus on e-health: the implanted device must commu-
nicate with an external device and be continuously regulated via remote control to
improve the device’s therapeutic effectiveness.

One of the remaining challenges is the power supply for implantable devices. New
implanted devices implement increasingly smaller batteries that need to be recharged
periodically. On the other hand, other devices do not implant batteries, but the
energy source is transmitted wireless from external sources. Research into new
types of power supplies is the basis for the new generation of active medical devices
focused on replacing bulky batteries.

This dissertation presents the study of wireless power transfer (WPT) using a near-
field resonant inductive coupling (NRIC) system to power a subcutaneous implant
device.

Chapter 2 looks at the different power supply types for implantable devices, focus-
ing on the different wireless power transfer methods.

Chapter 3 introduces two new implantable devices (Nanofluidic drug delivery, Sense-
back), highlighting the main power supply issues and requirements. The NRIC
system proved to be the most suitable, and several ICs were examined to choose
the most suitable one.



Introduction

Chapter 4 and 5 describe the chosen receiver and the chosen transmitter respec-
tively, highlighting their main functionalities. Chapter 5 also focuses on the elec-
trical schematic and the Optimum Power Search.

Chapter 6 presents the test results on overall efficiency of NRIC system in the most
favorable transmission conditions (perfectly aligned coils). The chapter also high-
lights transmission problems due to implementation of the transmitter.

Chapter 7 illustrates the implementation of a closed-loop NRIC system to improve
power transmission, and avoid transmission problems. The tests performed in the
previous chapter are repeated, showing an improvement in overall efficiency. Sub-
sequently, further tests were performed to simulate more realistic conditions of an
implant and to define the operability limits of the NRIC system. These additional
tests imply the use an animal tissue interposed between the coils to stimulate the
skin and the lateral and angular displacement. Finally, three lithium batteries were
recharged to validate the system. The temperature of the coils and the receiver 1C
was monitored during the recharging phase.

Chapter 8 presents conclusions and future perspectives.



Chapter 2

State of the art

2.1 Active implantable medical devices

Active implantable medical devices (AIMDs) are used to study, treat or monitor
dysfunctional organs, and it is possible to implant them in different areas of the
body [2]. Nowadays, there are different types of AIMDs available on the mar-
ket (fig. 2.1) and many others under study. Examples of commercially AIMDs
are cardiac pacemakers, implantable cardioverter-defibrillators (ICDs), implantable
cardiac monitors (ICMs), cochlear implants, retinal implants, phrenic nerve stimu-
lation (PNS), deep brain stimulation (DBS), gastric stimulators, and implantable
infusion pumps. In some of these devices, most of the space is occupied by batter-
ies. These devices are too large to be directly implanted in the specific organ: they
are, indeed, implanted under the skin and stimulate the affected organ through
the use of catheters. For the new generation of AIMDs, technological advancement
in electronic and micro and nanofabrication is going in the direction of reduc-
tion of size and power consumption and improvement of therapeutic efficacy and
safety. Those devices are becoming more compact and no longer require the use
of catheters but can be directly implanted on the affected organ. The new AIMDs
can incorporate microfabricated components or can be completely microfabricated.
The wireless pressure measurement system from CardioMEMS; Inc (fig 2.2) is the
first microelectronic mechanical system (MEMS) that has received Food and Drug
Administration (FDA)-approval [1]. Ho et al. [4] investigated the use of an electro
stimulator implanted directly in the heart. The device shown in figure 2.3a is 2 mm
in diameter, weighs 2mg, capable of generating 2.4 uJ. As shown in figure 2.3b,
the size of the devices is progressively decreasing.
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Figure 2.1: Active implantable medical devices (AIMDs) [3].

Figure 2.2: CardioMems [1].

2.2 Power supply approaches

To ensure proper operation, AIMDs needs a permanent and sufficient power supply.
The energy source is divided into three categories:

e Primary batteries: the first energy source used to power AIMDs and the
most widely used. Lithium-based batteries are the most commonly used with
AIMDs thanks to their high volumetric density capacity and considerably
durable longevity of 5 to 10 years [5]. According to the requirements of AIMD,

there are different types of battery:
— Lithium-iodine (Li-I12) batteries, which are employed in pacemakers;

— Lithium-thionyl-chloride (Li/SOCI2) batteries, which are employed in neu-
rostimulator and drug pumps;
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Figure 2.3: a) Electro stimulator miniaturized [4]. b) Battery-powered pacemaker
(Left; Medtronic Adapta), battery-powered swallowable endoscope (Center), Elec-
tro stimulator (Right) [4].

— Lithium-silver vanadium oxide (Li-SVO) batteries, which are employed in
ICDs;

— Lithium-carbon monofluoride (Li-Cfx) batteries;

— Lithium-manganese oxide (Li-MnO2) batteries;

It is not possible to produce micro batteries with high capacity. In addition
to this, the battery life is limited, and once exhausted, the device must be
explanted. New solutions have been investigated to cope with these problems.

o Energy-harvesting: the idea is to collect the energy by exploiting the human
body’s movements or chemistry. In this way, AIMDs can be battery free
or even have a secondary battery implanted that can be recharged. Canan
Dagdevirena et al. [6], have shown how it is possible to convert motions of
heart, lung, and diaphragm into electrical energy by exploiting the properties
of piezoelectric materials. Benjamin I. Rapoport et al. have developed an
implantable fuel cell that generates power through glucose oxidation [7]. Other
possibilities include the extraction of thermoelectric [8] and biopotential energy

[9]. However, these solutions allow producing relatively low power densities
below 0.1 £5 [4].

o Wireless power transfer (WPT): the idea is to transfer energy from the out-
side of the body to the inside without wires. AIMDs come equipped with a
receiver, and the power is transferred through the use of an external transmit-
ter. This way, AIMDs can be implanted without the battery, and the power
supply is given by an external source or with rechargeable batteries that are
recharged periodically, always using the external source. This topic will be
further developed in the next section.

5
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2.3 Wireless power transfer (WPT)

Wireless power transfer (WPT) systems were made possible by Michael Faraday’s
discovery of electromagnetic induction in 1831 and further developed thanks to
the pioneering work of Heinrich Hertz and Nikola Tesla. Tesla made a significant
contribution to the efficiency of the WP'T by working with resonant coupling. In
the last few decades, thanks to the technological advancement in electronics and
micro and nanofabrication, WPT systems have been very successful in different
applications, particularly in that of AIMDs. WPT systems allow the transfer of
power to implantable devices using an external transmitter and an implantable
receiver. This way, no transdermal wire is used, thus avoiding biocompatibility
problems. Another advantage of WPT systems is the possibility of implanting
devices without a battery or with a rechargeable battery, thus avoiding replacing
the implant in case of battery power depletion. In the literature [2]-[10] there are
different types of technologies used to implement WPT systems:

 Near-field resonant inductive coupling (NRIC);

« Near-field Capacitive Coupling (NCC);

Ultrasound based wireless systems;

o Solar power harvesting;

Electromagnetic Mid-Field based systems;

Electromagnetic Far-Field based systems.

A wireless power transfer system can be defined as any system capable of trans-
ferring electrical power without using a solid connection [11]. The principle of
transmitting power by EM field is the most popular, but in the last decades, new
principles have been adopted, such as acoustic links and solar energy harvesting.
For systems that exploit the propagation of EM waves, it is possible to divide three
propagation regions: near, mid, and far-field [12] (fig. 2.4).

o The near field is also called the reactive near-field region and is defined as “that
portion of the near-field region immediately surrounding the antenna wherein
the reactive field predominates” [12]. The border of this region is defined

as R < 0.62\/%3. D is the largest dimension of an antenna, and A is the
wavelength at the operating frequency. In the free space, the electric and
magnetic near field can be calculated independently.

« The mid-field is also called Radiating near-field (Fresnel) region and is defined
as “that region of the field of an antenna between the reactive near-field region
and the far-field region wherein radiation fields predominate and wherein the

6
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Figure 2.4: Region of EM field propagation [12].

)

angular field distribution is dependent upon the distance from the antenna’
[12]. The inner boundary is defined as 0.62 %3 <R< %.

o The far-field is also called Fraunhofer region and is defined as “that region
of the field of an antenna where the angular field distribution is essentially
independent of the distance from the antenna” [12]. The far-field region exists
at distances greater than R > %. In this region exist an interaction between
the electric and the magnetic field.

2.3.1 Near-field resonant inductive coupling (NRIC)

The NRIC (fig. 2.5) is the most common and most studied wireless power transfer
system. It is based on the use of a primary coil transmitter (Tx) that generates a
variable magnetic field over time by inducing an electromagnetic force (¢) in the
secondary coil receiver (Rx). The electromagnetic force is given by equation 2.1:

e= —jt/zﬁdﬁ (2.1)

Where ¥ is the surface of the receiver, B is the magnetic flux density, and A is the
area vector [11],[14]. The NRIC system allows transmitting power in a range from a,
few mm up to about a few tens of mm, using a range of operating frequencies from
few hundreds of kHz to few tens of MHz. The magnetic field intensity decreases as
the distance between the two coils increases. Besides, for frequencies above 100 kHz,
the magnetic field is attenuated by the tissues [15]. For these reasons, the NRIC

7
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Figure 2.5: NRIC scheme [2] [13].

system’s use is limited for WPT systems that require a maximum sweep of a few
tens of mm. The power transfer efficiency (PTE) is used to evaluate the wireless
power transfer link [13]. The power transfer efficiency of the NRIC system is given

by 2.2:
_ k*Q1Qs o 1
L+ k2QiQe + 8> 1+ 82

where the quality factor of the transmitter (Q1), receiver (Q2), and load (QL) are
given by 2.3:

PTE

(2.2)

. woLl
Q1= R
WOLQ
= 2.3
Q= (23)
Ry
QL= Ly

The resonant coupling provides better efficiency than the classic inductive coupling.
It is achieved when the transmitter and receiver are tuned to the same frequency
according to the equation 2.4:

1 1
N 271'\/ LlCl N 271'\/ LQCQ

The resonant coupling cancels out the contribution of the inductive part in the Rx
circuit [11]. There are four typologies of resonant coupling: SS/SP/PS/PP, where
the first letter indicates the type of compensation in the transmitter (series/parallel)
and the second letter indicates the type of resonant in the receiver (series/parallel)
[16]. SS and SP (fig. 2.6) deliver the same power, but SS works using a large
current and low voltage, while SP works using a low current and large voltage [14].

8
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The rectifier used to convert alternative current (AC) to direct current (DC) has a
better efficiency when working with large voltage. For this reason, the SP resonant
coupling is widely used in biomedical applications [16].

PTE is the most important parameter to take into account when using a WPT

Parallel Resonance

Lrx

Crx L Implant
— § Load

R

LTX 1 ( L)
PTX “a (Lrx CRX§ Implant
Load

(Ry)

Series Resonance
Figure 2.6: Serial and Parallel resonant coupling [2].

system: an optimal efficiency allows to dissipate less power and avoid overheating
problems. When using NRIC systems, different problems arise: misalignments
between the transmitter and receiver can cause the decrease of PTE; and load
variation and detuning due to modification of the geometry of flexible coils can
cause a swing of PTE. In the literature, there are several solutions to the problems
reported above:

e In [17], they design, compare and optimize a 2-, 3-, and 4-coil inductive link
to achieve high PTE values at a larger separation of coils. The results show
that using 3-coil results in a power transfer efficiency of 37% compared to 15%
and 35% with 2- and 4-coil. While in terms of power delivered to the load, the
3-coil inductive link is 59 and 1.5 times higher than 4-coil and 2-coil inductive
link, respectively;

o In [18] and [19], magnets were used to improve the coupling between the coils
and to limit the problems caused by the misalignment of the coils. Suspended
magnets are used because they are compatible with magnetic resonant imaging
(MRI) up to 3 T;

A closed-loop system for power transfer management is presented in [20]. The
back telemetry is used as a feedback system to control and adapt the power

9
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transmission to different transmission conditions. The results show that the
power on the load was maintained at 11.2 mW changing the coils’ distance
from 0.5 to 2 cm;

o In [21] the development of miniaturized flexible coils is presented. Miniature
coils with less inductance per area minimize the reduction in PTE due to
flexing and stretching. The coil is developed on polyethylene terephthalate,
with thin gold traces;

o In [22], the study carried out on the optimization of printed spiral coils (PSCs)
for devices with extreme size constraints is presented. The coils were op-
timized, taking into account the contribution of the interposed tissue (air,
saline, and muscle tissue). They achieve transmission efficiencies of 72.2%
51.8% and 30.8% with a relative spacing of 10 mm for air, saline, and muscle
tissue, respectively;

o A system for transferring power to multiple millimeter-sized wireless implants
was presented in [23]. They proposed 1- and 2-tier resonator coupled inductive
links to distribute the transmitted power uniformly. They propose also two
new strategies: scalable resonator array and self-regulated power management
circuit. They achieve a PTE of 11.9%, whilst reducing the power distribution
deviation to 1.77%.

2.3.2 Near-field Capacitive Coupling (NCC)

LSelf

R R pom Ceq
{ e
-\\N\ AN
RC RT LSelf

Figure 2.7: NCC scheme [2].

Power
Source

P::

Implant Device

The NCC system [24] (fig. 2.7) works on the principle of electric field coupling
between two pair of conductors, for forward and reverse currents. The electric field
between the two conductors generates two types of currents: one of displacement
(eq. 2.5) and one of conduction (eq. 2.6).

OF

Idisp = EOET(UJ)AE (25)
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_ V(t)o(w)A
Leond = ——5—— (2.6)

Where ¢, is vacuum permittivity, €.(w) and o(w) are frequency-dependent per-
mittivity and conductivity of the skin; A is the area of the patches and D is the
distance between the patches, V(t) is the sinusoidal voltage and E' is the electric
field between the patches. The transmission system has good performance if the
displacement current is high and the conduction current is low, as this last one
causes tissue losses and overheating. The NCC system allows transmitting power
in a range of a few mm, using an operating frequency range that goes from few tens
of MHz to sub-GHz. The NCC system, like the NRIC, can transfer the power of
the order of hundreds of mW. However, if compared to the NRIC system, NCC has
some advantages: it is a low-cost technology, it is less affected by lateral and angu-
lar misalignment, it reduces electromagnetic interference because the two patches
well delimit the electric field, and it has greater flexibility [25],[26]. On the other
hand, PTE is defined by equation 2.7:
Ry 9

PTE = 7 +RT(1 IT|%) (2.7)
where Ry is the load resistor, I' is the reflection coefficient, and Ry is the tissue
loss given by equation 2.8:

Ry = Real(iwgogr WA

(2.8)
High frequencies must be used to achieve good PTE and decrease the impedance
of the tissue. But the rectification at high frequencies (over 30 Mhz) is less efficient
compared to low frequency [2]. According to equation 2.7, the PTE is also affected
by the small variation of the patches distance and area. Moreover, the NCC is in
the preliminary state of study, and there are no long-term safety studies, yet [2].

2.3.3 Ultrasound based wireless systems

This system uses ultrasonic waves to transfer power through the tissue. The ultra-
sonic waves are mechanical waves that need a physical medium to be transmitted
and that are generated by exploiting the properties of piezoelectric materials, which
transform electrical energy into mechanical energy and vice versa. Therefore, the
transmitter and the receiver are made both of piezoelectric crystals. The trans-
mitter is electrically excited to generate the ultrasound, and the implanted receiver
converts the ultrasound into electrical energy. The ultrasound system (fig. 2.8)
allows transmitting power in a range from a few mm up to about 100 mm, using
an operating frequency range which goes from few hundreds of kHz to a few MHz

[2],[5]-
11
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Figure 2.8: Ultrasound based WPT systems [2].

This new system has been successful in power transmission. Indeed, in [27] a PTE
of 82% is reported, which guarantees powers of the order of hundreds of W even
in deeply implanted devices (> 20 mm). Furthermore, it can be implemented in
miniaturized implantable devices (6.5 mm?), thanks to the piezoelectric receiver’s
small size. On the other hand, the PTE is only good if certain specifications are
met. Indeed many factors influence the efficiency of the ultrasound system [2], [26]:

o Part of the transmitted wave is absorbed by the tissue according to Lambert-
Beer’s law (eq. 2.9):
Iy = Ipe (2.9)

Where [ and I; is the intensity of the wave before and after, d is the thickness
of the tissue and « is the absorption coefficient;

o The acoustic impedance mismatch is related to different characteristics and
properties of tissues and occurs at each interface, but it is dominated at the
PZT-tissue boundary. The reflection coefficient is given by eqation 2.10:

Ztissue -7 2t
[ = |22 = 2.10
| Ztissue - szt | ( )

The intensity of the transmitted wave is proportional to (1 — I'?), therefore
drastically drops for an unmatched transducer;

e The PZT manufacturing process is essential for mechanical and electrical
power conversion efficiency (PCE). In particular, piezoelectric micromachined
ultrasonic transducers (PMUTSs) have better PCE compared to commercial
off-the-shelf PZT;

12
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« The propagation of acoustic waves can be divided into three zones (fig. 2.9):
The near field, the far-field, and the focus zone between the near and far field
[2]. The focus zone is the preferred location to implant the receiver and to
maximize the PTE, and it is given by the Rayleigh distance (L) mathematically
expressed in equation 2.11:

D2 _ )\2
L= 5 (2.11)
where D is the diameter of Tx PZT and A is the sound propagation in the
medium. The near field region is characterized by a variable acoustic wave
that causes an oscillation of PTE. The PTE is sensitive to small variations in
the distance between the receiver and the transmitter; this does not make the
ultrasound system suitable for subcutaneous implants.

Preferred
location
TX range forRX - —-

e S ASE b
2 [ Areaof \ [ \ Acoustical axis -
a | Pressure [\ Rx /

\Vgig_ti(ms/; o~ ___ N

Near field Far field Spherical
spreading

—»Id|<—
Figure 2.9: Representation of acoustic wave propagation.

Therefore, ultrasonic power transfer performs well in terms of efficiency but is
only suitable for use in the presence of homogeneous tissues. The ultrasound system
is still being tested and lacks long-term side-effects studies [28]. However, it is well
known that the main side effect of ultrasonic wave is the cavitation phenomenon,
which can cause cell membrane rupture.

2.3.4 Solar power harvesting

Thanks to the use of miniaturized photovoltaic cells, the solar power harvesting
(fig. 2.10) can be used in active implantable medical devices like a WPT system.
This new WPT system would theoretically allow to have battery-less devices with
unlimited life. The photovoltaic cell is able to power the AIMD by converting an
external light source in electric current [30]. When using this system in a subcuta-
neous implant, the main problems concern dark conditions, which would not allow
the device to be powered, and power losses due to the tissue. Indeed, the tissue
absorbs most of the energy in the visible range, while it is more transparent in the
infrared range [29],[31]. The tissue interposed between the photovoltaic cell and the
light source causes a drastic reduction of PTE and energy instability, guaranteeing
a power supply for the ultra-low power devices only.

13
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Figure 2.10: Solar power harvesting [29].

2.3.5 Electromagnetic Mid-Field based systems

Figure 2.11: Mid-field WPT system [4].

The Mid-field WPT system (fig. 2.11) is an optimal solution to transmit power
to all those implantable devices that have the following characteristics:

o The size of Rx coil is much less of wavelength at mid-field frequency range,
typical in micro-implants;

e The Tx and Rx coils are separated by order of one wavelength at mid-field
range. ("Few centimetres when the operating range lies at low-GHz range"

[2]);

« Low power (uW).

According to Jhon et al. [32], the midfield frequency for miniaturized weakly cou-
pled coil implants allows for better efficiency than the classic NRIC system. Higher

14
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frequency is used typically at the low-GHz range to obtain better efficiency. At
high frequencies, the dielectric relaxation loss of the tissue is the dominant loss
mechanism [33]. The impact of this increased tissue loss on the human body needs
to be analyzed carefully yet [34]. In addition to this, the mid-field system allows
transferring the power of the order of uW, therefore, only for ultra-low power de-
vices.

2.3.6 Electromagnetic Far-Field based systems

Radiation lobes
Plane wave

Spherical
wave

A0l ()

PTX

Tissue -

Y

Skin
Air

Figure 2.12: Far-field WPT system [2].

The Far-field WPT system (fig. 2.12) works on the principle of the electromag-
netic field. It is considered Far-field when the distance R between the receiver and
transmitter is major of %. Where D is the diameter of the receiver, and A is the
wavelength of the electromagnetic field. In the Far-field region, the electromag-
netic field is approximated by the planar wave. The radiated wave generates the
alternating current in the receiver. After the rectification, the current is used by
implant devices. The frequency used lies in the GHz range, and the link allows
transfer power over a few tens of mm. To quantify the overall power receive Pg,
the Friis’ law 2.12 is used [35]:

Pr = |Sp2|* x Pr (2.12)

where |S}2| is the transmission coefficient and Py is the power of the transmitter.
As we can see, the PTE depends on the transmission coefficient that is influenced
by different parameters such as:

 Directionality;
o Tx and Rx antennas efficiency;

e Impedance mismatching;

15
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e RF to DC converter.

It is very difficult to miniaturize antennas and maintain high efficiency. With
the size decrease of antennas, the bandwidth reduces, and the radiative resistance
becomes lower than loss resistance, thus reducing the efficiency. The immersion lens
are used to focalize the Tx beam to the receiver and improve the efficiency. However,
it is still an open challenge to use this system to power an implanted device. Now
it is only possible to power devices that require ultra-low power [2],[36].

16



Chapter 3

Wireless power transfer for
active implantable medical
devices

There are different systems to power supply an active implantable medical device,
which have previously been discussed and summarised in figure 3.1. This section
presents two new AIMDs and discusses which wireless power transfer is the best to
use.

Power supy

Harvesting energy

TTHE

TN

Solar power harvesting

Figure 3.1: Summary of AIMDs power supply.
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3.1 Nanofluidic drug delivery

The AIMD treated is a remotely controlled nanofluidic implantable platform for
tunable drug delivery developed from Dr. Alessandro Grattoni’s laboratory [37].
The device shown in figure 3.2 is entirely implantable subcutaneously. It allows
the management of the release of drugs in a controlled way by adjusting the dosage
and timing and avoiding abrupt changes in the dosage, which can compromise the
therapy. Chronic diseases require personalized lifelong drug administration, and it
is essential to manage the release in the best possible way. An optimal drug release
schedule allows maximizing the efficiency of therapy, improving patients’ quality of
life, and reducing the side effects due to drugs.

Figure 3.2: Nanofluidic implantable plataform [37]. a) PEEK body. b) Silicon
nanofluidic membrane. c¢) Pt foil electrodes. d) PEEK lid used to seal the reservoir.
e) Battery. f) Printed circuit board. g) Epoxy sealant. h) Silicon drug filling port.

The nanofluidic silicon membrane is used to modulate the drug release rate,
which is closed between two platinum electrodes (fig. 3.3). With the application of
a small E-field across the membrane via Pt electrodes, ionic species are forced to
redistribute or are electrophoretically driven across the nanochannel. If the E-field
is not applied, drug release is due to the concentration gradient between the reser-
voirs and the subcutaneous space. Finally, low energy Bluetooth communication is
employed to remote control the drug release and dosing for each patient.

The power consumption is of the order of a few hundred W, except during the
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Figure 3.3: Silicon nanofluidic membrane [37]. a) Schematic of the nanofluidic
membrane. b) FIB-SEM image of the nanofluidic membrane. c¢) Schematic of the
deposited electrode.

connection between the implant and server, where the power consumption is of the
order of a few mW. A primary battery, CR2016 (VARTA), which has a capacity of
90 mAh (270 mWh), is employed to supply the system. The lifespan of the battery
is estimated at almost 20 days in the high power consumption scenario.

It is possible to replace the primary battery with a secondary one and recharge it
with a wireless system to solve this problem.

3.2 SenseBack

>

Figure 3.4: SenseBack system [38]. 1) Inductive link. 2) Bidirectional neural
interface. 3) Microelectrode array.

Prosthetic arms are controlled by activating specific muscles in the stump to
which the prosthesis is attached. Despite this, the amputee has no sensation of

19
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the prosthetic limb, making its use more complex and less natural. The Senseback
project [38], developed by the Imperial College, aims to provide artificial sensory
feedback to prosthetic limb users. Their work focuses on proprioceptive and tactile
feedback to develop technologies that will enable the next generation of assistive
devices to provide truly natural control through enhanced sensory feedback. The
system (fig. 3.4) has three main components:

1. Inductive link for power and data transfer;
2. Implanted Bidirectional neural interface;

3. Flexible, biocompatible penetrating microelectrode array, implanted on a pe-
ripheral nerve.

The bidirectional neural interface ASIC is the heart of the implant [39]. The

ASIC has 32 channels and can perform high-voltage neural stimulation or acquiring
neural or electromyographic signals. ASIC aims to stimulate with artificial signals
that mimic those of the hand or arm of the amputee’s nervous system.
The implanted device consumes 113 mW while recording and wirelessly streaming
data from 16 channels. The power transfer system has been implemented using
resonant coupling (NRIC), the P9235A-R integrated circuit for the transmitter
and the P9027LP-R integrated circuit for the receiver. The analysis reported in
[38] shows that the power transfer efficiency is around 20% with a significant portion
of energy dissipated as heat. Figure 3.5 shows the thermal image of the wireless
power receiver, highlighting the unacceptable levels of heating.

Figure 3.5: Thermal image of wireless power receiver (P9027LP-R) [38].
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3.3 Wireless power transfer approaches trade-offs

Seven parameters have been considered to understand which is the best wireless
power transfer system for the two AIMDs:

e The transmitted power must be greater than tens of mW;

e The PTE value must be as high as possible to have less dissipation, avoiding
overheating;

o Flexibility, to allow better implantation of the coil;

o EMI immunity to prevent wireless charging from disturbing the device during
operation;

o The size of the RX coil must be as small as possible to be least invasive;
o The better system for a subcutaneous implant;
o If the safety analysis of wireless power systems has been conducted.

The analysis summarized in table 3.1 shows that the most suitable system to use
is near-field resonance inductive coupling (NRIC). The NRIC system is the most
compatible with the devices under study. It allows to transmit power greater than
hundreds of mW, and it is suitable for subcutaneous implants as the operating
range is of the order of the thickness of the skin. The size of coils is suitable for
integration into devices under study. Finally, the NRIC system has already been
used in other implants, such as the cochlear one, and several safety studies have
already been conducted.

WPT Output power >mW HIgh PTE Flexible Immunity EMI Rx size <2cm Subcutaneous implant Safety analysis
NRIC v - v - vV v v

NCC v - v v - v -
Ultrasonic - Vv - v v N

Solar - Vv Vv Vv

Mid-field - - V4 - Vv -

Far-field - - V4 Vv

Table 3.1: Quality comparison of wireless power transfer system.

3.4 Integrated Circuits ICs

The NRIC link is achieved by using a transmitter capable of generating a variable
magnetic field to transmit power and a receiver capable of using this power to
recharge the implanted battery or to supply the implanted device. Two ICs were
selected: one for the transmitter and one for the receiver. The most problematic

21



Wireless power transfer for active implantable medical devices

among the two integrated circuits is the receiver since its purpose is to be implanted.
For this reason, we have defined the following constraints for the receiver, which
help in determining the best integrated circuit to use:

o Small size;
e Single IC with:

— rectifier;
— voltage regulator;

— programmable linear battery charger;
o Low power dissipation.

The size of the IC and external components should be taken into account because
a small overall size allows for less invasive implantable devices. In terms of space-
saving, it would also be better to use a single IC with the features listed above
instead of using one IC to handle the power and another to handle the recharging.
A further characteristic to consider is the power dissipation of the integrated circuit.
The dissipated power is linked to the rise in temperature of the device, which must
be kept under control to avoid overheating of tissues surrounding the implanted
device. The European Standard EN45502-1 limits the surface temperature of an
implanted device to 2 °C above the body temperature of 37 °C [40].

3.4.1 Analysis of receiver ICs

We have compared six distinct receiver ICs that were considered compatible with
the NRIC system. The ICs investigated are:

o XCM414 (Torex);

« BQ51003 (Texas instruments);
o TS51224 (Semtech);

« TS51223 (Semtech);

o LTC4124 (Analog Devices);

o LTC4126 (Analog Devices);

« P9027LP-R (Renesas).
22
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ICs size

Figure 3.6 shows the size comparison of the ICs. Two axes were used, one to repre-
sent the total size of the receiver and one to indicate the number of passive external
components to be added to the IC. The total size was calculated by considering
the size of the integrated circuit, the passive components (excluding the coil), and
considering the space between the components. The analysis shows that the IC
with the smallest size and the least number of components is the LTC4124. It
should also be noted that only the LTC4124, LTC4126, and TS51224 ICs include
battery management, whereas the other ICs require a further IC to manage battery
charging.

Receiver ICs size comparison

co
o

Area ,mm2
o w S o @ ~
o o o o o o
Number of external passive components

-
o
T

0

. . N - N o .
o N AN N N o¥
N R NPT IC CA ey 9907’“

Receiver ICs

Figure 3.6: Wireless power receivers size comparison. *ICs without battery man-
agement.

Power dissipation

To evaluate the maximum power dissipation of ICs, we consider the junction to
ambient thermal resistance Rgj4, which is a measure of the thermal performance
of an IC package. Rgja intends to give a metric by which the relative thermal
performance of a package can be compared. The temperature of the junction of
the IC is related to the power dissipation (Pd) by the equation 3.1:

TJ:TA+(R@JA'Pd) (31)

Knowing the maximum temperature difference that the implanted IC must have,
it is possible to obtain the maximum dissipate power from the integrated circuit.
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With the same dissipated power, the integrated with lower Rg ;4 will have a lower
overheating. Table 3.2 shows the values of Rg 4 for the ICs under study, with the
relative power consumed considering a maximum temperature rise of 2 °C.

ICs XCM414 BQ51003 TS51224 TS51223 LTC4124 LTC4126 P9027LP-R
Rosa (CC/W) 7143 58.9 N/A N/A 92 92 72
Pd (mW) 28 34 N/A N/A 22 22 28

Table 3.2: ICs power dissipation evaluation.

The receiver IC comparison

The main features considered for choosing the best IC are summarized in Table
3.3. The most compliant ICs are LTC4124 and LTC4126. LTC4124, compared
to LTC4126, provides different charging modes with different charge current and
charge voltage. Therefore, the LTC4124 IC was chosen for the receiver part of the
NRIC system.

Receiver ICs XCM414 BQ51003 TS51224 TS51223 LTC4124 LTC4126 P9027LP-R
Small Area <40 mm? N - - - Vv v v
Reoja - Vv - - - - -
Single IC - v - vV Vv -

Table 3.3: Summury ICs evaluation.

3.4.2 Analysis of transmitter ICs

The transmitter must be compatible with the selected receiver and must transmit
power at a distance of at least 10 mm with interposed air. Analog Devices recom-
mends using two integrated circuits, either LTC4125 or LTC6990, compatible with
LTC4124.

The LTC6990 is a precision silicon oscillator with a programmable frequency range
of 488 Hz to 2 MHz. It implements a DC/AC converter by using its oscillator to
drive the NMOS switch connected to the LC tank.

While LTC4125 is a high-performance monolithic full bridge resonant driver capa-
ble of delivering 5 W of power, LTC4125 automatically adjusts its driving frequency
matching the LC resonant frequency. Moreover, LTC4125 also includes an optimum
power search to deliver the correct power to the receiver.

The LTC4125 is the best performing and most compatible with the requirements.
The DC2770A-B evaluation kit was used to test the NRIC system’s operation with
the two chosen ICs. In the next section, the functions of the chosen ICs will be
analyzed, starting with the receiver.
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Chapter 4
NRIC power receiver

The LTC4124 [41] is a high-performance wireless Li-Ion charger with a minimum

number of required passive components and low battery disconnect. Figure 4.1
shows the electrical schematic of the receiver.
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Figure 4.1: LTC4124 electrical schematic, D version [42].

The main features of the receiver are listed below:
o Wireless Input Power Control and Rectification;
o Pin-Selectable charge current and voltage;
o NTC input to qualify temperature charging;
o Li-Ton Charger Controller .
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o PowerPath Controller

The functional block diagram 4.2 reports a simplification of how LTC4124 works
and it describes the main functions and interrelationships of the IC.
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Figure 4.2: LTC4124 functional block diagram [41].
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4.1 Wireless input power control

The system involves the use of a complete power receiver system composed of a
coil and a capacitor in parallel. The coil (WURTH ELEKTRONIK, 760308101220)
has an inductance of 12.6 yH, a diameter of 17 mm, and a thickness of 0.8 mm. A
capacitor of 0.047 uF was used to achieve a resonant frequency of the LC tank of
200kHz. At this frequency, the quality factor of the coil is 25, as shown in figure
4.3. The quality factor is a fundamental parameter as it is the ratio between the
energy stored in the oscillating resonator and the energy dissipated per cycle by
damping processes.

Figure 4.3: Quality factor of Rx coil.

The diode D1 rectifies the AC voltage at the ACIN pin. LTC4124 is capable of
shunting excess received power to maintain the Vcc voltage in the desired range.
Indeed, the functional block diagram 4.2 shows a comparator (CP1) connected at a
switch used to control the input power. As shown in figure 4.4, the switch is closed
when the voltage is higher than the battery voltage + 1.05 V and is open when the
voltage is lower than the battery voltage + 0.85 V.

4.2 Pin-selectable charge current and voltage

It is only necessary to tie the pin ISEL 1/2 and VSEL 1/2 to Vcc or the ground
in order to select the appropriate current and voltage to recharge a battery. As
shown in table 4.1, you can select 4 charge currents and voltages for a total of 16
combinations.

4.3 NTC input to qualify temperature charging

The NTC pin is used to qualify the temperature of the IC during the recharge.
LTC4124 manages temperature control by implementing the rising threshold (cold
threshold) and the falling threshold (hot threshold). The cold threshold of CP5 is
set at 75% of the Vce voltage, while the hot threshold of CP6 is set at 35% of the
Vee voltage. If the NTC pin’s voltage is outside this range, the recharge pauses, and
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Figure 4.4: L'TC4124 wireless power manager. Green signal is
ACIN pin. Red signal is the rectified voltage at pin Vecc.

VSEL1 VSEL2 Charge Voltage, V

HI HI 4.35

HI LO 4.20

LO HI 4.10

LO LO 4

ISEL1 ISEL2 Charge current, mA

HI HI 100

HI LO 20

LO HI 25

LO LO 10
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P 17:49

the AC voltage at

Table 4.1: Charge current and voltage programming.

the current drops to zero. As shown in the electrical schematic 4.1, the thermistor
employed is NT(C432452, with a resistance of 10k(2 at room temperature.

4.4 Li-Ion charger controller and UVCL

LTC4124 includes a constant current and constant voltage CC/CV linear battery

charger with a safety timer termination, bad battery detection,

and under-voltage

current limiting (UVCL). The LTC4124 manages battery charging in constant cur-
rent and constant voltage mode, which is typical charging for lithium batteries. As

28



NRIC power receiver

shown in the figure, the voltage increases linearly in the CC mode, while the current
is kept constant. When the voltage exceeds the recharge threshold (Vpar_ recua),
typically 97.6% of the programmed charge voltage, the recharging enters the CV
mode. Through CV mode, the voltage is kept constant, and the current gradually
decreases. Also, the LTC4124 activates a timer to switch off charging after 3 hours.
LTC4124 also allows to activate or deactivate the pre-charge mode (trickle charge).
This mode is used at the start of recharging for the batteries that have been deeply
discharged. Activating pre-charge mode delivers 10% of the programmed current
until the battery voltage exceeds the threshold set at 68% of the programmed charge
voltage (Vear_rrir). If the battery has not exceeded the Vpar rrir threshold af-
ter 40 minutes of charging, the CHRG pin indicates that the battery is faulty by
blinking fast (6 Hz).
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Figure 4.5: Example of battery recharge in CC/CV mode [41].

The LTC4124 implements under voltage current limiting (UVCL), which decreases
the current delivered to the battery if the voltage on the Vcc pin is less than 3.4 V.
This feature is particularly useful when the available power is limited. Without
UVCL, the current would immediately drop to zero, allowing Vcc to exceed the

29



NRIC power receiver

lower limit of functionality. This oscillatory behavior would result in intermit-
tent charging. UVCL prevents this oscillatory behavior by adjusting the current
depending on the related availability of power.

4.5 PowerPath Controller

The Ideal Diode Control block drive the gate of M2 to achieve a low voltage drop
(50mV) from the BAT pin to the VCC pin. Current flows from the BAT pin to
support the VCC pin voltage to be as close to that of the BAT pin as possible.
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NRIC power transmitter

The LTC4125 [43] is a complete AutoResonant wireless power transmitter, able
to drive the series-resonant tank composed of transmit coil (Lry) and the trans-
mit capacitor (Cry). LTC4125 has the advantage of being easily programmed by
changing passive external components. Figure 5.1 shows the electrical schematic
used for the transmitter.

The LTC4125 has two main features:

o AutoResonant Switching Frequency Adjusts;

o Optimum Power Search.

5.1 AutoResonant Switching Frequency Adjusts

LTC4125 employs a properly auto resonant technology. At the start-up, the IC
drives the LC tank with a 50% duty cycle square wave at 2.5 kHz. LTC125 detects
the flowing current in the LC tank and adjusts the frequency of the drive voltage
accordingly. As shown in figure 5.2, the IC ensures that the voltage at each SW
pin is always in phase with the current into the pin. With this technology, the
LTC4125 continuosusly adjusts the driving frequency of the full-bridge switches to
match the LC resonance frequency.

5.2 Optimum Power Search

In the wireless power system, the transmitter coil generates a magnetic field that
must be sufficiently intense to transfer the power to the receiver. The efficiency
of the power transmission changes according to the distance between the coil and
the load variation. The LTC4125 enforces an Optimum Power Search algorithm
that adjusts the strength of the magnetic field according to the condition of the
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Figure 5.2: Voltage and current waveform (red and green) and input voltage control
(blue) at frequency of LC tank [43].

transmission. The algorithm adjusts the pulse width of the full-bridge driver. The
tank current and the tank voltage are proportional to the pulse width, therefore,
to increase or decrease the magnetic field strength, it is sufficient to increase or
decrease the pulse width.

Periodically, the optimum power search is effectuated and it is divided into three
phases. The timing of each stage is programmable by changing capacitors connected
at pin CTS and CTD.

o In the first phase (T1), the value of power transmission is retained at a constant
starting value;

o In the second phase (T2), the optimum power search applies a stepwise linear
ramp of transmit power to search the receiver. There are two possibilities: a
positive or a negative search. When the positive search is met, phase T2 is
stopped and the next phase starts. In the second phase, the receiver is identi-
fied by an increment in the power transmission amplitude, which means that
the power required to meet the requirements of receiver load has been reached
or exceeded. In the negative search, the stepwise linear ramp of transmit-
ting continues until the upper limit is reached and afterward, the transmitted
power drops to zero, and the next phase starts;

o In the third phase (T3), the power transmitted is held constant if the positive
search is found.

The Optimum Power Search controls if any fault condition occurs. In case of a
fault condition, the power transmission drops to zero until the next power search.
The LTC4125 implements six fault conditions listed below:

» Foreign object, detected by frequency threshold programmed by the FTH pin;
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Coil temperature, detected via the NTC pin;

 Excessive tank voltage, detected by feedback (FB) pin;

o End of search ramp, when the pulse width reaches 50% of duty cycle;
e Input current limit, detected by IMON pin;

o Internal (die) over temperature.

To find a valid receiver, the LTC4125 implements two types of exit conditions during
phase T2: primary and secondary. Primary exit conditions are not programmable,
while secondary ones are programmable via hardware. There are two programmable
secondary exit conditions:

e Input current threshold;

« Differential tank voltage threshold (DTH).
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5.3 Operation

This section describes at how external passive components contribute to the op-
eration of the transmission system and the programming of the Optimum Power
Search. The block function diagram (fig. 5.4) shows a simplification of how the
LTC4125 works. The external components shown in the block diagram are linked
to the electrical schematic (fig. 5.1) via the summary table 5.1.
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Figure 5.4: LTC4125 functional block diagram [43].
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Name Notation Value
. Rrp R16 100 k2
Feedback Rpms RI5 920 kO
Rin R3 1.33 kQ
Input current Rivon R14 37.4 kQ
R[S R2 47 mf?
. Rerm R6 3.24 kQ
Frequency threshold Rerim R10 100 kO
Timer capacitors CTD c7 0.68 nft
pacttors CTS C6 A7 oF
P o RPTH;\/II R4 100 kQ
M Pulse Width
inimum Pulse Wi Rprmas RS 00
: Rprmi R5 100 k2
Delta threshold R R9 Opt.
11T Ryre - 10 kQ2
Temperature RIS RIS 10 KQ
Lrx - 6.8 uH
Transmitter resonant Crx1 - 68 nF
Crx2 - 22 nF

Table 5.1: Electrical components of transmitter circuit.

5.3.1 Wireless power transfer

LTC4125 manages the power transfer by using the half-bridge driver to modify
the duty cycle of driver signal. In the electrical schematic (fig. 5.1) only SW1 is
used to drive the LC tank. Therefore, better resolution of magnetic field intensity
can be achieved during phase T2 but with lower maximum power transmission.
This half-bridge driver drives the AC voltage and current to the same frequency as
the LC tank. The LC tank consists of the coil and two parallel capacitors placed
in series with the coil. The coil used is 760308101104 (Wurth Electronic) and
has an inductance of 6.8 uH, a resistance of 125mf2, and a diameter of 20.8 mm.
Two capacities in parallel (CTx1 and CTx2) are used to obtain the same resonant
frequency of the receiver (200 kHz). At this frequency, the quality factor of the Tx
coil is 60.9, as shown in figure 5.5.

Frequency

Figure 5.5: Quality factor of Tx coil.
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5.3.2 Input current limit setting and monitoring

The LTC4125 monitors the current using three pins: IS-, IS+ and, IMON. The
functional block diagram (fig. 5.4) shows the architecture employed by the IC. The
sense resistance (Rrg) is used to monitor the input current. The voltage at the
IMON pin varies with the current as follows:

Rivon - Ris - Irrs
5.1
. (5.1)

The LTC4125 implements two input current parameters: input current threshold
(I7g) and input current limit (I;;p7). Iy is one of two secondary conditions and
when the current exceeds the threshold during the Optimum Power Search, the
search is stopped and the power is held constant. Iy is set according to the
equation 5.2:

Vivon =

Rin - Vire

T Rryon - Ris (52
where Virg is equal to 0.8 V. It is possible to simulate this secondary exit condition
forcing the voltage over the threshold limit at the IMON pin.
Iy is the maximum current that can flow in the circuit. When the current
exceeds the limit, power transmission is stopped immediately. The input limit is
set according to the equation 5.3:

Rin - Viiu (5.3)

It =
Rivon - Ris

where Vi is equal to 1.25V.

5.3.3 Frequency threshold

The frequency threshold pin is used to protect the LTC4125 against the foreign
object. The LTC4125 employs an integrated frequency-to-voltage converter con-
nected to the comparator A4 (fig. 5.4) to control the transmission frequency. The
frequency to voltage converter is discretized to 7 bits with an input range between
0 and 320 kHz. Thus the accuracy of the frequency threshold input is limited to
+2.5kHz. The comparator compares the output of the frequency-to-voltage con-
verter with the threshold programmed by the voltage divider between Vin and
ground at the FTH pin. The following equation (5.4) determines the threshold
value (FL]M)Z
Rprms

FLIM RFTH2 T RFTHl 320]€HZ (54)
When a conductive object is interposed between the two coils, the apparent in-
ductance decreases, and the resonant frequency increases. When the frequency
exceeds the imposed limit, the LTC4125 detects a fault condition and reduces the
transmitted power to zero until the next power search.
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5.3.4 Timer capacitors

The capacitors connected to the CTS and CTD pins determine the period of a
search cycle (fig. 5.6). The capacitor CTS determines the period T1 and T2
according to the equations 5.5 - 5.6:

256 - Cpg - 1.2V
T1 = =144 .
10,4 ms (5.5)
T1

The capacitor CTD determines the period T3 according to the equation 5.7:

. 3 . .
T3 — 65-10° - Crp - 1.2V ~
10pA

5s (5.7)

where 10 pA is the typical pull-up current of pin CTS and pull-down current of
pin CTD. The CTD pin must be short to the ground to disable Optimum Power
Search. In this way, the LTC4125 will make a single cycle at power-up and then
keep the power at the value found.

Vpu1NlpTH2

o

T n‘rz‘n‘n‘n 13 T rz‘n‘n‘n‘n 13

OPTIMUM SEARCH DURATION OPTIMUM SEARCH DURATION

Figure 5.6: Timing diagram during Optimum Power Search [43].

5.3.5 PTH1/2

The pulse width regulates the amount of transmitted power, therefore, it is essential
to have feedback about the pulse width size. The voltage on the pin PTH1 and
PTH2 is proportional to the size of pulse width according to the equation 5.8:

.24

fn
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where fn is the resonant frequency of the LC tank. During the Optimum Power
Search, in phase T2, the pulse width increases as well as the voltage on the pin
PTHx. In the electrical schematic (fig. 5.1) it is used only half of the full-bridge,
so only PTH1 is available to monitor the power transmission.

5.3.6 Minimum pulse width

The initial power transmission in the phase T1 is defined by the voltage at the
PTHM pin. The PTHM pin uses a voltage divider between the V;n and ground
and an integrated analog to digital converter to set the minimum pulse width
according to the equation 5.9:

0.576 Rpruwe

fn Rprume + Rprawn

MINPW = ( ) + 150ns (5.9)

In the electrical schematic (fig. 5.1) the PTHM is short to ground, in this way the
pulse width is set at the minimum value of 150 ns.
The voltage on the PTHM pin is related to the voltage on the PTH pin by the
equation 5.10:

Verawm - 0.576

vV = 5.10
PTH Vin -0.24 (5.10)

The functionality of the PTHM pin was studied by changing the voltage on its
pin and monitoring the voltage on the PTH pin with bench multimeter (Agilent
34411A). The test was carried out by varying the voltage on the PTHM pin by
50 mV from 0 V to 2 V. The result in figure 5.7 shows that the resolution of the
integrated analog-digital converter in the PTHM pin is 5 bits.

5.3.7 NTC input to measure temperature

The Optimum Power Search monitors the temperature using NTC thermistor (MU-
RATA, FTN55XH103FD4B). The NTC has a resistance of 10 k) at room temper-
ature (25 °C) and a B factor equal to 3350K . The NTC is located under the
transmitted coil because it is the point that suffers the most heating. The coil is
not a perfect inductor but has a parasitic resistance, which causes power dissipation
thus resulting in the coil heating up. The NTC hot threshold (Vyrcy) is set to
35% of Vin, which is equal to 1.75V. When the voltage on the NTC falls below
35% of the supply voltage, the fault condition is activated. Considering the resis-
tance value of the thermistor at room temperature and the resistor R18, the fault
temperature (T) can be determined using the following equations 5.11:

B
T = >~ 42°C (5.11)
() + £
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Figure 5.7: PTHM vs PTH voltage.

where Tj is room temperature in kelvin (298 K). For safety reasons, the coil temper-
ature cannot exceed 42 °C. If the temperature exceeds the limit, power transmission
is interrupted until the coil temperature drops to a reasonable value.

5.3.8 Feedback

The Optimum Power Search monitors the LC tank voltage through the FB pin to
ensure that the voltage does not exceed the limit. Also, the primary exit condition
of Optimum Power Search uses the FB pin to determine if a receiver is found or
not in phase T2 (fig. 5.8).

A half-wave rectifier, consisting of a diode and capacitors, is employed to detect
the peak of LC tank voltage. The voltage at pin FB is given by a voltage divider.
The ratio of the resistor divider is chosen according to the maximum voltage to be
applied to the coil. It is possible to determine the maximum voltage on the coil
coil through the following equation 5.12:

RFBl

+1) - Vin+Vp (5.12)

Vrank—max < (
FB2

where V) is the voltage drop of the rectification diode. If the voltage on the coil
exceeds this limit Vpankx_amrax, the LTC4125 triggers a fault condition and stops
delivering power until the next search.
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Figure 5.8: Positive search. FB voltage in green, Tx coil voltage in red.

5.3.9 DTH

The DTH pin can be used to activate one of the secondary exit conditions in the
Optimum Power Search. During the sweep, if the feedback voltage (Vpp) is larger
than Vprp, the exit condition is satisfied, the sweep is stopped and the optimum
power transfer is met. In a typical sweep, multiple primary exit conditions imple-
mented by the LTC4125 detect the optimum power transfer. However, the DTH
pin is useful when the receiver circuit has the lowest output power at the highest
target separation (lowest coupling).

The DTH pin is programmed to set a threshold on the voltage step of the feed-
back signal. The optimum power is found when AVpg>AVpry. The DTH pin is
programmed with a resistor divider between Vin and GND as follows (eq. 5.13):

Rpra2
V; = V 5.13
b Rpru1 + Rprm w ( )

As shown in the electrical schematic (fig. 5.1), DTH is connected to Vin to deacti-
vate its function.
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Chapter 6

Proof-of-concept open-loop
NRIC system evaluation

The evaluation kit (DC2770AB) was used to test the NRIC link, and it consists of
the transmitter and receiver previously described. The overall system design of the
NRIC link is schematized in figure 6.1. The term “loop” refers to a real control loop
that directly and actively involves the transmitter and receiver. The transmitter
has its own control system but does not directly involve the receiver, thus the term
“open-loop”.

Three main components define the overall efficiency of the system:

o The transmitter’s efficiency (nr) to convert a DC voltage into an AC voltage
to generate a strong magnetic field;

o The power transfer efficiency link (nprg), which depends on the quality factor
and coupling coefficient of coils and the resonant frequency;

o The receiver’s efficiency (ng) to rectify and regulate the AC voltage into a
DC voltage to power supply an implanted device and recharge an implanted
battery.

The product of these three efficiencies gives the overall efficiency (nror), and it is
the most relevant parameter to consider. A high-efficiency NRIC system results in
less intense magnetic fields, less overheating, and less power dissipation. Therefore,
it is essential to test the overall efficiency of the NRIC system.

6.1 Test bench

A test bench was set up to test the overall efficiency of the NRIC link when charg-
ing a battery. A battery emulator was used to simulate the behavior of batteries.
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'
v CTx Inductive H
coupling (k) CRx |

Transmitter LRx Receiver

Transmitter efficiency Power transfer link Receiver efficiency Overall effciency

nT * nPTE * nR = nToT

Figure 6.1: Overall efficiency of NRIC system.

As indicated in the datasheet, a 20 () resistor was connected between the receiver
pins BAT and GND. The DC power supply (RIGOL DP832) was connected to the
resistor in parallel to simulate the battery voltage.

The overall efficiency of the NRIC link was measured as the ratio between trans-
mitter input power and receiver output power. In this way, all three efficiencies are
taken into account. The PTE parameter limits the overall efficiency. Indeed, the
power transfer between two coils is particularly affected by the coupling coefficient
k, which has values less than 0.5 when air or skin is interposed between them. The
value of the coupling coefficient is given by the following equation (6.1):

M
Y= i (6-1)

M is the mutual inductance between coils, while L1 and L2 are the Tx and Rx
coil’s inductances. The mutual inductance of the coil depends on its geometry
disposition, and its value decreases with the increase of the coil distance and with
lateral and angular misalignments. Furthermore, PTE is optimized for one specific
load; however, implantable medical devices are subject to load variation.

Taking into consideration all these aspects, tests were carried out to quantify the
overall efficiency of the NRIC system and were initially performed as follow:

o Perfect alignment between coils with interposed air;
» Distance between coils from 3 mm to 20 mm;

e Load:

— Simulated battery charging voltage from 2.8 V to 4.1 V;
— Charging current of 10, 25, 50 and 100 mA.
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6.2 Experimental results

The overall efficiency of the NRIC system for four different charging currents is
shown in four figures 6.2, 6.3, 6.4 and 6.5. Each figure shows the related efficiency
whit the variation of the coil’s distance and simulated battery voltage. As it can
be seen from the figures and was presumed from the theory, the efficiency tends
to decrease as the distance between the coils increases because the magnetic field
strength and the coupling coefficient between the coils decrease. On the other
hand, the overall efficiency increases as the current supplied by the receiver (load)
increase. Indeed, for 10 mA charging (fig. 6.2) the maximum efficiency is 20.7%, for
25 mA charging (fig. 6.3) it is 30.5%, for 50 mA charging (fig. 6.4) it is 35.1% and
for 100 mA charging (fig. 6.5) it is 40%. The power transfer of the NRIC system is
more efficient for 100 mA charging current but only for distances less than 5mm.
It can be seen that the power transfer drops to zero very quickly for 50 and 100 mA
charging currents. The NRIC system is unsuitable for transferring large powers
(>0.2 W) at distances greater than a few mm. For 10 and 25 mA charging currents,
the transfer is less efficient, but it also suitable for distances greater than a few
mm.

Overall efficiency - Charging Current 10 mA

Overall efficiency, %
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Figure 6.2: Overall efficiency of NRIC system, charging current 10 mA.
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Figure 6.3: Overall efficiency of NRIC system, charging current 25 mA.
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Figure 6.4: Overall efficiency of NRIC system, charging current 50 mA.
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Figure 6.5: Overall efficiency of NRIC system, charging current 100 mA.
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6.2.1 Wireless power transfer issues

The overall efficiency drops to zero when the transmitter stops supplying power.
As already stated, there are six fault conditions causing power transmission to stop.
The analysis showed that two different fault conditions are activated:

e FB threshold over 5 V;

e NTC Threshold.

The first fault condition arises in phase T2 of Optimum Power Search. When the
transmitter is not able to find a receiver, the power transmission drops to zero.
Figure 6.6a shows the voltage on the FB pin (green) and the voltage of the coil TX
(red). Both voltages increase gradually, but the small voltage increase of the FB
signal between two steps is not sufficient to recognize the presence of the receiver.
Therefore, the power transmission drops to zero. As shown in figure 6.6b, the PTH
voltage (green) drops to zero when the FB condition occurs, and the duty cycle of
the driver signal (red) decreases along with PTH voltage.

The second fault condition, instead, concerns the temperature of the transmit-
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Figure 6.6: Feedback fault condition. a) FB voltage (red) and Tx coil voltage coil
(green). b) PTH voltage (green) and driver signal (red).

ter coil. The transmitter must generate a high-intensity magnetic field when the
receiver is programmed to deliver 50mA and 100 mA. Therefore, the transmitter
requires a high current that causes overheating of the coil. In this case, the Op-
timum Power Search finds the receiver, but the optimum power found causes an
unacceptable overheating. The Tx coil and IC receiver temperature were monitored
with a thermal imaging camera (fluke Til0). The temperature of the Tx coil ex-
ceeds the threshold imposed of 42 °C when the distance of the coil is greater than
6 mm. Figure 6.7 shows that the temperature of the IC receiver, when programmed
to deliver 100 mA, reaches at 40 °C, which is unacceptable for implanted devices.
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Figure 6.7: Overheating of IC receiver and Tx coil. Charging current of 100 mA
and coils distance of 6 mm.

6.3 Battery charging tests

From the analysis carried out concerning the overall efficiency, 10 and 25 mA charg-
ing currents are the most promising and the most suitable ones. The choice of
batteries to be tested was based on the characteristics of the battery already used
for the nanofluidic implantable platform. The primary battery (CR2016, VARTA)
has a capacity of 90 mAh, a diameter of 20 mm, a height of 1.6 mm, and a nominal
voltage of 3V. Therefore, the following three parameters were considered:

o Battery size;
« Capacity;
o Charge voltage and current.

The characteristics of the selected batteries (LIR2016,/2025/2032) are shown in the
table 6.1.

Batteries Diameter, mm High, mm Nominal voltage, V. Capacity, mAh Maximum charging current, mA

CR2016 20 1.6 3 90 -

LIR2016 20 1.6 3.7 16 16
LIR2025 20 2.5 3.7 25 25
LIR2032 20 3.2 3.7 40 40

Table 6.1: Comparison of primary versus secondary battery characteristics.

The primary battery can power the nanofluidic drug delivery system for about
20 days at maximum consumption conditions. The secondary batteries chosen have
a lower capacity and allow the system to be powered for less time. The discharge
time for the LIR2016/25/32 batteries would be 3, 5, and 8 days respectively. The
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main advantage of the secondary batteries is that they can be recharged. According
to the datasheet, the batteries can be recharged 500 times if they are recharged with
the nominal current. By implementing these batteries, the device would operate
for more than 4, 6, and 10 years respectively.

The recharging test was carried out to check whether any fault conditions occurred
during the recharging process that could compromise correct recharging. According
to the overall efficiency tests, the best distance to use between the coils is 5 mm for
charging currents of 10 mA and 25 mA. Figure 6.8 shows the battery recharges. The
current was acquired with the bench multimeter (Agilent, 34411A) and the voltage
with the Atmega328p microcontroller (Microchip). For the LIR2016 and LIR2025
batteries, the 10 mArecharge current was used (fig. 6.8a and 6.8b), while for the
LIR2032 battery, the 25 mA recharge current was used (fig. 6.8¢c). In all recharges,
fault conditions were highlighted. Fault conditions are caused by a failure to search
the receiver. Therefore, the voltage at pin FB increases until it exceeds the set
threshold. The charging current drops to zero during a fault condition because the
power transmission is interrupted.

This analysis has shown that the system used in this way is inefficient for recharging
batteries. The system does not guarantee continuous power transmission. Also,
only a coil spacing of 5mm could be tested, larger distances do not allow any
charging.
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Figure 6.8: Battery recharging test, coils distance of 5 mm. a) LIR2016 charging
current 10 mA. b) LIR2025 charging current 10 mA. ¢) LIR2032 charging current
25 mA.
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The problems of the NRIC link are related to the transmitter. Indeed the power
drops to zero when the receiver is not found. The main problem is the accuracy of
the primary exit condition of the transmitter. Indeed, the Optimum Power Search
is not able to find a receiver due to a small voltage increase of FB signal during
phase T2.

There are two possible ways to solve this problem:

o DTH secondary exit condition;

o Closed-loop system.

Using the DTH pin is possible to set a secondary exit condition. A threshold is set
on the step size of the voltage on the FB pin. This solution can be used when the
NRIC link is at the lowest coupling condition; however, it is not the best solution. If
the condition of transmission changes, a fixed threshold could result in insufficient
transmission power. Especially for an implantable system, it is necessary to have
a system that can adapt to different configurations.

The closed-loop system would allow power transmission to be managed according
to the receiver’s requirements without the problems due to the step size of the
FB pin. The use of the FB pin allowed a feedback between the receiver and the
transmitter. However, it was deficient when transmission conditions varied. Using
a closed-loop system that bypasses the FB pin would improve the communication
efficiency between the receiver and transmitter. This solution is the most suitable
as it involves changing the voltage on the PTH pin to modify the transmitted power
according to the receiver’s requirements. A hardware and firmware communication
system was added to the NRIC link to do that.
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7.1 Hardware design

The transmission problem is identified in phase T2 of Optimum Power Search,
where the primary exit conditions cannot identify the receiver. The electrical
schematic of the transmitter was changed to modify the Optimum Power Search,
and we developed a feedback system to control the power transmission was devel-
oped.

7.1.1 Optimum Power Search improvements

It is sufficient to modify the external components of the transmitter circuit to
change the Optimum Power Search. The transmitter has been modified in two
parts:

« Modification at IMON pin;
o Modification at PTHM pin.

The electrical schematic at the IMON pin has been modified to activate the sec-
ondary exit condition during the phase T2. Adding a voltage divider composed by
R14 = 100k and R15 = 75k (fig. 7.4a) between the Viy and ground ensures
the voltage at the IMON pin to be 1V . In this way, when the transmitter reaches
phase T2, the search step is stopped immediately. Transistor Q1 is removed to
avoid that NTC voltage drops to zero when the 1 Volt is applied.

The resistor divider on the PTHM pin was modified to change the initial value on
the PTH pin in phase T1. Therefore, the initial value of the PTH pin is not set to
the minimum but is equal to the value set by the voltage divider, according to the
equation 5.10. The voltage divider at the PTHM pin comprises R4 = 100 k{2 and
R8 = 20k(2 to have a voltage of 800 mV. Therefore the voltage on the PTH pin
is equal to 360 mV in phase T1. The modification of the Optimum Power Search
is shown in figure 7.1. Figure 7.1a shows a positive power search before the modi-
fication, while Figure 7.1b shows the positive search after modification, where the
phase T2 is not present. After phase T1, the PTH pin shows only one step of 75 mV
before starting phase T3.

7.1.2 Explicit power control

The PTH pin is useful to monitor the duty cycle on the SW pin and can be driven
as an input to set the duty cycle [44]. An external pull-down resistor in series with
a MOSFET can discharge a capacitor connected to the PTH pin. In this way, it is
possible to control the voltage on the PTH pin and the power transmission simply
by opening and closing the MOSFET with a control signal.

It was necessary to evaluate the internal pull-up resistance, to select the pull-down
resistor and capacitor values. The value of pull-up resistance was obtained by
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Figure 7.1: Modification of Optimum Power Search. a) PTH voltage before modi-
fication. b) PTH voltage after IMON and PTHM modifications.

measuring the time constant of the voltage across the capacitor connected to the
PTH pin. Those measures were performed with the oscilloscope (RIGOL MS05104).
The test was conducted following this procedure:

« Capacitance values: 1puF, 0.47 uF; 0.22 uF and 68 nF;
o The voltage at the PTH pin from 100 mV to 700 mV.

The result in figure 7.2 shows that the value of the pull-up resistance of the PTH
pin is about equal to 180kS2. A capacitor of 1 uF was chosen to have a charge time
constant of approximately 200 ms. The value of the pull-down resistor was chosen
to be 10kS2. Therefore, the time constant during discharge is faster than during
charging. The discharge time constant is 10 ms, guaranteeing a ratio between the
charge and discharge time constant of 20. The N-MOSFET (TN0702) in series with
the resistor is used to discharge the capacitor and control power transmission.
The feedback circuit consisting of a comparator (TLV7011) and a DAC (dac7563)
was used to control the opening and closing of the MOSFET. The comparator
compares the voltage of the capacitor with the threshold imposed by the DAC.
When the voltage of the capacitor exceeds the high threshold, the output of the
comparator is put high. This signal drives the gate of the MOSFET into saturation,
thus allowing the capacitor to be discharged. When the voltage of the capacitor
is below the low threshold, the output of comparators drops to zero. In this way,
the MOSFET goes into interdiction, thus allowing the capacitor to be charged.
Therefore, the PTH voltage fluctuates around the threshold set by the DAC.
The fluctuation of PTH voltage must be kept under control to have a correct
transmission of power. A different comparator (Imp7300) was initially used to
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Evaluation of PTH pull-up resistance
T

PTH resistar

Figure 7.2: Evaluation of PTH pull-up resistance.

figure out the best hysteresis value to employ. Figure 7.3a reports the electrical
circuit to test the best hysteresis value. The comparator Imp7300 is characterized
by adjustable positive and negative hysteresis. The value of the hysteresis depends
on the voltage on the resistance R4 and the positive and negative hysteresis is set
to be the same. Thanks to the DAC, it is possible to variate the value of hysteresis.
The test was performed for five different hystereses: £100mV, +£50mV, +£25mV,
+10mV and £5mV:

e Figure 7.3b reports the test with hysteresis of 100mV. The red signal is the
Vcee voltage of the receiver. The test shows that with a hysteresis of 100 mV at
the PTH pin, the voltage on the receiver (Vce) is unstable with a peak-to-peak
voltage (V),,) greater than 1'V.

o Figure 7.3c reports the test with hysteresis of 50mV. The red signal is the Vec
voltage of the receiver. The test shows that with a hysteresis of 50 mV at the
PTH pin, the voltage on the receiver (Vcc) is unstable with a peak-to-peak
voltage (V),,) greater than 1V.

o Figure 7.3d reports the test with hysteresis of 25 mV. The red signal is the
Vce voltage of the receiver. The test shows that with a hysteresis of 25 mV at
the PTH pin, the voltage on the receiver (Vce) is unstable with a peak-to-peak
voltage (V) greater than 900 mV.

o Figure 7.3e reports the test with hysteresis of 10 mV. The red signal is the Vcc
voltage of the receiver. The test shows that with a hysteresis of 10mV at the
PTH pin, the voltage on the receiver (Vee) is quite stable with a peak-to-peak
voltage (V,,) greater than 400 mV.

e Figure 7.3f reports the test with hysteresis of 5mV. The red signal is the
Vce voltage of the receiver. The test shows that with a hysteresis of 5mV at
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the PTH pin, the voltage on the receiver (Vcc) is stable with a peak-to-peak
voltage (V) greater than 170 mV.
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Figure 7.3: a) Electrical schematic for studying how the hysteresis of the comparator
(LMP7300) affects the Vee voltage at the receiver. b) Hysteresis at £100mV. c)
Hysteresis at £50mV. d) Hysteresis at £25mV. e) Hysteresis at £10mV. f)
Hysteresis at £5mV.

Hysteresis £5mV is the most suitable to allow constant power transmission.
The comparator (Imp7300) used for the hysteresis test is not suitable for the final
implementation. Indeed the IN + and IN - have a common-mode voltage range
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from 1V above the negative rail to the positive rail, while the PTH pin voltage is
in the range of 0 to 1 V. Therefore, a dual power supply (fig. 7.3a) was used from
—1V tobV.

The latest version of the transmitter’s electrical schematic is shown in figure 7.4a
where the comparator Imp7300 has been replaced by the comparator TLV7011. The
comparator used (TLV7011) is characterized by the rail-to-rail common-mode input
voltage and internal hysteresis of 4 mV. The operation of the implemented power
control system is shown in figure 7.4b where the capacitor voltage (PTH signal) is
shown in green and comparator output is shown in red. When the voltage on the
capacitor exceeds the high threshold, the capacitor is discharged until the voltage
value exceeds the low threshold. The threshold set by the DAC defines the voltage
value of the capacitor. With the power control system, it is possible to manage
the power transmission by simply varying the threshold value, thus changing the
voltage on the capacitor (PTH signal) and consequently the power transmitted.
Aspects relating to the DAC and its programming are covered in the firmware
section.
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Figure 7.4: a) Electrical schematic of transmitter with power control. b) Compara-
tor output signal (red) and the voltage of PTH (green).
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7.2 Embedded control loop implementation

The microcontroller Atmega3d28p was used to develop the closed-loop system. The
microcontroller has two main tasks: checking the power at the receiver and con-
trolling the DAC output. Figure 7.6 reports the firmware flow chart to control the
power transmission.

For the receiver part, the microcontroller monitors the Vce voltage and the battery
voltage every four seconds. The Vcc voltage must exceed the threshold of 3.6 V and
must be higher than the battery voltage to have proper power transmission. The
first check is on the Vce voltage: if the voltage does not exceed the threshold set
at 3.6 V, the power is increased. The second check starts on the voltage difference
between Vcc and the battery voltage only if the first condition is verified. It has
been set that the voltage on the Vce pin lies in a range between 300 mV and 700 mV
above the battery voltage. The lower threshold has been selected to guarantee the
correct operation of the receiver and to provide a stable charging current. The
upper threshold was selected for two reasons:

o The internal switch of receiver power control is never activated, avoiding power
dissipation. Indeed, the Vcc voltage never exceeds the internal threshold of
1.2 'V 4 Vbat;

o If the transmitted power is too high, the feedback system adjusts the power
transmission. This function is particularly useful during the last charging
phase when less current is required, and therefore less power must be trans-
mitted.

With these controls, it is possible to manage power transmission as efficiently as
possible, avoiding overheating due to excessive magnetic fields intensity.
The microcontroller uses the serial peripheral interface (SPI) to program the DAC.
The DAC is characterized by 12-bit digital-to-analog converters and has been pro-
grammed to have the following characteristics:

e Internal reference of 2.5 V;
o Output gain: 2;
o Resolution of 1.22 mV.

The DAC output sets the threshold of the comparator and therefore the voltage
value of the PTH pin. The threshold step of 2.5mV is used to change the PTH
voltage. Figure 7.5 shows the study of how the variation of the PTH voltage affects
the duty cycle of the driver signal at the SW1 pin (blue) and the power required from
the transmitter (red). The test was carried out by changing the PTH voltage with
the chosen step of 2.5 mV from 180 mV to 260 mV. The duty cycle was studied using
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the RIGOL MSO5104 oscilloscope by taking 100 measurements for each acquisition.
In the open-loop system discussed in chapter 6, the variation of PTH was 75 mV.
Whereas with the closed-loop system the variation of PTH has been set to 2.5 mV
and the results show that with this variation it is possible to vary the duty cycle
of the driver signal more finely and to better manage the power required by the
transmitter during transmission. Therefore, these changes allow better efficiency
of the transmitted power.

The microcontroller is also used to store the main data. Every second, the battery
voltage and charging current are acquired and saved. While the threshold is saved
every time it changes, the Tx coil temperature is acquired every 30 minutes.

Figure 7.5: Duty
PTH voltage.

PTH voltage vs Duty cycle at SW pin and Power supply
T T
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cycle of driver signal at SW pin and power supply compared to

59



Closed-Loop NRIC system

Transmitter

=

Data flow:
Flag
Thr

Receiver

No Yes

thr —»Dac

flag=0
]

TiC 1
IADC
Interrupt
USART

v

No vard3=0 Yes
NO (oo vbat Yes
=26V
NO Geoear_ TES
Thr ++ h >03V
Thr ++
Save Thr
Save Thr
flag=1
flag=1
Text
MO eewes _ YEE
<07V

l

No Yes

vard2=0
Save Vbat

¥

Save Current

Save NTC

v

vardd =0

Figure 7.6: Flow chart of firmware.
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7.3 Test bench

The same test bench described in chapter six was used to test the overall efficiency
of the system. The test was carried out to compare the open-loop and closed-loop
NRIC system.

Additional tests were performed to study the behavior of the NRIC system under
similar conditions to a subcutaneous implant. Indeed, the subcutaneous implants
add complexity to the overall system. The interposed skin causes a displacement
between the coils which can compromise the overall efficiency of the system. Fur-
thermore, at transmission frequencies above 100kHz, the skin influences power
transmission due to the power absorption and parasitic capacity.

Therefore, the following tests were also carried out:

e Overall efficiency whit animal tissue interposed:
— Charging current 10 - 25 mA;
o Lateral Misalignments:

— Interposed air;
— 0 -8 mm;

— Charging current 10 - 25 mA;
o Angular Misalignment:

— Interposed air;
—0-12°%
— Charging current 10 - 25 mA.

For these additional tests, the same battery emulator previously described was
used.

7.4 Experimental Results

7.4.1 Open-loop vs closed-loop NRIC system

The closed-loop NRIC system was compared to the open-loop NRIC system to
understand if it has improvements in overall efficiency.

The test was conducted in the best condition for power transmission with coils’
perfect alignment. The coils were moved progressively apart by approximately one
millimetre in the range of 3mm to 20 mm, and four different charging currents (10
- 25 - 50 - 100 mA) were used to test the overall efficiency.

Figures 7.7, 7.8, 7.9 and 7.10 show a comparison of the overall efficiency between
the open-loop system and the closed-loop system.
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o Figures 7.7a and 7.7b show a comparison of the overall efficiency between
the open-loop system and the closed-loop system respectively, with a 10 mA
charging current. The maximum overall efficiency is 26.7% compared to 20.7%
for the open-loop version. Power transfer up to 18 mm without overheating
problems.

o Figures 7.8a and 7.8b show a comparison of overall efficiency between the open-
loop system and the closed-loop system respectively, whit a 25 mA of charging
current. The maximum overall efficiency is 38.2% compared to 30.5% for the
open-loop version. Power transfer up to 14 mm without overheating problems.

e Figures 7.9a and 7.9b show a comparison of overall efficiency between the open-
loop system and the closed-loop system respectively, whit a 50 mA of charging
current. The maximum overall efficiency is 43.6% compared to 35.1% for the
open-loop version. Power transfer up to 12 mm without overheating problems.

e Figures 7.10a and 7.10b show a comparison of overall efficiency between the
open-loop system and the closed-loop system respectively, whit a 100 mA of
charging current. The maximum overall efficiency is 45.4% compared to 40%
for the open-loop version. Power transfer up to 8 mm without overheating
problems.

The closed-loop system improved performance in all the cases tested. The transmit-
ter no longer has the fault conditions that did not allow power to be transmitted.
With the closed-loop system, the transmitter always delivers the best power for the
receiver. Thanks to improved PTH voltage control, it is possible to fine-tune the
magnetic field strength and improve heating performance.

Despite the link’s best performance at 50 and 100 mA charging currents, the trans-
mitter coil overheats to more than 42 °C at distances over 12 mm and 8 mm respec-
tively. Charging at 10 mA and 25 mA, on the other hand, allows greater distances to
be covered without overheating the system. Therefore, 10 mA and 25 mA recharges
are the most promising to use, avoiding overheating and a high-intensity magnetic
field. For these reasons, subsequent tests are limited to the study of 10 and 25 mA
currents.
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Figure 7.7: Comparison of overall efficiency, charging current of 10 mA. a) Open-
loop NRIC. b) Closed-loop NRIC system.
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Figure 7.8: Comparison of overall efficiency, charging current of 25 mA.
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Figure 7.9: Comparison of overall efficiency, charging current of 50 mA.
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Figure 7.10: Comparison of overall efficiency, charging current of 100 mA. a) Open-
loop NRIC. b) Closed-loop NRIC system.
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7.4.2 Tests with interposed tissue

The NRIC system’s operation was conducted and tested with an animal tissue
interposed between coils to simulate the skin behavior. The skin has dielectric
properties (permeability, permittivity, and conductivity) that affect power trans-
mission.

The permeability of the human tissues is equal to the permeability of free space,
therefore it does not influence the magnetic field. While the permittivity and
conductivity, values depend on the type of tissue and wave frequency. Transfer
efficiency is limited due to reflected power and tissue losses at increasingly higher
magnetic field frequencies. With a low frequency < 100 kHz, the body appears
transparent to the magnetic field, while with a high frequency, the magnetic field is
attenuated. Indeed, the human tissues are conductive, so the inner magnetic field
induces eddy currents in the tissue. The inducted currents increase with frequency
as well as the opposing magnetic field. Therefore, the magnetic field is distorted
by the tissue, and above 100 kHz it is attenuated inside the tissue.

The magnetic field frequency used in the NRIC system developed is 200 kHz. There-
fore, the overall efficiency was evaluated to assess the attenuation of the magnetic
field with an interposed tissue.

The test was conducted with chicken breast tissue, and the thickness of the animal
tissue was changed from 3 to 19 mm with a 2mm pitch.

Figures 7.11 and 7.12 show the comparison between the overall efficiency of the
NRIC with air and animal tissue interposed, for 10 and 25 mA of charging current,
respectively. With the animal tissue interposed for 10 mA charging current, the
maximum attenuation is 10% (fig. 7.11b), while for 25 mA charging current, the
attenuation is 8% (fig 7.12b). The drop in overall efficiency is negligible with in-
terposed tissue for all distances tested. The attenuation reported may also be due
to the coils not being perfectly aligned. Therefore, the attenuation of the magnetic
field by the skin is negligible at low frequencies.
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Figure 7.11: Comparison of overall efficiency, charging current 10 mA. a) Air in-
terposed. b) Animal tissue interposed.
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Figure 7.12: Comparison of overall efficiency, charging current 25 mA. a) Air in-
terposed. b) Animal tissue interposed.
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7.4.3 Lateral and Angular misalignments

The operation of the NRIC system has also been tested with misalignment of the
coils. These tests are carried out to understand the strength of the link under
low coupling conditions. The value of the coupling factor changes in relation to
the geometry disposition of the coils. In particular, the mutual inductance values
decrease with lateral and angular misalignments. Therefore, the lateral and angu-
lar misalignment was evaluated to investigate the limitations of the NRIC system
implemented. In lateral misalignment (fig. 7.13a), the coils are parallel with the
plane, but their centers are displaced by a distance (A). In the angular misalign-
ments (fig. 7.13b), the planes of the coils are tilted to form an angle («), and the
axis of one coil passes through the center of the coil.

(@) (b)

.

Figure 7.13: a) Lateral misalignments configuration. b) Angular misalignments
configuration.
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Lateral misalignments

The test was conducted with a lateral misalignment (A) from 0 to 8 mm with a step
of 1 mm. The distance between the coils is set to 10 mm. 10 and 25 mA charging
currents were tested.

Figures 7.14a and 7.14b, 10 and 25mA charging current respectively, show the
overall efficiency of the NRIC system as a function of lateral misalignments and
battery voltage. The overall efficiency remains quite constant for both charging
current (10 and 25 mA) for a lateral misalignment up to 4 mm. While the lateral
misalignments increase, the overall efficiency drops quickly to zero. The transmitter
must generate more power when lateral misalignments increase to allows the correct
amount of power to the receiver.

Overall efficiency - Lateral Misalignment - Charging Current 10 mA 30

30 - g - 20

= %
N =
= 2
%) 8
g
O =
E [
2o H
T 10
S
[
o T T N B
5 3>«\>\\ s a(@d N
Later, . 4 T &9
al Misaj; 5 T 3 2%
I9nmen¢ A 6 7 < Jo¥ 0
, Mm 8 28
(a)
Overall efficiency - Lateral Misalignment - Charging Current 25 mA 30
25
30 - s, . y 20
ES 4 - =
- 2
& 5
8% 15
O =
= T
= 10 g
© > 10
g 4
O

—
o

.
Laterg Mis ;/ig

T

3|
N2
™
O

5 - - 2
NMent A, nsim 7 - QO\\ 0

(b)

Figure 7.14: Overall efficiency compared to lateral misalignments and battery volt-
age a) Charging current 10 mA. b) Charging current 25 mA.
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Angular misalignments

The angular misalignments test was conducted for angles («) from 0° to 12° with
a step of 2°. The minimum distance between the coil was set to 10 mm.

Figures 7.15a and 7.15b, 10 and 25 mA charging current respectively, show the over-
all efficiency of the NRIC system as a function of angle misalignments and battery
voltage. The overall efficiency decreases linearly with the angular misalignments
increase. The overall efficiency must not fall below 10% to maintain good power
transmission for 10 mA charging, so angles of up to 5° can be achieved. For 25 mA
charging, the overall efficiency should not fall below 15%, allowing angles of up to
3° to be achieved.
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7.5 Battery charging tests

Charging tests were repeated to validate the closed-loop system using the same
batteries described in chapter six. Figure 7.16 shows the test bench for recharging
consisting of: transmitter, receiver, power control, the ina240 for current sensing,
the battery case and the microcontroller for closed-loop management and data
storage. The charging modes are listed below:

INA240

Receiver

Figure 7.16: Test bench of recharges.

o The LIR2016 battery recharges at 10 mA (0.6 C);
o The LIR2025 battery recharges at 10 and 25 mA (0.4 C and 1 C);
o The LIR2032 battery recharges at 25 mA (0.6 C).

According to the specifications of the LIR2025 battery, it was possible to test
two different charging currents (10 and 25 mA).
These tests aim to understand if the closed-loop system allows the batteries to be
recharged without any problems during the whole charging phase and to acknowl-
edge the time required to complete recharge. Recharges were carried out with a
distance between the coils of 10mm and perfectly aligned. With the open-loop
system, it was impossible to recharge at this distance without overheating or trans-
mitter malfunctions.
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The four recharges are shown in figure 7.17. As it can be seen, all the recharges have
the two characteristics of lithium battery recharging (constant current and constant
voltage). The recharges were carried out without any fault condition, demonstrat-
ing the effectiveness of the closed-loop system compared to the open-loop system.
Table 7.1 summarises the main characteristics of the recharges: maximum power
required by the transmitter during the recharge and time required to complete the
recharge.

The LIR2025 battery is suitable for two different charges: normal charging (fig.
7.17b), with a charging time of 5 hours, and fast charging (fig. 7.17¢), which allows
charging in 3 hours. The LIR2016 battery charging (fig. 7.17a) shows a very short
constant current phase, probably due to the charging current used (10mA). Ac-
cording to the specifications of the LIR2016 battery, the nominal charging current
should be 3mA, whereas a higher current was used for the test.

All batteries have been recharged from the ultra-discharged condition to test the
pre-recharge mode characterized by a recharge current of 10% of the programmed
recharge. At the start of all recharges, it is evident that the pre-charge mode is
correctly activated. Only when the battery voltage exceeds 2.8 V, the current in-
creases until the programmed value.

Battery  Capacity, mAh Charging current, mA P in, mW Recharge time, min

LIR2016 16 10 250 180
LIR2025 25 10 - 25 250 - 450 300 - 170
LIR2032 40 25 455 225

Table 7.1: Summary of recharge performance. Coils distance of 10 mm.

Another key aspect taken into account during the charging process is whether
the implemented closed-loop system responds correctly to load variations. Indeed,
during charging, the load changes continuously, particularly in the last phase of
charging when the required current gradually decreases. The value of the imposed
threshold was saved each time it changed to monitor the operation of the closed-
loop system (the threshold value corresponds to the value of the PTH voltage).
Figure 7.18 shows as the voltage on the PTH pin (red) changes with the current
required during all recharging tested. The PTH voltage changes according to the
required load, reaching its maximum value when the maximum charging voltage
and current are required. Figure 7.18 also shows the zoom in the pre-charge phase.
It shows how the PTH voltage also adapts during the pre-charge phase to ensure
the best power transmission.

Therefore, the closed-loop system enables the correct and best power transmission
to the receiver by modulating the magnetic field strength according to requirements.
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Figure 7.17: Battery recharge with closed-loop system. Charging current in blue
and battery voltage in red. Coils distance 10 mm. a) LIR2016, charging current of
10mA. b) LIR2025, charging current of 10mA. c¢) LIR2025, charging current of
25mA. d) LIR2032, charging current of 25 mA.

7.6 Safety and regulations discussion

Regulations require that the temperature of an implanted device does not exceed
the limit of 2 °C above body temperature. Coils are not perfect inductors but are
characterized by a resistance that depends on the type of material and manufac-
ture. During power transmission, coils dissipate power, causing them to heat up.
On the other hand the heating of ICs is linked to the package thermal impedance
(Roja). Therefore, during charging, the Tx coil, Rx coil, and Rx IC temperature
were monitored. The NTC thermistor (MURATA, FTN55XH103FD4B) was used
to monitor the temperature of the Tx coil. The thermistor has been placed under
the Tx coil. Instead, the temperature of the receiver integrated circuit and Rx coil
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Figure 7.18: PTH variation during recharge. The PTH pin voltage (red) and current
(blue). a) LIR2016, charging current of 10mA. b) LIR2025, charging current of
10mA. c¢) LIR2025, charging current of 25 mA. d) LIR2032, charging current of
25 mA.

were monitored with the thermal imaging camera (Til0, Fluke). The heating of
the NRIC closed-loop system with interposed air was evaluated, starting from the
room temperature condition (24 °C).

Figure 7.19 shows the heating of the transmission system when charging the LIR2025
battery at 25 mA. Charging at 25 mA has been reported because it is the one that
causes the most heating. The receiver has to supply more current, dissipating more
power, while the coils have to generate a more intense magnetic field, causing more
heating.

The transmitter coil suffers most from heating, reaching almost 33 °C (fig. 7.19a).
The Tx coil is external to the body and can reach higher temperatures without giv-
ing a sense of burning. The temperature of the Rx coil and the Rx IC (fig. 7.19b
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Figure 7.19: Temperature monitoring during LIR2025 battery recharge at 25 mA.
Coils distance of 10 mm. a) Tx coil temperature trend during recharge. b) Rx coil
temperature. ¢) Rx IC temperature.

and fig. 7.19¢) reaches almost 29 °C. The LIR2025 battery was recharged with 4
different modalities keeping constant at 10 mm the coils distance to better study
the temperature variations in the presence or absence of an interposed tissue:

o Interposed air, charging current at 10 mA;

o Interposed air, charging current at 25 mA;

Interposed animal tissue, 10 mA charging current;
o Interposed animal tissue, 25 mA charging current.

Table 7.2 shows the maximum temperature values reached by the Tx and Rx
coils and the receiver IC, while, figure 7.20 shows the Tx temperature trend in the
4 different modalities tested. The thermal conductivity of animal tissue is higher
than that of air. Therefore, part of the heat generated by the coil flows into the
animal tissue and heats it. The heat transfer, however, causes the temperature of
the coil to take longer to warm up. Therefore, when charging, the temperature
of the coil with animal tissue in between is lower than that of the coil with air in
between.

77



Closed-Loop NRIC system

The table 7.2 also shows that the temperature of the implantable part (Rx coil and
Rx IC) does not exceed 26 °C when using the 10 mA charging current with both
air and animal tissue interposed.

. . Temperature
Batteries Charging current, mA Type Tx coll . °C Rx coil, °C_Rx IC, °C
LIR2025 10 Air 27.2 25.3 25.6
LIR2025 25 Air 32.7 28.2 28.7
LIR2025 10 Animal tissue 26.6 24 24.6
LIR2025 25 Animal tissue 24.7 25 27.1

Table 7.2: Analysis of heating during 4 recharging modalities tested with coils
distance of 10 mm. The highest recorded temperature was reported. The room
temperature is shown in figure 7.20 in the first acquisition.
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Figure 7.20: The temperature trend of Tx coil for 4 recharging modalities tested
(air and animal tissue interposed, 10 and 25 mA charging current).
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Chapter 8

Conclusion and future
perspectives

Wireless power transfer (WPT) for powering subcutaneous devices has been dis-
cussed. According to the implantable devices’ requirements, a near-field resonant
inductive coupling (NRIC) system was chosen for power transmission. The smaller
IC receiver chosen (LTC4124) is capable of recharging an implantable lithium bat-
tery. We compared the open-loop NRIC system with the closed-loop NRIC system.
The overall efficiency of the system was studied by changing the distance between
the coils. The results showed that better efficiency is achieved by using a power
transfer control system. The closed-loop system was then tested to define the op-
erability constraints. Tests were conducted with different charging currents and
by changing the geometric arrangement of the coils and the interposed material.
The system shows promising results for charging currents of 10 and 25 mA, up to
a distance of 10 mm both with air and animal tissue interposed. The most critical
aspect remains the misalignment between the coils. It has been defined that the
maximum tolerable lateral misalignment is 4 mm, while for the angular misalign-
ment, the maximum tolerable is 3° and 5° for 25 mA and 10 mA charging current,
respectively. We have recharged three different lithium batteries to validate the
closed-loop system’s operation and the heating of the system. The recharges were
completed without any malfunctions. The IC receiver shows a temperature rise
of 2 and 5 °C above room temperature at 10 and 25 mA charging current. The
closed-loop NRIC system appears to be a promising system for charging batteries
implanted under the skin. However, several studies still have to be conducted:

e Hardware:

— Integrating the power control system and the transmitter into a single
PCB to avoid problems due to noise;

— Adding battery management to the transmitter to replace the bench power
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supply;

— Replacing the microcontroller used (Atmega328p) with two microcon-
trollers, one for the transmitter and one for the receiver. Given the
simplicity of the control algorithm, even microcontrollers that are not
computationally powerful but energy-efficient can be fine. The two micro-
controllers can exploit wireless link communication. Also in this case, no
particular performance is required, as data can be exchanged every few
seconds.

— Integrating the receiver with an implantable medical device to check the
correct functioning of the charging system.

e Firmware:

— Implementing a communication system between the receiver and the trans-
mitter, exploiting either Bluetooth Low Energy communication between
the receiver and the transmitter already used in the Houston device or ex-
ploiting coils by adding a modulator and demodulator to the receiver and
transmitter. Bluetooth would be a good choice in terms of space-saving
but increases power consumption. Modulator and demodulator, on the
other hand, limits power consumption but increases the space occupied
by receiver.

o Test:
— Testing new coils with the aim of reducing the size of the Rx coil, improv-

ing flexibility, coupling between Tx and Rx coils and thermal properties.

— Testing the developed system in vivo to study if power transmission is
maintained stable in an implanted device.

— Simulating and test power transfer regulations. (SAR, maximum electric
field, and maximum magnetic field).
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