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Abstract

Implantable Medical Devices (IMDs) could fulfill many different functions in the human body. Batteries
have always been the main power source of these devices. Batteries have some drawbacks, the
biggest one being the replacement of IMDs with fully discharged batteries. In this thesis a wireless
power transfer system, with a receiving power conversion system with a maximum volume of 10 mm3,
is proposed for IMDs implanted at more than 10 cm deep.

Ultrasonic wireless power transfer to IMDs could enable scaling down the devices to dimensions
less than 1 cm. Compared with the electromagnetic far-field and near-field wireless power transfer
methods, the power throughput to the IMD is much higher.

Piezo-electric elements could be used to perform the acoustic to electric energy conversion. With
the Butterworth-Van Dyke modeling technique, the ultrasonic wireless power transfer link could be
characterized. Maximum acoustic intensity at the receiving piezo-electric element is assumed because
of the high efficiency and the possible methods to focus the waves from the transmitter at a certain point
in the human body. An electrical storage element is assumed because of fluctuations both in received
and used power.

As the piezo-electric receiver outputs sinusoidal voltage and current waveforms, and the electrical
storage element requires DC voltage, the signal requires significant processing for maximum power
transfer. A perfect complex conjugate match between the piezo-electric receiver and the power con-
version circuit is required for maximum power transfer as well. Two different methods which are used
in prior art to achieve maximum power transfer are presented in this thesis, and one new method is
developed. The standard method, which is used often in literature, does not include any special pro-
cessing by means of impedance transformations and is therefore only efficient around one power level
operating point. The varying frequency method varies the frequency so as to vary the piezo resistance
and match it to the power conversion systems resistance. The piezo inductance varies with the varying
piezo resistance, and is canceled out by tunable capacitor banks. A DC boost converter is required
for high efficiency to the electric storage element. This method has many drawbacks, among which
the continuous communication back to the transmitter to close the loop, which is consuming power
and adding delay. The newly proposed method is the AC boost method. The AC voltage of the piezo-
electric receiver is transformed into a pulse width modulated square wave voltage, so all power could
go through the rectifier and into the storage element. A continuous resistive match is made between
the AC boost converter and the piezo-electric element, ensuring maximum power transfer.

This new method is validated by performing electric circuit simulations. Circuits are designed for
the simulations that are comparable because of using the same piezo-electric element, rectifier, and
storage element. The simulations show that it is the most efficient method for a wide load power range
of 10uW to 5mW. The standard method is as efficient but only at a small range at high power level.
The varying frequency method is much more complex and has, therefore, lower power efficiency at
high power levels whereas at low power levels it has the same power efficiency.
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Introduction

1.1. Problem definition

In the human body many biological processes are regulated by electrical signals. For treatment of dis-
eases or restoration of biological functioning bioelectronic medicine could be used. These Implantable
Medical Devices (IMDs) impose an electrical signal on the nerves or muscles to influence the bio-
logical processes. In the field of IMDs, the interest in bioelectronic medicine is growing because the
advancing technology is enabling more and more applications, such as cochlear implants or glucose
monitors [1, 2].

Batteries have always been the main power source of IMDs. Batteries, however, have some huge
drawbacks. The size of the implant is often determined by the required battery capacity. Whereas the
electronics grow smaller every year, the battery size is barely decreasing. The capacity per volume
is not increasing fast and restrictions in safety and lifetime pose challenges to powering IMDs. The
moment the battery is empty, the whole implant has to be replaced. This gives a potential health risk
because of intensive surgery [2, 3].

In this introduction we will first look into the dimensions of IMDs and the proposed powering ap-
proach. Next, an application example will be described. This chapter concludes with the research
questions and thesis outline.

1.1.1. Dimensions

The dimensions of the IMDs should be in the range of millimeters to be widely applicable in the human
body at different organs. Most organs have centimeter-size dimensions. IMDs should be smaller than
the organs for not disturbing the body and its processes, and being able to be implanted at difficult loca-
tions. Current IMDs could be made small enough to operate at nearly every place in the human body.
A size of some cubical millimeters is possible when no battery is needed and the other functionality of
the IMD is small enough as well [4].

1.1.2. Powering approach

Multiple different solutions to the battery powering problem are proposed. The average required power
of IMDs is in the range of yWs to some mWs, depending on the application. Constant stimulation
or constant communication requires most power [5]. Two different solution approaches are possible:
harvesting power from the environment around it, and wireless power transfer from an outside source.
Motion powered energy harvesters, thermal energy harvesters, and cuel cell energy harvesters are
proposed. However, most of these harvesting projects are in the research phase. Often the energy
densities are too low or the harvesting is unreliable on the longer term [2]. For wireless power transfer,
the inductive coupled coils are the most widespread method. Recently, ultrasound is demonstrated as
a potential wireless power transfer method as well [3]. In this thesis the wireless powering method for
IMDs will be researched.

The human body is inhomogeneous as there are multiple different materials involved in the body
with each its own characteristics. The dielectric properties are different but also the stiffness or the
density. Further, even in one body-material-type there is inhomogeneity. Wireless powering of an IMD
therefore has some challenges. The power throughput is not constant, due to the inhomogeneity and
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2 1. Introduction

movement, or body processes. Wireless power is attenuated over distance because of absorption and
spreading of the wireless power waves, so deep in the body much power is lost. The lost power is
transformed into heat which is bounded by safety levels. Due to these challenges there is still not a
good system for wireless powering IMDs deep in the body.

The aim of this project is to come up with a method for maximum power transfer to a 10 cm deep
implanted IMD, where the receiving power conversion system has a maximum volume of 10 mm3, so
as to enabling a total device with all dimensions smaller than 1 cm.

1.1.3. Application example: diabetes treatment
Deep inside the human body, the pancreas is located; it is behind the stomach and, therefore, difficult
to reach in surgery. See Figure 1.1 for its location. It is part of the digestive system and responsible for
making insulin to control the blood sugar level.

In people who are suffering from diabetes the pancreas |
is malfunctioning and the blood sugar level is regularly too e ‘l‘
high. Diabetes Mellitus Type 1 is the result of malfunction-
ing beta cells who are responsible for producing enough
insulin. When the response of cells to produced insulin
fails it is called Type 2. In animal models it is shown that
electrical stimulation of the pancreas could lead to more

insulin secretion for patients with Type 1 diabetes. The & N
closer to the pancreas the stimulation happens the less .

other organs will be influenced by the stimulation. A tiny

device implanted for decades on the pancreas, that mea-

sures blood glucose levels and insulin levels can thus con-  Figure 1.1: The location of the pancreas and the sur-
trol the insulin level by stimulating the pancreas [7, 8]. rounding organs. Figure taken from [C].

Liver

1.2. Research questions and thesis outline
The following main research question is defined for this project:

Main Question How could maximum power transfer be achieved with wireless power transfer to
a 10 cm deep implanted biomedical device?

This question is divided in six sub-questions. Every chapter focuses on one question. The first
question that has to be answered in Chapter 2 is:
Question 1 What are the wireless power transfer methods and which is the best suitable for pow-
ering an IMD at 10 cm deep?

The selected wireless power transfer method will be ultrasonic powering, so next we study this ultra-
sonic wireless power transfer link in Chapter 3:
Question 2 How could the ultrasonic wireless power transfer link be characterized?

For maximum power transfer to the load, different methods are studied in Chapter 4, two conventional
methods and one newly developed method:
Question 3 What methods could be employed for maximum power transfer (MPT) to the electrical
storage element?

These methods are made comparable by designing an electrical circuit for simulation, this is described
in Chapter 5:
Question 4 How could the MPT methods be compared in electrical simulation?

The results of the comparison of the maximum power transfer methods are addressed in Chapter 6:
Question 5 What are the results of the comparison of the MPT methods?

In the discussion, Chapter 7, the validity is discussed and the future possibilities are studied:
Question 6 What is the validity of the approach and of the results, what are its limitations, and how
could the AC boost method be utilized?

The final conclusions to the main research question will be drawn in the last chapter, Chapter 8. Also
the contributions and future work will be addressed here.
In the appendix the paper written for the “Wireless Power Transfer Conference 2019” is included.



Wireless power transfer comparison

Wireless Power Transfer (WPT) is the transfer of usable energy from a power source to a load without
using wires between them. For IMDs the load is an electronic load. In this chapter the following question
will be answered:

Question 1: What are the wireless power transfer methods and which is the best suitable for
powering an IMD at 10 cm deep?

We are looking to a place 10 cm deep in the body and the maximum size of the power conversion
system will be 10 mm3.

In this chapter, three wireless power transfer techniques will be investigated. First these will be
introduced. The discussion of the important properties for total power throughput follows. From this
discussion, a conclusion will be drawn about the most suitable wireless power transfer technique.

2.1. General block diagram of wireless power transfer

In Figure 2.1 the general block diagram of wireless power transfer is shown; as can be seen, it is
symmetrical. The power comes from an electric storage element on the outside of the body and is
transformed into AC power that drives a transmitter (TX). Via the medium, that is the body, the wireless
power is transferred to the receiver (RX). Here it is converted into AC electrical power again, an AC to
DC converter (e.g. rectifier) makes DC power that could be stored on a capacitor or in a small battery.
After this the power could be used by an IMD.

2.2. Three wireless power transfer techniques

There are currently two different ways of wireless power transfer: electromagnetic waves and pressure
waves.

Electromagnetic waves are currently mostly used for wireless power transfer. The near-field elec-
tromagnetic wireless power transfer with inductive coupling is utilized a lot. Wireless power transfer
with electromagnetic waves in the far-field at radio frequencies via antennas is also used.

Pressure waves can be made with ultrasound. Ultrasonic wireless power transfer is utilized less
than electromagnetic wireless power transfer but there is a growing scientific interest in this method [9].
Figure 2.2 shows the potential usability of ultrasound as a powering method [4]. Ultrasonic wireless
power transfer has the ability to get more power deeper into the body than powering the device with
radio frequencies. At the same time it is smaller than devices with near-field electromagnetic powering.

Electrical DC to AC _ ) . AC to DC Electrical
storage [Transmitter] Medium Receiver storage
converter converter
element element

Figure 2.1: General block diagram for wireless power transfer.
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NF: Near-field
RF: Non-near-field
US: Ultrasound

TAvaiIabIe Power

Desired region
of operation

Implant Size

Figure 2.2: The different wireless powering techniques shown in a conceptual diagram. The desired region of operation is
indicated. Picture taken from [4].

Three powering methods are used for powering biomedical implants: near-field electromagnetic,
far-field electromagnetic and ultrasonic. In this section, these powering methods will be compared to
each other.

2.2.1. Near-field electromagnetic

Near-field resonant inductive coupling is the oldest technique for wireless power transfer in bioelec-
tronic medicine. It is also know as magnetostatic wireless power transfer as the power is transferred
through magnetic fields. The United States Food and Drug Administration (FDA) has approved some
implantable devices that employ this technique. Until now the applications are limited: for example
cochlear implants that are located in the head against the skin, or retinal implants in the eye [2, 10]. So
distances in these applications are short.

The principle utilized in this powering technique is magnetic induction. See Figure 2.3. The primary
coil (L) is located outside the body and driven by a sinusoidal current. This coil transmits a time-
varying magnetic field. An electromotive force (emf) is induced in a receiving coil (L) in the body by
the time varying magnetic field. This power is then provided to the load. The induced emf € is given
by [10]:

R S d 5 R
e:ﬂg E-dl=——J’B-dA 2.1)
oz dt Jy

wheie Y is the surface bounded by L,.,, E is the eleciric field, dl is the vector element of the contour
EX, B is the magnetic flux density through L,.,, and dA is the area vector element of surface .
Maximizing the power through this wireless link involves [10]:
1. High magnetic field strength
2. High rate of change of the magnetic field
3. High flux linkage between L,., and L;,
High flux linkage needs short distance for high coupling.

2.2.2. Far-field electromagnetic

In Figure 2.4 the far-field electromagnetic wireless power transfer is shown. The energy could be
focused so quite a high efficiency is possible. In the far-field, the transmitting and receiving antenna
are a great distance away from each other: D > 2d?/1 and A = v/f, where d is the largest antenna
dimension in m, A is the wavelength of the electromagnetic wave in m, v is the speed of the wave in m/s
and f is the frequency of the wave in Hz. An alternating current creates a travelling electromagnetic
wave at the TX antenna. This wave is in the far-field region a plane wave. The frequency is often
chosen to be in the GHz-range for mm-sized applications, which makes the total system less efficient
than the near-field coupling because of higher tissue and rectification losses for example [10].



2.2. Three wireless power transfer techniques

air skin tissue

Figure 2.3: near-field inductive coupling wireless power transfer.

air skin tissue
X >> RX
Vin olane Vour "
o— waves L—o

Figure 2.4: far-field electromagnetic wireless power transfer.
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air skin tissue
TX

RX

Vout "N

PZT transducer

Coupling gel

Figure 2.5: Ultrasonic wireless power transfer.

2.2.3. Ultrasonic

When using the ultrasonic wireless powering method, sound waves are used that have a frequency
higher than human hearing (20 kHz). Sound waves are waves of varying pressure. Figure 2.5 gives
insight in an ultrasonic wireless power link. An electrical source drives a transducer (TX) with an al-
ternating current. This makes an acoustic pressure wave. Via a coupling gel the wave travels into the
tissue where the receiving transducer is (RX). The pressure wave is transformed here in an alternating
electrical voltage, which could be used by the implant.

Ultrasonic wireless power transfer needs a medium to travel through. At the boundaries between
different media the difference in acoustic impedances (or velocities) should be as small as possible
because the larger the difference the more reflection will occur. The best medium is a homogeneous
medium that is perfectly matched to the transducers. Soft tissue is not homogeneous but the acoustic
impedance is quite constant. The acoustic wave becomes after the Rayleigh distance a few degrees
unfocused, resulting in a decreasing power density [10].

2.3. Properties of wireless power transfer

In a wireless power transfer link the following parameters define the total maximum available electrical
power at the implanted device:

» Power input limits

» Power attenuation in the tissue

» Power conversion efficiency to usable electrical energy
We will study each of these properties to determine the best method.

2.3.1. Power input safety limits

The maximum allowed electromagnetic wave intensity is 10 — 100 yW?, depending on the frequency
and the location in the body [11]. Human tissue is not allowed to heat up more than 1°C due to the
electromagnetic field [4].

The United States of America Food and Drug Administration (FDA) allows 7.2 mW/mm? for diag-
nostic ultrasound continuously [12]. This is 72 to 720 times more than electromagnetic.

Time varying electromagnetic fields induce displacements currents in the tissue. Ultrasonic waves
compress the tissue. Compression gives a lower attenuation than the displacement currents give and
therefore less heat. Due to less heat this leads to higher safety values [13].

2.3.2. Power attenuation
As stated before, ultrasonic waves attenuate less through tissue than electromagnetic waves. Table 2.1
shows the penetration depth in soft tissue of electromagnetic and ultrasonic waves at different frequen-



2.4. Conclusion 7

cies. Penetration depth is the depth at which the power density is attenuated by e~? = —8.7dB. For
an electromagnetic wave at 3000 MHz it holds that it has about the same wavelength as an ultrasonic
wave at 0.1 MHz. Here the penetration depth of ultrasonic waves is more than 50 times better. The
assumption for ultrasound is that the attenuation is about 1 dB/cm-MHz. Literature states 0.8 to 1
dB/cm-MHz [3].

Table 2.1: Wavelength and penetration depth for ultrasonic and electromagnetic waves at different frequencies [14, p.23][15].
* linearized result

Ultrasonic Electromagnetic
Freq (MHz) | 2 (mm) | pen. depth (mm) | A (mm) | pen. depth (mm)
0.1 16* 870
1 1.6 87 4360 913
10 0.16 8.7 1180 216
100 270 66.6
1000 40 30
3000 14.5 16.1

2.3.3. Power efficiency at mm-size receiver
The better the wavelength matches with the dimensions of the receiver, the higher the power conversion
efficiency will be [14]. So the wavelength should be in the mm region for a mm-sized implant:

A== (2.2)

With A the wavelength in m, v the wave velocity in m/s and f the frequency in Hz.

Table 2.1 shows the wavelengths at different frequencies. For the same penetration depth the
wavelength of ultrasonic waves is about 100 times smaller. Or at mm-wavelength the penetration
depth of ultrasonic waves is about 10 cm where electromagnetic waves have only a penetration depth
of a few mm.

Waves in the far-field region are much more isotropic than waves operating in the near-field region.
Therefore efficiency is much higher. Ultrasonic wireless power transfer is likely to operate in the far-field
region [13].

Antennas often have a wider receiving cross section (aperture) than its area is. Therefore, high
efficiency at the receiver is possible. The same holds for ultrasonic transducers; however, to a lesser
extent. At high frequencies (GHz-range) the rectification losses will be higher so for the far-field elec-
tromagnetic technique this means extra losses [10].

Denisov et al. [3] did simulate the efficiency of near-field electromagnetic wireless power transfer
with inductive coupling versus ultrasonic wireless power transfer. Figure 2.6 shows their results. They
also simulated with bigger receivers and shorter distances but these are the most important figures.
What can be seen in the left graph is that for receiver diameters less than 5 mm the efficiency of acous-
tic power transfer is 100 — 1000 times better than inductive powering at 10 cm distance. The smaller
the diameter, the higher this ratio. In the right graph, it can be seen that the efficiency of acoustic power
transfer decays linearly with distance while inductive power transfer shows a more inverse exponential
relation. At 10 cm distance the 5 mm acoustic receiver is 100 times more efficient than the 5 mm induc-
tive receiver. The bigger the distance the more the acoustic power transfer outperforms the inductive
power transfer. This is mostly because of the increasingly weaker coupling and the large wavelength
[3]. Next to this, the large wavelength cannot be focused to a receiver only. This results in excessive
heating and low efficiency [16].

2.4. Conclusion

Table 2.2 provides a summary of this chapter. Ultrasonic wireless power transfer has higher power input
safety limits. It has a lower attenuation than high-frequency far-field electromagnetic wireless power
transfer but is comparable with low-frequency near-field magnetic wireless power transfer. The power
efficiency at the receiver for ultrasonic and far-field electromagnetic is about the same where near-
field magnetic has a low efficiency because of the weak coupling. Ultrasonic wireless power transfer
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Figure 2.6: Two graphs of efficiency for acoustic and inductive power transfer. Left: efficiency as a function of receiver diameter
at 10 cm distance. Right: Efficiency as a function of source-receiver distance for a 5 mm receiver. Picture taken from [3].

outperforms near-field and far-field electromagnetic wireless power transfer for deeply implanted small
IMDs. Therefore the ultrasonic wireless power transfer is the best technique to be used. The following
chapter will go deeper into the ultrasonic wireless power transfer.

Table 2.2: Summary of the discussed properties of the different wireless power transfer techniques. The far-field electromagnetic
technique is used as reference for the other two. + better; 0 not better or worse; - worse.

. Near-field Far-field .
Criteria electromagnetic | electromagnetic Ultrasonic
Power input limits 0 0 +
Power attenuation + 0 +

Power efficiency at receiver - 0 0



Ultrasonic wireless power transfer link
characterization

Now ultrasonic waves are chosen as the wireless power transfer method, this chapter will research the
following question:

Question 2: How could the ultrasonic wireless power transfer link be characterized?

The following section introduces the ultrasonic link. Section 3.2 studies the different modeling meth-
ods. From these sections a full electric model at the receiver follows in the last section.

3.1. Ultrasonic wireless power transfer link

The general block diagram (Figure 2.1) adapted for ultrasonic wireless power transfer can be seen in
Figure 3.1. As can be seen the power transfer link is still symmetrical. It starts with some form of DC
power and it also ends with DC power. In between are DC to AC converters (or AC to DC), electric to
acoustic converters (or acoustic to electric) and a medium. Between every block an impedance match
should be made, both in the electrical and the acoustic domain. Often an impedance transformation
(IT) has to be done for an impedance match. In this section the electrical transmitter (TX), the acoustic
medium, the electrical receiver (RX) and the impedance transformations are introduced.

3.1.1. Transmitter

The transmitting transducer transforms electrical power into acoustic power. For this piezo-electric
elements are used. Piezo-electricity is a phenomenon whereby electrical charge is generated in some
materials when mechanical stress is applied and vice versa [17]. The acoustic power could be focused
from an array of transducers outside the body on a spot inside [18, 19]. An energy source outside the
body is assumed, for example a large battery that drives the transmitting piezo-element via a DC to AC
converter. In this way the complete system is wearable, and more space is available outside the body
than inside.

3.1.2. Acoustic medium
Not all the energy transmitted by the transmitter is received by the receiver. The following phenomena
play a part in the human body [9]:

Electrical

Electrical DC to AC Piezo_- Reostic Piezo_- AC to DC
storage electric . electric storage
converter Medium converter

element transmitten] receiver element

Figure 3.1: General block diagram for ultrasonic power transfer, indicated are all locations were impedance transformations
could be made to achieve maximum power transfer between the blocks.

9



10 3. Ultrasonic wireless power transfer link characterization

» Absorption: the medium is deformed, this costs energy which turns into heat.

+ Scattering: because of non-uniformity of the medium some waves will not travel in straight lines.
- Diffraction: sound waves will bend along corners in the medium.

- Reflection: the amount of reflection depends on the acoustic impedance match.

- Dispersion: the frequency components in a wave are separated from each other.

Modelling all this behaviour involves extensive techniques. However it comes down to two principles:
the ultrasonic waves are attenuated because of losses and part of it is sent in different directions be-
cause of the inhomogeneous medium.

The acoustic impedance of a piezoelectric element and tissue has a large difference, respectively
~ 30 MRayls and ~ 1.5 MRayls [20]. Therefore large reflections at the boundary between the two
materials will occur, as will be shown by Equation (3.3). A matching layer at the transmitter of 1/2
(= 0.8 mm at 1 MHz) or 1/4 (= 0.4 mm at 1 MHz) will increase the acoustic matching. At the receiver
this is also needed.

3.1.3. Receiver

At the receiver the acoustic energy is transformed into electrical energy in the piezo-electric element.
This could be done at high efficiency (~ 1.0) [21]. The construction of the receiver is important because
the backing material of the piezo-electric element should not let the acoustic power leak [18].

At the receiver we want maximum power transfer to an electrical storage. The electrical storage is
needed because of fluctuations both in received and used power. The IMD could use the energy of
the storage element to power all its functions. The most power consuming functions are stimulation or
wireless communication [5].

3.1.4. Impedance transformations

Every block in the block diagram could be modelled with a two-port that represents a relation between
the incoming and outgoing power at that block. For every block a complex input and output impedance
plus a variable voltage source could be defined as in Figure 3.2. The input impedance models the
behaviour of all the following blocks. The voltage source together with the output impedance model
the behaviour of the previous blocks. The impedances do not necessarily have to be constant. The
voltage gain G of a block is also not always constant, for example, a rectifier with diodes provides
non-linear voltage gain. The output impedance (Z,,;) of a block should be constantly matched to the
input impedance (Z;,,) of the following block for maximum power transfer. The power delivered to the
following block is:

2

Vs V2

P = [ZZ = s X Z = s 31
" i (Zout + Zin) " Zzz)ut/Zin + 2Zout + Zin ( )

A perfect match with maximum power is obtained when:
Zoy = Z3, (3.2)

where Z7, is the complex conjugate of Z;,,. Maximum power transfer is not the same as maximum
efficiency. The most efficient case would be to have Z,,;, = 0 Q for maximum power at the following
block. In our case this is not realistic while the different blocks all will have an output impedance.
Zin = o Q gives also efficiency equal to 1. This is not realistic while the delivered power will be 0 W
there.

The reflected power is [22]:

2

Pout (3.3)

*
Zin — Lout

2
Pres = ITI" Py =
ref out Zin + Zout

I'is called the power wave reflection coefficient. When Z,,,; is equal to Z;,, it gives P..; = 0 W. This is
the desired situation because reflected power could not be used. Maximum power transfer is obtained
because of a perfect match. Reflected power could also lead to interference and damping of incoming
new waves in the piezo-element.

A direct match between the Z;,, and Z,,,; impedances is often not possible. An impedance transfor-
mation is needed to obtain the match. For the acoustical domain the reasoning is the same as for the
electrical domain. In ultrasonic devices, a matching layer of different material is usually added.
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Figure 3.2: For every block in the block diagram a model with an input and output impedance and a voltage source could be
defined as in this figure. The input impedance of the following block should be matched to the output impedance of the block in
front of it.
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Figure 3.3: Measured power conversion efficiency (PCE, red), measured resistance (blue solid) and simulated resistance (blue
dashed) as a function of frequency of a piezo-electric transducer made of PZT4 with dimensions 1.1 x 1.1 X 1.5 mm3. The
frequency band between the two resonance frequencies is highlighted in green. Figure taken from [21].

3.2. Modeling the ultrasonic wireless power transfer link

Different techniques are used to model the behaviour of ultrasonic waves in (body) material and the
combination with the electronics. In this section the most common methods are discussed. First, some
remarks on multi-domain modelling will be made. Secondly two extensive modeling techniques, the
KLM and the Mason technique, are shown. This is followed by the Butterworth-Van Dyke modeling
technique. Finally, the Thévenin equivalency is studied.

3.2.1. Multi-domain

Piezo-electric elements perform domain transformations: from the acoustic domain to the electrical do-
main or vice versa. We are interested in maximum power transfer to the IMD so the Power Conversion
Efficiency (PCE) from acoustic to electrical power is an important parameter. Figure 3.3 shows the
PCE of a piezo-electric element measured over frequency between the two resonance frequencies.
This is ~ 1.0 at the lowest resonance frequency, the short circuit resonance frequency. It could be
above 1.0 because the aperture is larger than the area of the transducer. More power is extracted
from the acoustic wave than travels through the area of the transducer. The figure also shows the
measured and simulated real impedance over frequency, showing equivalence [21]. For matching it is
thus important to know the operating frequency and the corresponding impedance.

3.2.2. KLM and Mason equivalent circuit model

In the book of Kino [17] the common modeling techniques are described. The KLM (after Krimholtz,
Leedom and Matthaei) and Mason model both use a transmission line to model the acoustic energy
transfer through the piezoelectric element. A piezo-electric element is modelled with two acoustic ports
and one electrical port. See Figure 3.4b for the Mason model and Figure 3.4a for the KLM model. The
Mason model requires a negative capacitance at the electrical ports, this was found to be unphysical,
and is solved by the KLM model. Models of the acoustic front and back loading of the transducer
could be added in series with this transmission line. The electrical energy is extracted (or added) in
the middle of the transmission line via an ideal electromechanical transformer. Around the transformer
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Figure 3.4: (a) KLM and (b) Mason equivalent circuit model. Figures taken from [23]. (c) Butterworth-van Dyke equivalent circuit
model.

some components are placed to indicate losses and give the right resonance frequency. The modelling
techniques both show equivalence with analytical models [23]. All relevant media could be added to
the model: acoustic media to the acoustic ports, and the electrical circuits to the electrical ports, at both
the transmitter and receiver.

3.2.3. Butterworth-Van Dyke equivalent circuit model
Around the series resonance frequency a lumped element equivalent circuit of the Mason model could
be calculated and is shown in Figure 3.4c. This same model is also called the Butterworth-Van Dyke
model as they came up with this method. The model is build up of a series RLC circuit and a parallel
capacitor C,. It is only valid around resonance frequency [17]. Extra RLC branches could be added to
model more resonance frequencies [24].

The open-circuit (series) resonance frequency and short-circuit (parallel anti-)resonance frequency
can be calculated as follows [17, 21]:

far =v/2t (3.4)

fr= 1’ 1- 8k?2>3/7'[2far (3.9)

where v is speed of sound, t is thickness of the transducer and ks is the electro-mechanical coupling
coefficient. These frequencies could be multiplied by a correction factor of 1 to 0.7 when W/t < 1 to
achieve correct resonance frequencies [21].

In this model, for the length expander mode of the transducer, the passive elements are calculated
with [17]:

Co = 0e33(1 — k3z)WL/t (3.6)
8k2,C,

=2 " 3.7

1 n_z _ 8k§3 ( )
L= 1 3.8
Y7 an2f2e, (3.8)

1 Zp+Z
R, = F_ "B ~R, (3.9)

8k3sfrCo  Zc

With &I, the relative permittivity, W the width of the square device, Z. the acoustic impedance of the
material (Rayls), Z the front acoustic loading and Z; the back acoustic loading and the resonance
frequencies the uncorrected values. The model is accurate when Zp < Z, and Zgp < Z; [21]. In
Table 3.1 these properties are shown for PZT4.

For a piezo-electric element made of PZT4 witht = 1.5 mm, W =L = 1.1 mm, Z; = 1.5 MRayls
(tissue) and Zz = 400 Rayls (air) it gives f,, = 1.27 MHz and f, = 0.99 MHz with R, = 2.48 kQ and
R, = 244 kQ. The impedance of this equivalent circuit model is plotted in Figure 3.5 with correction
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Table 3.1: Properties of PZT4 [17, 21]

Property | Value
Sound velocity v (m/s) 4100
Acoustic impedance Z. (Mrayls) 30.8
Electrical-mechanical coupling coefficient k55 | 0.70
Relative permittivity €I, 1300
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Figure 3.5: Impedance plot of the BVD model: resistive part Rp;.,, and reactive part X;.,, of the total impedance Zy;e,,. The
capacitive and inductive regions, and the resonance frequency (f;-) and anti-resonance frequency (f,,-) are indicated.

factor 0.93. Between the resonance frequencies the reactive part is inductive, outside this band it is
capacitive.

For other materials like PZT5H and BaTiO; the resonance frequencies and resistances are in the
same order for the same sizes. For LiNbO; the resistances are two orders of magnitude higher, mostly
because of a much lower relative permittivity. Piezo-electric transducers are often made of PZT4 and
PZT5H but these contain lead, which is non-biocompatible, and therefore require a complex design.
BaTiO5; and LiNbO; are lead-free and could be biocompatible [21].

The peak open circuit voltage V. is [25]:

Voo = JS X PCE X lgcou X AX Rpiezo = \/8 X PCE X Pycou X Rpiezo = \/8 X Porav X Rpiezo  (3.10)

Where the average acoustic intensity (1,.,,,) multiplied by the area of the transducer (A) and the power
conversion efficiency is equal to the average available electrical power (P, 4,,).

3.2.4. Thévenin equivalence

In literature, often, a model is simplified to a Thévenin (or Norton) equivalent circuit. The circuit is thus
simplified to a black box. However, this is only valid around one frequency. Other frequency contents
are not covered in the Thévenin equivalence. As an example, the BVD model has two branches with
reactive components, so a Thévenin equivalent circuit is only valid around one frequency. Often a
circuit produces extra frequencies next to the acoustic frequency because of, for example, a rectifier.
For first insights a Thévenin equivalent circuit is good enough, but for simulations it should not be used.

3.3. Conclusion

The Mason and KLM modelling techniques integrate both the acoustic and electrical domains in an
electrical equivalence. For our purpose this is not needed because the acoustic link has been studied
a lot. Maximum acoustical power could be available at the receiver due to the high maximum acoustic
intensity limit, low losses and acoustical focusing techniques. For our case the BVD model is therefore
good enough for modelling the ultrasonic link. It provides insight in frequency behaviour around the
resonance frequency at the receiver and is simple to implement in the electrical model of the receiver.
Simplifying it into a Thévenin equivalent model is possible when there are no other frequencies than
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Figure 3.6: The electrical model of the receiver at ultrasonic wireless power transfer that is used from here on. The piezo-electric
receiver is modelled with the BVD method and indicated are the locations that could be used for impedance transformations (IT)
to achieve maximum power transfer.

the acoustic frequency involved or for first insights, but in simulation the BVD model should be used.

Figure 3.6 shows the model that is used from here on in this thesis. Impedance transformations are
probably needed to achieve maximum power transfer to the storage element. These could be made
both at the receiver side of the rectifier and at the storage side of the rectifier. The assumption is that
there is enough available electrical power (P,;). In the next chapter we will research how we could get
maximum power transfer from the piezo-electric receiver to the electrical storage element.



Maximum power transfer method

The ultrasonic wireless power transfer link is characterized in the previous chapter. For maximum power
transfer to the electrical storage element we have to think of the following question in this chapter:

Question 3: What methods could be employed for maximum power transfer (MPT) to the electrical
storage element?

The last figure of previous chapter (Figure 3.6) gave the basics for the ultrasonic powering system. In
this chapter we will focus on the method to get maximum power transfer to the electrical storage.

First, the ideal situation for matching the piezo-electric element to the electrical storage will be
outlined. Second, the power conversion system will be introduced. It is followed by the state of the art
methods for maximum power transfer. The new proposed method will be designed in the next section.
The conclusion will summarize this chapter and answer its question.

4.1. Matching piezo-electric receiver and electrical storage

For maximum power transfer, the source and load impedances of the power conversion circuit should
match each other. So for a piezo-electric element as a source, the circuit hereafter (the load) should
match the impedance of the transducer. In Figure 4.1 the situation is shown where the piezo-electric
element is perfectly matched to a load. For maximum power transfer, Z,;c,, = Zj,,4 is required. All
waveforms in the circuit are sinusoidal.

4.1.1. Load matching through AC to DC conversion

However, the situation is more complex. An IMD requires a stable positive direct voltage and not the
alternating voltage that is generated at the piezo-electric receiver. So the voltage should be converted
to a positive voltage. As power is the product of voltage and current, the current should also always
be made positive for continuous positive power into the load. For this a rectifier could be used. There
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Figure 4.1: (a) Matching the load to the piezo-electric element. (b) the waveforms in this circuit for purely resistive impedances.
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Figure 4.2: (a) Matching the load through a rectifier to the piezo-electric element. (b) the waveforms in this circuit for purely
resistive impedances.
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Figure 4.3: (a) Adding a storage-element to 4.2 makes matching a non-linear challenge. (b) the waveforms in this circuit for a
purely resistive Zp;e,, the red shaded regions indicate lost power.

are various ways of rectification but in essence the current is redirected such that the voltage and the
current at the output are continuously positive. Therefore, Z,;.,, = Zj,44 Still holds for a perfect match.

Rectification however does not make a stable direct voltage as is shown in Figure 4.2. The voltage
and current waveforms at the output of the rectifier are only the absolute variants of the alternating
voltage and current.

4.1.2. Waveform matching to a stable DC voltage

Figure 4.3 shows what the waveforms look like when a stable voltage at the IMD side is introduced,
for example when a capacitive electrical storage element is used here. Z,;,,4 is decoupled from the
source by the capacitor so a match has to be made with the capacitor. At the piezo-electric source
the waveform of both voltage and current are sinusoidal for maximum power transfer. At the storage
capacitor the voltage is a stable DC voltage. 1}, should be higher than the DC voltage V44 to open
the rectifier and to let current flow in the direction of the storage element. Consequently most of the
power is lost. The waveform has to be converted into a more optimal one for maximum power transfer.
This conversion could also be called waveform matching instead of impedance matching because the
matching should focus on the perfect waveforms.

4.2. System overview of power conversion

Figure 4.4 shows the general block diagram of the power conversion circuit at the receiver that follows
from the analysis of the previous section. The piezo-electric receiver, the rectifier and the storage ele-
ment are fixed blocks with each its functionality but in between these blocks, impedance transformations
could be designed. At both the AC side and the DC side of the rectifier an impedance transformation
could be designed. The two impedance transformations plus rectifier should also convert the waveform.

4.2.1. Piezo-electric receiver characterization
The ultrasonic piezo-electric receiver is characterized in Chapter 3. The Butterworth-Van Dyke model
is used for the piezo-electric receiver. In Chapter 5 a piezo-electric receiver is chosen to compare
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Figure 4.4: receiver power conversion block diagram.

different methods for maximum power transfer.

4.2.2. IMD characterization

A specific IMD is not chosen, so it could be any of many possible IMDs for different applications. As
is stated in Chapter 1, the average power consumption of an IMD is in the range of some yW to some
mW. We assume that it has energy storage for fluctuations both in incoming power and power demand.

4.2.3. Energy storage

The power demand of an IMD changes with time because of communication, electrical or optical stim-
ulation, calculations, pumping of fluids or other high power demanding reasons. The incoming power
also changes as is shown in Chapter 3. Therefore these power flows should be decoupled with an en-
ergy buffer to ensure reliable operation of the IMD. This buffer could also be bigger to enable a system
that is recharged regularly via the ultrasonic powering link. The most used options for storage of the
energy are in the electrical or in the electro-chemical domain.

Electrical domain
In the electrical domain energy could be stored in a capacitor or a supercapacitor with capacitance C
in farad. The energy is stored in the electric field by applying a voltage over the capacitor V., with:

E=2CV? (4.1)

The voltage over the capacitor is not constant when the capacitor is charged or discharged. The
capacitance is defined with:

c= 4.2
With ¢ the permittivity, A the area of the capacitor plate(s) and d the distance between the plates. A
capacitor needs area to store the energy.

Electro-chemical domain

Electric energy could also be transferred to another domain to store the energy in. The electric to
chemical transformation within batteries is the most used one. The voltage depends on the state of
charge but is much more constant than the voltage of capacitors because of the base-voltage of a
battery. A battery could be modelled with a capacitor and a resistor in series with a voltage source [26].

Modeling the energy storage

We choose to model the energy storage as a big capacitor at an initial voltage. The voltage is therefore
constant at the initial voltage. The focus of this project is on the method to get maximum power transfer
to this storage element.

4.2.4. Rectifier

A rectifier ideally steers the current in the right direction without introducing losses or parasitic effects.
Therefore it introduces no mismatch in impedances and waveforms. In Chapter 5 a rectifier will be
chosen to compare the different maximum power transfer methods.
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Figure 4.5: Rectifier current redirections to an electrical storage element with a DC voltage. All currents in other directions should
be blocked.

The rectifier has to enable some directions for current but also to disable some, in Figure 4.5 they
are shown.

A rectifier could be implemented in three different ways:

» Passive: A passive rectifier uses diodes to ensure single-direction current. These have a min-
imum forward voltage to open and thus a continuous loss of power. It is not efficient and slow
because it needs its own voltage to open.

+ Active passively used: With active elements (transistors) a gain in efficiency could be obtained.
These could be used in a passive way where its controlling port (gate or base) is connected to
one of the already available voltages so that the transistors open at the right moment and the
current flows in the right direction.

» Active: Active elements could also be used in an active way by using a control signal on the con-
trolling port (gate or base) to open the transistors. This control signal is generated in a controller.
This method could be the most efficient but is also the most complex of the available methods.

As a model we use ideal rectifiers because real rectifiers could approximate ideal rectifiers and because
the basic function of redirection is part of all methods.

4.2.5. Impedance transformations
Possible impedance transformations in the electrical domain are [27]:

« Transformer: an AC signal is needed to operate a transformer. The waveform and power are
preserved but voltage and current are transformed. Transformers are difficult to implement on-
chip.

* Resistors: perform a purely real impedance transformation but introduce losses.

- Series reactance: to obtain a transformation at the reactive part of the impedance, so a phase
shift without losses is possible. Could only be used when the resistive parts of the impedances
are equal and is only valid for one frequency.

 Parallel reactance: could be used for transformations at both the resistive and reactive part of
the impedance but is also only valid for one frequency.

* Network of reactances: a combination of at least one series and one parallel reactance form
an L-shaped network. They can make every transformation but are limited by the Q-factor of
the components used. Combining multiple L-shapes gives T-shape, m-shape or more complex
circuits for wider bandwidth.

- Switched converters: boost, buck and other types of converters also perform an impedance
transformation. The boost converter is the only one with a continuous input current and could
therefore be used as a matching circuit. A discontinuous switched input current, however, leads
to a switched and fast varying input impedance with Z;,, = U/I, so often a poor match is made.

With varying power or non-ideal components like diodes, non-linear behaviour is introduced in the cir-
cuit. Obtaining a match requires a varying impedance transformation circuit with varying transformers,
capacitors, inductors or resistors. A switched converter could be used with varying duty cycle and/or
varying frequency.
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Figure 4.6: (a) Standard method without impedance transformations. (b) The waveforms in this method. The red shaded regions
indicate lost power.

4.3. State of the art methods for maximum power transfer

For ultrasonic powering two different method for power transfer are found. First the standard method
without impedance transformations will be introduced. Secondly, a method with a varying frequency is
investigated.

4.3.1. Standard with no impedance transformations

The most used method has no impedance transformations and connects the piezo electric element to

the rectifier, which is directly connected to the storage element. See Figure 4.6. It is used for example

in [25]. Itis easy to implement and at a certain power point it could give high efficiency. See Chapter 6.
According to Equation (3.10), the V,. varies with the varying P,.,,, S0 much power is lost. In Fig-

ure 4.6 this is indicated with the red shaded regions. Two phenoma introduce losses:

1. Voltage flattening: Voltage peaks of V.., are flattened out because it can not go higher than
the DC voltage.

2. Current blocking: no current will flow when the voltage is too low because the rectifier only
opens when Vo0 > Vipaa-

4.3.2. Varying frequency

In the paper of Chang et al. [21] the frequency of the acoustic waves is varied so the impedance at
the receiver changes. The impedance variation as a function of frequency is shown in Figure 3.5.
This method is also tested by performing an experiment with discrete components. By increasing the
frequency, from f, at high P,coy, t0 for fOr low Pycou, Rpiezo increases. The peak open-circuit voltage
of the piezo-electric receiver is therefore constant with Equation (3.10), solving the biggest problem
of the standard method. The method is shown in Figure 4.7. Tuneable capacitor banks compensate
for the varying inductive behaviour of the piezo-electric element. The current is lagging because of
the inductive behaviour, but with the capacitor banks the phase is reset to zero. Communication back
to the transmitter closes the control loop so the frequency and power level could be adjusted. The
whole circuit could be implemented on chip. This method gives an increase in efficiency but has some
disadvantages:

» For PZT4 material the PCE is highest (~ 1) at f,; at higher frequencies the PCE drops (to ~ 0.5)
and the losses in tissue are higher as well.

» No storage is used, the power efficiency measurements are done behind the rectifier where a
resistor models the load, so no realistic load is used.

 Since the frequency needs to be tunable, there has to be constant communication from the IMD
back to the acoustic transmitter about the received power, to close the control loop. This con-
sumes power.

» The constant communication has a delay, so during a cycle the power level and frequency could
not be adjusted. Only after some time the adjustments could be done so often the impedance
match is not perfect.

» The method is a non-generic solution because it only works for specific piezo-electric receivers
of the right material and dimensions so the correct impedance range is available.
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Figure 4.7: (a) Varying frequency method with tunable capacitor bank and boost converter. The communication back to the
acoustic transmitter is not shown. (b) The waveforms in this method.
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Figure 4.8: (a) AC voltage boost with a continuous load current. (b) The waveforms in this method.

(a) (b)

Since the power measured in [21] is only the rectified AC-signal, an extra DC/DC boost converter is
added at the DC side of the rectifier to ensure efficiently charging the capacitor. This converter tracks
the current. Both impedance transformation locations are thus utilized in this method.

4.4. Proposed method for maximum power transfer: AC boost

As the current methods have big disadvantages we would like to propose a new method for maximum
power transfer at the receiver. This section will discuss the ideal solution and a derived method for
maximum power transfer.

4.4.1. Boost the AC voltage and current

To ensure all power will overcome the voltage barrier of the rectifier and storage it has to be boosted
or lowered, without losing power, see Figure 4.8. At moments the voltage is boosted, the current is not
boosted so the current will be lowered by the boost factor. When the voltage is lowered, the current
is boosted. This continuous voltage and current boost could be performed by a tuneable transformer
which continuously changes the transformer-ratio for a continuous match. Such a device is currently
not available but it could be approximated by a switched converter.

4.4.2. AC boost converter
This new method uses an AC boost converter at the receiver side of the rectifier, see Figure 4.9. At
high switching frequencies (f;,, > f;), the receiver voltage is boosted so all power can overcome the
voltage barrier of the rectifier and storage. The voltage waveform in front of the rectifier is transformed
into a pulse width modulated square wave. An advantage of the boost topology is the continuous input
current that is required in matching, as zero current means a high impedance.

To realize the maximum power transfer theorem the following relation should be implemented by
the boost converter circuit when the receiver is operating at resonance frequency:

V;Jiezo/Rpiezo (4-3)

Ipiezo
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Figure 4.9: (a) AC boost method. It is derived from the ideal circuit of Figure 4.8. (b) The waveforms in this method.

The current from the piezo-electric element should follow the voltage waveform, scaled down by the
impedance of the piezo-electric element (Z,;.,,). This impedance is real (only R,;.,, # 0) at both
resonance frequencies, which is an advantage as there is no leading or lagging current. Both current
and voltage have at the same moment zero-crossings with zero power. The power from the piezo-
electric element and into the storage element are always positive as both voltage and current have
continuously the same sign.

The disadvantage of the boost topology is the inability to lower the voltage, it can only boost the
voltage up. Therefore the voltage at the storage element should be higher than the peak V¢, .

4.5. Conclusion

Three methods are presented in this chapter. Two methods are taken from the literature: the standard
method and the method with varying frequency. The standard method is only efficient around one
power level, the varying frequency method tries to solve it but needs two impedance transformation
circuits. The newly developed method is the AC boost method and uses a boost converter at the AC
side of the rectifier so only one impedance transformation circuit is needed.

In the following chapter a comparison strategy for this three methods will be developed.






Comparison strategy for maximum
power transfer methods

Two methods for maximum power transfer were taken from literature and one method is newly devel-
oped in the previous chapter. To make sure we can compare these methods we have to know the
behaviour of the critical parts. In this chapter we will investigate the following question:

Question 4: How could the MPT methods be compared in electrical simulation?

First a method for comparison will be developed. The design of all important elements follows. The
simulation method is presented last.

5.1. Approach for simulation comparison of the three methods

In the paper of Chang et al. [21] the varying frequency method is presented. This method is validated
with simulations and an experiment with discrete components. To be able to compare the different
methods the chosen components should have comparable performance measures. As the block dia-
grams of Figures 4.6, 4.7 and 4.9 show, the three methods have mostly the same blocks. By using the
same components per block in every method the circuits become comparable. The aim for choosing
components is thus to use the same components as in [21]. The components will be designed for
simulation in the following order:

1. Piezo-electric element: the driving source of the power conversion circuit with a certain impedance
and power level.

2. Electrical storage element: as all the power should go here we have to design it before the
impedance transformation circuits.

3. Rectifier: an off-the-shelf component that efficiently redirects the current.

4. Boost converter: consisting of an inductor, a bi-directional switch and the control of the con-
verter. It should boost the power for maximum power transfer in both the varying frequency
method and the AC boost method.

5.2. Design of the piezo-electric element

The piezo-electric element is the most crucial part of the power conversion circuit while it converts the
acoustic power into electric power.

The piezo-electric element used in [21] has the properties as is shown in Table 5.1. The element is
measured in a bath with mineral oil and it is placed on a PCB with a hole such that air backing is assured
and no acoustic energy could leaks here. The measured frequencies are slightly off the calculated
frequencies with the BVD model, therefore the correction factor is set to 0.93 in their research. The
calculated R, is close to the measured R,.. Itis about 15% off. It should be approximately the same. The
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Table 5.1: Properties of the constructed piezo-electric element of [21] and BVD circuit parameters calculated with these proper-
ties.

Property Value
Material PZT4
fr Measured (MHz) 0.96
far Measured (MHz) 1.27
R, Measured (kQ) 2.28
R, Measured (kQ) 158
W,L (mm) 1.1

t (mm) 1.5

Zr Mineral oil (MRayls) 1.16
used in measurement
Zp Soft tissue (MRayls) | 1.5

Zg Air (Rayls) 400
BVD correction factor 0.93
BVD R; (kQ) 2.66
BVD C, (pF) 473
BVD ¢, (pF) 3.12
BVD L, (mH) 8.30
BVD f, (MHz) 0.99
BVD f,, (MHz) 1.27

difference could come from measurement uncertainties or modelling inaccuracy. Figure 3.3 shows the
power conversion efficiency and the measured and calculated resistance as a function of the frequency
of this piezo-electric element. The maximum acoustic power at the front area is:

Prcoumax = Pimie X W X L = 7.2 mW/mm? x (1.1 mm)2 = 8.71 mW (5.1)

In this method, Ry;.,, is changed with the varying frequency to match to the input resistance of the
conversion system. For lower F,; 4, Ryicz, i therefore higher and their product remains the same. V.
is therefore held constant as Equation (3.10) shows.

Usability in the three methods
In the varying frequency method, the resistance of the piezo-electric element varies so as to match it
to the power conversion circuit. In the other methods this is not the case. In the standard method,
the resistance of the piezo-electric element should be close to the expected resistance of the circuit
for optimal power transfer. This is only true around one power level. The circuit has no constant input
resistance as it varies with the available power:
I/;JZie‘zo

Rcircuit - 2Pcircuit (5-2)
For maximum power transfer V,;.,, should equal 1/2V, for R¢iycyit = Rpiezo- IN Figure 5.1V, is plotted
for different R;.,, as a function of F,; ,,,. For the piezo-electric element at resonance frequency the
resistance is 2.28 k(. So for maximum power transfer at maximum P, 5, = 8.71 mW, V,;,,, is 6.10 V. At
1 mW itis only 2.14 V. As the piezo-electric element produces high enough voltages at the maximum
power level, down to about 1 mW, we can conclude that this piezo-electric receiver is good for the
standard method.

In the AC boost method, the AC boost converter should make a continuous resistive match. For
efficient operation the boost factor should be low. A boost converter can only increase the voltage so
the 1/, should be low enough to enable boosting over a wide power range. As can be seen in Figure 5.1
the piezo-electric element of [21] seems good for this purpose. From about 2 mW 1},;.,, can part of the
time not be boosted anymore, because of the high peak },;,

Model
The BVD model will be used with the parameters from Table 5.1.
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Figure 5.1: V, for different Ry;e, as a function of Pgy gy
Table 5.2: Properties of the diodes HSMS-282X used in [21], datasheet: [30].

Property Value
Minimum breakdown voltage Vg (V) 15
Maximum forward voltage Vi (V) @ Ir (mA) | 0.34 @ 1
Maximum forward voltage Vz (V) @ Ir (mA) | 0.5 @ 10
Maximum reverse leakage I (NA) @ 1 (V) | 100 @ 1
Maximum capacitance C; (pF) 1.0
Typical dynamic resistance R, (Q) 12

5.3. Design of the storage element

A storage element is needed for fluctuations both in received and used power. As [21] is not using
a storage element we have to add this to this method. Both batteries and capacitors are possible in
simulation. We choose to use a big capacitor with a constant voltage so research about the power flow
could be done.

Real components

For a future implementation, the storage element should be small enough to fit in a tiny IMD. With
current technology, supercapacitors can store up to 30 uWh/mm?3 [28], and rechargeable batteries up
to 350 uWh/mm? [29]. IMDs have an average power consumption in the range of uWs to some mWs
[5]. In devices that have a power demand of mWs with a capacitor of 1 mm3, the storage element
could provide power for about 1 minute. In yWs power demanding devices with a battery of 5 mm3,
the storage element could provide power for about 1 month. Depending on the application the right
storage element could be chosen, but in every case it could at least store the average electrical power
for 1 minute.

Model
A 1 F capacitor is used in simulation at an initial condition of 2 V as this is well above the transistor
threshold voltage and within the specifications of current IMDs and IC technology.

5.4. Design of the rectifier

The rectifier should efficiently redirect the current so all energy could be stored in the storage element.
The rectifier used in [21] is a bridge configuration of the surface mount RF Schottky barrier diodes

HSMS-282x [30]. These diodes are well documented and simulation parameters are give in the datasheet,

these are listed in Table 5.2.

Usability in the three methods

As the specifications of this rectifier are among the best in the field of surface mount rectifiers, this
rectifier should be used for comparison in all three methods. A remark has to be made for the AC
boost method, the frequency at which the rectifier is turned on and off is much higher so the losses are
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Table 5.3: SPICE modeling parameters of the HSMS-282x diodes [30].

Parameter | Value
By (V) 15
Cjo (pF) 0.7
E; (eV) 0.69
Igy (A) 1e-4
Is (A) 2.2e-8
N 1.08
Rs (Q) 6.0
Py orV; (V) | 0.65
Pr or X;; 2

M 0.5

also higher. A different structure with active transistors would make a big difference in terms of rectifier
efficiency.

Model
The SPICE modeling parameters of the rectifier diodes are presented in Table 5.3. These are used for
the diodes in a full-wave bridge configuration.

5.5. Design of the control of the boost converter

In this section, the control of the boost converter will be designed. In [21] the control of the capacitor
bank is not designed and per power level a different discrete capacitor is soldered in the circuit. For
the boost converter, there is control needed because the method is based on a controlled switch. This
control however will not be implemented in a hardware design, as it could be a project on its own.

Current tracker
In the ideal situation the controller ensures that the current is tracking the voltage curve perfectly with:

Ipiezo = V;Jiezo/Rpiezo (5.3)

This holds for both the AC boost converter method and the varying frequency method with a DC boost
converter. However, the current is fluctuating because of the switching. The current first increases
when the switch is closed and energy is stored in the inductor. After some time the switch is opened
and the inductor is boosting the voltage, resulting in a decreasing current.

The switching frequency f;,, of the boost converter should be higher than the frequency of the
acoustic signal. The acoustic frequency is about 1MHz, f,, should be at least one order higher, so
more than 10MHz.

Control method possibilities
Different control methods are possible to achieve that the current tracks the voltage curve. The possible
methods for determining the switching moments are:

* Energy based switching: the energy stored in the inductor is more than enough to overcome
the storage plus rectifier barrier, so the switch opens. When the energy stored in the inductor
is decreased enough, the switch closes again. Both the energy stored in the inductor and the
energy needed for effective boosting should be estimated.

- Time based switching: after a certain amount of time, the switch opens and closes. These
timings could be programmed into the controller for different power levels.

» Threshold based switching: based on a high and low threshold for the current the switch opens
and closes. Only the current and voltage have to be measured for this method and it could be
implemented with a comparator for each threshold.

These methods could be combined with the following two principles that both have their own impact
on efficiency:
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Vcontrol

Figure 5.2: The structure of the control. Two comparators in series produce a voltage. Only when both are off or both are on the
Schmitt trigger will change state.

* Non-zero current switching: the current tracks the ideal curve closely, so there is always a
nearly perfect impedance match.

» Zero current switching: the switching is much more efficient and the average current provides
a good impedance match. However, the actual current is most of the time far away from a perfect
impedance match.

As the proposed new method is about tracking the ideal current curve as closely as possible we
decide to implement non-zero current threshold based switching.

Model
The control is implemented by using two comparators and a Schmitt trigger as is shown in Figure 5.2.
Iy and I, are defined as follows:

Iy =ap X Vpiezo/Rpiezo (5.4)
I, = a; X I/ZJiEZO/RpiEZO (55)
(5.6)

Where a;, is the upper threshold factor which is always more than 1, and q; is the lower threshold
factor which is always less than 1. At every power level the threshold factors have to be adjusted for
optimization of power transfer. The possible power consumption of this control is not taken into account
as this requires an extensive design.

5.6. Design of the boost inductor

As the inductor of the boost converter is difficult to implement on chip, the discrete component inductor
should be small enough to fit in the small IMD. It should have enough inductance to store the energy.
Part of the time it stores energy, the other part it delivers energy by boosting the voltage. The energy
delivered by the inductor, from the time t; when the current is too high (I,) and the switch goes off, to
the time t; when the current is too low (I;) and the switch goes back on, is:

t; t;
Epger = f PL,del(t)dt = J (Vboost(t) - Vpiezo (t))lpiezo (t)dt (5.7)
tp th

The slope of I;¢,, during charge and discharge of the inductor should be as steep as the slope of
liqeq; at its maximum to ensure it is able to follow the ideal curve. The maximum slope is around
zero-crossings of the sinusoidal current:

Alyiepo(t)
slopemax=(—”‘jf;’ ) = © X Ipiezomax (5.8)
max

The maximum P qpmax = 8712 MW With V,ior0max = 7.29 V, gives Ipiczomax = 1.195 MA. So
slope,,,,, = 2m X 1IMHz x 1.195mA = 7.51 kA/s. The maximum voltage boost provided by the in-
ductor is when V,;.,, is around 0 V as well, s0 V, max = Vhoostmax- FUMher, Vioosemax = 2.68 V as
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Table 5.4: Level 1 SPICE model for NMOS devices in 500nm technology of [32].

Parameter | Value Parameter | Value
LEVEL 1 Gamma 0.45
NSUB 9e+14 uo 350
TOX 9e-9 CJ 0.56e-3
MJ 0.45 CGDO 0.4e-9
VTO 0.7 PHI 0.9

LD 0.08e-6 LAMBDA 0.1

PB 0.9 CJSwW 0.35e-11
MJSW 0.2 JS 1.0e-8

Vstorage = 2 V plus two times a forward voltage of the rectifier of 21; = 0.68 V. So for the case when
all parameters are assumed to be maximum, the inductor should be smaller than:

_ VL,max _ Vboost,max B Vpiezo _ 268V-0V
slope ® X Ipiezomax 2r x 1 MHz x 1.195 mA

=357 pH (5.9)

Lmax
max

As this large inductance is the maximum, we have to search for a smaller one. However, the smaller
the inductor is, the more often we have to switch, what costs power. Therefore, we propose a 100 yH
inductor because these are available in small sizes of 2 —4 mm3. The selected inductor is the Coilcraft
XFL2006-104ME [31], which has an inductance of 100 uH, a typical self-resonance frequency f; of
13 MHz, a maximum DC resistance of 12.25 Q and a volume of 2.3 mm3.

Model
The model used is an ideal inductor in series with the DC resistance and a capacitor C, in parallel to
these to model the self-resonance frequency. The capacitor is calculated with:

5.7. Design of the boost switch

For the AC boost method the switch has to be bi-directional, meaning that it should be able to let the
current flow and stop in both directions. A MOSFET is a bi-directional device, and for an NMOS the
source is defined as the terminal with the lowest potential. Special precautions have to be taken for on-
chip design. The bulk should be connected to a source with lower potential than the source potential,
blocking the pn-junction between bulk and source.

Available discrete components are all too big for usage as this boost switch. The power needed to
turn the transistor on and off is too large. Therefore a model of an IC process should be used. As the
goal is to enable a tiny power conversion system an IC implementation is expected. The IC technology
that will be used should have all circuit voltages in its allowed range. The voltages are up to 5 V. For
example, in a 180 nm technology, special high voltage devices are needed to work up to 5 V.

Model and size
In the book of Razavi on Analog CMOS design [32] a level 1 model for NMOS and PMOS devices in
500 nm technology is presented. The 500 nm technology can use normal devices up to 5 V. The typical
values for the level 1 parameters of the NMOS model are in Table 5.4. We will use this model with two
transistors in anti-series, back-to-back. The gate voltage Vj; is assumed to be 2 V, as this is the same
voltage of the storage element.

Each transistor is composed of three parallel transistors, sized 500 nm X 20 um. These sizes follow
from first order calculations:

Co=nXWXLXCoe =nXW XLXe&gyXEe[tox (5.11)
=3 % 20e7® x 500e~° x 8.85e712 x 3.9/9e™° = 0.115pF (5.12)

Ps = fow X 5 X Cg X V2 = 10€% X £ X 0115712 x 22 = 230 yW/ (5.13)
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Figure 5.3: The simulated R,,,, of a transistor for V; = 2 V, designed in the 500 nm technology of [32].
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Table 5.5: SPICE modeling parameters [33]. Cshunt is only used when no convergence was found.

Parameter Value
LTspice version | XVII 2019
Gmin 1e-10
Abstol 1e-10
Reltol 0.001
Chgtol 1e-14
Trtol 1
Volttol 1e-6
Sstol 0.001
MinDeltaGmin 0.0001
Cshunt 1e-15
Compression off

Where the gate power loss per transistor P; is insignificant at high power levels but at low power levels
it will become the major loss.

Figure 5.3 shows the R, as a function of I}, for V; = 2 V. As a switch it always operates at low 1,
so the R,,, is about 30 . As there are two switches in anti-series the total resistance is double the R,,,.
This total resistance is about 2% of R,;.,,, S0 when the switch is closed the losses in the switches will
be limited to 2%.

5.8. Simulation method

For simulation of the three methods LTspice [33]is used. In Table 5.5 all parameters used are listed. The
methods are simulated with the components which are presented in this chapter. The allowed current
range thresholds are optimized for maximum power transfer for both the varying frequency method
and the AC boost method. The gate power G, is subtracted from the efficiency results. However, the
varying frequency method simulations need some extra explanation.

Varying frequency method

For the varying frequency method the components at the AC-side, i.e. the piezo-electric element, the
tuneable capacitor bank and the rectifier, are not simulated but the efficiency results are taken from
[21]. These efficiency results are multiplied with the boost converter efficiency for every power level.
An ideal blocking diode is added to the boost converter in the varying frequency method because no
rectifier follows the boost converter. The extra losses of the continuous communication for frequency
adjustment and control of the capacitor banks in the varying frequency method are not taken into ac-
count, and zero communication delay is assumed, so a match is made without delay.

5.9. Conclusion

In this chapter, a comparison strategy is developed for the three maximum power transfer methods.
The same components as used in [21] will be used in simulation and some components are designed
because they were not used in there.

The same piezo-electric element fits for all three methods, its maximum available average electric
power is P,; 5, = 8.71 mW. For the storage element, it is shown that even the smallest element of 1
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mm?3 could store enough power to power a high power consuming device for 1 minute. For the three
methods, it is chosen to be a big capacitor at an initial voltage of 2 V. The same rectifier as is used
in [21], will be used in our simulation because of the outstanding specifications and well documented
simulation parameters. The boost converter is designed to follow the ideal current curve closely with
the non-zero current threshold based switching method. The boost inductor is chosen to be 100 pH.
The boost switch is designed in a 500 nm technology and is composed of two transistors in anti-series,
each consisting of three parallel transistors of 500 nm x 20 ym.

The simulations will be done in LTspice XVII and the results from [21] will be used in the varying
frequency method.

The comparison strategy is applied and the results are presented in the following chapter.



Simulation results maximum power
transfer methods

In this chapter the three presented methods for maximum power transfer will be evaluated with the
strategy of previous chapter. The question to be answered in this chapter is:

Question 5: What are the results of the comparison of the MPT methods?

As the goal is maximum power transfer to the storage element, the most important result is presented
first: the power efficiency comparison between the three methods. After this the results per method
are presented.

6.1. Efficiency comparison
Figure 6.1 shows the simulation results of the power efficiency of the three methods. 1;,:4; is the total
efficiency from the piezo electric receiver to the storage element and P, .4 is the total power into the
storage element. The AC boost method is for the full power range the most efficient method, around
Poaa = 1 mW the efficiency is 74% and this drops to 22% at P,,q = 0.01 mW. At By,q = 2 mW,
the standard method is also 74% efficient but for different power levels the efficiency is much lower,
at P,qea = 0.1 mW the efficiency has already dropped to 23%. The varying frequency method is as
efficient as the AC boost method from P,,4 = 0.01 mW to P,,4 = 0.1 mW, but for higher power levels
the efficiency is lower than the AC boost method.

At high power levels the efficiency of the AC boost method follows the standard method’s efficiency
because V.., is most of the time higher than the required voltage, so no boosting happens. The
method therefore acts the same as the standard method.

0.8
0.7 LT

0.6 ,,/’. ’.:. Kl * \\
0.5
0.4 W

a 0
§ 0.3 / ..’.‘
- 0.2 ~ ---:Standard
- — Varying freq.
0.1 — = —AC boost
0-0 T T T T I O T T T T LI T T T T T T 17T
0.01 0.1 Pload (mW) 1 10

Figure 6.1: Simulation results of the power efficiency as a function of load power for the three methods.
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Table 6.1: Results generated of the standard method.

Pel,av (mW) V;)c (V) Ntotal Pload (mW)

0.2 20632 O 0
0.3 25269 0.04 0.012
0.4 29179 014  0.056
0.5 3.2623 0.28 0.14
1 46135 064 0.64
2 6.5245 0.74 1.48
5 10.3162 0.64 3.2
10 14.5893 0.51 51
7.5V V(oc) V(piezo)

3mA
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Figure 6.2: Waveforms of the simulation of the standard method at P, q,, = 2 mW.

At low power levels the AC boost method follows the varying frequency method. The gate losses
P, become here the major losses so this holds for both methods.

6.2. Results standard method

In Table 6.1 the results of the simulation of the standard method are summarized. For every B, 4, The
peak efficiency of 74% is around 2 m\W because at this power level the match with the piezo-electric
element impedance is good. The rectifier is responsible for the majority of the losses at this point. The
minority of losses is because of the block waveform that is made from the sinusoidal voltage waveform.
Power levels above and below 2 mW provide a less good match and therefore a much lower efficiency.

In Figure 6.2 the waveforms of the maximum V,, Ve, and Ip;.,, are shown for B, 4, = 2 mW.
Vniezo is flattened and L,;.,, is part of the time zero, so power is lost. However, the flattening is less
dominant as expected, because C, buffers the voltage. This could also be seen in the lagging of V¢,
with respect to V..

6.3. Results varying frequency method

The size of Table 6.2, with all important parameters in the efficiency of the varying frequency method,
indicates the complexity of this method. The frequency f and R,;.,, are read from the figures in [21],
together with the efficiency result n,,.,,, at electrical power P, p,e. P.; 41, is calculated with Prype /Meyne. At
low P,; 4., the boost switch gate power F; is relatively big so the efficiency of the boost converter 1;,,5:
and the output power of the boost converter B,,,s; decrease. The thresholds could be kept mostly
constant because of the constant V...
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Table 6.2: Results generated of the varying frequency method. 7,0 is the result without the losses of Pyqte. The thresholds
are manually optimized. f, Rpiezo, Mtune @Nd Pryne Values are taken from [21].

Pel,av Voc f Rpiezo Nsw Pgate Thres- Pyoost Nboost Ntune  Prune Ntotal Ploaa
(mW) (V) (MHz) (Q) (mW)  holds (mW) (mW) (mW)
0.025 4 1.26 200k 0.62 0.0211 0.01-1.5 -0.015 O 0.4 001 O 0
0.038 4 1.25 100k  0.72 0.0131 0.01-1.5 0.0013 0.065 0.53 0.02 0.0345 0.0013
0.079 4 1.24 40k 0.73 0.012 0.01-20 0.0245 0.490 063 0.05 0.3087 0.0244
0.154 4 1.22 20k 0.82 0.0109 0.01-23 0.0711 0.711 065 0.1 0.4622 0.0711
0294 4 1.19 10k 0.88 0.009 0.01-25 0.167 0.835 068 0.2 0.5678 0.167
0.704 4 114 4k 0.92 0.0068 0.01-2.5 04532 0906 0.71 0.5 0.6433 0.453
137 4 1.08 2k 0.93 0.0059 0.01-2.5 0924 0924 073 1 0.6745 0.924

4.5V abs(V(oc)) V(boost) 1.50mA

4.0V

A L 1.25mA

3.5V .
o\ -1.00mA

3.0V
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| ! | |-0.25mA
0.5V u ‘ ] J
0.0V - . — . l|" 0.00mA
0.0us 0.6us 1.2us 1.8us 2.4ps 3.0us
Figure 6.3: Waveforms of the simulation of the varying frequency method at P,; 4, = 1.37 mW.
The following relations are applicable to the results:
Pboost PG
= = — 6.1
Nboost Ptune sw Ptune ( )
Pioad = Mboost X Prune = Mpoost X Ntune X Pel,av = Ntotal X Pel,av (62)

The [V,cl, Vooost @and |Iiune| waveforms of the varying frequency method are plotted in Figure 6.3
for P, 4, = 1.37 mW. Because P, 4, is calculated of other values it is not set at 2 mW. Because of the
constant V. of 4 V, the voltage does not have to be boosted much. I;,,. shows steep current spikes
because of the non-ideal inductor that also has a capacitive effect. Every time the voltage is switched
this causes a high current for a very short time.

6.4. Results AC boost method

As Table 6.3 displays, the optimized thresholds are much less constant than at the varying frequency
method. The efficiency peak of 74% is as high as at the standard method but the peak is wider. The
efficiency is the boost result minus P4... Simulations are done for more power levels than for the other
two methods because the trend was more difficult to find.

The waveforms of V¢, V005t @nd Ip;e,, are plotted in Figure 6.4. The voltage boosting of the boost
converter is clearly visible. The current here is also showing short steep peaks because of the non-
ideal inductor and the simplified transistor model. However, the normal values of I, follow the ideal
sinusoidal curve closely.
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Table 6.3: Results of the AC boost method. 7,05 is the result without the losses of Py The thresholds are manually
optimized.

Pel,av (mW) Voc (V) Nsw Pgate (mW) Thresholds Ntotal Pload (mW)

0.02 0.6525 0.03 0.0060 0.01-9 -0.27 0

0.05 1.0315 0.14 0.0056 0.01-8 0.028 0.0014

0.1 14589 0.39 0.0056 0.01-2.5 0.334 0.0334

0.15 1.7229 0.47 0.0056 0.01-2.3 0.4327 0.0649

0.2 2.063 0.54 0.0057 0.01-2.1 0.5115 0.1023

0.3 25266 0.62 0.0055 0.01-4.9 0.6017 0.1805

0.4 29175 0.68 0.0055 0.01-5 0.6663 0.2665

0.5 3.2618 0.7 0.0044 0.01-2 0.6912 0.3456

1 46129 0.74 0.0026 0.01-6 0.7374 0.7374

2 6.5237 0.74 0.0016 0.01-2.2 0.7392 1.4784

5 10.3148 0.63 0.0020 0.01-2.2 0.6296 3.148

10 14.5874 0.51 0.0020 0.3-0.6 0.5098 5.098

7 5V V(oc V(boost) I(Piezo) 6mA

2.5V i 2mA

0.0V i OmA

A

-2.5V / -2mA

-5.0Vv / -4mA

-7.5V— -6mA
0.0ps 0.6us 1.2us 1.8us 2.4us 3.0us

Figure 6.4: Waveforms of the simulation of the AC boost method at P 4, = 2 mW.
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Figure 6.5: Waveforms of the simulation of the AC boost method at P, 4, = 0.1 mW.

Control scheme
The control operates the switch when ,,;.,, crosses the thresholds, but, as can be seen in Figure 6.5,
the boost is sometimes to a too low voltage. So the power is not going through the rectifier but is lost.
This simulation is done at low power: P, 5, = 0.1 mW with V,. = 1.4589 V. I,;,, is continuously about
12V, ., as is required for a perfect match.

As could be seen from the threshold values in Tables 6.2 and 6.3 the range is often not close to
the ideal curve. This is because the thresholds are manually optimized and are not designed to be
changed during a simulation. So for multiple full cycles the thresholds stay the same.

6.5. Conclusion

In this chapter, the results of the comparison are presented. The AC boost method is the most efficient
power conversion method with a peak efficiency of 74% at P,q,q = 2 MW and 22% at Pyqq = 10 yW
load power. The standard method has only a small high efficiency peak around 2 mW. The varying
frequency method is as efficient as the AC boost method but the peak is lower.

The AC boost method matches correctly so the power extracted from the piezo-electric element is
maximal. The boost converter uses an inductor that is non-ideal; it causes current spikes at switching
moments. The boost converter does not always boost the voltage high enough because the control
does not estimate the energy stored in the inductor and the energy required for efficient boosting.

A discussion of this results and the methodology used is in the following chapter.






Discussion

In this discussion we will look back on the methodology used and the results presented in Chapter 6.
We will also look forward to a potential full IC design. The focus will be on the following question:

Question 6: What is the validity of the approach and of the results, what are its limitations, and how
could the AC boost method be utilized?

First, the validity of the approach will be investigated. Secondly, the results presented are discussed.
Next, the challenges towards a full design for the AC boost method in an integrated circuit follow. The
conclusion reviews this chapter’s question.

7.1. Validity of approach

For this project, first the AC boost method was developed that promises maximum power transfer from
an AC source to a DC storage element, when ideal components are used. It results in a continuous
squared sinusoidal current curve and a theoretical 100% efficiency. This reasoning is straight forward
and valid. From this ideal situation a practical method is developed with an AC boost converter. Here,
Lyiezo tracks the ideal curve, but it is not always the perfect curve. It leads to an always close to perfect
match. If this project would be repeated, the same theoretical result will follow.

Secondly, comparable circuits were designed and compared through simulation. The AC-boost
method is the most efficient method for a wide power range. The simulations were done in LTspice
with models of real components and the results and parameters are documented in this thesis. The
circuits presented in this project were designed to be minimal and comparable with each other. This
was done by using as much as possible the same components for each method, and not taking into
account all losses involved in the varying frequency method. A future project would deliver the same
results if similar comparable circuits would be simulated.

For the varying frequency method a 2 V storage has a good effect on the efficiency. It is exactly half
of I, = 4 V. Therefore, high efficiency is always possible. At low F,, ,,,, the boost converter consumes
more power than it helps increasing the load power at this method because of the good V,.. When a
higher storage voltage has been chosen, the efficiency would have been lower. The extra diode, used
in the DC boost converter of the varying frequency method, also boosts the efficiency results because
of its ideality. However, even with this favored position, the varying frequency method performs less
good than the AC boost method. This makes the global result, where the AC boost method is the most
efficient one, even more realistic.

7.2. Discussion of results

The AC boost method is the most efficient method for a wide power range. It matches the piezo-electric
element with the circuit following it, as expected. Maximum power is delivered by the piezo-electric
element. However, the method development gave rise to higher expectations. The power loss at low
power is the most important factor for lower results at low power. The biggest power losses are:
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Figure 7.1: Part of the AC boost method circuit with the rectifier and the boost switch. The current directions that have to be
enabled are shown with arrows, the opposite directions have to be blocked.

+ Imperfect boost converter: The boost converter introduces high losses because of the relatively
large amount of power needed at low power to switch the switch. The control is also imperfect
because the threshold switching algorithm does not take into account the energy that is needed
to overcome the barrier.

» Rectifier configuration: The rectifier is composed of Schottky diodes. These diodes introduce
a loss because each diode has a forward voltage. The diodes are switched at high frequency so
the parasitic capacitances are often charged and discharged, and power is lost.

Potential solutions to these losses will be presented hereafter, in Section 7.4.

7.3. Limitations

As the developed method is validated with simulations of minimal circuit designs there are limitations
involved in the study. Not all aspects of a full design could be simulated. For example, the influence
of the pads of an IC are not yet investigated. The results of the AC boost method and the varying
frequency method are close together at low power. A more extensive study is needed to estimate the
exact improvements with the AC boost method.

The inductor, used in the AC boost method and the varying frequency method, is relatively big
with its volume of 2.3 mm3, compared with the piezo-electric receiver of 1.8 mm3. The extra power
efficiency comes at the cost of extra volume occupied. This extra volume it occupies is probably in
some applications not available. For these situations the varying frequency method without a boost
converter is probably a better method. However, the drawbacks of this method should be taken into
account.

For ultrasonic wireless power transfer, the acoustic path should have no big changes in acoustic
impedances, as those will result in reflected power. Therefore, this powering method could only be used
when no bones or air are in the acoustic path between the transmitter and the receiver. In applications
where big changes in the acoustic impedances are inevitable, it could be solved by properly focusing
the acoustic waves.

7.4. Opportunities and challenges in IC design

In this section, the opportunities and challenges involved in an IC design are discussed. Often a chal-
lenge also brings an opportunity, finding this opportunity per challenge is the goal of the section.

7.4.1. Design of the rectifier

The rectifier used in the comparison gives high losses because of the use of diodes. A different structure
that uses controlled switches in combination with the boost switch control could improve the efficiency
further.

In Figure 7.1 all current directions that are needed in the rectifier and boost switch part of the circuit
are shown. A different layout solution could be researched to improve efficiency. The transistors of the
rectifier could, for example, be used to implement the boost switch, see Figure 7.1. Two switches have
to be designed for two way currents. However, the amount of transistors in series in the current path
should be limited. A rectifier always needs two transistors in series to be able to switch both the plus
and the minus. A boost-converter switch only needs one transistor in the current path.
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7.4.2. Design of the boost converter circuit

In Section 6.4 the results are presented for the boost converter. The AC boost method suffers from the
losses due to the boost converter. The gate capacitances of the switch are charged and discharged
at a high frequency. This power is assumed to be lost. As is shown, at low P, ,,, the power lost at the
gates is the majority of the losses.

In IC design there will be multiple transistors placed parallel to each other to make the desired
transistor size. This is an opportunity because those could also be partly switched at low currents and
partly held static. This could save the majority of the switching losses. Another possibility is to re-use
the gate charge so the power is not fully lost.

7.4.3. Design of the control scheme

As is shown in Section 6.4 the implemented control is not efficient. This control could be made much
more efficient if the boost converter never boosts when it could not reach the desired voltage. The
proposed method is the energy based switching method: around the zero voltage point the thresholds
are wider so that this energy also overcomes the barrier. This results in a less good matching but a
higher power transfer. Designing this control involves knowing the inductors behaviour, the desired
voltage at every moment and the losses when boosting.

7.4.4. Design of the current measurement

For an IC implementation the current I,,;.,, and voltage V,;.,, of the piezo-electric element have to
be known for the controller. The piezo-electric element, the inductor and the storage element probably
have to be external components. AV,;,.,, voltage measurement could be done directly but /,,;,,, current
measurement is currently not directly possible because there is no known method for. There are,
however, multiple opportunities to measure the current indirectly in the circuit:

+ Series resistor: a resistor in series with the piezo-electric element could be used for I,;.,, es-
timation with: Voyrrent = Ipiezo X Reurrene- A trade-off between power loss and accuracy should
be made. For 10% loss of P.; gy iN Reyrrents Veurrent 18 ONly 10% of V,0,,. SO the measurement
accuracy of Voyrren: should be 10 times higher than the 1},;,,, measurement to know both V.,
and I;¢,, With the same precision.

¢ Inductor voltage: the current through the boost converter inductor is the same as I;.,,, and
could be estimated with: V;, = Ldi/ac. So the voltage V; should be measured, integrated and
scaled down by L to estimate I,,;.,,. This does not have to lead to an extra pad from the chip
because V};.,, should also be measured.

 Inductor current copy: using a transformer instead of an inductor enables copying a scaled
down version of the inductor current, for use at the controller. This copied current should be much
smaller for low losses. Such a transformer should be specifically designed and build because it
is a nonstandard component.

+ boost switch current copy: a, for example, 100 times scaled down copy of the boost switch with
the same V,; and V;; has I;; = 1/100lp;5,- This current could be used at the controller directly or
measured at a resistor or integrated at a capacitor. The current is only available when the boost
switch is on, so when the power is stored in the inductor. Therefore the moment of off-switching
the boost switch is exactly known. The controller has to compute the moment it has to switch the
boost switch on again. Another challenge is to make an exact copy of the boost switch but scaled
down by a certain factor. Assuring the same V;; and V; is also a challenge.

» Rectifier current copy: when the rectifier is implemented with transistors the current could be
copied here as well. It could also be combined with the boost switch current copy so the current
is always known.

The boost switch current copy or the rectifier current copy are the best opportunities because it is
practically feasible and does not consume much power. It requires an extensive IC design but is also
done often in literature.
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7.5. Conclusion
This chapter discussed the approach used and showed that it was valid for the goal of this study. Similar
results would be obtained in a future study for the theoretical reasoning, the simulation results and the
final global result. The results of the AC boost method are, as expected, the best of the presented
methods but not as good as it could be because of the minimal circuit design. For an IC design of the
AC boost method a route with some opportunities and challenges is shown.

The following chapter will draw the main conclusions, highlight the contributions and indicate future

work.



Conclusion

In this final chapter, the final conclusions will be drawn and the main research question will be answered.
This is followed by a section where the contributions of this project are highlighted. The chapter will
conclude with some directions for future work.

8.1. Conclusions
In this study we searched for an answer to:

Main Question: How could maximum power transfer be achieved with wireless power transfer
to a 10 cm deep implanted biomedical device?

This question was subdivided in six questions. Every chapter answers one question.

In Chapter 2 three wireless powering methods were examined on maximum received power. The
ultrasonic wireless powering method has the highest input safety limits, has least power attenuation
and is most efficient at the receiver when compared with the near-field electromagnetic and far-field
electromagnetic methods.

The ultrasonic wireless power transfer link is characterized in Chapter 3. The Butterworth-Van Dyke
model was chosen for simulation of the wireless power link. Maximum acoustic power of 7.2 mW/mm?
was assumed at the receiver.

From the analysis of maximum power transfer and two existing methods, the AC boost method
was developed in Chapter 4. The two existing methods are the standard method with no impedance
transformations and the varying frequency method where the frequency is varied to change the piezo-
electric element’s impedance. Here two extra impedance transformations are needed.

In Chapter 5 a comparison strategy for the three methods was presented. The piezo-electric ele-
ment, the rectifier and the capacitor banks that were used in the varying frequency method before [21],
were used again in simulation. The boost converter and storage element were designed. LTspice is
used for simulation of the three methods.

Chapter 6 presented the results of the comparison. The AC boost method is as efficient or more
efficient than the other methods for a wider power range. From 20% efficiency at 10 yW load power to
74% around 1 mW load power is possible with the chosen circuits. In the AC boost method the piezo-
electric element delivers maximum power to the circuit behind it, so the method works as designed.

A discussion of these results and of the method used, and a description of the route towards a full
IC design of the AC boost method are in Chapter 7.

Maximum power transfer to a tiny IMD implanted at at least 10 cm deep in the body could be
achieved by using an ultrasonic wireless power transfer link with the AC boost method to boost the AC
voltage, so maximum power is delivered by the piezo-electric element and maximum power could go
to the DC storage element. The size requirement of 10 mm?3 for the total power conversion system is
met as the biggest components are:

- Piezo-electric receiver: 1.8 mm?
- Boost converter inductor: 2.3 mm?3
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* Storage element: 1 — 5 mm3

With the biggest storage element the total volume is thus 9.1 mm3. The volume of the boost-converter
control, rectifier, and boost switch is not taken into account but probably this will be a tiny part of the IC
of a complete IMD.

For IMD applications like the pancreas stimulator, ultrasonic wireless power transfer with the AC
boost method gives the opportunity to design a tiny implanted device with enough available electrical
power.

8.2. Contributions

The most important contribution is the development of the new AC boost method as it could not be found
in literature. Two important steps to this new method are worth mentioning here. First, the reasoning
towards the AC boost method gave the insight through the idea of waveform matching next to the well
known impedance matching. This could also not be found in literature. By drawing the graphs of all
important waveforms in the power conversion circuit this became clear. Secondly, a boost converter
has a continuous input current and could thus be used for resistive matching. This is not a new insight
but it is hardly used in literature. The route towards a full IC design is also presented so in future work
this could be implemented.

The second contribution is the validation of the AC boost method. Its working is validated by per-
forming simulations in LTspice. Maximum power is delivered by the piezo-electric element and at high
efficiency the power is transferred to the storage element.

Another contribution of this thesis is the critic on the paper of the varying frequency method [21].
Some comments are made on the total efficiency that could be achieved and on the total complexity.
The most important comment is, however, that the resistive load they used is unrealistic. For wireless
powered IMDs there will always be fluctuations both in received and used power and thus some form
of electrical storage is needed.

8.3. Future work
Future work for the AC boost method includes:

+ IC design: a full IC design, tape-out and measurement should be done to prove the efficiency
increase of the AC boost method. This method could not be tested with discrete components as
the boost switch, current measurement and control are not available in the right specifications. A
full IC design could is therefore the only way to test the AC boost method.

- Research other applications: the developed AC boost method could probably also be used in
other applications with different AC sources, where a resistive match is a possibility and a DC
voltage should be generated. A low voltage boost factor is a requirement here for high efficiency.
So the impedance of the source should closely match the power requirement of the device at
1 — 2 V. Antennas, for example, could be designed such that an antenna impedance of a few kQ
is possible at resonance frequency. Also the anti-resonance frequency could be utilized as the
antenna reactance is zero here as well. However, for piezo-electric elements, the PCE is lower
at the anti-resonance frequency so attention should be paid to the PCE.

+ Optimization of the piezo-electric receiver: for bio-compatibility and the best possible param-
eters the piezo-electric element could be optimized.

+ Complete system design: with the ultrasonic source outside the body and a real IMD attached
to the powering circuitry a complete system could be made.

» Testing with tissue: for validation of the models used, a test with tissue could be performed.
» Testing in vivo: the ultimate test is testing the complete system in an in vivo application.

* Implementation in an IMD application: the final goal is the implementation in an IMD application
inside the human body.
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Resistive Matching using an AC Boost Converter
for Efficient Ultrasonic Wireless Power Transfer
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Abstract—This paper presents a method to increase the power
conversion of ultrasonic receivers in implantable medical devices.
A perfect complex conjugate match between the piezo-electric
receiver and the power conversion circuit is required for maxi-
mum power transfer. A boost converter in front of the rectifier
enables a close to perfect resistive match. The boost converter
transforms the AC voltage into a pulse width modulated square
wave voltage. This saves an extra impedance transformation
between the receiver and the rectifier. From circuit simulation
results, it follows that this new method has the highest efficiency
compared with prior art.

Index Terms—impedance transformation, implantable medical
devices (IMDs), maximum power transfer, resistor emulation,
ultrasound, wireless power transfer.

I. INTRODUCTION

In implantable medical devices (IMDs), there is a need for
wireless power transfer as the use of batteries has several
disadvantages, the biggest one being the replacement of IMDs
with fully discharged batteries. Recently, interest has been
growing in ultrasound (US) wireless power transfer to implants
deep inside the body (>10 cm) [1]. Ultrasound has millimeter
wavelength in tissue at usable frequencies (e.g., 1.6 mm at
1 MHz) [2]. The FDA allows for a time-averaged acoustic
intensity of 7.2 mW/mm? [3] and US has low attenuation in
tissue (~1 dB/MHz-cm) [1]. The impedance of an US piezo-
electric receiver closely matches the power requirement of an
IMD at 1-2 V [4]. These reasons enable scaling down the
IMDs to millimeter sizes. Moreover, focusing of the ultrasonic
waves is possible so as to ensure that the required energy will
be received at the implant [5].

Little attention, however, has been paid to optimizing the
electrical efficiency at the receiver and, as a consequence,
much power is lost. This paper presents a design method
for maximizing the usable electrical power at the IMD and
proposes a new design for a close to ideal impedance match
that follows from this method.

II. ULTRASONIC TO ELECTRICAL POWER CONVERSION

Piezo-electric receivers are used for converting ultrasonic
waves into electric waves. Fig. 1a shows a lumped element 1D
series model of an ultrasonic piezo-electric receiver around its
resonance frequency in length expander mode [4]. The real
part of the impedance (2pcz,) changes from 2.7 k{2 up to
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Delft, The Netherlands
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Fig. 1. (a) Lumped elements 1D series model of an ultrasonic piezo-
electric receiver around its resonance frequency in length expander mode.
(b) impedance plot of this model for a piezo-electric element made of PZT4
and with dimensions W = L = 1.1 mm and ¢ = 1.5 mm. Resistance Rp;c-0
and reactance Xp;e.o are plotted. The capacitive and inductive regions are
indicated.

260 kQ over frequency for a square piezo-electric element
made of PZT4 with equal width and length W = L = 1.1 mm
and thickness ¢ = 1.5 mm. See Fig. 1b. Between the resonance
frequency (f, = 0.99 MHz) and anti-resonance frequency
(far = 1.27 MHz) the reactance X;¢., is inductive. Outside
this band it is capacitive [6]. The resonance frequency and
anti-resonance frequency could be calculated as follows with
the material properties listed in Table I [4]:

fr=15; )]

/ 8k2
fa'r = 1- ngfT (2)

The passive circuit elements of the model are calculated
as [6]:
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TABLE 1
MATERIAL PROPERTIES OF A PZT4 ELEMENT [4], [6].

Sound velocity v 4100 m/s
Acoustic impedance Zc  30.8 MRayls
Electrical-mechanical coupling coefficient k33  0.70
Relative permittivity E3T3 1300

Front acoustic impedance tissue Zr 1.5 MRayls
Back acoustic impedance air Zp 400 Rayls

A perfect complex conjugate match between the impedances
of the receiver and the power conversion circuit is required for
maximum power transfer and preventing reflected power [7].

IMDs with wireless powering need an energy storage
element due to the unreliable nature of both the received
and the used power. Present IMDs, for example, are often
equipped with stimulator and communication circuitry, which
both consume high power for a short period of time. A
rectifier is required between the piezo-electric receiver and
the storage element, as electrical storage requires DC voltages.
Fig. 2 shows the general block diagram of the power conver-
sion chain of an IMD. Between all the blocks an impedance
transformation should be designed to ensure optimal matching.
This impedance transformation should be done both at the
AC-side of the rectifier (e.g., using passive capacitors) and at
the DC-side (e.g., using a boost converter).

Fig. 3 gives insight in the challenging total impedance
transformation needed for maximum power transfer to the
storage element. The waveform of the piezo-electric receiver
voltage Ve, is sinusoidal and its current Ip;.., also, but
smaller by a factor Rp;e.,. At the storage element, Vi, is a
DC voltage. The instantaneous available electrical power is:

Pel(t) - Vpiezo(t)lpieza(t) (7)
= stor(t)-[stor(t)ntotal (8)

where 014 18 the total power efficiency of the power con-
version system, in the ideal case equal to 1, and I, is the
current into the storage element. For a constant 1;,:,; and a DC
Vistor, the s waveform is thus similar to the P,; waveform:
a squared sinus. Consequently, the signal requires significant
processing for maximum power transfer.
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Fig. 2. General block diagram of ultrasonic wireless power transfer to an
energy storage element.
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Fig. 3. Vpiezo and Ip;ezo waveforms of a piezo-electric element operating at
resonance frequency for maximum power transfer, and the Viior and Istor
waveforms when the full P,; is transferred through the power conversion
chain.

EStandard: = be

1

= -+
-

Receiver at f,

1L
-

Rectifier Storage

Varying frequency:
L I -7
= Dt \

T H 1 i 1

L
-

Receiver at Tuneable Rectifier Boost Storage
f—fa (inductive) C-banks converter
AC boost:

T V|| ==

Boost Rectifier

converter

Receiver at f, Storage

Fig. 4. Block diagrams of the three methods based on the general block
diagram of Fig. 2. Standard method: without extra impedance transformations.
Varying frequency method: vary across inductive band with tunable capacitor
banks and DC boost converter. AC boost method: with AC boost converter
operating as resistor emulation.

III. DESIGN METHODS FOR MAXIMUM POWER
CONVERSION

A power conversion chain, based on the general block
diagram of Fig. 2, that produces the ideal waveforms of Fig. 3
is difficult to implement as it should continuously change the
matching transformation factor. However, there are methods
that make it possible to design a system that produces the
waveforms close to the ideal waveforms. In Fig. 4, three meth-
ods of power conversion are shown. All have a passive rectifier
and a storage element so the concepts are orthogonal in itself
and comparable with each other. Conventional methods are the
standard method and the varying frequency method, whereas
the proposed method is the AC boost method.

A. Standard: no impedance transformations

This is the basic method that is widely used, e.g., in [8].
Much of the power is lost because the current will flow only



if the AC voltage V., is larger than the voltage needed to
turn on the rectifier, which is Vi, plus the voltage drop of
the rectifier. So every cycle at least some power is lost. This
solution does not efficiently handle large power fluctuations,
since these induce impedance mismatches.

B. Varying frequency: vary across inductive band with tune-
able capacitor bank

This method is applied in, e.g., [4]. By increasing the
frequency at low acoustic power F,, Rpi., increases. The
peak open-circuit voltage of the piezo-electric receiver is
therefore constant [8]:

Voc = \/8 - PCE - Pa,av ' Rpiezo = \/8 ' Pel,av : Rpiezo (9)

where PCE is the power conversion efficiency of the piezo-
electric receiver, and P, 4, and P, 4, are the average acoustic
and electrical power, respectively.

Tuneable capacitor banks compensate for the varying induc-
tive behaviour, which gives an increase in efficiency but has
some disadvantages. Since the frequency needs to be tunable,
there has to be constant communication from the IMD back
to the acoustic sender about the received power, to close the
control loop. This communication has a delay so the frequency
and power level could only be adjusted after some cycles,
resulting in a less optimal match. Further, for PZT4 material,
the PCE is highest (~ 1) at f;; at higher frequencies the PCE
drops (to ~ 0.5) and the losses in tissue are higher as well.

In [4] no storage element is used. For comparability, we add
a storage element to the concept and, for efficiency, a boost
converter is added at the storage side of the rectifier.

C. AC boost: boosting the AC voltage

The method proposed here uses an AC boost converter at
the receiver side of the rectifier. At high switching frequencies
(fsw > fr), the receiver voltage Ve, is boosted to a higher
voltage Vioost, SO all power can overcome the voltage barrier
of the rectifier and storage element. The voltage waveform
in front of the rectifier is transformed into a pulse width
modulated square wave. An advantage of the boost topology
is the continuous input current as is required for proper
impedance matching. Another advantage is the ability to adjust
the matching factor immediately, ensuring a close to ideal
match.

IV. DESIGN OF AC BOOST: RESISTOR EMULATION

To realize the maximum power transfer theorem the fol-
lowing relation should be implemented by the circuit when
the receiver is operating at its resonance frequency:

Ipiezo = Vpiezo/Rpiezo

where Ve, is half of V. to achieve maximum power
transfer. Fig. 5a shows an implementation of this concept. The
current through Lyost (Ipiez0) 1 controlled by a feedback loop
with two comparators that operate the switch when it crosses
the threshold values. For a situation with ideal components
the result is plotted in Fig. 5b, where I, is allowed to be

(10)

1.25

Normalis
Iplezoé~ Luoost 1.00-quantit;
. - 0.75+
—;'em i Control ;/"\¢ ™ Storage| .|
=2 - ’ =V,
Vi piezo
pliem SWhoost" | 0.25+ =lyiezo
< s 0.0 time

(a) (b)

Fig. 5. (a) AC Boost converter at the receiver side of the rectifier for resistor
emulation. (b) Simulation of the ideal resistor emulation. The normalized
Vpiezo and Ipjeo are plotted. The current follows the curve of the voltage
so there is always a close power match.

between the threshold values of 0.8 and 1.2 times the ideal
current curve. The current follows the voltage, hence (10)
is fulfilled, so a close to ideal match is continuously made,
ensuring maximum power transfer.

To prove the increase in power transfer, components with
realistic circuit models are used in a circuit simulation. The
piezo-electric receiver is made from PZT4, has a 987 kHz
resonance frequency with power conversion efficiency 1.0, is
1.5 mm thick and 1.1 mm wide and long. The maximum
available electrical power is 8.71 mW. Its impedance is plotted
in Fig. 1b [4]. The real inductor has an inductance of 100 pH,
a typical self-resonance frequency of 13 MHz (~ fs,), a
maximum DC resistance of 12.25  and a volume of 2.3 mm?
(Coilcraft XFL2006-104ME). Two NMOS transistors, com-
posed of 3 parallel 500 nm x 20 pum devices, operating as
a bidirectional switch are designed in a standard 500 nm
technology, with the technology parameters from [9]. The sizes
of the switches are a trade-off between the on-resistance and
the gate capacitance. The power needed to operate the switches
is assumed to be lost. The voltages in the circuit are all in the
allowed range of the 500 nm technology. No blocking diode
is needed in the boost converter because the rectifier blocks
reverse currents. The rectifier is a schottky RF rectifier (Avago
HSMS282X). We assume a capacitor as the storage element,
which is charged to 2 V as this is well above the transistor
threshold voltage and within the specifications of current
IMDs and IC technology. The same piezo-electric receiver and
rectifier are also used in [4], enabling a comparison of power
efficiency.

V. EFFICIENCY COMPARISON OF THE THREE CONCEPTS

The three methods are simulated with the components of the
previous section. The standard method is simulated without
a boost converter. For the varying frequency method the
components at the AC-side, i.e. the piezo-electric element, the
tuneable capacitor bank and the rectifier, are not simulated
but the efficiency results are taken from [4]. These efficiency
results are multiplied with the boost converter efficiency for
every power level. An ideal blocking diode is added to the
boost converter in the varying frequency method because
no rectifier follows the boost converter. The extra losses of
the continuous communication for frequency adjustment and
control of the capacitor banks in the varying frequency method
are not taken into account and zero communication delay
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Fig. 6. Simulation results of the AC boost method for Pej 4, = 0.5 mW.
Plotted are the ideal V)¢, together with the simulated Ve 0. The AC boost
voltage is also plotted.

is assumed so a match is made without delay. The allowed
current range thresholds are optimized for maximum power
transfer for both the varying frequency method and the AC
boost method.

The voltage waveforms in the AC boost method are plotted
in Fig. 6 for Py oy, = 0.5 mW. Ve, is always close to
the ideal sinusoidal voltage waveform here, providing nearly
maximum power delivery by the piezo-electric receiver. The
AC voltage is boosted high enough to overcome the voltage
barrier of the rectifier and storage element. Sometimes the
voltage is not boosted high enough because not enough energy
is stored in the inductor at that moment. The control, however,
does operate the switch since it does not estimate the energy
stored in the inductor.

Fig. 7 shows the simulation results of the power efficiency of
the three methods. The AC boost method is for the full power
range the most efficient method, around Pj,qq = 1 mW the
efficiency is 74% and this drops to 22% at Pj,qq = 0.01 mW.
At Pyoq = 2 mW the standard method is also 74% efficient
but for different power levels the efficiency is much lower, at
Pioad = 0.1 mW the efficiency has already dropped to 23%.
The varying frequency method is as efficient as the AC boost
method from Pj,,q = 0.01 mW to P,qq = 0.1 mW, but for
higher power levels the efficiency is lower than the AC boost
method.

0.8
0.7 /_‘7\
06 et id N

: N\
0.5
0.4 /

g 0.3 P
o 0.2 —~ ----Standard
' — Varying freq.
04 o —AC boost
0.0 T —— ——
0.01 0.1 1 10

Pload (mW)

Fig. 7. Simulation results of the power efficiency as a function of load power
for the three methods.

VI. DISCUSSION AND CONCLUSIONS

In this paper it has been shown that, for maximum
power transfer in ultrasonic wireless powering of IMDs,
the impedance of the receiver has to be complex conju-
gate matched to the power conversion circuit. For this, two
impedance transformations are needed, one at the receiver side
of the rectifier and one at the storage side of the rectifier. The
standard method without added impedance transformations is
the least efficient as expected. The varying frequency method
with tunable capacitor banks, as proposed in [4], is more
efficient but has some drawbacks: fully tunable capacitor banks
are required, continuous communication is needed, which has
a delay and consumes power, and extra losses occur both in
the tissue and the receiver. The AC boost method with a boost
converter at the AC-side, as proposed here, enables resistive
impedance matching over a wide output power range and has
the highest power efficiency. It requires only one impedance
transformation, viz. the boost converter.

The proposed method can be further improved by making a
full IC design of this concept. The rectifier could be made of
active components and synchronized with the boost switch.
The control could also be improved by implementing an
energy estimation so that the switch only closes when the
inductor has enough energy to overcome the rectifier turn-on
voltage and charge the storage element.
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