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Abstract

Implantable medical devices have become an essential technology for the treatment and
monitoring of a wide range of medical conditions, including cardiac disorders, neurological
diseases, and sensory impairments. Traditionally, these devices rely on implanted batter-
ies, whose limited lifetimes often require periodic surgical replacements. Such procedures
increase healthcare costs and expose patients to additional risks, including infection and
surgical complications. Wireless Power Transfer (WPT) offers a promising alternative by
enabling transcutaneous energy delivery, extending battery lifetime or, in some applica-
tions,eliminating the need for an implanted battery.

This thesis presents the design and development of two receivers intended to be used in an
Inductive WPT system. The two receivers were designed around the power requirements
of the Intan Technologies RHS2116. The proposed architectures provide the supply rails
required by the target applications: +3.3 V in one configuration and +3.3 V together
with £7 V in the other.

The primary objective was to maximize the overall circuit efficiency at low power trans-
mission levels. The design process started with LTSpice simulations, integrated with
MATLAB and Python environments to optimize design choices. Each receiver consists
of four main blocks: a receiving coil with a resonant capacitor tuned at 13.56 MHz, an
impedance matching network, a class-E rectifier, and a DC/DC conversion stage. The
efficiency of each block was evaluated by comparing its input and output power, while
the overall efficiency of the system was calculated as the ratio between the total power
delivered to the regulated loads and the power supplied by the transmitter source.

Afterwards, the Printed Circuit Boards (PCBs) were designed using Altium Designer.
During the layout process, key constraints such as compact form factor, thermal man-
agement, and high-frequency signal integrity were considered. Once the PCBs were fab-
ricated, experimental tests were performed under different load conditions.

Measurements were performed with the transmitter and receiver coils aligned at a sepa-
ration distance of 10 mm. For the £3.3 V receiver, designed to operate over an output
power range from 16 mW to 100 mW, the overall efficiency increased, respectively, from
10.5% to 33.9%. For the 47 V receiver, the overall efficiency increased from 8.9% at the
minimum design output power of 24 mW to 19.4% at the maximum design output power
of 100 mW. Consistently with the SPICE simulation results, the efficiency was observed
to increase as the load power increased. The experimental results also demonstrate that
proper matching network tuning can significantly enhance the overall system efficiency.
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Chapter 1

Introduction

Active implantable medical devices (AIMDs) are playing an increasingly vital role in
treating and monitoring a variety of neurological [1], cardiovascular [2], and sensory dis-
orders [3]. Recent advances in microelectronics have enabled the development of smaller
and more sophisticated implants that can record physiological signals, provide therapeutic
stimulation, and communicate wirelessly with external systems. However, the operational
capacity of such devices remains significantly constrained by their power supply. [4]
Traditionally, implantable systems have relied on batteries, which have a limited lifespan
and often require periodic surgical replacements. These procedures not only increase
healthcare costs, but also expose patients to additional risks, such as infections, discom-
fort, and surgical complications. For this reason, Wireless Power Transfer (WPT) has
emerged as a promising solution, enabling the delivery of transcutaneous energy without
physical connections and potentially eliminating the need for implanted batteries.
Among the various WPT technologies, inductive coupling represents one of the most com-
monly used methods for biomedical implants due to its relatively high efficiency, safety,
and compatibility with biological tissues [5]. Nevertheless, achieving high efficiency re-
mains challenging, particularly in low-power applications where the available transmitted
power is limited and the receiver dimensions must be kept as small as possible. In in-
ductive wireless power transfer (IWPT), the power transfer efficiency is limited by the
short operating distance between the coils and decreases in the presence of coil misalign-
ment and biological tissues. Moreover, although a larger receiving coil generally increases
the coupling coefficient, and therefore improves power transfer, the receiver size must be
minimized to ensure better integration within the implantable system. [6]

This thesis focuses on the design, simulation, implementation, and experimental valida-
tion of two inductive wireless power receivers specifically intended for implantable neural
interfaces operating at the 13.56 MHz ISM frequency. This work is part of the European
NerveRepack project and the Rewire project, both aimed at developing advanced neuro-
prosthetic systems capable of restoring communication between the nervous system and
external assistive devices.

The proposed receivers were designed around the power requirements of the Intan Tech-
nologies RHS2116 neural interface chip. [7] Two different architectures were developed: a
first receiver providing dual supply rails of £3.3 V for the NerveRepack application and
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Introduction

a second receiver providing 4+3.3 V together with £7 V rails for the Rewire application.
The design process combines circuit simulations in LTSpice with MATLAB and Python-
based analysis to optimize the receiving coil, matching network, Class-E rectifier, and
DC/DC conversion stages. The optimized circuits were then implemented on Printed
Circuit Boards (PCBs) using Altium Designer and experimentally characterized under
different loading and misalignment conditions.

The aim of this thesis is to maximize the overall efficiency of the receiving system while
following the constraints imposed by implantable biomedical applications.

Chapter 2 provides the theoretical background required to understand wireless power
transfer systems for implantable biomedical devices. The NerveRepack and Rewire
projects are introduced, followed by an overview of wireless power transfer techniques, in-
ductive coupling principles, power transfer efficiency, and the main constraints associated
with biomedical applications.

Chapter 3 presents the design methodology, starting from the load requirements derived
from the Intan RHS2116 neural interface chip and continuing with the design of the
receiving coil, impedance matching network, Class-E rectifier, and DC/DC conversion
stages.

Chapter 4 presents the LTSpice simulations carried out to validate the proposed archi-
tectures and evaluate the efficiency of each functional block under different operating
conditions.

Chapter 5 describes the implementation of the receivers on printed circuit boards using
Altium Designer. Both electrical schematics and PCB layouts are discussed, highlighting
the design choices adopted to improve signal integrity and minimize losses.

Chapter 6 reports the experimental validation of the fabricated prototypes. Measure-
ments performed under different load conditions, as well as vertical, lateral, and angular
coil misalignments, are presented and compared with the simulation results.

Finally, Chapter 7 summarizes the main achievements of this work and discusses possible
future developments and improvements of the proposed wireless power receivers.

11



Chapter 2

Theoretical Background

2.1 Active implantable biomedical devices

The aging population, combined with the diversity of neurological and cardiovascular
diseases that cannot be treated with traditional medication alone have increased the de-
mand for long-term diagnostic and therapeutic solutions. Implantable Medical Devices
(IMDs) have consequently become an important area of biomedical engineering, enabling
continuous physiological monitoring, targeted stimulation, and controlled drug delivery.
Neurological disorders alone affected more than three billion people worldwide in 2021,
highlighting the need for innovative technologies capable of supporting long-term treat-
ment and monitoring [8].

AIMDs represent a specific category of IMDs that rely on a source of energy other than
that generated by the human body or gravity. These devices are intended to be fully or
partially introduced into the human body and to remain in place after the implantation
procedure [9]. Since AIMDs perform critical diagnostic or therapeutic functions, their
design must satisfy stringent requirements concerning safety, reliability, biocompatibility,
power consumption, and long-term operation. The development of implantable electron-
ics began with cardiac applications. The first fully implantable cardiac pacemaker was
implanted in Sweden in 1958, representing a major milestone in medical technology [10].
Since then, advances in microelectronics, materials, sensing, and low-power circuit design
have considerably expanded the range of implantable applications. Current IMDs include
cardiac pacemakers [11], cochlear implants [12], deep-brain and peripheral-nerve stimula-
tors [13], glucose sensors [14], intracranial-pressure monitors [15], and capsule-endoscopy
systems. [16] [17]

Recent technological progress has enabled implantable devices to become smaller, more
intelligent, and more connected. Modern implants can acquire physiological signals, per-
form local data processing, deliver adaptive therapies, and communicate wirelessly with
external equipment. Wireless communication and power transfer are therefore key tech-
nologies for the development of the next generation of AIMDs [18, 19]. In particular,
wireless power can reduce the dependence on implanted batteries, which often repre-
sent one of the main limitations in terms of device size and operational lifetime, while
potentially reducing the need for surgical battery replacement [17].

12



Theoretical Background

2.2 NerveRepack and Rewire projects

Implantable neural interfaces and neurostimulation devices represent one of the main
technologies for restoring impaired functions of the nervous system. These systems can
record neural activity, provide electrical stimulation, or combine both functions in closed-
loop architectures, enabling bidirectional communication between the nervous system and
external devices. Peripheral nerve interfaces are particularly relevant in the context of
neuroprosthetics because they can be used to decode motor intentions and to provide
sensory feedback, improving the interaction between the user and an artificial limb. [20,
21].

Despite their potential, implantable neurostimulation systems impose strict design con-
straints in terms of size, power consumption, reliability and biocompatibility. One of
the main limitations is related to the power supply. Conventional implanted batteries
increase the device volume and may require surgical replacement, exposing the patient
to additional risks and discomfort. For this reason, wireless power transfer has become
an attractive solution for implantable medical devices, because it can reduce, or even
eliminate, the need for large implanted batteries while allowing transcutaneous energy
delivery [22].

Within this framework, this thesis is related to two research projects: NerveRepack and
Rewire. Both projects aim to develop advanced implantable interfaces for restoring neu-
ral communication and functionality, but they differ in terms of target application, power
requirements and output voltage specifications.

The NerveRepack project is an European Union co-funded research initiative focused on
the development of advanced implantable interfaces that enable bidirectional communi-
cation between the nervous system and mechatronics structures. The project addresses
a major challenge faced by individuals with amputations or paralysis: the inability to
effectively interface the damaged nerves with external assistive technologies such as pros-
theses and exoskeletons. It aims to restore both motor control and sensory feedback
by re-establishing the connection between their nerves and advanced prosthetic limbs or
exoskeletons. [23]

The Rewire project aims to restore functionality in damaged peripheral nerves affected
by trauma or pathology conditions. The goal is to develop a device capable of recording
electroneurographic (ENG) signals upstream of the lesion, processing and interpreting
the information, and providing actuation by stimulating the nerves or muscles below the
lesion or controlling a robotic prosthesis. To achieve this goal, the system must support
wireless bidirectional data communication, configurable recording and stimulation set-
tings, and be suitable for long-term implantation. The design of such a device requires
careful optimization of size, power consumption, reliability like size, power consump-
tion, and biocompatibility. In particular, balancing the power requirements of the neural
recording interface, signal processing circuitry, and communication modules is essential to
ensure efficient operation while maximizing battery lifetime or enabling the use of energy
harvesting techniques. [24]

13



Theoretical Background

In this context, the developed receivers are intended to operate as the implanted power
receiving units for these applications. Their role is to collect the energy transmitted
wirelessly by the external transmitter unit, convert it into DC power, and provide the
regulated supply voltages required by the implantable electronics, represented by the
RHS2116.

2.3 Wireless Power Transfer Classifications

Wireless Power Transfer (WPT) represents a promising solution for powering AIMDs.
It enables implanted batteries to be recharged without physical connections and may
also support batteryless operation, in which the implant is powered directly by an ex-
ternal source through a wireless link [25]. Consequently, WPT can reduce the need for
battery-replacement surgeries, limiting healthcare costs, patient discomfort, and the risk
of infections or other complications [26]. Several WPT techniques have been developed
and can be classified according to the physical mechanism used to transfer energy. WPT
systems are typically divided into near-field and far-field links. The far-field electromag-
netic radiation dominates at greater distances, while the non radiative near-field behaviors
dominate when close to antennas or scattering objects. [27] For antennas much shorter
than the wavelength, A, the near-field and far-field regions can be approximated as in Fig
2.1. [2§]

decay as 1/distance® decay as 1l/distance

X )
{Antenna or coil)

J distance
A2n A 2A

(—)(—) (Transition zone)
Reactive Radiating Mid-field
€ Near-field ) Far-field
When th lect tic field d i .
e Tnaties Electromagnetic wave

Magnetic Coupling or Electric Coupling
{inductive link) (capacitive link)

Figure 2.1. Near and far-field approximated regions for antennas much shorter than A

The region between the near-field and the far-field is called the transition zone or mid-
field, which has a combination of the characteristics of the near-field and the far-field.
[29] Far-field is preferred when it is necessary to achieve long distances, in the range
of meters, because the beam can be pointed toward the receiver. So, this is a beam-
based WPT system that can transfer large power (kilowatts) at large distances (tens of
meters) with high efficiency (>50%) at the risk of interference with other radio signals
[30]. However, near-field links that do not require a line-of-sight operation are preferred
for short distances (tens of centimeters), achieving higher efficiencies. [31]

Figures 2.2 and 2.3 show, respectively, WPT classifications and their applications.
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Microwave

Tecknology

Wireless
power transfer
(WPT)

Radiative WPT

_| Electromagnetic

Laser

Figure 2.2.

Tecknology

Resonant

Coupling

Radiative
v

Far field technique

Near field technique

_| Non radiative _| Electromagnetic

WPT Inductive

Electric
Induction

Inductive

Coupling

Capacitive

Figure 2.3 shows WPT systems applications.

Strong adaptability

MC-WPT

errite  Matematerial  WBG

Coupling

Different techniques of WPT [32]

N
Frequency >
7

kHz

Figure 2.3.

The radiative power transfer method is not frequently used in civilian applications be-
cause its radiations might be harmful to human health. [32] For this reason, only the

MHz

GHz

near-field techniques will be analyzed in 2.3.1.

2.3.1 Near-field WPT techniques

Capacitive wireless power transfer (CWPT), resonant coupled wireless power transfer
(RCWPT), inductively coupled wireless power transfer (ICWPT), are three categories of

THz

Overview diagram of a typical WPT system. [33]

non radiative WPT [32], so they are the most relatable for AIMDS.
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Near-Field Capacitive Coupling (NCC) operates through electric-field coupling, where
energy is transferred via the electric field established between conductive electrodes. The
amount of power transfer is comparatively less than ICWPT and RCWPT. The capacitive
coupling can be used for low power applications. However, due to its physical limitations
related to the coupling capacitance and air-gap distance. It is generally suitable for very
small gaps, typically below 1 mm. [34] During capacitive coupling, a small capacitance
made by the electrodes gives a very high voltage between the electrodes, subjected to
air breakdown. Furthermore, the external magnetic field does not affect the capacitive
coupling. The use of the NCC method may result in additional power losses within the
human body since it has been demonstrated that, above 100 kHz, electromagnetic energy
absorption in biological tissues increases, potentially causing tissue heating. [35].

Implant Device

Figure 2.4. NCC method schematic. [36]

RCWPT technique generally operates at higher frequencies, typically in the MHz range,
allowing power transfer over medium distances, even when the distance between the coils
is comparable to or greater than their dimensions. RCWPT can provide higher efficiency
over longer distances and better tolerance to coil misalignment. However, its performance
strongly depends on the quality factor of the resonant coils and on accurate frequency
tuning. Moreover, the use of MHz-range frequencies makes the implementation of high-
power electronics more challenging due to switching losses, cost, and safety constraints.
[37]

Near field resonant inductive coupling (NRIC) is a magnetic field powering method, using
RF in the near-field region. It operates at frequencies from a few kHz to a few GHz. So
far, IPT is the most commonly used WPT approach in implantable medical devices, since
radio frequency in the near-field is less attenuated by the human tissues.

After comparing the main near-field WPT techniques, inductive wireless power transfer
appears to be the most suitable solution for AIMDs [22, 38]. Compared to capacitive
WPT, inductive coupling is less affected by the dielectric properties of biological tissues
and does not require very small electrode gaps. In capacitive systems, the power transfer
capability is strongly limited by the low coupling capacitance, while the use of electric
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fields introduces additional safety concerns related to tissue absorption and heating [22,
31].

Compared to RCWPT, IWPT generally offers a simpler and more robust implementa-
tion, especially for short transmission distances. Although resonant coupling can improve
the transfer distance and misalignment tolerance, it requires high quality resonators and
accurate frequency tuning, making the system more sensitive to variations in coil posi-
tioning, load conditions, and tissue environment [22, 39]. The characteristics of NRIC
will be described in 2.3.2.

2.3.2 NRIC Physical Principles and Structure

The physical principle behind inductive WPT is based on electromagnetic induction. An
alternating current flowing through the primary coil (TX) generates a time-varying mag-
netic field. When a secondary coil (RX) is placed in close proximity to the transmitter,
part of this magnetic field links with the receiver coil and induces an alternating voltage
and current in it. In this way, electrical energy can be wiressly transferred from the
primary coil to the secondary coil and used to power AIMDs. [26, p. 743]

This mechanism is described by Faraday’s law of induction, which states that a time-
varying magnetic flux induces an electromotive force across a conductor [28§]

d [ = -
= —— B-dA 2.1
: dt/z (2.1)

The physical quantities are defined as follows:
o &: induced electromotive force (e.m.f.), measured in Volts [V];
o t: time, measured in seconds [s];
« B: the magnetic induction vector (or magnetic flux density), measured in Tesla [T];

o dA: infinitesimal area element of surface 3., oriented according to the surface nor-
mal;

e [y B-dA: the magnetic flux ®p linked with the surface ¥, measured in Weber [Wh].

A time-varying current flowing through a conductor generates a changing magnetic field,
which induces a voltage across the conductor itself. This phenomenon, known as self-
induction, becomes particularly significant when the conductor is in the form of a loop.
A coil, which is a fundamental component of inductive WPT systems, consists of mul-
tiple loops connected in series. In circuit theory, this effect is characterized by the self-
inductance L. For a sinusoidal current with amplitude I and frequency f, the amplitude
of the sinusoidal voltage is given by vy = 27 f LI [28] If a second conductor is exposed to
the varying magnetic flux that is generated by the varying current in the first conductor,
a varying voltage is induced across the second conductor as well. The current passing
through the first conductor produces an induced voltage in the second conductor, mod-
eled by a parameter, known as mutual inductance (M). Assuming a sinusoidal excitation
current (i) at a certain frequency f passing through the first inductor, the induced voltage
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across the second conductor would be vy = iM27 f. [2§]

In IWPT systems, one of the most important parameters is the coupling coefficient, k,
which describes the degree of magnetic coupling between the transmitter and receiver
coils. It is defined as the mutual inductance M normalized with respect to the self-
inductances of the two coils [28]:

M
k= IS (2.2)

where L1 and Lo are the self-inductance of each coil and M is the mutual inductance
between them. The coupling coefficient & is a normalized parameter ranging from 0 to 1
that quantifies the strength of the magnetic coupling between two coils. Its value depends
on their geometrical characteristics and relative position, including their dimensions,
separation distance, alignment, and orientation. When k = 0, the coils are completely
uncoupled, and the current flowing through one coil has no effect on the other. On the
other hand, k = 1 represents ideal magnetic coupling, in which all the magnetic flux
generated by one coil links the other coil. [2§]

13.56 MHz was chosen as the carrier frequency, which is in the worldwide ISM band
range to avoid tissue damage. [40] Also, coil antennas operating at 13.56 MHz, achieved
remarkable miniaturization despite the low operating frequency. [41] [42]

The receiver must be tuned at the same resonant frequency as the transmitter:

1 1
VIRV LlCl N VIRV LQCQ

A typical power transmission block diagram for inductive WPT systems used for AIMDs
consists of two parts: the transmitter, external to the body, and the receiver, implanted
into the body. [43] Figure 2.5 shows a block diagram of an inductive WPT.

fres =

(2.3)

E) Tx-circuitIF: Link F’:n Rx=circuit IET

o | |1 f N-C% ] | Vrect VL
Tx L1x Rx J- R
V L
S+ lnc.od | v || MN Lax 1| MN DC-DC
|7 HHAR O[] T EL

o* r]TgT I-Z)MN

* Ney * ﬁLlnk * Nax

x k

Figure 2.5. Block diagram of an inductive WPT system. [28]

The Transmitter Circuit (Tx-circuit) generates an alternating current in the Tx coil,
labeled Lrx, which induces an alternating voltage in the Rx coil, labeled Lrx. The
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Receiver Circuit (Rx-circuit) adapts this induced voltage to power the load, Ry.
The main parameters that define the WPT link are: [28]:

the distance between Transmitter (Tx) and Receiver (Rx), and their relative orien-
tation with respect to one another;

the power carrier frequency, f;
the Power Delivered to the Load Pr;

Power Transfer Efficiency (PTE), nror, defined as the Pr, over the power taken
from the primary power supply;

Quality factor (@) of a coil, defined as the ratio between its reactance wL and its
parasitic resistance R.

wlry WLRX WLRX WLRX

) X = 5 = —, L = —————————. 2.4
Ry Cr Rpx QL Re{Znn} OracL Rgpx + Ry, (24)

QTX =

High-quality factors and high coupling coefficient are desired to reduce losses and increase
NLink under almost any condition. [28]

The receiving system, which is the main focus of this thesis project, is composed of four
main blocks:

Inductive Link: The inductive link basically works as a transformer, transferring
the power through the magnetic field, which is alternating at the carrier frequency.
[28]

RX matching network: A matching network is usually implemented between
the receiving coil and the rectifier to ensure that the impedance of the RX antenna
matches the input impedance of the rectifier. [26] Impedance mismatch can lead
to reflections, power losses, and reduced efficiency. Therefore, matching networks
are essential components for maximizing power transfer. [26] In order to adapt
the load impedance of the Rx coil with the rest of the inductive link, Zyn,,,.,
was calculated. It represents the optimum value for Zj;n that maximizes the link
efficiency npink. [28]

Re [ZMNopt—n] = RRI \/k%x—Rm QTJU QRx + 1

Only the real part was considered, since the imaginary one is canceled by the
resonant capacitor placed in series. [28]

RX rectifier: A rectifier is required because the load circuit usually needs a DC
voltage. Its design strongly depends on the operating frequency and power level
structures. Regardless of the selected architecture, the goal is to rectify the input
signal as efficiently as possible, minimizing power dissipation. [28]

DC-DC converter : A DC-DC converter is placed after the rectifier to regulate
its output voltage to the value required by the load. [2§]

The design of each of these blocks will be illustrated in detail in Chapter 3.
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2.3.3 Power Transfer Efficiency

Since there is no radiation in the near-field regime, the energy losses within the inductive
link mainly occur in the parasitic resistances of the transmitter and receiver coils, denoted
as Ry and RRgy, respectively. Therefore, the power supplied by the transmitter circuit,
Pry, is either transferred to the receiver circuit as Py or dissipated as heat in the coil
resistances. [44]

The Power Transfer Efficiency (PTE) of the inductive link, denoted as npinx and defined
in Figure 2.5, is expressed as the ratio between the input power of the receiver circuit,
Py, and the output power of the transmitter circuit, Pry [28]:

P
TMLink = Pl\g (2.5)
X- k P x2 X X-
—_— QrxL  Frerx QTx@Rx-L (2.6)

kx— x2 X X- ]-7
QL  krerx QmxQrx1. +

LR MLy

where 7y, is the efficiency of the RX coil, defined as: [2§]

QRX _ QRX—L

Lpx — = 2.7
T = Qe + Q1 QL 27)
MLy, 18 the efficiency of the Tx coil, defined as: [28]
R ke reQ@mxQrxer
77LTX - - 2 . (2.8)
RRyTxor T B1x ke g @Tx@Rx-L +1

Figure 2.6 shows the four main topologies of resonant coupling.

(a) (b)

_ Tx-clrcult Rx-circuit | Tx-clrcult IE: Rx-circuit

(d)

Figure 2.6. The four fundamental topologies of resonant coupling [28]
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1. Series-series: typically used in high-power applications with a voltage source Tx.
In this case, Ry, and Rp, have the same order of magnitude.|28]

2. Series-parallel: typically used in low-power applications with a voltage source Tx.
In this case, Ry, is much higher than Rp,.[28]

3. Parallel-series: typically used in high-power applications with a current Tx source.
In this case, Ry, and Rp, have the same order of magnitude.[28]

4. Parallel-parallel: typically used in low-power applications with a current Tx
source. In this case, Ry, is much higher than Rp,.[28]

The Series-Series (SS) compensation topology was selected over all the configurations. It
consists of series capacitors on Tx and Rx side. [32] These capacitors are then calibrated
to resonate at the specific nominal frequency in 2.3:

1
— - Ly, 2.
CTx'W “ T ( 9)
LI (2.10)
CRJ:'W - fe '

Resonant condition allows to minimize the reactive power absorbed by the circuit and
therefore to maximize the efficiency. [45]

The SS compensator is better tailored for the low-loaded applications and allows high
efficiency even at low coupling coefficients. [45]. When the operating frequency is kept
fixed at the resonant frequency, the SS topology can exhibit a nearly constant voltage
gain over a limited range of coupling coefficients and load resistances. This behavior is
due to the fact that the SS compensation keeps the link close to resonance, reducing
the sensitivity of the voltage transfer to moderate variations of the inductive link and
equivalent load. Similar dependencies of the voltage gain on mutual inductance, load and
operating frequency in SS-compensated WPT systems are discussed in [46]. Compared
to the SP topology, the SS compensator is explicitly better tailored for low-load applica-
tions, as it maintains a more reliable and higher voltage gain. [46]

This aspect also simplified the design of the following matching network, since at reso-
nance the reactive components of the compensated inductive link are ideally canceled and
the equivalent impedance becomes mainly resistive. A major theoretical and practical
advantage is that the required transmitting side compensation capacitance Crx depends
entirely on the primary self-inductance and the resonant frequency. [46] As a result, the
impedance transformation required by the matching network could be designed more di-
rectly. Moreover, the LTspice simulations performed during this work showed that the
SS topology provided better performances than the SP topology under the considered
low-power operating conditions. For these reasons, the SS compensation topology was
selected for the receiver design.

21



Theoretical Background

2.4 Constraints for Biomedical Applications

2.4.1 Dimensions

In AIMDs, the physical size of the implanted receiver is one of the main design constraints.
Since these devices must be placed inside the human body, the receiver should be as small
as possible to reduce invasiveness and avoid interfering with the surrounding tissues and
organs. Consequently, the receiving coil should also be minimized, as it usually represents
one of the largest components of the implanted WPT system.

However, reducing the size of the receiving coil directly affects the inductive link perfor-
mance. A smaller coil generally leads to a lower coupling coefficient, reducing the amount
of power that can be transferred from the external transmitter to the implanted receiver.
This becomes particularly critical when the implant is located deeper inside the body,
when misalignment occurs, or when the device requires higher power levels. Therefore,
the design of the Rx coil represents a key challenge in implantable WPT systems, since
it requires a trade-off between the physical constraint of minimizing the implant size and
the electrical requirement of ensuring sufficient coupling and transferred power.

2.4.2 Specific Adsorption Rate (SAR)

Exposure to RF is tightly limited by standards. It was observed by Mohanarangam et
al. [47] that the Specific Adsorption Rate (SAR) value at low frequency is small when
compared to high frequency irrespective of the shape of the coil. The maximum averaged
SAR for the human head is set by the Federal Communications Commission (FCC) to
1.6 W/Kg for 1 g of tissue mass measured during 6 minutes of exposure. [42]

SAR is defined as:

0'|£?1"ms‘2

p

SAR = (2.11)

where F,.,s is the magnitude of the electric field; o and p are respectively the tissue
conductivity and density. Following the Maxwell’s equation, it is possible to extract the
electric field E from the magnetic field B:

VXxE= —88—? o 27 fIq (2.12)

where f, is the operating frequency and I1 is the flowing current. Therefore, several
environments for the exposure’s simulation assumed that the SAR is proportional to
(wpl1)?. Since the electric field is proportional to the current and the frequency, it is
possible to increase the external current while keeping constant the SAR by proportionally
decreasing the operating frequency of the link. [42] It was proved by Mohanarangam et
al. [47] that in an implantable coil, usually placed in 10 mm depth in human tissue, at
13.56 MHz in low-power applications, it is very unlikely for SAR to exceed the maximum
value. [47]
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[

SAR (Wikg)

0
@ Input power (W)

Figure 2.7. SAR vs. Input power at 13.56 MHz. [47]

Fig. 2.7 shows calculated SAR in a human tissue model formed using three consecutive
layers of 1 mm skin, 2 mm fat and 7 mm muscle. At 13.56 MHz, for an input of 0.3
mW, SAR is 0.29. [47] The SAR cannot be measured experimentally and therefore it
was measured with high frequency structure simulator (HFSS), simulating the system at
13.56 MHz. [47]

2.4.3 Overheating

Overheating is a common problem in WPT systems, particularly in NRIC systems: ac-
cording to European Standard EN45502-1 [48], an implanted device’s temperature must
not rise more than 2°C over body temperature. The overheating is mainly due to the
poor power transmission efficiency (PTE) and the low coil quality factor. Several factors,
such as load variation, coil misalignments, and coil distance, influence the PTE. Poor
PTE means that more power is lost as heat, which can cause the system to overheat,
harming the surrounding human tissue. [49] The dissipated heat in both Tx and Rx coils
should be strictly limited to prevent excessive temperature elevation, which may harm
the surrounding human tissue. [28]

2.4.4 Coil Misalignment

One of the main challenges associated with NRIC is its high sensitivity to coil misalign-
ment. [26] The PTE and the amount of power that may be transferred are consistently
reduced by the axial and angular misalignment between magnetically connected coils.
Coil misalignment reduces the magnetic coupling between the transmitter and receiver
coils. As a consequence, the impedance reflected from the receiver side to the transmitter
side decreases, modifying the effective load seen by the primary coil driver. This reduces
the power transferred to the receiver and can move the transmitter away from its optimal
operating condition, increasing switching losses and reducing the transmitter efficiency.
Therefore, as misalignment increases, both the power delivered to the receiver and the
overall link efficiency decrease [50].

o Vertical displacement: coils are aligned but their distance is changing.
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Figure 2.8. Vertical coil misalignment. [51]

e Lateral displacement: coils are placed in parallel planes but their centers are dis-
placed by a distance A. [51]

Figure 2.9. Lateral coil misalignment. [51]

e Angular displacement: the planes of the coils are tilted to form an angle a and the
axis of one coil passes through the center of the other one. [51]

Figure 2.10. Angular coil misalignment. [51]

Experimental results for each misalignment will be presented in Chapter 6.
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2.5 Receiver Requirements

In implantable electronic architectures, maximizing power transfer efficiency remains a
key requirement. Inefficient power transfer can increase losses in the receiver and sur-
rounding tissues, leading to local heating. Therefore, high efficiency is essential to limit
temperature rise and ensure patient safety. The core challenge of the receiver design
stems from the low power transmission levels. The electrical requirements diverge into
two specific targets based on the destination project:

¢ NerveRepack Configuration: The receiving system must provide a highly stable
dual-rail voltage supply of +3.3 V to the load.

« Rewire Configuration: The circuit must provide an expanded multi-rail compli-
ance delivering +3.3 V, +7 V, and —7 V output rails to the load.

To limit energy dissipation in biological tissues while enabling efficient near-field magnetic
coupling, the carrier frequency was set to the 13.56 MHz ISM band, as discussed in Section
2.3.2.

Since the heating constraint requires the tissue temperature rise to remain below 2°C, as
explained in 2.4, a highly optimized power chain is necessary to minimize the dissipated
heat fraction (Poss = PN — PouT) generated by the rectifier and the subsequent DC/DC
stages.

The physical positioning of the subcutaneous receiver circuit with respect to the external
transmitter adds major electrical variables:

e Transcutaneous links are highly susceptible to angular and axial misalignments due
to patient movement or placement tolerances. The system must operate reliably
across an established nominal distance of 10 mm (1 cm);

e The input impedance of the rectifier changes non-linearly as the load power con-
sumption shifts. The receiving matching network must be designed to transform
the variable load into a target optimal impedance, preventing frequency splitting.
In the frequency splitting phenomenon, the system loses its single Zero-Phase-Angle
(ZPA) operating point and splits into two distinct peak frequencies, which severely
destabilizes the voltage gain and degrades power transfer efficiency. [46];

e Footprint size must be minimized for active components, inductors and capacitors
in order to maintain a layout footprint that can result in sufficiently low dimensions.
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Chapter 3

Materials and Methods

3.1 Design of the receiving system

Two different boards were designed, following the different requirements of NerveRepack
and Rewire projects. The RHS2116 requires different supply rails because its recording/-
control circuitry and stimulation circuitry are powered by separate domains. The 3.3V
supply corresponds to Vpp and is required to power the digital logic, SPI interface, ADC,
multiplexing circuitry, and amplifier stages. According to the datasheet [7], Vpp must
be regulated between 3.2V and 3.6 V, with 3.3V as the recommended nominal value. In
addition to Vpp, the stimulation circuitry requires two dedicated supply rails, Vsrmv+
and Vgrmvi—. These rails define the compliance voltage available to the constant-current
stimulators and allow the chip to generate biphasic stimulation pulses.

For the NerveRepack receiver, the stimulation rails were set to Vgt = +3.3V and
Vsrivi— = —3.3 V. This configuration reduces the required output power and is suitable
for lower stimulation requirements. In the Rewire receiver, Vormvy = +7V and Variv— =
—7V were adopted, providing the maximum symmetric stimulation range allowed by the
chip, equal to 14 V. This larger compliance range is required to support higher stimulation
currents and more demanding electrode tissue loads. In the following chapter, the choices
made for each block of the receiving circuit will be illustrated, according to the two project
requirements.

3.1.1 Load

During the receiver design, it is essential to identify the power consumption of the tar-
get device, represented by The Intan Technologies RHS2116 microchip, a bidirectional
electrophysiology interface system suitable for a wide variety of biopotential interfacing
applications. [7] In particular, the current drawn from each supply rail must be evaluated
in order to define equivalent load resistances that emulate the electrical behavior of the
device. For this purpose, three different resistor values, Rypp Ry srin+, Rvsrinv—, were
calculated in order to simulate the load: Ry pp represents the resistor connected to the
power supply (3.3V). Rysrram+ represents the resistor connected to the positive stimu-
lator power supply Vsrrar+; Rvsriam— represents the resistor connected to the negative
stimulator power supply Vsrrar—;
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The current contributions due to the quiescent and stimulation operating modes were
separately evaluated and then combined to determine the total current consumption of
each channel. First, the quiescent current drawn from the Vpp supply was calculated by
summing the baseline current consumption in 3.1, the contribution of the AC amplifiers,
the ADC current consumption, and the impedance monitoring circuitry contribution in

[7]
supply current | supply current
VSTIM= | from VSTIM+ | from VSTIM-
+3.3V 0.57 mA 0.41 mA
+7.0V 0.62 mA 0.48 mA

Table 3.1. Quiescent currents for supply levels of interest. [7]

Inc = nen - 9-2uA/kHz - fiy

[ sample = Tlch * [ sample,ch

Ixpeymux = 5.2 pA/(kS/s) + fsample

Limp = 0.12mA

(3.1)
(3.2)
(3.3)

(3.4)

The current related to stimulation consumption was then evaluated considering biphasic
stimulation pulses, as shown in Figure 3.1.

Istim c

Istim 4;"&_' l’f

+

+ Velec -

+Q

-Q

Velec

slope = +I/V] AV

time

model of an electrode. [7]

Impulse width, T, values are in a range from Tyn = 20 ps to Tyax =1 ms.

AV time
AV
AV=IR
slope =-1IC AV

Figure 3.1. Typical biphasic current pulse, and a simplified series RC

The duty cycle of the stimulation signal was defined as:

D = fstim(Th + 1)
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where fgTmv is the stimulation frequency, while T1 and T2 represent the durations of the
negative and positive stimulation phases, respectively.

The instantaneous currents for the positive and negative stimulation phases were con-
verted into average current values through a time weighted averaging procedure.

If a positive stimulation current with magnitude Ispny is supplied from one channel, the
currents drawn from each power supply increase during stimulation as follow: [7]

Vop Al =0.23- Istu (3.6)
Vsrimy AI =1.15- Igriv (3.7)
Vsrii— AI=0 (3.8)

If a negative stimulation current is supplied from one channel, the current increases by
the stimulation:

Vop AI=0.10- Istiv (3.9)
Vsrivge AT =034 Igrv (3.10)
Vsriv— AT =1.31-Igriv (3.11)

IsTrv values are in a range from Istmv, min = 2.55 pA to Istiv, Max = 2.5mA, according
to [7].
The average stimulation current was therefore obtained as:

Ty T,
Lye= ——1 LR |
e 4+ T nngrT1+T2 pos

The resulting average value was subsequently multiplied by the duty cycle in order to
account for the pulsed operation of the stimulator.

The total current drawn from each supply rail was then calculated by summing the
contributions of the quiescent and stimulation currents. Once the total currents were
obtained, the overall power consumption of the system was calculated as:

(3.12)

Piot = VpplIvpp ot + VsTivdIvsrtiv+ sot + VsrimIvsTiv— tot (3.13)

Different parameters were used for NerveRepack and Rewire projects, as shown in Table
3.2.

Parameter | NerveRepack Rewire
Chstim 2 8
Chrec 5 8
Vitim 3.3V TV
fu 5 kHz 10 kHz
fsample,ch 10 kS/s/channel | 20 kS/s/channel

Table 3.2. Comparison of the main system parameters for the NerveRepack
and Rewire projects
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Different studies including RHS2116 were considered [52, 53, 54, 55], and summarized in
Table 3.3.

Article Waveform Freq(l;;e ney Pulse Width
Biphasic, charge-balanced )

Wright et al. waveform with passive charge 30 Hz 1000 ps (range:

. 100-1000 us)
balancing
. Biphasic pulse trains,

Lienemann et al. cathodicfirst 1 Hz 200 ps

Zurita ot al. Blpolar, charge-balanced pulse 1 Hy 500 pis
trains

Carnicer-Lombarte . . . 100 Hz (10 ms

ot al. Trains of 100 biphasic pulses period) 100 ps

Table 3.3. Comparison of stimulation parameters reported in selected neural interface studies.

fsrrm = 30Hz was chosen, to evaluate the worst case. [52].
Figures 3.2 and 3.3 show the power calculation results for the two projects.

Power values [mW] - nerve repack

20 K13 81 15.81 15.81 15.81 1581 1581 15.81
17.2
50 K3 81 1581 1581 1581 1581 15.81
- 100 KIS 81 15.81 1581 1581 1581 15.82 17
o 150 RES 15.81 15.81 15.81 15.83 &g
= 200 K3 15.81 15.81 15.81 15.84
= 16.6
-‘g 250 KIS 15.81 15.81 15.81 15.85
@
2 300 g3 15.81 15.81 15.82 15.85 14
oo
E 400 K3 1581 1581 15.82 15.87 15. 16.2
500 KIS 15.81 15.81 15.82 15.89 -
1000 KI3 15.81 15.82 15.84 15.97

M

© o D oo & 5}
09()1 ().00 ().0’\1 ().01 o° Q

1
N

Stimulation current | . (mA)
stim

Figure 3.2. Estimated power consumption for the NerveRepack circuit.
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Power values [mW] - rewire

20

50

100

150

200

250 : A - : 2446 2

300 : : : : 2459 25.73

Impulse width T1, T2 (us)

400 : g .93 24. .34 24.84 26.36 ikl

500 g3 X : 251 | 27 (LAl

1000 p&f .86 ; ] : .1 126.36 Al 36.49

© A, o] 2] A, D o] A, o] 5
0901 ().0()6 09\1 Q.Qlfa o Qf\rﬂ NG NS

Stimulation current | . (mA)
stim

Figure 3.3. Estimated power consumption for the Rewire circuit.

The color scale and the numerical values inside each cell represent the total power ex-
pressed in mW. The lower power values, highlighted in blue and approximately equal to
16 mW, and 24 mW represent the standard operating condition. The maximum power
consumption is equal to Pyiax = 17.39mW for NerveRepack and Pyax = 36.49 mW
for Rewire. These maximum power conditions, corresponding to the highest stimulation
current and pulse width (I = 2.55 mA and Ty = T, = 1000 us), were used to evaluate
the equivalent resistance values in MATLAB, by using the following equations:

v
Ryad = I& (3.14)
vdd,tot
Visti
Rvstier = T St (315)
vstim+,tot
Vs im
Rvstim— = IL (316)
vstim—,tot
Parameter | NerveRepack | Rewire
Rvpp 854.81 Q 648.34
Rysrriv+ 4135.49 Q 4569.55 2
Rysrin-— 5406.03 2 5461.41 Q

Table 3.4. Equivalent load resistances for the NerveRepack and Rewire systems
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Given these resistance values,

Rtarget = ‘Ff)m%ameax (317)
target
Where P, is the maximum power value showed in Figures 3.2 and 3.3, R,eqs are the
measured resistance values in 3.4 and P4t are the output values considered for circuit
efficiency evaluations in simulation, respectively 16 mW, 30 mW, 50 mW, 100 mW for
NerveRepack and 24 mW, 30 mW, 50 mW, 100 mW for Rewire.

Load power Rypp [Q] Rvsriv+ [Q] Rvsriv— [€]

16 mW 929.00 4494.76 5875.65
30 mW 494.40 2394.00 3120.00
50 mW 297.20 1438.30 1880.00
100 mW 148.65 719.16 940.10

Table 3.5. Load resistance configurations for the NerveRepack receiver.

Load power RVDD [Q] RVSTIMJr [Q] RVSTIMf [Q]

24 mW 985.73 6947.6 8301.34
30 mW 788.59 5558 6642.89
50 mW 473.15 3335 3986
100 mW 236.57 1667.52 1993

Table 3.6. Load resistance configurations for the Rewire receiver.

3.1.2 DC/DC Converters

DC/DC converters were selected to generate the regulated supply voltages required by the
two receiver circuits. Since a stable 3.3V supply must be provided in both architectures,
the same converter, the LTC3129-1 from Analog Devices, was adopted for Vpp.

In the NerveRepack receiver, the LTC660 was employed to obtain the negative —3.3V
rail, whereas the LT3471 was selected to generate the +7V and —7V stimulation supply
rails in the Rewire receiver.

LTC3129-1

The LTC3129-1 is a high-efficiency, 200 mA buck-boost DC/DC converter with a input
range from 2.42V to 15V and output voltage range from 2.5V to 15V. [56] In this work,
the output voltage was configured to Vour = 3.3V according to the pin configuration
reported in Table 3.7.

VS3 and VS2 were connected to ground, while VS1 pin was connected to VCC. The
adopted configuration is shown in Figure 3.4 [56].
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LTC660

VS3 PIN | VS2 PIN | VS1 PIN | VvVOUT
0 0 0 2.5V
0 0 Voo 3.3V
0 Voo 0 4.1V

Voo 0 0 6.9V
Vee 0 Voo 8.2V
Voo Voo 0 12V
Voo Voo Voo 15V
Table 3.7.  Vout Program Settings. [56]
L1
10p
|1 €2
[22n SW1 SW2 [22n
BST1 BST2
—IF— Vin Ul Vout
— PWM Vsl
LY
RUN VS2 —
Ve 1e31201 VSR
" MPPC Pgood
__C? GND
__2.2|.I
L

Figure 3.4. LT(C3129-1 LTSpice configuration

In the NerveRepack receiver, the LTC660 was used in voltage-inverting configuration to
generate the negative stimulation rail. Its configuration in LTSpice is shown in Figure
3.5. In particular, the +3.3 V supply was converted into —3.3 V, providing the required
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Vsriv— voltage for the RHS2116 chip. The LTC660 is a monolithic CMOS switched-
capacitor voltage converter. It can operate as a voltage inverter, converting a positive
input supply into a complementary negative output voltage. For this operating mode,
the input voltage range is from 1.5V to 5.5V, resulting in output voltages from —1.5V
to —5.5 V. The device can also be configured as a voltage doubler, with an input voltage
range from 2.5V to 5.5V and a corresponding output voltage from 5V to 11V [57].
The use of a switched-capacitor converter is particularly suitable for this receiver because
it allows the negative rail to be generated without using an inductor. This reduces the
number of magnetic components on the PCB, which is an advantage in terms of size
reduction and layout simplicity. Moreover, since the negative rail in the NerveRepack
architecture is limited to —3.3V, the LTC660 can directly generate the required Vgrmv—
voltage starting from the available +3.3V rail.
Switched-capacitor converters are generally more suitable for low-current applications,
since their output voltage decreases as the load current increases due to the equivalent
output resistance of the charge pump stage. [58]

J

v Vin
ECap+ LT 0SC

GND Lv

T“ B LTC660
Cap- Vout oyr2

Boost

R_vstim_neg

Figure 3.5. LTC660 SPICE configuration

LT3471

In the Rewire receiver, the stimulation circuitry requires two higher voltage rails: Variv4 =
+7V and Vgriv— = —7 V. For this reason, the LT3471 from Analog Devices was selected.
The L'T3471 is a dual switching regulator that includes two internal power switches, each
rated for a maximum voltage of 42V and current of 1.3 A, and two error amplifiers. This
architecture allows the device to be configured both as a non-inverting boost converter
and as an inverting converter [59]. The LT3471 was selected because it can generate
both the positive and negative stimulation rails using a single integrated device. This
is particularly useful in the proposed architecture. Compared to the NerveRepack re-
ceiver, the Rewire configuration requires higher stimulation voltages and a larger avail-
able output power; therefore, an inductive switching regulator is more suitable than a
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switched-capacitor converter. On the other hand, the architecture requires higher num-
ber of required external components, including inductors, diodes, feedback resistors, and
compensation components. One output was configured to generate the positive stimula-
tion rail, Vgrivy = 47V, while the other output was configured to generate the negative

stimulation rail, Vs = —7V, as shown in Figure 3.6.
L2 [r)\l_r' ouT2
22 | MBRI1120 s
- R1 R_vstim_pos
RG _ SULE 47y
SHDN/S51 FB1N
47K o ! U2
1;33“ FB1P
Vin LT Vref

LT3471 ]

R'5 ——
-—/\/\/TSHDNJSSZ FB2P
47K |CB GND swz

;E}su 47 - o 105K ;5.,
|| ouT3

D2
“lop |cs

u i R_wstim_neg
HBRH]ZD$°"

Figure 3.6. LT3471 SPICE architecture

For the non-inverting boost output, the output voltage is set by the feedback resistor
divider according to [59]:

R
Vours = Vrep ( + Rl) (3.18)
2

Therefore, the upper feedback resistor can be calculated as:

Ry =Ry (VOUT2 - 1) . (3.19)
VFBP

Since Vppp is tied to the internal reference voltage, Vrgr = 1.00V, and Ry was set to the
typical value of 15k(), the current flowing in the feedback divider is approximately:

o 1.00V
W T 15kO
For the target output voltage VouT2 = Vstimy = 7V, Equation 3.19 gives:

~ 67 jA. (3.20)

Ry = 15k0 < - 1> = 90 k(. (3.21)

A standard resistor value close to this result was then selected.

For the inverting output, Vours = —7V, the feedback network is configured with Vepn
tied to ground. The resistor R3 is connected between Vgpp and Vgygr, while Ry is con-
nected between Vpgp and Vours. The output voltage is given by [59]:
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Ry

Vours = —Vagg <R—3> . (3.22)

As for the positive output, R3 was set to 15k{2, resulting in a divider current of approx-
imately 67 pA. For the target voltage Vours = Verim— = —7V, Equation 3.22 gives:

3.1.3 Coil measurements

Figure 3.7 shows the transmitter coil, and Table 3.8 its geometrical values.

Figure 3.7. Transmitter Coil

L d_in d_out w S N
(mm) (mm) (mm) (mm) (mm)
50 21 46 0.75 0.75 8

Table 3.8. TX geometrical values

Figure 3.8 shows the receiver coil, and Table 3.9 its geometrical values.
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Figure 3.8. Receiver Coil

L d_in d_out w S N
(mm) (mm) (mm) (mm) (mm)
45 26 42 0.8 0.7 7

Table 3.9. RX geometrical values

Coil measurements were performed by using the Vector Network Analyzer (VNA) by
Keysight in order to measure inductance and resistance values. An initial phase of elec-
tronic calibration was performed, enabling the VNA to factor out the effects of cables and
adaptors used in the connection of the Device Under Test (DUT). [60]. Subsequently,
measurements were performed at the operating frequency of 13.56 MHz in order to char-
acterize the inductive link. The two cables, connected respectively to Port 1 and Port
2, were connected to the flexible transmitter coil and the receiver coil, to measure phase
and magnitude of Si1, Sa1, S12, S22. The separation distance between the two coils was
set to 10 mm, a target separation distance to simulate biological tissues, including skin
and subcutaneous fat, as shown in Fig. 3.9.
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Figure 3.9. Measurements setup

Outside View Inside VNA View

— o6 s Port N 9 Port
K- : DUT &y
Re(evenoel Reflected Transm\lllRelerenoe
Port 1 Port 2 Signal Signal Signal Signal
b, b,
DUT

2

Port 1 s Port 2
21
S-Parameter Ffoward ncident Transmitted b,
a
Theory ' but v .
r Su
View b, dReflected a1=0
! (—
S
bs Transmitted Incident Reverse
¢ DUT 2 <@
X S
2,=0 Reflected
L b,
Forward: Reverse:

Reflected _ by

_ s, = Reflected _ b,
Incident a1 “

=0 Incident ~ @

Reflection: | Su =
a:=0

s _Transmitted _ bz
o1 = SaDSTILLES

_ s,, = Transmitted _ by
Incident ~ a1 ”

2=0 Incident a;

Transmission:
ai=0

Figure 3.10. Understanding scattering parameters [60]

High frequency multiport networks are characterized by analyzing incident (a,) and re-
flected (by,) power wave phasors. For a two port network, the relationship between these
waves is defined by the scattering matrix:

b1 = S11a1 + Si2a2

by = So1a1 + Saza2
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A VNA measures these parameters using internal directional couplers to isolate the
reference, incident, and reflected signals across two sequential operating modes:

o Forward Case (a2 = 0): Port 1 transmits the stimulus (a;) while Port 2 is terminated
into a matched load (Zy). This configuration yields the input reflection coefficient
S11 = b1 /a; and the forward transmission coefficient Sa; = ba/a;.

o Reverse Case (a; = 0): Port 2 transmits the stimulus (a2) while Port 1 is matched.
This allows measurement of the output reflection coefficient Saa = ba/as and the
reverse transmission coefficient S1o = by /as.

Through this dual-stage measurement, the VNA fully determines the vector scattering
matrix of the DUT. Throughout a MATLAB code, L. and R values were extracted from
S-parameters.

Figure 3.11. 'WPT coil electric model. [61]

The VNA measurements provide the scattering parameters over frequency. After conver-
sion into impedance parameters, the magnitude and phase of the impedance can be used
to extract the equivalent inductance, resistance, and impedance through the following
equations: [43]

R=%R(Z)=1|Z|cos ¢ (3.23)
X =9(Z)=1|Z|sin¢ (3.24)
L= C“;ETZf) (3.25)

LH R[Q| Q
Transmitter coil | 2.8e-6 6.33 | 37.33
Receiver coil 2.32e-6 | 6.03 32.8

Table 3.10. Electrical parameters of the transmitter and receiver coils

The coupling coefficient k£ was also calculated from the mutual inductance M and the
self-inductances of the transmitter and receiver coils, L1 and Lo, according to 2.2. The
resulting coupling coefficient was equal to k = 0.25.
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3.1.4 Rectifier

Three rectifier topologies were investigated: a voltage-doubler rectifier, a full-bridge rec-
tifier, and a class-E rectifier.

Voltage doubler rectifier

Voltage doubler rectifiers are commonly used when a higher DC output voltage is required
from an AC or RF input signal. The Greinacher voltage doubler, shown in Figure 3.12,
represents one of the most widely adopted topologies in RF energy-harvesting. This
architecture uses diodes and capacitors to both rectify the input waveform and increase
the resulting DC output voltage. [62]

Matching L
Network —|

> Z&o

Figure 3.12. Greinacher voltage doubler topology

Full bridge topology

The full-bridge topology is widely used in power electronics and can be implemented with
either diodes or active switches, such as power MOSFETs. When active switches are
utilized, the full bridge rectifier is known as a synchronous rectifier. This configuration
has been employed in inductive power transfer (IPT) systems for bidirectional power
transfer, a feature that conventional diode bridge rectifiers have yet to achieve. However,
this topology is not suitable for power transfer at MHz frequencies due to the challenging
dead-time requirements for driving a full bridge at such high frequencies. Additionally,
the overall electromagnetic interference (EMI) performance is negatively impacted at
these frequencies. [63]

39



Materials and Methods

——

Figure 3.13. Full bridge topology. [63]

Class-E topology

Figure 3.14 illustrates a half bridge rectifier of the Class E type, which operates using
a current-driven approach. The capacitor Cp connected across diode acts as a voltage
snubber, enabling zero-voltage switching (ZVS) during turn on. The diode and capacitor
are arranged in parallel with the second-order LC filter and the current-driven source. As
a result, the current flowing through them is the combination of the AC current entering

the system and the steady-state output current. [63]

C, L i
| _”_fYW\ — — Y
A (I ix SvReVi
I

Zin

Figure 3.14. Class-E rectifier driven by a current source. [64]

Resonant rectifiers are included in power conversion systems operating at frequencies
above 10 MHz. Applications for these circuits include very high frequency DC/DC con-
verters, wireless power transfer systems. The design of the class-E rectifier begins with
maximum output power P, max, dc output voltage, Vp, frequency f, and diode peak
voltage Vp pi specifications, [64] defined in Table 3.11.
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Parameter Value
P, max 150 mW
V, 6V
VD pk 16V
f 13.56 MHz

Table 3.11. Class E rectifier specifications

An ideal diode was used to simulate Vp i, the ideal peak voltage value used for the
calculations. A diode MMBD452 [65] with a Vp ,; = 30V was then chosen, to avoid the
breakdown of the diode.

v
Vo = 7?/5”“ (3.26)

where Vp . is the diode peak reverse voltage

2 fV2
Cp = C, % (3.27)
2 POm X
L,=1L, % (3.28)

where P, max is the maximum rated output power.
After calculating Vp ,, normalized capacitance value was extracted in Fig. 3.15.

Through Cn value, Ln was extracted in Figure 3.16. By knowing Cn and Ln, Cr was
calculated by 3.27 and Lr was calculated by 3.28. Considering C'r as the parallel between

Cp and C4, Cr cannot be chosen to be smaller than the intrinsic capacitance of the
diode. [64]
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Peak diode voltage vs Capacitance
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Figure 3.15. Maximum normalized peak diode voltage vs. normalized capacitance for
different power range ratios (P, max:Po min)- [64]

Inductance vs Capacitance
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Figure 3.16. Normalized inductance vs. normalized capacitance for different
power ranges ratios (Ps max:Po max)- [64]
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Parameter | Value
Chn 0.2
L, 2.01
C, 9.78 pF
Cp 1.5 pF

Table 3.12. Class E rectifier design values

The power range ratio is a design parameter to define the operating power interval of the
rectifier. It is defined as the ratio between the maximum rated output power, P, max, and
the minimum rated output power, P, in, for which the rectifier is expected to operate
correctly:

P max
Power Range Ratio = Poia (3.29)
o,min

This parameter represents the variation of the equivalent load connected to the rectifier
under normal operating conditions. In the rectifier design procedure, it is also useful to
evaluate whether the input impedance remains mainly resistive over the selected power
range.

Common values used for the power range ratio are:
e 2:1 corresponds to a small power variation;
e 5:1 corresponds to a moderate power variation;
e 10 :1 corresponds to a wide power variation;
e 20 :1 corresponds to a very wide power variation.

In this work, a 2 : 1 power range ratio was selected in order to evaluate the rectifier
performance under a limited variation of the output load condition. This choice allows
the rectifier to be optimized around the nominal operating point while still considering a
realistic variation of the delivered power.

43



Materials and Methods

Lret
LOAD IYYY— [N
Dl :: C'ret ::
1

Parameter Value

Dy MMBD301LT1G
Chret 8.28 pF
Lret 5.9 [LH

Figure 3.17. Class-E rectifier circuit and component values.

LOAD L_ret
5.9
D3
C_ret
D_MMBD301 8.28p

Figure 3.18. Class-E rectifier design in LTSpice

To compare the different rectifier topologies, SPICE simulations were performed by mod-
eling the input of the following DC/DC converter stage as an equivalent resistive load to
evaluate the efficiencies. The value of the equivalent resistance was calculated from the
minimum input voltage required by the LTC3129-1, equal to Vi, = 2.42V [56] and from
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the corresponding input current:

Vmin

1 input

Req = (3.30)
This resistor was connected to the output of the rectifier. Then, an AC voltage or current
source was placed at the rectifier input and its amplitude was adjusted until the average
output voltage across the equivalent load reached at least 2.42V. In this way, each
rectifier topology was tested under the same minimum voltage requirement imposed by
the DC/DC converter stage.

The average input and output powers were then calculated, and the rectification efficiency
was evaluated as:

P
Moot = —2e ™8 100 (3.31)
Pin,avg

Table 3.13 reports the average input power FPyutavg, average output power P, ave, and
rectification efficiency 7.t for the three rectifier topologies.

Rectifier topology Poutave [MW]  Piave [MW]  1ect [%0]

Class-E rectifier 43.33 52.21 83.00
Full-bridge rectifier 41.80 o7.87 72.24
Voltage doubler 53.23 102.92 51.72

Table 3.13. Comparison of the simulated rectifier topologies.

Among the tested topologies, the class-E rectifier was selected because it provided the
highest simulated efficiency over the considered operating range.

3.1.5 Matching Network

In order to match the Z/n,,, with the input rectifier impedance, different matching net-
works can be implemented including: T-Match, L-Match and w-Match [28], respectively
a) b) and ¢) in 3.19.

L L Ls L

] fm
Ry O=F & Ca Rg Ry — (== Rs Ryi— > —|-('1 —

(a) (b) (c)

Ll

)
™

A

E3

Figure 3.19. Matching Network typologies. [66]

The simplest form of LC matching networks, L-networks was used. The circuit consists of
one inductor and one capacitor forming an L-shape. They are used for narrowband appli-
cations where the bandwidth is limited, offering simplicity and ease of design. Depending
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on the configuration, they can transform higher to lower impedances or viceversa. LC
matching networks are employed in RF amplifiers to maximize power transfer and mini-
mize reflections between the amplifier stages and load. A mismatch between the load and
source impedances in RF and high-frequency systems leads to reflections, reduced power
transfer, and potential signal integrity issues. The ideal scenario is when both source and
load have the same impedance, typically 50 € in many RF applications. Achieving that
perfect match often requires adding reactive components—inductors and capacitors—in
different configurations. The L matching network is adopted since it stands out for its
simplicity and versatility. [67]

On the other hand, the L-match provides the lowest Q among matching networks and
there is no freedom to arbitrarily set the bandwidth. Indeed, it only depends on Ry,
resistance value that models the load circuit, and Rg, source resistance: [68]

Q==t-1 (3.32)

a) b)

LOW-PASS (RL>Rs) HIGH PASS (RL>Rs)

d)

LOW-PASS (RL<Rs) HIGH-PASS (RL<Rs)

o

R,

——

Figure 3.20. L-match configurations

As shown in Figure 3.20, an L-matching network can be used either to increase or decrease
the impedance seen by the source, depending on its orientation. In general, the shunt
element is placed on the side with the higher resistance. [68].

Therefore, the following design rules can be applied:

e if R; > Rg, the shunt element is connected on the load side;
e if R; < Rg, the shunt element is connected on the source side.

In this work, since R, > Rg, the low-pass configuration (a) shown in Figure 3.20 was
adopted.

LTSpice simulations were performed to validate and refine the matching network design.
Although the same rectifier topology was used, its input impedance is not constant. Even
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under the same load condition, the impedance seen at the rectifier input can change
because of the nonlinear behavior of the rectifier. Therefore, the matching components
were obtained through an iterative procedure. Through the Fourier analysis (.FOUR)
provided by LTspice at the operating frequency of 13.56 MHz, the magnitude and phase of
the fundamental harmonics were extracted for the input matching network voltage Vun,
the receiver capacitive current I(Cyx), the output voltage Vioap, and output current
I(Vim) were converted into their corresponding complex phasors. All these points of
interest are shown in Figure 3.21.

v_im
C Cme o Lmn

= Rx 1 LOAD m
: N Sy i

a8p 59.2p o >ow
vi
) D3
L_bc L Cmn| pa o

SINE(O 3.1 13.56Meg) asp 232, T D_MmMBD301 Te28p

KL_txL_x {K}

LT

-param K=0.25

tran 0 40m 0 1n

Figure 3.21. SPICE circuit example with general matching network

The input impedance of the matching network (Zyn) and the output impedance of the
matching network (Zpoap) were analytically computed as follows:

ZyN = IVMN = jVMN 'ej(gvMNiechX) (3.33)
CirX IC?rx
o = V08 _ Moo 0t ) 331

IVflm AI V_im

The input impedance of the rectifier, defined as Z;,0ap, was fed into the Matching Net-
work Designer app of MATLAB RF Toolbox to calculate the nominal values of the match-
ing components, L and C. The network was designed to match the load impedance to
the target optimal input impedance, defined as Zyin opt = 48.6 €2. This value is very close
to the standard 50 €2 source impedance, generally used for impedance matching [6].

The idealized L and C values obtained from MATLAB were implemented into the LTspice
schematic. An iterative tuning procedure was then performed on the passive components
until the simulated input impedance Zyn converged as closely as possible to the target
value ZMN,opt-
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LT Spice Simulations

4.1 LTSpice schematic design choices

The complete system was simulated in LTspice in order to evaluate the power flow from
the transmitter to the final regulated loads. The simulated architecture includes a sinu-
soidal voltage source, the transmitting coil, the receiving coil, the resonant compensation
capacitors, the matching network, the rectifier stage, and the DC/DC conversion stages,
as designed in Chapter 3.

The two coils were modeled as coupled inductors, with self-inductances Ly, and Lg,,
series resistances Ry, and Rpg,, and magnetic coupling coefficient k.

The transmitter was simulated as an ideal sinusoidal voltage source operating at the ISM
frequency f = 13.56 M Hz, set at the minimum Vp value to ensure the correct voltage to
the load.

Transient simulations were performed until steady-state conditions were reached. All
electrical quantities were then evaluated over the final portion of the simulation window
in order to avoid transient effects and obtain stable average values.

For both NerveRepack and Rewire circuits, LTSpice simulations were conducted under
four different power conditions, obtained by varying the load resistance. For each power
level, three resistance values were used to represent the range of possible loads, as dis-
cussed in 3.1.1.

NerveRepack was simulated at 16 mW, 30 mW, 50 mW, and 100 mW. The matching net-
work was designed for two reference conditions: 30 mW and 100 mW (maximum opera-
tion).

Rewire was simulated at 24 mW, 30 mW, 50 mW, and 100 mW. The matching network

was designed for two reference conditions: 50 mW and 100 mW (maximum operation).

For both circuits, the matching inductance values across the two design points were
similar, while the capacitance varied. The matching network parameters for NerveRepack
are summarized in Table 4.1, and those for Rewire in Table 4.2.
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Power Level Inductance Capacitance

30 mW 1.40 pH 90.37 pF
100 mW 1.46 uH 69.77 pF

Table 4.1. Matching network parameters - NerveRepack

Power Level Inductance Capacitance

50 mW 1.87 uH 66.03 pF
100 mW 1.76 uH 71.14pF

Table 4.2.  Matching network parameters - Rewire

The small variation in inductance between the two operating points suggested that a single
inductor value can cover both conditions, with only the capacitance requiring adjustment.
This is the motivation for adopting a trimmer capacitor, as it will be discussed in 5.

4.1.1 Matching Network Refinement Using Real Inductor Models

To determine the most suitable matching network configuration, different combinations of
commercially available inductor values were simulated. This step was necessary because
the ideal inductance values obtained from the matching network design had to be replaced
with real components available on the market.

Coilcraft 1812CS and 1206CS wirewound ceramic chip inductors were selected for the im-
plementation. These series were chosen because they provide high quality factor values
and good current-handling capability compared to non-wirewound inductors with similar
package dimensions [69] [70]. The use of inductors with an high @ is particularly impor-
tant at 13.56 MHz, since lower series resistance reduces conduction losses and improves
the overall efficiency of the matching network.

When the required inductance value was not directly available as a single component,
series of standard inductors were considered in order to approximate the target value
while keeping the equivalent series resistance as low as possible.

C1 R1
11l A
|——WW
M WR— T ——-
R2 RvaRr L

Figure 4.1. Equivalent lumped element model schematic. [71]

The value of the frequency-dependent variable resistor Ryagr, associated with the skin
effect, is calculated as:[71]

49



LTSpice Simulations

Rvar = kV/f (4.1)

where:

e k is a coefficient provided for each component value in the accompanying table;

e f is the operating frequency expressed in Hz.

Values Vi Mink [%0]  Mictank (0] man [%0] et (0] mpc1 (%] mpce [%0] Mot (%]

Laan = 1.5 pHl 3.88  78.10 99.82 90.31 84.14 42.95 89.44 28.77
Lyt = 5.6 uH

LMN = 1.5/LH + 183nH

Lo —56uH4 18300 380 77.92 99.92 90.36 83.62 49.83 89.36 28.92

1 = 5

L =L5pH+ 18300 g o0 o0 g6 99.90 88.57 83.51 50.09 89.54 28.80
Lret =5.6 HH
Ly~ =1.5uH

Lot = 5.6 uHl 4 183 0] 376 77.92 99.92 90.36 83.62 49.83 89.29 28.92
Lain = 1.2pH 3.80  78.63 99.97 91.72 83.49 50.17 89.40 29.80

Lyet = 5.6 uH + 183nH : : : : : : : :
LMN =12 ,uH

3.79  78.75 99.88 91.69 83.89 49.90 89.46 29.79

Lyey = 5.6 pH

Table 4.3. Efficiency evaluation comparison for different matching network con-
figurations for NerveRepack

Given comparable efficiency showed in Table 4.3, the topology requiring fewer inductors
with lower inductance values was selected. This choice offered several advantages, includ-
ing reduced thermal losses, lower parasitic magnetic coupling effects, and a smaller PCB
footprint.

In LTspice simulations, constraints on the key voltage values were identified:

« input voltage of the LTC3129-1 above 2.4 V and below 15V

o diode voltage below 30 V

4.1.2 Efficiency evaluation

Figure 4.2 shows the general RF circuit. Components are the same in both circuits, only
their values in the matching network change.

Pg Ciz Pry | C,, Pun L. PLQ'E;D LTetINi g

" D
Vl @ § Ltm er g :: Cmn Dl :: ret :: C’iniDC

Figure 4.2. Power of interest in the LTSpice schematic
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Figures 4.3 and 4.4 show respectively the DC/DC converters stages for NerveRepack and

Rewire, with output voltages indications.
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Figure 4.3. NerveRepack DC/DC converters stage
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Figure 4.4. Rewire DC/DC converters stage

As illustrated in Figure 4.2 the measured power values were:
e Prpy: average power at the transmitter side:

Pre = (V(Tx) - I(V1))

o PRry: average power at the receiving coil:

Prx = (V(Rx) - I(Lx))

(4.2)

(4.3)

e Pictank: average power at the resonant tank output, corresponding to the matching

network input:
PLCtank = <V(MN) ! I(LFX)>
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e Pyn: average power at the matching network output, corresponding to the rectifier
input:
Pynx = (V(load) - I(Vim)) (4.5)
e Pinpci: average power at the input of the LTC3129-1 DC/DC converter:

PIN,DCl = <V(IN) . Im(Ul . V1n)> (46)

To evaluate the efficiency, the average power of each block was computed as follow:

1 r
Pog = / o(8)i(t) dt (4.7)
2 1 Jt1

The link efficiency was defined as the ratio between the power received by the secondary
coil and the power delivered by the transmitter:

PRJ:
PTx

Think = (48)

Similarly, the efficiencies of the matching network, rectifier stage, and DC/DC converters
were computed by comparing the output and input powers of each block:

Pyun
TILCtank = Pr (49)
€T
Iy
TTMIN = % (4.10)
MN
P
Threct = PIN’DC (411)
LOAD
npc calculations changed for NerveRepack and Rewire.
For NerveRepack:
P, P,
nbc1 = —Out]l:,Jr out2 (4.12)
in,U1
P
De2 = 5o (4.13)
in,U2
For Rewire: p
outl
DC1 = 4.14
7 Pin,Ul ( )
P, P,
Nbca = out2 T Lout3 (415)

Rn,U2

Finally, the overall system efficiency was calculated as the ratio between the total power
delivered to the regulated loads and the power generated by the transmitter source.

P, out,tot
PTw
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where Pyt tot is the total output power delivered to the regulated loads, defined as

Pout tot = Pout1 + Pout2 + Pout3- (4.17)
LOAD | MN LOAD | nmink [%] | Metank [%0] | Mmn [%] | fret [%] | nde1 [%0] | Mdc2 [%0] | Mot [%0]
16 MW 30 77.93 99.91 99.57 87.85 50.46 89.51 34.09
100 78.25 99.97 99.64 89.59 45.57 89.48 31.46
30 W 30 77.57 99.77 99.47 88.33 63.28 93.98 42.93
100 78.70 99.94 99.60 90.79 57.06 93.95 40.33
50 mW 30 77.79 99.81 99.52 90.93 67.50 96.03 47.38
100 78.20 99.98 99.64 92.61 62.67 96.04 45.03
100 mW 30 76.87 99.90 99.46 91.56 77.52 97.24 54.16
100 79.39 99.55 99.53 92.87 74.50 97.23 54.67
Table 4.4. Block efficiencies of the NerveRepack circuit.
LOAD | MN LOAD | mink [%] | Mctank [%] | mn [%] | 1ret [%0] | mac1 [%6] | nacz [%0] | neot [%0]
94 W 50 79.58 99.99 99.92 91.21 58.67 50.53 27.76
100 78.66 99.86 99.58 90.30 62.80 50.54 29.02
30 W 50 79.36 99.96 99.61 92.06 61.81 54.10 30.78
100 78.55 99.82 99.57 90.82 65.42 54.13 31.85
50 mW 50 79.06 99.61 99.92 92.66 68.31 62.92 37.77
100 78.64 99.87 99.59 92.02 69.90 62.92 38.19
50 78.42 99.98 99.59 93.51 75.74 72.59 45.95
100 mW
100 78.42 99.87 99.58 93.40 75.97 72.58 46.04
Table 4.5. Block efficiencies of the Rewire circuit.

Tables 4.4 and 4.5 report the efficiency of each functional block of the two receiver archi-
tectures for different load conditions and matching network configurations.

For both the NerveRepack and Rewire receivers, the resonant tank exhibits the highest
efficiency, remaining above 99.8% in all operating conditions. Similarly, the matching
network introduces only limited losses, with efficiencies close to 99.5%, demonstrating
that the passive RF stages were properly designed and tuned.

The inductive link efficiency remains nearly constant, between approximately 77% and
80%, showing a slight dependence on the load condition. This behavior is expected
because the coupling coefficient and the coil geometry remain unchanged throughout the
measurements.

The Class-E rectifier also achieves high efficiencies, ranging from approximately 88% to
94%. A slight improvement can be observed as the load power increases, confirming that
the rectifier operates more efficiently at higher transferred power levels.
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The largest efficiency variations are observed in the DC/DC conversion stages. For the
NerveRepack receiver, the efficiency of the LTC3129-1 increases from approximately 45%
at 16 mW to more than 77% at 100 mW, while the LTC660 efficiency increases from
about 89% to over 97%. Similarly, in the Rewire receiver, both the LTC3129-1 and
the LT3471 exhibit a significant efficiency improvement as the output power increases.
These results indicate that the DC/DC converters represent the dominant source of losses,
particularly under low-power operating conditions, where switching and quiescent losses
become more significant. This behavior is consistent with the efficiency curves reported
in the LTC3129-1 datasheet, shown in Figure 4.5. As the output current decreases,
the converter efficiency drops significantly, especially in PWM operation. Therefore, the
measured efficiency trend is mainly limited by the operating range of the selected DC/DC
converters rather than by the inductive link alone.

Efficiency, Voyur = 3.3V
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Figure 4.5. Efficiency of the LTC3129-1 converter for Vour = 3.3V as a
function of the output current. [56]

Overall, the results confirm that the passive RF stages are already highly efficient, whereas
further improvements in the overall receiver efficiency should mainly focus on the DC/DC
conversion stage.

4.1.3 Coupling coefficient variation

The influence of the coupling coefficient k£ on the receiver performance was also inves-
tigated. The transmitter voltage was initially kept constant at the minimum voltage
required to obtain the desired output, while the coupling coefficient was varied from 0.1
to 0.8.
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k Vs [V] Voutl [V] Vout2 [V] %n [V] Niink [%] Nret [%] Ndc1 [%] Ndc2 [%] Titot [%]

01 27 3.30 -3.30 10.58 48.39 95.19 26.06 89.36 11.80
02 27 3.30 -3.30 5.42 74.19 91.19 40.79 89.50 26.97
03 3.2 3.30 -3.30 3.80 79.98 88.09 49.87 89.47 34.55
04 4.2 3.30 -3.30 3.86 82.07 88.25 49.38 89.51 35.17
0.5 5.0 3.30 -3.30 3.50 83.39 87.20 51.93 89.56 37.16
06 6.0 3.30 -3.30 3.55 83.86 87.33 51.79 89.54 37.33
0.7 6.9 3.30 -3.30 3.45 83.97 87.08 52.19 89.41 37.57
08 79 3.30 -3.30 3.35 84.30 86.42 52.60 90.10 37.77

Table 4.6. Effect of the coupling coefficient on the performance of the NerveRepack
receiver with a variable transmitter voltage.

k Vs [V] Vout1 [V] Vout2 [V] Vouts [V] Vin [V] Mink (%] nret (0] Mac1 (%] Mac2 [%6] ntot [%]

0.1 3.1 3.30 7.13 -7.00 13.60 43.90 63.49 16.35 48.72 6.87
0.2 3.1 3.30 7.13 -7.00 9.25 72.14 94.48 20.44 48.73 21.03
03 3.7 3.30 7.13 -7.00 4.44 84.76 84.27 27.44 48.49 29.35
0.4 4.5 3.30 7.13 -7.00 4.44 84.76 84.27 27.44 48.49 29.35
0.5 54 3.30 7.13 -7.00 3.61 85.10 76.70 31.01 55.43 28.21
0.6 6.2 3.30 7.12 -7.00 3.85 85.40 78.20 30.50 55.80 29.10
0.7 70 3.30 7.12 -7.00 4.05 85.80 80.10 29.70 56.10 30.20
08 7.8 3.30 7.13 -7.00 4.25 86.10 82.00 28.90 56.40 31.40

Table 4.7. Effect of the coupling coefficient on the performance of the +7 V receiver with
a variable transmitter voltage.

As reported in Tables 4.6 and 4.7, increasing the coupling coefficient improves the effi-
ciency of the inductive link, which rises from 48.39% at k = 0.1 to more than 85% at
k = 0.7 in NerveRepack and from 43.90% to 86.10% in Rewire. However, the receiver
is able to regulate the desired output voltages only up to k& = 0.2. For higher coupling
coefficients, the voltage delivered to the DC/DC converters becomes insufficient, resulting
in the loss of voltage output regulation.

This behavior can be explained by the variation of the reflected impedance with the
coupling coefficient. As the coupling coefficient increases, the input voltage supplied to
the DC/DC converters decreases. Consequently, the converters are no longer able to
operate within their regulation range, leading to a loss of output voltage regulation.

To restore the nominal output voltages at higher coupling coefficients, the transmitter
voltage must be increased. In particular, the transmitter voltage had to be increased
from 2.7 V to 3.2 V for k = 0.3 and up to 7.9 V for k£ = 0.8 for NerveRepack and from
a minimum of 3.1 V to a maximum of 7.8 V in Rewire. Under these conditions, the
receivers successfully reached the nominal output voltages, while the overall efficiency
increased to 37.77% in NerveRepack and to 31.40% in Rewire.
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Chapter 5

Printed Circuit Board Design

The printed circuit boards (PCBs) were designed in Altium Designer, a PCB software
design which allows schematic and layout editors. Firstly, components were chosen fol-
lowing the Spice simulation requirements, and then eventually imported. Secondly, PCB
schematics and layout were designed.

5.1 Schematic

Figures 5.1 and 5.2 show the electrical schematic of the receiver boards for NerveRepack
and Rewire, respectively. Both boards share the same general architectures, which con-
sist of four main blocks: the receiving circuit, the matching network, the Class-E rectifier
and the DC/DC converters stage. The main differences between the two schematics are
related to the values of the inductance and capacitance used in the matching network
and to the DC/DC conversion stage. In the NerveRepack receiver, the —3.3 V supply
rail is generated using the LTC660, whereas in the Rewire receiver the LT3471 is used to
generate £7 V.

Two JZ500 trimmer capacitors, with an adjustable range from 8 pF to 50 pF, were
placed in parallel with the fixed capacitances of the receiving resonant tank and matching
network. This allowed the effective capacitance to be tuned around the values obtained
from SPICE simulations.

This tuning is required because component tolerances, parasitic capacitances, coil induc-
tance variations, and changes in coil positioning can shift the resonance frequency and
alter the impedance matching condition. By adjusting the trimmers, the receiver can be
brought back close to resonance at 13.56 MHz and the impedance seen by the inductive
link can be optimized. This improves power transfer to the rectifier, reduces reflected
power, and allows the required output voltages to be obtained with lower transmitter in-
put power. [72] Several headers were connected to the configuration pins of the DC/DC
converters to enable different operating modes during testing. Additional headers were
placed at the converter outputs to allow the connection of external load resistors through
a breadboard during the experimental characterization phase.
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Altium schematic for NerveRepack circuit

Figure 5.1.
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Printed Circuit Board Design

5.2 PCB Layout

Figure 5.3 illustrates the layout of the receiver board developed for NerveRepack, with
overall dimensions of 56.7 mm x 21.8 mm.

Figure 5.4 illustrates the layout of the receiver board designed for Rewire, which measures
68.9 mm x 30.9 mm.

Since the receiver operates at 13.56 MHz and includes both RF and switching power
stages, PCB layout plays a fundamental role in minimizing parasitic effects and ensuring
stable operation. Several choices were made when designing the boards:

e The PCB layout follows the signal flow of the receiver architecture, with the match-
ing network, rectifier, and DC/DC conversion stages arranged sequentially from left
to right;

e Test points were included at critical nodes of the circuit to facilitate experimental
characterization of the individual stages during laboratory measurements;

e The SMA connector was placed as close as possible to the left edge of the PCB, to
facilitate the connection with the receiving coil;

e The matching network and rectifier were located close to the SMA connector in
order to reduce parasitic effects associated with PCB traces. Furthermore, the
power conversion stages were placed in a separate area of the board to limit possible
interference between the RF section and the switching converters;

e The RF paths were designed to be as short and direct as possible, using wider traces
to reduce resistive losses and improve current handling capability. Since the system
operates at 13.56 MHz, the PCB traces cannot be considered ideal interconnections,
as they exhibit parasitic resistance, capacitance, and inductance that may affect
circuit performance;

e Vias were avoided along the RF signal path to prevent additional parasitic induc-
tance and impedance discontinuities;

e A two-layer PCB structure was adopted for both designs. Large copper polygon
pours were implemented on both the top and bottom layers to provide a low-
impedance ground reference and improve the overall grounding performance. Ad-
ditional copper pours were used in the DC/DC converter sections according to the
layout recommendations provided in the corresponding datasheets [57, 56, 59];

e The bypass capacitors were placed as close as possible to the power pins of the
converters in order to minimize the current loop area and reduce supply voltage
noise.
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Chapter 6

Tests and Results

The PCB prototypes were tested in the laboratory, to compare the simulation results
to those under real conditions. The equipment used to evaluate the performance of the
circuits consisted of a DC power supply, a multimeter and an Arduino UNO R4 Wi-fi
board. The receiver prototypes were experimentally characterized using a custom 13.56
MHz Class-E wireless power transmitter developed within the research group [73]. Al-
though the transmitter is not the subject of this work, it provides the RF excitation
required to evaluate the receiver under realistic operating conditions. The transmitted
power can be adjusted by varying the supply voltage through an MP8859 DC/DC con-
verter [65] controlled by an Arduino UNO R4 Wi-Fi board, allowing the transmitter
supply voltage to be adjusted in order to achieve the desired regulated output voltage at
the load. The transmitter side of the circuit was powered by a DC power supply set to
5 V and limited to 200 mA. Initial measurements were performed with the transmitter
and receiver coils aligned at a separation distance of 1 cm, corresponding to a coupling
coefficient value of k = 0.25, as described in 3.1.1.
Resistive loads were connected to the output pins of the DC/DC converters through a
breadboard in order to emulate the different operating load conditions.
The output voltages were regulated by adjusting the trimmer capacitance values, which
modify the equivalent capacitance of the receiving resonant tank and matching network.
This tuning changes the resonance and impedance matching conditions, controlling the
voltage transferred to the rectifier input and therefore the DC voltage available at the
output. In this way, the desired output voltages were achieved while minimizing the
required transmitter input power. The transmitter input power P, tx1, was read directly
from the power supply, while the output power delivered to each load was calculated
according to:
2
Vout (61)

P t = .
o Rload

The total output power was then obtained by summing the power contributions of all
loads. Finally, the overall system efficiency was calculated as:

Pou O
Mot [%6] = 2% % 100 (6.2)
P rx
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where Pyt tot is the total power delivered to the regulated loads and P, is the power
supplied by the transmitter source.

Figure 6.1. Demonstration of measurement setup

Arduino Uno R4 WiFi

Figure 6.2. Measurement setup for NerveRepack circuit - 3.3 V Output
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Figure 6.3. Measurement setup for NerveRepack circuit - -3.3 V Output

Figure 6.4. 16 mW load resistances disposition

Table 6.1 shows measured performance of the NerveRepack receiver with MP8859 input
voltage set to 5 V.
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Py, [mW] Pyt [mW] Thtot [%]

153 16 10.5
190 30 15.8
215 50 23.3
295 100 33.9

Table 6.1. Measured performance of the NerveRepack receiver with MP8859
input voltage set to 5 V.

Figure 6.5. Measurement setup for Rewire circuit - 3.3 V Output
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Figure 6.7. Measurement setup for Rewire circuit - -7 V Output
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Figure 6.8. 24 mW load resistances disposition

Table 6.2 shows measured performance of the Rewire receiver with MP8859 input voltage
set to 10.5 V.

Py, [mW] Pout [mW] Tltot [%]

270 24 8.9
305 30 9.8
370 50 13.5
505 100 19.4

Table 6.2. Measured performance of the Rewire receiver with MP8859 input
voltage set to 10.5 V.

Figures 6.9 and 6.10 compare the simulated and experimentally measured overall effi-
ciency of the NerveRepack and Rewire receivers under their load conditions.
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Simulated vs Measured Efficiency - 3.3 V Receiver
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Figure 6.9. Simulated vs Measured Efficiency - NerveRepack Receiver

Simulated vs Measured Efficiency - Rewire Receiver
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Figure 6.10. Simulated vs Measured Efficiency - Rewire Receiver

Both curves show the same increasing trend with the output power, indicating that the
experimental behavior is consistent with the simulated one. In both receiver architec-
tures, the overall efficiency increased with the output power level, reaching a maximum
measured value of 33.9% for the NerveRepack receiver and 19.4% for the Rewire receiver
at 100 mW output power. The laboratory efficiency results are lower than the simu-
lated ones for all output power levels. This discrepancy is mainly due to the fact that
in the LTSpice model, the transmitter was represented by an ideal sinusoidal voltage
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source, neglecting the losses associated with the transmitter electronics and power sup-
ply. The experimental measurements include the complete transmitter chain, including
the MP8859 converter and the transmitter circuitry, resulting in a lower overall measured
efficiency.

6.0.1 Misalignments Tests

To evaluate the robustness of the wireless power link, additional tests were performed
under vertical, lateral and angular coil misalignment conditions. The measurements were
carried out under the standard operating power conditions, corresponding to 16 mW for
the NerveRepack receiver and 24 mW for the Rewire receiver.

Custom 3D-printed mechanical structures were realized to evaluate vertical, lateral and
angular displacements. The position of the Tx coil was adjusted relative to that of the
Rx coil.

Vertical Displacement

Vertical misalignments were verified in the standard load conditions (16 mW for NerveRepack
and 24 mW for Rewire) considering a distance between coils from 0.6 cm to 1.4 cm in 2
mm steps. Both Rx and TX coils were aligned.

Figure 6.11. Example of 1.4 cm vertical misalignment.
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Total Efficiency vs. Coil Distance - Nerve Repack
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Figure 6.12. Effect of vertical coil misalignment on system efficiency for the NerveRepack
receiver at 16 mW output power.

Total Efficiency vs. Coil Distance - Rewire

12

2
5 6 6.96
IS
A
2
0
0.6 0.7 0.8 0.9 1 11 1.2 13 14

Distance [cm]

Figure 6.13. Effect of vertical coil misalignment on system efficiency for the Rewire
receiver at 24 mW output power.

The results shown in Figures 6.12 and 6.13 show that the overall efficiency decreases as the
separation distance between the transmitter and receiver coils increases. This behavior is
expected because the mutual inductance and coupling coeflicient decrease with increasing
coil separation. As a consequence, a larger input power is required to maintain the same
regulated output power, resulting in a reduction of the overall system efficiency [74].
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Lateral Displacement

Lateral misalignments were evaluated from 0.2 cm to 1.2 ¢m in 2 mm steps. Both TX
and RX coils were aligned at a distance of 10 mm.

Figure 6.14. Example of 0.8 cm lateral misalignment

Efficiency vs lateral misalighment - Nerve Repack
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Figure 6.15. Effect of lateral coil misalignment on system efficiency for the NerveRepack
receiver at 16 mW output power.
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Efficiency vs lateral misalignment - Rewire

8.7

ntot [%]

0 0.2 0.4 0.6 0.8 1 1.2 14
Lateral misalignment [cm]

Figure 6.16. Effect of lateral coil misalignment on system efficiency for the Rewire
receiver at 24 mW output power.

Lateral misalignment tests showed a progressive degradation of the system performance as
the lateral displacement increased. Both receiver architectures maintained stable opera-
tion up to a lateral misalignment of 0.6 cm. At 0.8 cm and beyond, the minimum MP8859
input voltage was insufficient to sustain the required output voltages. Consequently, the
input voltage was increased to the maximum value allowed by the MP8859.

Angular Displacement

Angular displacements were evaluated from 2° to 14° in 2° steps, with both Tx and Rx
coil aligned.

Figure 6.17. Example of angular displacement
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Efficiency vs angular misalignment - Nerve Repack
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Figure 6.18. Effect of angular misalignment on system efficiency for the NerveRepack
receiver at 16 mW output power

Efficiency vs angular misalignment - Rewire
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Figure 6.19. Effect of angular misalignment on system efficiency for the Rewire
receiver at 24 mW output power.

For angular displacements higher than 10°, the MP8859 input voltage was increased to its
maximum value of 15 V in an attempt to maintain the required regulated output voltages.

Overall, the misalignment tests confirmed that the efficiency of the inductive link is
strongly affected by the relative positioning of the transmitter (Tx) and receiver (Rx)
coils. Vertical displacement produced a progressive reduction in the overall efficiency
as the coil separation increased, due to the decrease in mutual inductance and coupling
coefficient.
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Lateral misalignment had an even more pronounced impact on system performance. As
shown in Figures 6.15 and 6.16, both receiver architectures were able to maintain the
required regulated output voltages up to a lateral displacement of 0.6 cm. Beyond this
distance, the transferred power became insufficient to sustain the nominal output voltages,
so the MP8859 input voltage was increased. In particular, the overall efficiency of the
NerveRepack receiver decreased from 10.0% at 0.2 cm to 4.1% at 1.2 ¢cm, while the Rewire
receiver showed a reduction from 8.7% to 3.5% over the same displacement range.

The angular misalignment tests further highlighted the sensitivity of the system to coil
positioning, since tilting the transmitter coil reduces the effective magnetic flux coupled
to the receiver coil. The total efficiency of the NerveRepack receiver decreased from 10.0%
at 2° to 5% at 14°, while the Rewire receiver showed a reduction from 8.28% to 4.3% over
the same displacement range. As a result, both lateral and angular misalignments were
identified as the most critical non-ideal operating conditions, as they can prevent the
receiver from delivering the required regulated output voltages. These results emphasize
the importance of accurate mechanical alignment between the external transmitter and
the implanted receiver to ensure reliable and efficient wireless power transfer.
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Chapter 7

Conclusion and Future
Perspectives

The design of wireless power transfer (WPT) receivers operating at 13.56 MHz for im-
plantable neuromodulation applications has been presented. Different WPT techniques
were reviewed, highlighting Near-Field Resonant Inductive Coupling (NRIC) as the most
suitable solution for Active Implantable Medical Devices (AIMDs) due to its ability to
provide adequate power levels over transmission distances comparable to the thickness of
biological tissues while maintaining high efficiency and safe operating frequencies.

The main design requirements considered for the implementation of WPT in AIMDs in-
cluded: high power transfer efficiency, reduced receiver dimensions, and low sensitivity
to coil misalignment. Based on these requirements, two receiver architectures were devel-
oped within the NerveRepack and Rewire projects. The resulting systems consist of four
main functional blocks: the inductive link, the impedance matching network, the Class-E
rectifier, and the DC/DC conversion stage.

Several design strategies aimed at maximizing the overall efficiency at low power transmis-
sion levels were investigated. Among them, the correct tuning of the matching network
proved to be one of the most critical aspects in the receiver development. This is because
the matching network directly affects the impedance seen by the receiving coil and, con-
sequently, the amount of power that can be effectively transferred to the rectifier stage.
At low transmitted power levels, even small mismatches can lead to a significant reduc-
tion of the voltage available at the rectifier input, preventing the DC/DC converters from
operating in their input voltage range. Moreover, the matching network must be tuned
to maximize the power delivered to the load and compensate variations of the coupling
coefficient, the coil parameters, and the load condition, since the equivalent impedance of
the inductive link depends on them. Furthermore, the Class-E rectifier demonstrated su-
perior efficiency compared to alternative rectification approaches, making it particularly
suitable for low-power implantable applications.

Simulation and experimental results showed that the overall efficiency increases as the
load power increases. For the NerveRepack receiver, the overall efficiency increased from
10.5% at the minimum operating condition of 16 mW to 33.9% at 100 mW. Similarly, the
Rewire receiver achieved efficiencies ranging from 8.9% at 24 mW to 19.4% at 100 mW.
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The experimental results were compared with the LTspice simulations in order to evaluate
the agreement between the predicted and measured behavior of the receiver. For both
the receivers, the laboratory measurements showed lower overall efficiency than the simu-
lations at all output power levels. This discrepancy can be attributed to several non-ideal
effects that are difficult to fully model in simulation, including parasitic resistances, coil
and PCB trace losses, component tolerances, imperfect tuning of the matching network,
and additional losses introduced by the rectifier and DC/DC converter stages. Neverthe-
less, the measured efficiency followed the same increasing trend observed in simulation,
confirming the validity of the design approach and showing that the receiver performance
improves as the delivered output power increases. Additional measurements performed
under vertical, lateral, and angular coil misalignment conditions confirmed the strong de-
pendence of the system performance on the coupling coefficient between the transmitter
and receiver coils.

Both receiver circuits were successfully implemented on printed circuit boards designed
with future implantability in mind. The final dimensions were 56.7 mm x 21.8 mm for
the NerveRepack receiver and 68.9 mm x 30.9 mm for the Rewire receiver. The final
PCB size was mainly influenced by the discrete implementation of the power management
stages, the use of commercially available inductors and trimmer capacitors in the match-
ing network, and the need to maintain sufficient spacing between high-frequency traces
and components to reduce parasitic effects. In addition, the receiver coil and the output
connectors/test points used for experimental characterization contributed to increasing
the overall board area. Although these dimensions are not yet fully compatible with
long-term implantation, they demonstrate the feasibility of the proposed architectures
and provide a solid basis for future miniaturization efforts.

Future work may focus on further reducing the PCB dimensions through higher levels of
integration and the use of smaller passive components. Additional investigations should
include thermal characterization and the implementation of a temperature monitoring
system to prevent excessive heating of the surrounding tissues. Long-term reliability
studies, electromagnetic safety analyses, and validation under realistic implantation con-
ditions will also be necessary to move toward fully implantable wireless neuromodulation
systems.
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