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RESUME

Les implants médicaux électroniques (Implantable Medical Devices - IMDs) sont notamment
utilisés pour restaurer ou améliorer des fonctions perdues de certains organes. Ils sont capa-
bles de traiter des complications qui ne peuvent pas étre guéries avec des médicaments ou par
la chirurgie. Offrant des propriétés et des améliorations curatives sans précédent, les IMDs
sont de plus en plus demandés par les médecins et les patients. En 2017, le marché mondial
des IMD était évalué a 15,21 milliards de dollars. D’ici 2025, il devrait atteindre 30,42 mil-
liards de dollars, soutenu par un taux de croissance annuel de 9,24% selon le nouveau rapport
publié par Fior Markets. Cette expansion entraine une augmentation des exigences pour as-
surer des performances supérieures, des fonctionnalités supplémentaires et une durée de vie
plus longue. Ces exigences ne peuvent étre satisfaites qu’avec des techniques d’alimentation
avancées, un débit de données élevé et une électronique miniaturisée robuste. Construire des
systemes capables de fournir toutes ces caractéristiques est 1'objectif principal d’un grand

nombre de chercheurs.

Parmi plusieurs technologies sans fil, le lien inductif, qui consiste en une paire de bobines a
couplage magnétique, est la technique sans fil la plus largement utilisée pour le transfert de
puissance et de données. Cela est dii a sa simplicité, sa sécurité et sa capacité a transmettre

a la fois de la puissance et des données de fagon bidirectionnelle.

Cependant, il existe encore un certain nombre de défis concernant la mise en ceuvre d’un
tel systeme de transfert d’énergie et de données sans fil (Wireless Power and Data Transfer
- WPDT system). Un défi majeur est que les exigences pour une efficacité de transfert
d’énergie élevée et pour une communication a haut débit sont contradictoires. En fait, la
bande passante doit étre élargie pour des débits de données élevés, mais réduite pour une
transmission efficace de 1’énergie. Un autre grand défi consiste a réaliser un démodulateur
fonctionnant a haute vitesse avec une mise en ceuvre simple et une consommation d’énergie

ultra-faible.

Dans ce projet, nous proposons et expérimentons un nouveau systeme WPDT dédié aux
IMD permettant une communication a haute vitesse et une alimentation efficace tout en
maintenant une faible consommation d’énergie, une petite surface de silicium et une mise
en ceuvre simple du récepteur. Le systéeme proposé est basé sur un nouveau schéma de
modulation appelé "Carrier Width Modulation (CWM)", ainsi que sur des circuits de mod-
ulation et de démodulation inédits. La modulation consiste en un coupe-circuit synchronisé

du réservoir LC primaire pendant un ou deux cycles en fonction des données transmises.
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Contrairement aux techniques de modulation conventionnelles, le débit de données de la
modulation CWM proposée n’est pas limité par les facteurs de qualité des bobines primaires
et secondaires. D’autre part, le démodulateur CWM proposé permet une démodulation a plus
grande vitesse et une mise en ceuvre simple, contrairement aux démodulateurs conventionnels
pour un schéma de modulation similaire. Il offre également une large gamme de débits de
données sous n’importe quelle fréquence sélectionnée de 10 a 31 MHz. La fonctionnalité du
systeme WPDT proposé est prouvée a 'aide d’une implémentation hybride d’'un démodu-
lateur intégré et de composants discrets sur des circuits imprimés. Ce systeme permet un
débit de données maximal de 3,33 Mb/s pour une puissance transmise maximale de 6,1 mW
a une distance axiale de 1 cm entre les bobines. En raison de sa généricité, le systeme peut
atteindre une tranmission de puissance de plus de 55 mW au détriment du débit de données.
L’opérateur peut sélectionner le meilleur compromis entre la transmission de puissance et le

débit de données en fonction de 'application ou du besoin, sans reconfigurer le récepteur.

Ce dernier comprend un étage de récupération d’énergie réalisé par des composants élec-
troniques commerciaux et un démodulateur CWM intégré a tres faible puissance fabriqué en
technologie CMOS 130 nm. Il a une trés petite surface de silicium de 2100 pum?, consomme
16,9 uW dans les pires conditions et atteint des débits de données de 1/3 la fréquence de la
porteuse. A une fréquence de 27,12 MHz, un débit de données de 9,04 Mb /s est atteint pour
une consommation énergétique de seulement 13,68 ;tW. Cela représente une efficacité énergé-
tique de 1,5 pJ/bit, soit 8 fois plus petite que celle du meilleur démodulateur compétitif a la

pointe de la technologie.

En outre, un schéma basé sur la modulation CWM codant deux bits par symbole, appelé
CWM a quatre niveaux (Quad-level CWM - QCWM), est également proposé. Il permet un
rapport débit/fréquence plus élevé de 2/5; correspondant a 10,84 Mb/s a une fréquence de

la porteuse de 27,12 MHz; tout en consommant seulement 35,5 wiW.
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ABSTRACT

Implantable Medical Devices (IMDs) are electronic implants notably used to restore or en-
hance lost organ functions. They may treat complications that cannot be cured with medica-
tion or through surgery. Offering unprecedented healing properties and enhancements, IMDs
are increasingly requested by physicians and patients. In 2017, the worldwide IMD market
was valued at USD 15,21 Billion. By 2025, it is expected to attain USD 30.42 Billion sus-
tained by a compound annual growth rate of 9.24% according to a recent report published by
Fior Markets. This expansion is bringing-up more demand for higher performance, additional
features, and longer device lifespan and autonomy. These requirements can only be achieved
with advanced power sources, high-data rates, and robust miniaturized electronics. Building

systems able to provide all these characteristics is the main goal of many researchers.

Among several wireless technologies, the inductive link, which consists of a magnetically-
coupled pair of coils, is the most widely used wireless technique for both power and data
transfer. This is due to its simplicity, safety, and ability to provide simultaneously both

power and bidirectional data transfer to the implant.

However there are still a number of challenges regarding the implementation of such Wireless
Power and Data Transfer (WPDT) systems. One main challenge is that the requirements
for high Power Transfer Efficiency (PTE) and for high-data rate communication are contra-
dictory. In fact, the bandwidth needs to be widened for high data rates, but narrowed for
efficient power delivery. Another big challenge is to implement a high-speed demodulator

with simple implementation and ultra-low power consumption.

In this project, we propose and experiment a new WPDT system dedicated to IMDs allow-
ing high-speed communication and efficient power delivery, while maintaining a low power
consumption, small silicon area, and simple implementation of the receiver. The proposed
system is based on a new Carrier Width Modulation (CWM) scheme, as well as novel modu-
lation and demodulation circuits. The modulation consists of a synchronized opening of the
primary LC tank for one or two cycles according to the transmitted data. Unlike conventional
modulation techniques, the data rate of the proposed CWM modulation is not limited by the
quality factors of the primary and secondary coils. On the other hand, the proposed CWM
demodulator allows higher-speed demodulation and simple implementation, unlike conven-
tional demodulators for a similar modulation scheme. It also offers a wide range of data
rates under any selected frequency from 10 to 31 MHz. The functionality of the proposed

WPDT system is proven using a hybrid implementation of custom-integrated demodulator



X

circuits and board-level discrete components. It allows a maximum data rate of 3.33 Mb/s
for a maximum power delivery of 6.1 mW at 1 cm axial distance between the coils. Due to
its generic behavior, the system can also transfer more than 55 mW at 100 kb/s. An opera-
tor can select the best compromise between power transfer and data rates in accordance to

application or current needs, without reconfiguring the receiver.

The latter includes a COTS power recovery stage and an ultra-low power CWM demodulator
IC fabricated with 130 nm CMOS technology. It has a very small silicon area of 2100 pm?,
consumes 16.9 uWW in worst condition, and reaches data rates of 1/3 of the carrier frequency.
At 27.12 MHz carrier frequency, a data rate of 9.04 Mb/s is achieved at a cost of only
13.68 W power consumption. This represents an energy efficiency of 1.5 pJ/bit, that is 8

times smaller than the best state-of-the-art competitive demodulator.

In addition, a CWM-based scheme encoding two-bit-per-symbol, called Quad-level CWM
(QCWM), is also proposed. it allows higher data-rates-to-frequency ratios of 2/5; corre-
sponding to 10.84 Mb/s at 27.12 MHz carrier frequency; while consuming only 35.5 plV.
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CHAPTER 1 INTRODUCTION

1.1 Motivation

IMDs are embedded systems placed inside the body for monitoring, diagnostic and/or ther-
apeutic purposes. To operate these devices, a continuous energy supply is required. The
required power level depends on the application. It can be low (e.g. 0.1 mW for pacemak-
ers), medium (e.g. 100 mW for neuro-stimulators and drug pumps), or high (e.g. >100 mW

for retinal prosthesis and endoscopic capsules) [16,17].
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Figure 1.1 Typical power and data rate requirements of main IMDs [1-13].

Bidirectional exchange of information is usually requested for IMDs. In most cases, an ex-
ternal base station sends data (downlink) to control the implant or stimulate the biological
tissues. In the other direction, IMDs send-back data (uplink) for two main purposes: (1) to
monitor parameters variations (e.g. power and voltage levels, electrode impedance, tempera-
ture, and humidity [18]) to the external device for calibration or safety purposes; (2) to send
recorded physiological activities to an external processor for data analysis, or for closed-loop
stimulation control. When many bio-signals need to be monitored in real-time and contin-

uously transmitted, high-data rates are mandatory. For example, Brain-Machine Interfaces



(BMIs) employ hundreds of electrodes. This may require data rates of up to 90 Mb/s [19].
Figure 1.1 presents an estimate of power and data rate requirements for several commercially

available types of IMDs.

With their growing use, IMDs are becoming more complex, thus requiring increasingly so-
phisticated wireless powering and communication systems and techniques. Many approaches
have been investigated to tackle the evolving requirements of IMDs in terms of power supply

or/and communication systems.

Power supply methods can be categorized into two main groups: (1) in-vivo power sources
that operate independently from any external device, and (2) ex-vivo power sources that use

external power units to transfer energy transcutaneously to the IMD.

In-vivo power sources are solutions used to power up IMDs. Typical sources include batteries,
supercapacitors [20-25], or human-based energy harvesting sources that convert energy of the
human body like chemical energy [26-30], motion and temperature gradients into electricity
[31,32]. Many efforts were made to meet all the IMDs’ requirements using alternative in-vivo
power sources. However batteries are still the most suitable and the most popular power
source used for IMDs [16, 33].

Battery cells produce electrical energy by direct transformation of chemical energy and can
be classified into two main types: (1) primary or single-use batteries and (2) secondary or
rechargeable batteries [34-36]. Unlike the primary batteries, the secondary batteries are a

power source that can be "refilled" when depleted.

Most commercial IMDs today are powered by lithium-ion based batteries which offer high
energy density along with compactness, safety, reliability, and durability for many applica-
tions [37]. Therefore, some commercial IMDs, such as Medtronic neurostimulators (ex. the
ACTIVA RC Neurostimulator for deep brain stimulation) were equipped with lithium-ion
rechargeable cells [38]. Currently, lithium-ion rechargeable batteries are also used in several
IMDs under development, such as neurostimulators to cure epilepsy and Parkinson’s diseases,
cochlear implants, Left Ventricular Assist Devices (LVADs), and artificial hearts. Manufac-
turing high quality lithium-ion batteries is a well-mastered process. However, elaborated
tests are required to ensure their safety. Actually, secondary batteries should be well sealed
and monitored all the time to prevent overheating and damage. Manufacturers usually im-
plement cut-off safety features to ensure a safe use of the devices [39-41]. Also, minimizing
the size and weight of the batteries while providing maximal autonomy are still among the
main design challenges of IMD battery sources. More information about batteries meant for

IMDs is presented in Annexe A.



On the other hand, several ex-vivo power sources or wireless power transfer solutions have
been investigated in the literature. These solutions are based on external source units and
they may support both power and data transfers. The best known wireless transfer techniques
use RF [42,43], optical [44,45], ultrasonic [46-48], capacitive [49], and inductive links [14,
50]. However, due to its simplicity, reliability, and safety, the inductive link is the most
widely adopted technique in commercially available IMDs [51] for both wireless powering
and bidirectional data transmission. The operation principle of the other listed techniques,
their main advantages and drawbacks are summarized in Table 1.1, whereas each of these

methods may be the subject of further research.

1.1.1 Power Supply and Data Communication via inductive link for IMDs

The idea of inductive wireless power transfer came to Nikola Tesla in the early twentieth
century [56]. Tesla was able to demonstrate wireless powering by inductively lighting light
bulbs [57]. Later, Tesla’s concept inspired many generations of researchers. However, it
is only during the last decades that a major interest in inductive powering started. This
is due to the proliferation of portable devices such as mobile phones and laptops. Many
research laboratories and industrial companies (including Med-Tech) have shown interest in
WPT using inductive coupling [58]. Currently, the field is developing rapidly, especially after
the emergence of three WPT standards (Qi, PMA and Rezence) targeting the spreading
of wirelessly chargeable products (such as smartphones, home appliances, electric cars and
drones) [59,60].
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Figure 1.2 Typical model of an IPT system for IMDs

The principle of a traditional Inductive Power Transfer (IPT) system is implemented by using

two coils positioned in proximity to each other (Fig. 1.2). When an AC current flows through



Table 1.1 Summary of the major advantages and drawbacks of some wireless power and data
transfer approaches

Wireless Link principle Advantages Drawbacks

power /data

transfer

techniques

RF link Far-field antennas are used Long-range and high-speed High power consumption.

at each end of a link.

An AC current flowing
through a  transmitter
antenna  generates elec-
tromagnetic  fields  that

propagate through air and
human body. It is then
captured by the receiver
antenna.

data communication.

High interference problems.
High absorption of the elec-
tromagnetic (EM) radiation
by the body tissue and even-
tual health hazards at suffi-
ciently high power density.

Optical link

Light emitting and photo-
sensitive devices are used in
the transmitter and the re-
ceiver respectively.

High level of immunity
against electromagnetic
interference (EMI).

Extremely high-data rates.

High absorption of the elec-
tromagnetic (EM) radiation
by the body tissue and even-
tual health hazards at suffi-
ciently high power density.

Ultrasound
link

An ultrasound transducer
is used to convert electri-
cal signals into ultrasound
waves.

A piezoelectric receiver is
implanted in the human
body to convert the ul-
trasound mechanical energy
into electrical charges.

Ultrasound may penetrate
deep into the body.

High reflection in the air-
tissue interface.

The need for a matching
layer (such as a coupling gel)
between the transducer and
the skin.

Capacitive
link

Two aligned parallel plates
are placed one on the inner
side of the skin and the other
on the external side of the
body.

The skin acts as a lossy di-
electric due to its conductive
properties.

An AC voltage applied to
the transmitter electrode
plate (since a DC current
will be blocked by a capac-
itor) generates an electric
field through the skin.

High immunity level against
electromagnetic interference
(EMI) since the field lines
are well confined between
the two plates.

Data rate is not limited by
the channel capacity and
signals with a wide range
of harmonics, like square
waves, can be transmitted
easily [52-54].

Relatively low power deliv-
ery capacity (tens to few
hundred microwatts).

Capacitor size ~ at least ten
times the desired range [55].




the primary coil, an AC magnetic flux is created in its vicinity. Part of this flux is picked-
up by the secondary coil and converted to an AC voltage across it. The power transmitter
driving the primary coil is mainly composed of an oscillator and a power amplifier that
generates an AC current with a specific frequency and amplitude. A tuning capacitor is
placed upstream of the primary coil and another tuning capacitor is located downstream of
the secondary coil. These capacitors and coils form LC resonant circuits to ensure maximum
transfer power efficiency [50]. At the receiver, the harvested AC power is DC regulated using
a rectifier and a DC-DC converter to supply the load and/or recharge a battery [61].

The IPT system is a promising approach for powering cutting edge biomedical devices. It
is easy to implement and allows efficient and safe wireless power transfer. There is no
risk of tissue heating if exposure limits (for the magnetic field strength) are respected. Its
transmitter and receiver coils are in proximity, so the link is less sensitive to interference
and external noise. In addition to supplying power, IPT systems also offer the capability
of data communication. This IPT technique is therefore frequently used to power various

commercially available IMDs.

For commercial IMDs, IPT generally serves two purposes: (1) to recharge the internal battery
as in the STIMuSTEP Drop Foot Stimulator system (Finetech Medical Ltd., Welwyn Garden
City, UK). [62], the Eon spinal cord stimulator (St. Jude Medical Inc., Saint Paul, Minnesota)
[63], and the Aura6000 Targeted Hypoglossal Neurostimulation System (ImThera Medical,
Inc., San Diego, California) for the treatment of obstructive sleep [64]. (2) or to directly
provide power to the IMD, as is the case for the MAESTRO cochlear implant system and
the ARGUS II retinal prosthesis system, developed by MED-EL and Second Sight Medical
companies, respectively [65-67]. Figure 1.3 shows two of these commercial products. The
MED-EL cochlear implant picks up between 20 mW and 40 mW from an external unit. This
power is used to stimulate auditory nerve fibers through several electrodes in contact with
the cochlea, as shown in Fig. 1.3a [58]. For best coil alignment, permanent magnets are used
in the center of each coil (TX coil and RX coil). On the other hand, ARGUS II retinal
implant is powered by 45 mW used to stimulate the retinal neurons according to processed
video images captured by a camera [58]. The camera and the external coil are attached to
glasses, as shown in Fig. 1.3b. Moreover, a RX coil is strapped around the eye to ensure a
better alignment with the TX coil. In addition to supplying power, external units of both
the implant systems send data and stimulation commands to implantable units through the

same inductive link.

However, despite its widespread use and its benefits, the inductive link has some limitations.

The most challenging issue is its high sensitivity to link misalignments and load variations
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Figure 1.3 Commercially available IMDs using IPT (a) MAESTRO cochlear Implant system
and, (Adapted with permission from MED-EL) (b) ARGUS II retinal prosthesis system
(Adapted with permission from Second Sight)

that highly affect the transfer power efficiency. This issue remains among the most popular
research topics in IMDs. Different approaches have been proposed. Some works proposed
closed-loop systems for reducing the sensitivity to misalignment and coupling factor varia-
tions. These studies are reviewed and discussed in [68,69]. The reviewed works aim to ensure
high efficiency of the power transmitter, high efficiency of the power receiver, high efficiency

power transfer, and minimizing load voltage variations.

Likewise, other research works in the IPT field aim to find the optimal geometry and struc-
ture; using numerical simulation optimization approaches; to reduce losses, size, interference,
and sensitivity to coupling variations and to enhance the power transfer efficiency and the
power delivered to the load [70-73]. Other challenges emerge when the inductive link is also
exploited for data transmission. In that case, ensuring high power transfer efficiency and

high-data rate at the same time is very challenging, when a simple and low power consump-



tion solution is required. This challenging fulfillment will be the subject of this thesis.

1.2 Challenges

Ensuring simultaneous wireless inductive transfer of power and data is a challenging pro-
cess. In fact, it is difficult to ensure high-data rates, continuous power transfer, low power
consumption, high robustness against noise, and simplicity of implementation at the same

time.

This is due to two main challenges. Firstly, an efficient power transfer and a high data
rates communication are conflicting goals. In fact, the bandwidth needs to be widened for
high data rates, but narrowed for efficient power delivery. The second challenge is that a

high-speed demodulator often consumes a lot of energy and occupies a large silicon area.
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Figure 1.4 Typical block diagram of data and power transmission via an inductive link using
OOK modulation

Considered as the simplest and the least power-hungry modulation technique, special atten-
tion is given to the OOK modulation (which is an amplitude modulation with 100% mod-
ulation index) and a detailed analysis of its limitations will be discussed here to explicitly

introduce our proposed solution.

Figure 1.4 shows a typical block diagram of an inductive power and data transfer system
using OOK modulation. At the external part, the data can be simply modulated by mixing
the data bitstream with the carrier signal [74] or the DC supply voltage [75]. The resulting
signal drives a class E power amplifier (PA) in order to amplify the current i; crossing the
external coil L;. This generates a magnetic field in L; surroundings. At the internal side,

the magnetic energy is recovered by the secondary coil (Ls), then rectified and regulated to
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Figure 1.5 The modulated OOK signal ¢; with (); variation

convert the AC power to a regulated DC voltage to supply the IMD. A typical configuration
of an OOK demodulator consists of a voltage mode envelope detector, an average detector to
produce the average voltage of the extracted envelope, and a voltage comparator to compare

the envelope with its average and recover the baseband data.

Despite its low design complexity and reduced power consumption, the data rate of OOK

modulation is generally low for two main reasons:

1) The Q factor issue: The maximal achievable data rate is limited by the quality
factors of the transmitter and receiver coils due to the inverse relationship between the
() factors and the bandwidth BW; as given by (1.1).

_ e

BW
Q

(1.1)

with f. is the carrier frequency.

In fact, high Q factors increase the transient time, and thus limit the data rate [76]. To
better understand the quality factor impact on the data rate, a time-domain simulation
of the primary coil current i, using OOK modulation at a data rate equivalent to f./10,
is performed for different quality factors of the primary coil ()1, as shown in Fig. 1.5.
Obviously, the amplitude of 7; and consequently the generated magnetic field strength
increase at high ) factor. However, a tank circuit; or LC circuit exchanges voltage and
current between the capacitor and the inductor just like a pendulum exchanges kinetic
and potential energies. In an ideal tank circuit with no energy dissipation (infinite

value of the quality factor), the free-running oscillation of the LC circuit would continue



indefinitely, just as a frictionless pendulum would continue to oscillate indefinitely at
its resonant frequency. Therefore, i; oscillations at high Q factors would take a long
time to die away after On-Off transition of the data signal, as shown in Fig. 1.5. This
figure clearly shows that a resonating tank with higher ) factor, which contributes to

high PTE, responds more slowly to signal variations and reduces the maximal data

rate.
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Figure 1.6 Simulated voltage waveforms (using Cadence) of OOK demodulator

2) The limited speed of the demodulator circuit: This is mainly due to the enve-
lope detector (ED), which represents the weakest-link of the chain in Amplitude Shift
Keying (ASK) demodulators. Typically, the ED is composed of a diode followed by
a capacitor C' in parallel with a resistor R, as shown in Fig. 1.4. The time constant
7= RC determines the discharging time of the capacitor. For a faithful extraction of
the modulated signal envelope, the time constant should satisfy the following inequal-
ity [77].

7<<T<<Tm

where T),n,.,. is the shortest time interval between two binary words. This condition

(1.2)

1
Mdata
cannot be fulfilled for high data rate applications. [78].

Figure 1.6 shows the simulated waveforms in an OOK demodulation stages when an
ideal OOK signal with short 7,

Even with an optimal time constant 7, the envelope detector (ED) output voltage has

g (€qual to one or two cycles) is used as input.

high ripples and negative peak clipping. Under practical situations, this signal will be
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degraded to some extent due to the presence of noise and amplitude disturbances [79].
It has also been shown that the ED can consume significant power due to high dissipated

power in the diode during the conduction phase.

1.3 Research Goals and Contributions

This work aims to tackle the Q factor issue and the limited speed of the demodulator cir-
cuit. The main objective of this project is to propose and experiment a complete wireless
power and downlink data transfer system dedicated to IMDs. This WPDT system should
ensure a high data rate without compromising the Wireless Power Transfer (WPT) efficiency
while maintaining a low power consumption and a small and simple implementation of the
implantable device. Another objective is to propose a generic WPDT that operates under a
wide range of data rates. So, the operator can select the best compromise Power-Data rates

depending on the application or need, without reconfiguring the receiver.

Several key research contributions, which address these goals, are highlighted below:

1) New modulation schemes (CWM and Quad-level Carrier Width Modulation
(QCWM) ) published in [15,80-82] and in Chapter 3 and 4:

A novel approach for downlink data transmission based on a carrier-width modulation
CWM is proposed. As the name indicates, the modulated parameter is the width of

the carrier or the number of carrier cycles.

This modulation technique allows simultaneous transfer of power and data over a single
inductive link without the data rate being limited by the quality factor of the primary
LC tank. Contrary to conventional modulation techniques, our modulation is performed
at a specific time and location. It consists of a data-driven synchronized opening of the
primary LC tank (location) for one or two cycles at the current zero-crossing instant
(time). Using this approach, a data rate up to 1/3 of the carrier frequency can be
achieved. Also, since the carrier is time modulated, the modulated signal has a high

robustness against any amplitude disturbances.

A CWDM-based scheme encoding two-bit-per-symbol, called Quad-level CWM (QCWM)
is also proposed. It consists of sending two bits per symbol by using four combinations
of duty ratio. QCWM allows high data-rates-to-frequency ratios. It offers a data rate

of 2/5 the carrier frequency.
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High speed and ultra-low power demodulators ICs, published in [15,80-82]
and in Chapter 3 and 4:

Using a 0.13-uym CMOS process and 1.2 V power supply, both CWM and QCWM
demodulators were implemented and fabricated. They respectively dissipate, in worst
conditions, 16.9 and 35.5 uW. Compared with state-of-the-art demodulators used for
inductive forward data transmission, the proposed demodulators are distinctive given
their low-energy efficiency, due to their ultra-low power consumption, despite the high

data rates of the transmission. They also occupy a very small silicon areas of 2137 and

3256 pum?.

The very competitive expected performance is due to the use of an original pulse width
to sawtooth waveform converter. This module is proposed to avoid the conventional
envelope detector limitations. It allows a fast transient response to CWM or QCWM
modulated signals while achieving an ultra-low power consumption of 4.8 uW and

occupying a small silicon area of 486 pum?.

Generic CWM demodulator, published in [81,82] and in Chapter 4:

The On/Off duration of the modulated signal and the demodulator design are carefully
chosen to reach a generic high-performance powering and data communication system.
In fact, the Off durations of the modulated signal are chosen the same for an infinity
of CWM modulated schemes while the CWM demodulator is designed to depend only
on these Off durations. At the same carrier frequency, an infinite CWM schemes may
be effectively demodulated without any reconfiguring of the demodulator. In addition,
a wide frequency range between 10 and 31 MHz may be covered by this demodulator

only by re-selecting two voltage references.

Due to the demodulator genericity, an operator can select the best data rates depending
on his application or need, without the need to redesign the receiver. Also, it offers the
possibility of varying the data bit rate in the same application but at different instants,

if the application requirements are variable over time.

High-Q transmitter allowing high data rate data transmission described
in [83] and in Chapter 5 :

A novel high-Q power and data transmitter is designed and implemented. It generates
high speed modulated signals despite the use of high-Q coils. This kind of transmitter
has previously proposed 23 years ago in a patent. However, few information has been
reported concerning the whole system, the design analysis, and the used-carrier fre-

quency. In the present project, a complete system with all technical details and faced
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challenges are presented and discussed.

The proposed transmitter is also conceived to be generic that operates under a wide
range of data rates at 10 MHz carrier frequency. It allows, in combination with the
receiver, a maximum data rate of 3.33 Mb/s for a maximum power delivery of 6.1 mW

at 1 cm coil separation distance. The system may reach more than 55 mW at 100 kb/s.

1.4 Thesis Organization

This thesis is organized as follows:

Chapter 2 describes and compares state-of-the-art inductive coupling methods used for si-
multaneous remote powering and data communication in IMDs, with particular focus on

solutions exploiting a single inductive link.

Chapter 3 consists of the published paper [15] that addresses the first and the second research
contributions of this work. It presents analytical and simulation results of an inductive link
implementing the proposed CWM modulation, discusses the main design considerations of

the demodulator, and shows experimental validation results.

Chapter 4 consists of the published paper [82]. It also addresses the first two contributions in
addition to the third contribution. It presents the generic CWM demodulator able to cover a
wide range of carrier frequencies from 10 to 31 MHz; a sensitivity analysis on the main block
(PW-to-SP converter) of the proposed demodulators; and the QCWM demodulator circuit
design; as well as experimental validation of the generic-cCWM and QCWM demodulators.

Chapter 5 consists of the submitted paper [83] that approaches mainly the fourth contribu-
tion. It describes a complete system of wireless power and downlink data transfer, based
on CWM modulation. It provides implementation details and experimental results of the

proposed WPDT system with more emphasis on the transmitter design.

Chapter 7 elaborates a general discussion and conclusion of the entire thesis and presents

recommendations to future work.
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CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

Due to the constantly growing geriatric population and the projected increase of the preva-
lence of chronic diseases that are refractory to drugs, Implantable Medical Devices (IMDs)
such as neurostimulators, endoscopic capsules, artificial retinal prostheses, and brain-machine
interfaces are being developed. According to many business forecast firms, the IMD market
is expected to grow and they are subject to much research aiming to overcome the numer-
ous challenges of their development. One of these challenges consists of designing a wireless
power and data transmission system that has high power efficiency, high-data rates, low
power consumption, and high-robustness against noise. This is in addition to minimal design

and implementation complexity.

This chapter is a comprehensive survey of the latest techniques used to power up and com-
municate between an external base station and an IMD. It is organized into three sections.
Section 2.2 describes the multiple wireless links solutions proposed to tackle the Q factor
issue previously discussed. Section 2.3 provides a comprehensive survey on main modulation
schemes for data communication that can be used to ensure both power and data transfer
over a single inductive link. The advantages and drawbacks of these modulation schemes for
forward and backward data communication are studied. Section 2.4 presents safety consider-
ations related to transcutaneous power and data links for IMDs and their biological, physical,

electromagnetic and EMI impacts and concerns.

2.2 Multiple links for Simultaneous Remote Powering and Data Communication

Multiple dedicated wireless links are among the possible solutions implemented to simulta-

neously transfer power and data to IMDs.

There have been different state-of-the-art methods for using multiple wireless links. Each
method has its advantages and drawbacks depending on the application [14,84-87]. Figure 2.1
shows two possible scenarios. In Fig. 2.1a, three inductive links are used [14], one link for
power delivery and two links for forward and backward communications. In Fig. 2.1b, RF
and inductive links are employed: two separate pairs of coils are used for powering and
forward communication. An RF link is adopted for backward communication in order to
guarantee a higher data rates telemetry and longer distance transmission [87]. However,

with this topology, more energy can be dissipated in the implantable part.
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Figure 2.1 topologies used for wireless power delivery and data transmission: (a) Separate
inductive links. (b) Hybrid RF/Inductive links

When, using multiple dedicated wireless channels, each link can be optimized separately.
The power transfer link is optimized to have the highest Quality (Q) factors for the primary
and secondary coils and the lowest power loss, while each data transfer link is optimized to
provide the highest bandwidth (high-data rate). Unfortunately, this approach of implement-
ing separate links for power and data communication adds complexity to circuits and coil
structures. It also suffers from strong cross talk between the links. As shown in Fig. 2.1a,
for a set of 6 coils, there are 15 distinct coupling factors. Only three of them (black arrows)
allow the transfer of power and data. The others (gray arrows) induce disturbances in the
power and data carriers due to the waves interference. Obviously, data carriers are most

concerned about the interferences.

To reduce these interferences, several geometrical approaches (coil arrangement) have been
proposed. Among others, the coplanar approach [14] and the orthogonal approach [88] are
shown in Fig. 2.2. These approaches show that minimal interference and coils cross-coupling
can be obtained. However, the coplanar structure is sensitive to misalignment and the in-
terference minimization improvements ensured by the orthogonal structure are made at the

detriment of the coupling factors ensuring power and data transfer.

Another solution to solve the interference issue and achieve higher data rates is based on
an appropriate modulation approach proposed to replace the carrier signal with a series of
sharp and narrow pulses. This method is called Pulse Harmonic Modulation (PHM) [89]. To
transmit bit “1” two narrow pulses with specific time delays and amplitude are generated by
the PHM transmitter.

The second pulse is sent with lower amplitude, which generates 180° out of phase oscillations

The first pulse is used to initiate oscillations on the PHM receiver.
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coil geometry [14].

to suppress the oscillation of the first pulse. For bit “0”, no pulses are transmitted. The
maximal data rate achieved by this method is 20 Mb/s under a carrier frequency of 66.7 MHz,
at 1 cm coupling distance, and without dissipating much power in the IMD. However, it has
been proven that PHM is not robust enough against strong power carrier interferences [90].
Moreover, as it is a carrier less modulation technique, it cannot be used to simultaneously
transfer power to IMDs. Its implementation requires a separate set of coils for the power

transfer.

As a consequence, to the added complexity and interference problems of using separate links
for power and data communication and aiming for smaller and simpler circuits and systems
for IMDs, ensuring simultaneous remote powering and data transfer over a single inductive
link would have potential benefits even on human safety and health as will be shown in next

sections.

2.3 Remote powering and data communication over a single inductive link

A single pair of coils can be used for both data and power transfer simultaneously [91], as
shown in Fig. 2.3. Nevertheless, achieving high PTE and high-data rates at the same time
over a single inductive link is a challenging task. In fact, for an efficient power transfer,
a high @ factor of the inductive coils is needed. However, the high @ factor is reflected
by a narrow bandwidth of data transmission limiting the achievable data rate. Therefore,

transferring data and power over a single inductive link has conflicting requirements. Such
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Figure 2.3 Single inductive link to transfer both power and bidirectional data

a challenging problem can be solved using appropriate modulation schemes for the forward
and the backward data communication. In this section, a comprehensive survey details
possible modulation schemes that can be used to ensure both power and data transfer over
a single inductive link. The advantages and drawbacks of different modulation alternatives

are exposed.

2.3.1 Remote Powering and Downlink Communication Over a Single Inductive
Link

The downlink data transfer is mainly based on the carrier modulation to create detectable
variations through the secondary coil. Conventional modulation solutions are first reviewed,

and an interesting modulation called Suspended-carrier modulation is then discussed.

Conventional modulation schemes (ASK, PSK, FSK)

Conventional carrier modulation schemes are commonly implemented using Amplitude Shift
Keying (ASK), Frequency Shift Keying (FSK), or Phase Shift Keying (PSK), as illustrated
in Fig. 2.4. The choice of a modulation scheme depends considerably on the application
requirements. For systems requiring continuous power transmission, high-data rates, and
high immunity against noise, PSK modulation and its derivatives (such as Quadrature PSK,
Differential PSK or quasi-coherent PSK) are often used. However, these techniques suffer
from implementation complexity and high power consumption [92]. FSK modulation has
the same advantages and limitations as PSK but requires a wider bandwidth (so that both

modulated frequencies can pass through the link) [93].

For lower power consumption and design complexity, ASK is generally preferred. Indeed,
using ASK, complex synchronization circuitry is needless for data recovery. However, this
modulation scheme has its proper limitations. It is weakly immune to disturbances that

affect the carrier amplitude, including noise, coupling variations, and interferences.
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Figure 2.4 Typical modulation schemes: (a) ASK, (b) PSK, and (c) FSK

For better immunity to disturbances, the On-Off Keying (OOK) modulation can be used as
part of its signal that has a 100% modulation index, as shown in Fig. 2.5a. However, this
method cannot transfer power continuously because of the complete absence of the carrier
wave during “0” bit periods. Therefore, some kind of energy storage devices are required to

supply power when it is not being transferred [94].

Another alternative is to encode the duration instead of the amplitude as in ASK-PWM
(Pulse Width Modulation) and ASK-PPM (Pulse Position Modulation), as shown in Fig. 2.5b
and Fig. 2.5¢ [95]. As the baseband data is encoded by different pulse widths or pulse
positions, these methods are more robust against noise and amplitude disturbance than

their ASK counterparts. They can also ensure a better power transfer and efficiency if the
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suspension and trigger times of the carrier are optimized.
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Figure 2.5 Different ASK data encoding schemes (a) On-Off Keying, (b) Pulse width, and
(c) Pulse position.

Another limitation of the ASK modulation and its derivatives (ASK-PWM and ASK-PPM),
is their inability to achieve high-data rates. Actually, while using such techniques, the band-
width was shown to be limited to 1/10th of the carrier frequency [96]. There are two main
limitation sources of the data rates when ASK and its derivatives modulations are used over

the power carrier:

- The @ factor: due to the inverse relationship between the @) factor and the bandwidth BW;
as given by (2.1); a high @ factor contributing to high PTE [68] is conflicting with reaching
high-data rates. Consequently, the maximum data rate is limited by the bandwidth that
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should be as narrow as needed to enhance PTE.

_ e

BW
Q

(2.1)
- The demodulator limitations: for a long time, the conventional and simple approach used
to demodulate ASK signals is to employ an envelope detector circuit. However, this circuit
is the weakness of ASK demodulators, as revealed in [80]. In short, for an exact envelope
detection, the RC time constant of the envelope detector, also called 7, should meet the

following condition:

.]1_c<<T<<,];'Ir-n (2.2)

where f,, is the highest message bandwidth, in Hz. However, this condition limits the max-
imal achievable data rate at 1/10th of the carrier frequency [96], which makes the envelope

detector unsuitable for high-data-rate communication.

A solution targeting the @) factor issue, called the “suspended-carrier” method, was reported
by Troyk et al. in [97].

Suspended-carrier modulation
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Figure 2.6 Suspended-carrier modulation: (a) Schematic of the transmitter circuit diagram,
and (b) the corresponding circuit operation waveforms
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Table 2.1 An experimental comparison of demodulators used for downlink communication
over a single inductive link.

CMOS Data Power Silicon Ener Q factor

Reference Modulation Technol- Frequency consump- . &y (primary
rates . area efficiency
Scheme ogy (MHz) (Mb/s) tion (um?) (pJ/b) / sec-

(km) (W) ondary)
[95] PPM? 0.18 13.56 8.33x1073  27.8  =19.4x10% 3.34x10° High Q
[98] Suspended-carrier? Discrete 5 1 N/A N/A N/A 125 /N/A
[99] ASK? 0.35 6 1 200 2050 200 10 / 15.2
[100] ASK-PWM? 0.5 25 0.3 140 N/A 466.6 30 /30
[101] QCPSK! 0.18 4 0.8 59 5x10° 73.75 N/A /N/A

L A signal generator is used to generate the modulated signal.
2 A transmitter and a real inductive link are used to generate the modulated signal.

Suspended-carrier modulation scheme looks similar to OOK modulation scheme, but in re-
ality, they have different system designs and different timing of modulation. OOK can be
performed by switching ON and OFF, at any time, the DC supply voltage [90,102] or the AC
input signal [103] of the power amplifier. For the suspended-carrier modulation, the switching
is synchronized with the zero-crossing of the primary coil current and the modulation circuit
consists mainly of a switch placed in series with the LC primary circuit and a current zero-
crossing detector using a current-sense toroid 77, as shown in Fig. 2.6a. Figure 2.6b shows a
simulated waveform of the primary coil current using the principle of the suspended-carrier

modulation.

Unlike ASK modulations, it is claimed that the suspended-carrier modulation bandwidth
does not depend on the @) factor of the secondary resonant circuit [97,98,104]. Only a high-
@ factor of the primary resonant circuit is required to ensure a high modulation bandwidth.
Therefore, both high PTE and high-modulation bandwidth can be secured at the same time.

Theoretically, this method allows the forward telemetry to reach data rates close to the carrier
frequency value. However, due to the low-speed demodulation of the actual demodulator’s
circuit, the maximal achievable data rate is limited to around one fourth of the carrier
frequency, as revealed in [104]. The suspended-carrier modulation also has its limitations in
terms of power delivery. Indeed, the power can be delivered to the implant only during the

transmission of “1” data bits. This makes the power transfer taking place during almost only
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50% of the working time assuming that the transmitted data bits “1” and “0” are equal. This
modulation scheme is also very sensitive to amplitude disturbances, such as noise, coupling

variations, and interferences.

As the suspended-carrier modulation technique was used in the commercial medical implant
BION™™ for neuromuscular stimulation [105], few information is available concerning the

whole system, the design analysis, and the used carrier frequency.

In Table III, the experimental performance of recently reported demodulators used for down-

link communication over a single inductive link supporting power transfer are compared.

2.3.2 Remote Powering and Uplink Communication Over a Single Inductive
Link

Two possible types of uplink communication systems, also called back-telemetry systems, are

used in biomedical applications: the active and the passive back-telemetry [106].

In active back-telemetry, IMDs generate their own magnetic field to carry information. There-
fore, active telemetry systems use their own energy supply, e.g. a battery [96,107] or energy
recovered from a separate coil-based inductive link [1], their own oscillator, and a pair of
coils or antenna. They can therefore employ many types of modulation such as ASK, FSK,
PSK, and their derivatives. A wider bandwidth and longer range of communication may be
achieved using active back-telemetry. Hence, it is easier to ensure communications at high-
data rate and to reach IMDs located deeper inside the body. Also, this improves robustness
against misalignment and distance variations between the external and the implantable units.

However, these systems suffer from high power consumption and require cumbersome circuits.

In the passive back-telemetry, information is transmitted by modulating the existing external
magnetic field. The same energy used to transfer power is also used to transfer data from
the IMD to the external controller. Therefore, passive wireless systems can make use of a
single inductive link to transfer both power and data. As a result, they allow lower power

consumption and eventually smaller device size.

As we are particularly interested in the simultaneous data and power transfer over a single
inductive link, we focus only on passive back-telemetry systems. More specifically, the Load
Shift Keying (LSK), the Passive Phase-Shift Keying (PPSK), and Cyclic ON-OFF Keying
(COOK) approaches, which have been discussed next.
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Figure 2.7 LSK modulator principle for (a) series, and (b) parallel resistive load modulation,
and (c) capacitive load modulation

Load Shift Keying

The most popular passive telemetry modulation approach is the LSK, also known as impedance
modulation, reflectance modulation, or absorption modulation [90, 108]. It is a well-known

technique used in Radio Frequency Identification (RFID) tags, wireless sensors, and biomed-

ical applications. LSK is achieved by changing the load impedance in accordance with the

digital data.

Any variation in the secondary circuit parameters (as the coil inductance Lo, the capacitance
(5, the total load resistance Rs) or in the coupling coefficient can result in a variation of
the equivalent impedance seen from the primary circuit Z.,. Practically, only resistive load
and the capacitive load modulations are used to perform LSK modulations. This is because

resistances and capacitances are easier to vary than inductances and k values.

The resistive load modulation or load switching can be placed in-series or in-parallel as shown
in Fig. 2.7a and Fig. 2.7b, respectively. In the in-series resistive load modulation, the IMD
load varies between the resistive load Ry and the open circuit state (high impedance). Ry
should be small enough to obtain a sufficient distinction between the two states. For parallel
resistive load modulation, the load varies between Ry and the short circuit (low impedance).
Consequently, the parallel configuration is more suitable for a large load. Depending on the

load nature and value, the best configuration could be serial, parallel, or a combination of
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both (if R, is variable) [109].

The capacitor load modulation (Fig. 2.7¢) results in a detuning of the impedance phase angle

of Zq, and a detuning of the secondary resonant frequency.

1
N 27’(’\/ LQCQ

Compared to the resistive load switching, capacitor switching provides larger variations in the

fr2 (2.3)

reflected impedance with lower power dissipation (due to joule heating). However, secondary
LC tank detuning causes an out-of-resonance operation and consequently a low power transfer
efficiency. Since only a switch is added to the implantable side, all LSK configurations have
the lowest power consumption and circuit complexity compared to other uplink modulator

designs.

The major limitation of such modulations is the () factor issue that was already mentioned
in the previous section for forward communication: achieving high-data rates requires low

coil quality factors, requirements that are conflicting for high PTE for power transfer.

Furthermore, shifting between the real load and the extra load for LSK leads to impedance
mismatching and alters the PTE. In addition, the energy is deviated from the real load to

the extra load during data transmission.

Recently, this issue was resolved in [110], [111] by using new uplink modulation schemes: the
PPSK and the COOK. Using these recently introduced modulation approaches, simultaneous
power and data transmission via a single inductive link can be achieved without the extra
load.

Passive Phase-Shift Keying (PPSK)

In the PPSK method, the modulation switch S,, is connected parallelly to the secondary
coil Ly as shown in Fig. 2.8a. The key idea for a proper PPSK operation is that .S,, should
be switched on to short circuit L, at time instant ¢, when the coil voltage V7, crosses zero.
S is switched off after only half of a carrier cycle at time instant ¢1; when Vy, crosses zero

again.

Since at resonance, the coil current iy, and voltage V7, are in quadrature, iy, should be at its
positive maximum [y,  at tg. If no modulation is applied to the link, iy, should normally
evolve to its negative maximum -/z,  at time instant ¢;. However, with PPSK modulation,
ir, is forced to be at Iy, instead of -1y, , which contributes toward reversing the phase

of Vy, and iy,. Nevertheless, the secondary LC circuit attempts to counteract against this
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Figure 2.8 (a) Simplified circuit model of an inductive link with PPSK and COOK modula-

tions, and waveforms throughout the operation of (b) PPSK and (¢) COOK modulations
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phase variation in order to reach back its steady-state, creating thereby a transient response
for a short period of time [110,112]. This transient response in the secondary coil results in
an amplitude variation of the primary current and therefore, a variation of the voltage at the

capacitor terminals V¢, is observed as shown in Fig. 2.8b.

In short, the switching of half a carrier cycle (from ¢y to t1) provokes a passive phase shift
modulation in the secondary circuit and results in an amplitude modulation in the primary
circuit, which is detected as a logic “1” signal. Whereas, logic “0” is obtained at no switching
of S,,. The data rates of PPSK modulation depends on the time interval of the transient
response. A high-data rate is reached for a short transient response time and vice versa.
Using a carrier frequency of 13.56 MHz, a data rate up to 1.35 Mb/s and a BER below
10~® were achieved for a working distance between 5 and 15 mm. Also, in comparison to a
conventional inductive link transferring power without data modulation, PPSK modulation
resulted in only 6% lower PTE.

However, the issue related to the trade-off between PTE and data rate still remains due to
resonance recovery time after each bit transmission. Obviously, low @) factors of the primary
and secondary circuits are unavoidable for over-damped response and short recovery time.
This is considered as the main reason that limits the data rate of PPSK modulation to only
1/10 of the carrier frequency. Moreover, due to the phase reversal of LC resonance, power

losses and PTE mitigation take place during data transmission.

A PPSK modulator was implemented in [110] using 0.6 wm high-voltage CMOS technology.
It mainly contains an RF' clock generator and a control logic to synchronize the switching
for half the carrier cycle. Concerning the recovery part, it is a typical ASK demodulator

implemented using discrete components.

Cyclic ON-OFF Keying (COOK)

The same circuit model of PPSK is adopted for COOK modulation (Fig. 2.8a). However,
the only difference is that with respect to the time instant ¢;. In COOK modulation, S,,
shorts up Lo for a full cycle instead of half a carrier cycle, as shown in Fig. 2.8c. Unlike
PPSK modulation, at ¢;, V7, and 4, resume their normal course without any phase reversal
of LC resonance, which avoids the resonance disturbance and reduces power losses. The
single-cycle shorting of the secondary coil results on a voltage rise of the primary capacitor
(' followed by an exponential falling to the baseline (corresponding to Vg, amplitude without
modulation) [111,116,117].

It has been proven that unlike LSK and PPSK modulation, a high @ factor of the secondary
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Table 2.2 An experimental comparison of modulators used for uplink data communication
over a single inductive link.

CMOS Power .
Reference Modulation Technol- Frequency ata consump- Maximum Exnfzrgy Dy, (em) / Q.factm
rates . BER Pp;,  efficiency Dp, (cm) / (primary /
Scheme o8y (MHz) (Mb/s) tion (mW) (pJ/b) d (cm)  secondary)
(nm) T (uwW) faba 1
[100] LSK 0.5 25 2.8 100 <1076 N/A 3571 35/35/2 10 / 25
[110] PPSK 0.6 HV 13.56 1.35 N/A  <59x107% 100 N/A 25/16/08 120/ 116
[111] COOK 0.065 13.56 6.78 64 <9.9%x107% 115 9.5 65/42/1 76 /75
[113] LSK Discrete 1 0.003 N/A <1.6x107% 250 N/A 4/ 2.2 /0.7 High Q
[114] LSK 0.18 10 2 N/A N/A 10 N/A 3/2/06 N/A/N/A
[115] LSK  Discrete  13.56 0.5 N/A N/A 20 N/A  168/3/4 N/A/N/A

Dy, Dy, are the diameters of the primary and secondary coils, respectively and dy,, 1, is the intercoil
distance.

LC tank decreases the resonance recovery time and allows a high-data rate if the COOK

modulation is used. Hence, a high efficiency of the power transfer and a high-data rate can

be reached at the same time.

Ha et al. proposed a simple COOK modulation scheme using one-bit encoding per 4 carrier
cycles and an enhanced COOK modulation scheme with two-bits encoding per 4 carrier
cycles [111]. This is performed by shifting the position of the single-cycle shorting inside
the four-cycle time interval. Over a single 13.56 MHz inductive link, a data rate up to
6.78 Mb/s and a BER below 9.9x107® was achieved at 1 cm distance separation between
coils. Furthermore, it allows a maximal PTE of 89.2% at 100 Q2 load and 1 cm coil distance

separation.

To validate this new method of modulation, a 65 nm CMOS modulator was fabricated and
tested. However, no COOK demodulator has been designed and the modulated signal was
sampled and decoded using only an oscilloscope and the Matlab software. Basically, an
envelope detector should be used to demodulate this kind of signal. However, the limitations
of conventional envelope detectors circuits may definitely decrease the maximal achievable

data rates.

A list of state-of-the-art modulators used for uplink communication with simultaneous remote
powering over a single inductive link is shown in Table 2.2. In order to allow reproducing

the setup used to measure the modulators’ performance and for fair comparison purposes,
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coil dimensions and intercoil distances were included in Table 2.2. Large coils and short in-
tercoil spacing improve the coupling factor and therefore the BER and the maximum Power
Delivered to the Load Ppr. On the other hand, any misalignment between the external and
internal coils may deteriorate these parameters. Closed-loop systems can be employed to
reduce the sensitivity to misalignment and coupling variations. However, these approaches
may complicate the system architecture and increase its power consumption [68,69]. Mechan-
ical approaches, such as using magnets or straps [65-67], to provide better alignment have
fewer disadvantages. Appropriate geometric design approaches using printed spiral coils with
multiple layers can improve both efficiency and robustness of the inductive link to coupling

factor variations as discussed in [118].

To ensure simultaneous downlink/uplink communication over a single inductive link free
from mutual interference, full-duplex and half-duplex communications are the two possible
transmission modes [119]. The full-duplex transmission mode can be adopted when each
of downlink and uplink modulation techniques vary according to different parameters of the
carrier. For example, FSK or PSK that may be used for downlink communication could allow
a full-duplex communication with LSK for uplink communication [92,120,121]. However, the
latter, which is a kind of ASK, does not allow a full-duplex bidirectional data transmission
with ASK modulation and its derivatives. Similarly, only half-duplex communication with
time division duplexing can be used to avoid possible interference between downlink and
uplink data transmission [110,119,122].

2.4 Safety Considerations

Another challenge associated with wireless transcutaneous power and data transfer for IMDs
is achieving reliable energy transfer within safety and regulations on biological, physical,
electromagnetic (EM) and EM interference (EMI) limits.

Medical device regulations for most safety considerations are rather vague, and constantly
changing and improving [123]. They differ from a country to another, fortunately, stan-
dardization efforts are actually made to set up international regulatory guidelines and refer-
ences [124-126]. Discussing these regulations goes beyond the scope of this paper. However,
it is worth mentioning that sufficient clinical evidence is required and conformity with the
regulatory requirements of the country where the final product will be used should be met

prior commercialization. Basic information on some safety concerns is presented here.
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2.4.1 Biological Safety Concerns

Medical implants including wireless systems must be biocompatible, biostable and properly
sealed in order to resist against aggregations of surrounding body fluids and cells, reduce the
possibility of tissue rejection reactions, and prevent physical components within the device
from leaking out into the inner body. Therefore, proper selection of the implant material
is a key factor for long-term success of IMDs implantation. A wide variety of metallic
biomaterials, bioceramics, and biocompatible polymers can be used in medical implants.
Comparative studies of these materials, their advantages and disadvantages are conducted
in [127-129]. Particularly, coils or antennas need to be encapsulated with non-magnetic and
electrically non-conductive materials to avoid absorption of electromagnetic flux line and
eddy current losses in the coating. Otherwise, the wireless power transfer efficiency and
the reliability of communication will deteriorate and heat dissipation may occur into the

surrounding tissue.

2.4.2 Physical Safety Concerns

In addition to the biochemical properties, the mechanical structure and the surface properties
of the implanted device need to be carefully designed. The size and shape of the medical
device including the delivery system should be adapted to the implantation location which is
patient and gender specific [36]. As the human body is very often in motion, the packaging
must be able to endure strains and shocks. Also, to reduce the stress on the peripheral
contact area of the implant/tissue, the implant should have a small volume and rounded
edges. From this point of view, using a single inductive link is more appropriate than using
multiple wireless links for wireless power and data transfer. The first approach may reduce

the implantation tissue damage.

2.4.3 Electromagnetic safety concerns

While designing the IMDs wireless system, the electromagnetic field intensity and operation
frequency have to be considered and carefully selected. They should meet international safety
standards and they should not be a source of tissue damage or affect the IMD performance.
The waves generated by wireless systems pass through biological tissues and are subject to
frequency dependent absorption. Absorbed electromagnetic waves can lead to considerable
heating of the tissues that surround implants and consequently cause irreversible tissue dam-
age [130]. Energy absorption in tissue is quantified by measuring the specific absorption rate

(SAR). It is defined as the amount of power which is dissipated per (absorbed by) unit mass
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of tissue. The SI unit of SAR is watts per kilogram (W /kg). Different exposure limits to
radiofrequency energy have been adopted according to countries (and even cities). However,
most of the world countries use the International Commission on Non-lonizing Radiation
Protection (ICNIRP) guidelines to limit human exposure [131]. In the ICNIRP guideline,
the SAR for general public should not exceed 0.08 W /kg over the whole body, 4 W /kg for
arms, and legs local exposures, and 2 W /kg for head and trunk local exposures. All values
are averaged over 6 minutes and all local exposures are to be averaged over 10 g. In general,
10 g of tissue occupies a volume of 2.15 ¢m?, i.e. the tissue absorption should not exceed
20 mW to 40 mW in 2.15 ¢m?® [132]. More details on guidelines and standards for human

exposure to RF electromagnetic energy are described in [131].

2.4.4 EMI safety concerns

If not limited, electromagnetic interference (EMI) can negatively affects the operation of
electronic devices. EMI is defined as disturbance that affects an electrical circuit due to
electromagnetic induction or radiation. Aggressor EM fields can be emitted from components
which are present within the device, such as inductors and transistors or from external sources
placed in the vicinity of the IMD. EMI is a most common source of problems in medical

devices.

Mobile phones, electronic security systems (store antitheft gates and airport security gates),
and medical electromagnetic radiation devices (radiation therapy and magnetic resonance
imaging (MRI) scanners) are some example of frequent EMI sources that may affect the op-
eration of an IMD [133]. The electromagnetic fields produced by these sources may interfere
with the IMD in several ways [134-136]: eddy currents may occur in the electrically conduc-
tive part of the implant (such as electrodes) and cause heating and damage to surrounding
tissues; magnetic field gradient, during MRI for example, could exert force and torque on
ferromagnetic parts of the IMD and dislocate the implant, thus damaging the device and
its surrounding tissues; permanent magnets (used in commercial cochlear implants) could be

demagnetized thus reducing transmission functionality.

EMI is more likely to occur if the frequency of the EM field is in the same range as the
operating frequency of the IMD wireless system and if separate links are used for power and
data transfer. The effects of the EMI, whether from internal or external sources, should be

well considered by designers/manufacturers of medical devices.

In conclusion, the use of a single inductive link instead of multiple links for wireless power
and data transfer reduces the size of the implant and alleviate design constraints on biological

and physical aspects. It also reduces human exposure to EM fields and disturbances that



can affect the functionality of the implant due to EMI.
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3.1 Abstract

This paper relates to a novel approach for downlink data transmission based on a Carrier
Width Modulation (CWM). This modulation technique offers high performances and allows
simultaneous data and power transmission over a single 27.12 MHz inductive link. A CWM
demodulator is designed and fabricated in 130 nm CMOS technology. The proposed demod-
ulator is intended for implantable medical devices, but can be applicable to other wireless
systems. Excellent measurement results are obtained in comparison with state-of-the-art de-
modulators used in inductive communication systems. The proposed demodulator that was
designed, fabricated and tested provides high-data rates at an ultra-low power budget and
a very small silicon area of 2100 um?. More specifically, a data rate of 9.04 Mb/s can be
achieved at a cost of only 13.68 W power consumption. This represents an energy efficiency

of 1.5 pJ /bit, that is 8 times smaller than the best state-of-the-art competitive demodulator.

Keywords - Inductive Link, downlink data transmission, Carrier Width Modulation, CWM

demodulator.
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3.2 Introduction

Due to their safety, simplicity and reliability, inductive links have, for a long time, been
used to simultaneously transfer power and communicate with Implantable Medical Devices
(IMDs) [50]. Up to date, it is the most popular if not the only wireless technique implemented
in commercial IMDs. In recent years, several advanced IMDs such as endoscopic capsules,
retinal prostheses, and brain machine interfaces have been developed. For all these devices,

high data rate communications are required.

However, high data rate circuits generally involve high-power consumption, whereas the
amount of energy wirelessly transferred should be utilized for the proper operation of the
implant. For downlink (from the external device to the IMD) and uplink (from the IMD to
the external device) data transfer, a special attention should be given to the demodulator and
modulator designs, respectively. The aim is to achieve small size, low-power consumption,
and high data rate communication in the implantable device. In this paper, we focus on the
downlink communication and particularly on the demodulator circuit which plays a major

role in data integrity and overall power efficiency of the IMD.

Downlink data transfer is primary based on carrier modulation to create detectable varia-
tions through the secondary coil. Commonly, such carrier variations are implemented using
Amplitude Shift Keying (ASK) [99,137], Frequency Shift Keying (FSK) [138], or Phase Shift
Keying (PSK). For ASK, if one of the amplitudes is equal to zero volt, the modulation is
called On-Off Keying (OOK). Besides, data values can be encoded in the duration (instead of
the amplitude) as in ASK-PWM (Pulse Width Modulation) and ASK-PPM (Pulse Position
Modulation) [95]. ASK modulation and its derivatives are the simplest to implement and
usually consume low power, but they generally fail to achieve high data rates. Also, they are

highly sensitive to noise and all kinds of disturbances that may affect the carrier amplitude.

FSK modulation can offer high data rates and guarantees the best robustness against noise.
However, it is rarely used because it requires a relatively wide bandwidth, in addition to its

high power consumption and demodulator complexity.

On the other hand, PSK modulation and its derivatives, such as Orthogonal Quadrature
PSK [14] or Quasi-Coherent PSK [101], have the advantages of lower sensitivity against
noise and higher data rates. However, their main limitations are their high implementation

complexity and power consumption.

Two solutions were proposed and patented by Ghovanloo et al. to achieve higher data
rate (up to 20 Mb/s) without requiring too much power from the IMD [90,139]. For these

two methods, pulse-based techniques have been used over wideband inductive telemetry.
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However, as these methods are carrier-less, they cannot be used to transfer both power and
data over the same link. Therefore, separate sets of coils are required for data and power

transfer.

Motivated by the need for high performance demodulators for downlink communication over
a single inductive link that can be used for both data and power transfer, we proposed a novel
modulation technique called Carrier Width Modulation (CWM), together with an original
demodulator circuit allowing high data rate, ultra-low power consumption, and small silicon

area.

Compared to our previous work in [81], this paper presents (1) a feasibility study; based on
theoretical and simulation analysis; of the proposed generic CWM modulation technique, (2)
an improved demodulator circuit design including testing blocks as well as (3) experimental
validation results. Only a specific case of the generic CWM technique is considered in this

paper; the one that achieves the highest data rate.

The remaining parts of this paper are organized as follows: Section II presents analytical
and simulation results of an inductive link implementing the proposed CWM modulation.
Section III discusses the main design considerations of the demodulator. Section IV shows
experimental results and performance comparisons with competitive modulation solutions.

Finally, concluding remarks are given in section V.

3.3 Proposed CWM Scheme

Figure 3.1 shows the conceptual illustration of our CWM proposed scheme. A binary data “0”
is modulated by a sinewave signal during two carrier cycles 2T, followed by a zero-signal for
one cycle T,.. While a single sinewave cycle followed by two zero cycles are used to modulate
the bit “17.

Figure 3.1 Conceptual CWM signal allowing 9.04 Mb/s data rate when using a 27.12 MHz
carrier frequency
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Since the data rate increases with the carrier frequency f., a 27.12 MHz f. value was selected
as it is the highest frequency for transcutaneous inductive transmission that belongs to the
Industrial Scientific and Medical (ISM) bands [80]. At this frequency, the proposed modu-
lation scheme allows a data rate of 9.04 Mb/s, that is equivalent to one third of the carrier

frequency.

This proposed high data rate modulation is meant to be implemented using a single inductive
link for simultaneous wireless power and downlink data transmission. The following question
then arises: “Does the CWM modulated signal preserve its waveform after passing through
an inductive link originally designed for efficient power transfer?”. To appropriately answer
this question, a feasibility study of a CWM modulation over an inductive link is carried out

using theoretical and simulation analysis.

Figure 3.2 shows a simplified circuit model of an inductive link using CWM modulation.
Ly and 7y, Ly and 7 are the self-inductances and the series resistances of the primary and
secondary coils, respectively. These coils are magnetically coupled through the mutual induc-
tance M. v, is the voltage source that drives the primary coil and Ry, is the total equivalent
load of the implant neglecting the non-linear load behaviour of the rectifier. Moreover, the
capacitors (] and Cy are used to tune the resonant frequency f,. of the primary and the

secondary circuits at the carrier frequency f..

1 1
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The proposed CWM signal can be generated by turning ON and OFF a switch in series with

(3.1)

the primary coil, as shown in Fig. 3.2. This is dissimilar to the OOK modulation method,
whose data modulation is implemented by switching ON and OFF the DC power supply [140]
or the AC driver signal [103] of the power amplifier. Moreover, unlike OOK switching that
can be performed at any time, the CWM switching is synchronized with the zero-crossing of
the current 7; flowing into the primary coil. In other words, i; is instantaneously interrupted
at its zero-crossing. By doing so, all the energy of the primary LC circuit is stored as voltage
on the series capacitor €} and virtually no energy is lost during the current interruption.
This principle of preserving the energy in an LC tank at switching time was published in [97]
and [117] for forward and backward data communication respectively. Their approaches aim
to achieve high data rate with efficient power transfer over a single inductive link. The
waveform of the received modulated signal, represented by the voltage at the terminals of
the secondary capacitor vy, should ideally be identical to the conceptual signal of Fig. 3.1.
At first, we identified its phase ®,, compared to the primary current phase ®; . Based on

the phase analysis studied in [141] and the time domain simulation shown in Fig. 3.3, vy and
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Figure 3.2 Simplified circuit model of an inductive link with CWM modulation

11 are in phase at resonance.
®,, = O, (3.2)

The variation of ®;, and ®,, depends mostly on the coupling factor k = M /+/Ly Ly and the
quality (Q) factor of the primary coil [141] but their phase relationship (Eq 3.2) would not
change, as shown in Fig. 3.3. By definition, the quality factor of a coil is the ratio of the
reactance to the real part of its impedance.
wlL
Qu="".Qs

r T

. CULQ

(3.3)

At resonance, these parameters are equals to the Q factors of the primary and secondary LC
tank.

During the transient operation in OOK modulation, the energy stored in the primary capac-
itor and the coil circulates back and forth, leading to “ringing” effect figured by an unwanted
oscillation of a voltage and current altering the modulated waveform. This ringing increases
with the primary Q factor. The higher the Q factor, the narrower the bandwidth and conse-
quently the longer it takes for the ringing to die out [90]. However, using CWM modulation,
we will prove by simulation analysis that ) factors of the primary and secondary coils do

not alter the received modulated waveform.

Figure 3.3a and Fig. 3.3b display the simulated waveforms of the primary current ¢; and the
secondary voltage vy for different values of (); and )2, respectively. These figures confirm
that independently of (); and (), the suspension and resumption of #; oscillation occurs
immediately at the switching time instants, without any ringing behaviour. However, as

(21 increases, the dissipated energy by r; decreases, which implies the increase of the peak
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Figure 3.3 The modulated signals ¢; and vy according (a) to the () variation (for Qo= 15),
(b) and the Q9 variation (for Q1= 15). The parameters are L;= 5.27 uH, Ly= 1 uH, Ci=
6.54 pF, Cy= 34.5 pF, Ry= 1009, and k= 0.16

amplitude of i; and consequently a higher peak amplitude of v5. On the other hand, the
variation of @5 neither affects the waveform nor the amplitude of ¢; and vy (Fig. 3.3b). Since
the coil geometry (size and shape) is often imposed by the IMD constraints, the proposed
modulation scheme can use a wide range of coils (with different Q factors) while keeping a

high data rate transmission.

Nevertheless, a half-sine wave transient vy voltage is observed at the primary current inter-
ruption and the v, resumption takes a half cycle to reach nearly its original voltage amplitude.
This is consequent to the secondary capacitor and coil discharging and charging through the
resistive load Ry. The CWM demodulator should therefore be designed taking into account
these unwanted positive transient responses. This can be tackled either by synchronizing the
CWM switching with the negative-going zero-crossing of i; or by inverting vy using an op
amp in order to move the positive transient to the negative region. Consequently and as it is
going to be demonstrated next, the designed CWM is insensitive to any unwanted transients

if they are occuring at the negative alternances.

Based on this feasibility study, we proved that, unlike OOK modulation technique, our
proposed CWM modulation method is less affected by the Q factor of the primary and

secondary coils.

Further analysis of the secondary loaded Q factor on data and power transfer performances,
with design improvements of the CWM demodulator aiming at tackling these impacts, will

be the subject of a future work. For this paper, an ideal CWM modulated signal is gener-
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Figure 3.4 Block diagram and the associated waveforms of the CWM demodulator.

ated using an arbitrary waveform generator and only the CWM demodulator circuit will be

developed.

3.4 Proposed CWM Demodulator Design

Figure 3.4 shows the block diagram of the proposed CWM demodulator. The core module
of our demodulator is the front-end Pulse Width (PW) to Sawtooth Peak (SP) converter.
The circuit diagram of the proposed PW-to-SP converter is shown in Fig. 3.5a. It consists of
a current source (implemented as a passive resistor R), the current mirror M1-M2, and two
transistors that switch alternately in order to charge or discharge the output capacitor (Coyt).
The charging occurs when the input signal of the PW-to-SP converter has an amplitude lower
than the gate threshold voltage V;;, while the discharging happens in the opposite case. The
aspect ratio (W/L) of the transistors and the values of R and C,, are carefully chosen to
provide slow charging and very fast discharging, and accordingly a sawtooth signal Vj, is
produced (Fig. 3.4).

The shape of V,, and the performance of proposed PW-to-SP converter are relied on the
width of the OFF periods. Therefore, this block is less sensitive to amplitude variations
of the input signal than the conventional envelope detectors which depend substantially on
the modulated signal amplitude [81]. As discussed in Section 3.3, unwanted transient at
OFF periods is expected in practice. If this disruption does not exceed Vj,, the proposed
PW-to-SP converter does not perceive it and consequently it makes our demodulator robust
against this kind of disturbance. That is why it is so important to move the positive transient

to the negative region.

The peak values of the generated Vj, signal depend only on the charging duration. These
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Figure 3.5 (a) Circuit level implementation of the Pulse Width (PW) to Sawtooth Peak (SP)
converter. (b) Block diagram of the adjustable delay.

peaks are compared with two reference voltages (V,; and V,5) using two comparators Compl
and Comp2. The comparison between V;, and V;; is done by means of Compl in order
to extract the envelope of the modulated signal V.. The latter serves as a clock signal for
synchronization purposes. As shown in Fig. 3.4, V,.; must be higher than the first sawtooth
peak, resulting from the capacitor charging during the negative half cycle of the carrier. On
the other hand, Vs should be chosen between the second and the third sawtooth peaks, so
that the data bits "1" and "0" can be distinguished. In order to acquire the baseband data
signal, the output signal from Comp2 V,, is delayed; such that the rising edge of V. happens
while V5 is high and then fed into a D flip-flop that is synchronized through the generated
signal V..

For this first demodulator prototype, the voltage references are applied from outside, where
a resistive voltage divider has been used to produce V,; and V,, from the 1.2 V supply. In
addition, to mitigate possible risk of desynchronization and possible delays due to process
and mismatch variations, we added a delay element At at the output of each comparator
and implemented a digitally configurable delay before the data input D of the latch element.
Figure 3.5b shows the block diagram of the configurable delay, where four delay elements
are integrated and one 4:1 multiplexer (MUX) is used to select the appropriate delay for

synchronization. Depending on the state of the control signals (Sely and Sel;), the resulting

4
amount of delay At. can be Y At;, where At;= 10 ns, and Ats= At3= Aty,= 5 ns. These

i=1



39
settings are implemented only for precaution measures to reduce the risk of malfunctioning

after chip fabrication. In the experimental results reported in the next section, we fixed

voltage reference levels to predefined values and we used only one delay element (At, = At;).

3.5 Experimental Results

v

28.5 pm

\

Figure 3.6 Chip micrograph and layout view of the proposed CWM demodulator.

Function/Arbitrary Waveform Generator

Figure 3.7 Photograph of the measurement setup.

In this paper, only standalone CWM demodulator was fabricated and tested to prove the

proposed concept. To extract the experimental characteristics, a complete system will be
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implemented to confirm the demodulator effectiveness in real-world usage. Figure 3.6 shows
the chip micrograph and the layout view of the fabricated CWM demodulator in the IBM
130 nm CMOS technology, where a very small silicon area of 75 pm x 28.5 pm is occupied.
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Figure 3.8 Measured waveforms: the CWM modulated signal (top), the PW-to-SP converter
output (middle), and the demodulator output signal (bottom).

Figure 3.7 shows the measurement setup of the demodulator prototype. A 33622A Func-
tion/Arbitrary Waveform Generator was employed to generate the CWM ideal modulated
signal. Two power supplies are used to generate 1.2V; one for supplying I/O-pads, voltage
references, and all the blocks needed for testing purposes, such as inverter chains for the dig-
ital output and an analog buffer for the PW-to-SP converter output, while the other power
supply (Keithley 2450 Sourcemeter) is used to supply the CWM demodulator and to sense its
current consumption accurately. As shown in Fig. 3.7, the integrated demodulator was able
to properly extract the baseband digital data at 9.04 Mb/s data rate (f./3) by consuming
only 11.4 pA.

Figure 3.8 shows plots of the applied input signal, as well as the measured PW-to-SP converter
output and the demodulator output signal. The small ripples associated to the input signal
are due to the limited sampling rate of the waveform generator. As expected, the output is
delayed by At + T, from the input.

A CWM inductive transmitter compatible with the proposed modulation approach will be
implemented in a future work in order to measure the Bit Error Rate (BER) and the trans-
mitted power for different distances separating the primary and secondary coils. However,

for a preliminary test of robustness against noise of our proposed demodulation circuit, we



41

applied an Additive White Gaussian Noise (AWGN) to the applied modulated signal result-
ing in a Signal-to-Noise Ratio of 20 dB. The demodulator digital output remains the same as

shown in Fig. 3.8; no bit error was noticed during 40 ms, i.e. for more than 10° demodulated
bits.

Table I summarizes the measured performance of the proposed demodulator in comparison
with previous state-of-the-art methods. Our demodulator requires only 3 carrier cycles per
received information bit and achieves an ultra-low-power consumption of 13.68 uW at a data
rate of 9.04 Mb/s corresponding to an energy efficiency (E/b) of 1.51 pJ/bit. Compared with
its closest competitors, our proposed demodulator requires the minimal number of cycles per
bit and the lowest energy consumption per bit in addition to occupying a very small operation
area. Moreover, as the CWM modulated signal always includes the carrier for some significant
fraction of the total time, the presented modulation technique can also be used for power

delivery.

Table 3.1 Measured Performance of the Proposed Demodulator and Comparison with Prior
Arts

Modulation CMOS Frequency Data Number of Power . E/b Active Area Powering
Reference scheme Technology (MHz) Rate Cycles/bit Consumption (pJ/bit) (10° wm?)  Ability

/ (um) (Mb/s) (L) '

[99] ASK? 0.35 6 1 6 200 200 2.05 Yes
[137) ASK! 0.18 5 0.5 10 17 34 0.92 No
[101] QCPSK! 0.18 4 0.8 5 59 73.75 5 Yes
[139] PHM? 0.35 66.6 20 3.33 250 12.5 60 No
[142] ASK! 0.18 13.56 6.78 2 348.75 51.44 80 No
[143] ASK! 0.18 13.56 2 6.78 35 17.5 3 No
This work CWM! 0.13 27.12 9.04 3 13.68 1.51 2.1 Yes

L A signal generator is adopted to produce the modulated signal.
2 A transmitter is used to produce the modulated signal.

3.6 Conclusion

A novel modulation scheme supporting power and forward data transfer over a single induc-
tive link and a simple CWM demodulator design was presented in this paper. The designed
chip was fabricated in 130 nm CMOS and experimentally validated using an arbitrary wave-
form generator to produce the CWM modulated signal. The demodulator circuit consumes

an ultra-low-power of 13.68 W at 9.04 Mb/s and achieves an energy efficiency of 1.51 pJ/bit.
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To our knowledge, our demodulator has the best reported energy efficiency that was measured
for downlink data transfer over an inductive link. Moreover, the proposed demodulation ap-
proach can also be used for power delivery over the same inductive link. The obtained highly
competitive performances are due to the use of a new effective modulation scheme together

with an original PW-to-SP converter circuit.
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4.1 Abstract

In this paper, we present a new Carrier Width Modulation (CWM) scheme for simultaneous
transfer of power and data over a single inductive link. An ultra-low power CWM demod-
ulator is also proposed. Unlike conventional demodulators for a similar modulation scheme,
the proposed CWM circuit allows higher-speed demodulation and simple implementation. It
works well as a generic demodulator operating at a frequency range between 10 and 31 MHz.
It also supports a wide range of data rates under any selected frequency from the oper-
ating range. A CWDM-based scheme encoding two-bit-per-symbol, called Quad-level CWM
(QCWM) is also proposed. The latter allows high data-rates-to-frequency ratios. Using a
0.13-um CMOS process and 1.2 V power supply, both CWM and QCWM demodulators were
implemented and fabricated. They respectively occupy die sizes of 2137 and 3256 um? and
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dissipate, in worst conditions, 16.9 and 35.5 uWW. Compared with state-of-the-art demodula-
tors used for inductive forward data transmission, the proposed demodulators are distinctive

given their low-energy efficiency and small silicon areas.

Keywords - Carrier Width Modulation, Demodulator, Downlink Data Transmission, Induc-
tive Link.

4.2 Introduction

There has been strong interest for wireless power transfer and fast data communication to
Implantable Medical Devices (IMDs) [58,144]. The main goal is to ensure high power transfer
efficiency and reliable high speed data transfer, while maintaining a small size and low power

consumption of the implantable electronic circuits [145].

Among several wireless technologies such as RF [146], capacitive [147], ultrasonic [148], and
optical [149] links, the inductive link, which consists of a magnetic-coupled pair of coils, is
the most widely used wireless technique for both power and data transfer. This is mainly
due to its ability to provide both power and bidirectional data transmission with appropriate

reliability, safety, cost, and simplicity of implementation [150,151].

Although considerable progress has been achieved in inductively coupled links for IMDs,
many obstacles and design challenges still need to be addressed. Actually, the design of a
transcutaneous data and power transmission system poses two main challenges. The first
one is to achieve an efficient power transfer and high data rates at the same time. In fact,
for conventional modulation techniques, the bandwidth needs to be widened to obtain high
data rates, but narrowed to obtain efficient power delivery. The second challenge is to
implement a small size and low power consumption IMD when establishing a robust high-
speed communication link. The first challenge was addressed in our previous paper [15], and
we proved using simulations that the bandwidth of our proposed CWM is independent of the
quality factor of the primary and secondary coils ()1 and @5, respectively. Therefore, high Q

factors associated with narrow bandwidth do not limit the CWM communication rate.

In this paper, we mainly address the second challenge targeting downlink communications
(from the external device to the IMD); particularly we focus on the demodulator circuit

which plays a major role in data integrity and overall power efficiency of the IMD.

Several techniques have been proposed for downlink communication. Some notable propo-
nents are Frequency Shift Keying (FSK) [138], Phase Shift Keying (PSK) [101], and Ampli-
tude Shift Keying (ASK) modulation techniques [152]. PSK, FSK and their derivatives may

offer high data rates and high immunity against noise, but they suffer from high implemen-
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tation complexity and power consumption [153]. ASK is the most commonly used approach
due to its easy implementation and the low power consumption of its demodulation circuit
compared to other methods. However, the ASK scheme is less robust against disturbances
that affect the carrier amplitude, such as interference and coupling variations. For better
immunity, ASK with 100% amplitude modulation index; called On-Off keying (OOK); can
be used [4]. Considered as the simplest and the least power-hungry modulation technique,
special attention will be given to OOK and an analysis of its demodulator limitations will be

discussed here to motivate our proposed solution.

Average
00K Envelope Detector Detector
modulated : ]| ! 1|
signal [ !l I ) 1+ Data
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Figure 4.1 Typical block diagram of an OOK demodulator in an inductive link. It consists
of an envelope detector, an average detector, and a comparator.

Despite its low design complexity and reduced power consumption, the data rate of OOK
modulation, as it is the case for ASK modulation, is low due to the limited speed of its
demodulator circuit. Figure 4.1 shows a typical block diagram of a conventional OOK de-
modulator. It uses an envelope detector (ED), which represents the weakest-link of the chain
in ASK demodulators. Typically, the ED is composed of a diode followed by a capacitor C
in parallel with a resistor R, as shown in Fig. 4.1. The time constant 7= RC' determines the
discharging time of the capacitor. For a faithful extraction of the modulated signal envelope,
the time constant should satisfy the following inequality [77].

1
7 LT L Thingora (4.1)

where T,,in,... 1s the shortest time interval between two binary words. This condition cannot
be fulfilled for high data rate applications, as will be shown in Section 4.4. It has also been
shown that the ED can consume significant power due to high dissipated power in the diode

during the conduction phase [78].
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Our work aims to solve this limitation to achieve a high data rate downlink communications
over a single inductive link intended also for power transfer. In this paper, we propose
two data modulation schemes for forward data transmission based on OOK called Carrier
Width Modulation (CWM) and Quad-level CWM (QCWM), together with generic-CWM
and QCWM demodulators allowing for high data rates, ultra-low power consumption, and

small-silicon area.

Compared to our previous works in [15,80,81], this paper presents the following contributions:
(1) A generic CWM demodulator able to cover a wide range of carrier frequencies from 10 to
31 MHz; (2) A sensitivity analysis on the main block (PW-to-SP converter) of the proposed
demodulator; (3) An improved QCWM demodulator circuit design; as well as (4) Chip
fabrication and experimental validation of the generic-CWM and QCWM demodulators.

The remaining parts of this paper are organized as follows: Section 4.3 presents analytical
and simulation results of an inductive link implementing the proposed CWM modulation.
Section 4.4 provides the proposed design solution allowing a high-speed demodulation as
well as architectural and implementation details of the generic-CWM and the QCWM de-
modulators. Section 4.5 validates the functionality of the proposed demodulators and shows
experimental results and performance comparisons with competitive demodulators. Finally,

concluding remarks are given in Section 4.6.

4.3 Proposed Modulation Techniques

4.3.1 Modulation Schemes

The data rate of the proposed CWM technique can be configured by selecting different
modulation codes and carrier frequencies f.. This new technique looks similar to a pulse
width encoded OOK modulation [154]. However, there are two key differences. The first
one concerns the modulation circuit design; as will be discussed in the next section; and the
second difference is related to the modulation timing. Unlike OOK switching that can be
performed at any time, CWM data switching is performed at specific times which are the

zero-crossing of the primary coil current.

The modulated waveform is characterized by the carrier cycle time T.=(1/f.), the data bit
period Ty and the ON and OFF widths for ‘1" and ‘0’ data bits: ton,, torr, ton, and torg,-
These time-widths can also be expressed using the number of carrier cycles. As shown in
Fig. 4.2, torr, and torr, are fixed to one cycle and two cycles, respectively. OFF widths
are chosen to be as short as possible to ensure a short interruption of power transmission.

However, ton, and toy, widths take (n-1) T, and (n-2) T, respectively, where n is the number
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tONl tOFFl tONO tOFFO

(n=12)

Figure 4.2 Proposed CWM scheme for different numbers of carrier cycles per data bit cycle,
n: 12, 6 and 3 (from top to bottom)

of carrier cycles per data bit cycle. This number is an integer value that should be greater
than or equal to 3. Three different data encoding of the proposed CWM scheme are shown in

Fig. 4.2 according to various selected n values (12, 6 and 3 respectively from top to bottom).

Table 4.1 shows the corresponding data rates (Data rate= 1/T;= f./n) calculated for some
n values at 13.56 MHz and 27.12 MHz carrier frequencies. These frequencies belong to the
range that can penetrate water and skin without tissue heating and potential damage (3 kHz-
30 MHz) [50,155]. As shown in this table, the maximal achievable data rate is obtained for
n = 3. This topology allows achieving a data rate as high as 9.04 Mbit/s at 27.12 MHz

carrier frequency.

For even higher data rates, we also proposed an enhanced CWM modulation scheme with
quaternary symbols data encoding, called Quad-level CWM (QCWM) [80]. It consists of
sending two bits per symbol by using four combinations of duty cycle ratio. One of the
possible solutions consists on allocating a duty cycle ratio of 20% for the binary word ‘11,
40% for ‘10’, 60% for ‘01’, and 80% for ‘00’, as shown in Fig. 4.3. In this manner, high data
rates of 2/5™" of the carrier frequency can be reached. At 27.12 MHz, the binary data rate
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Table 4.1 Combinations of data rates for different n values

Je
13.56 MHz 27.12 MHz
n Data rates (Mb/s)
100 0.1356 0.2712
50 0.2712 0.5427
2.26 4.52
4.52 9.04

would then reach 10.84 Mbit/s, i.e. 1.8 Mbit/s higher than the CWM maximal achievable

data rate.

| 11 | 10 | 01 00 |
Bit-words | I I I
I I : :

I I I | I

| I I | I

| . M | MI |

Modulated | :

signal

Figure 4.3 The waveforms of the proposed QCWM technique

4.3.2 Principle of Operation

CWM and QCWM data modulations can be carried out by opening and closing the primary
LC circuit using a modulation switch 5. Figure 4.4 shows a simplified circuit of the proposed
wireless power and downlink data transfer system. L; and Ly are the self-inductances of the
primary and secondary coils, respectively, with a mutual inductance M, where M=Fk+/Li L,
and k is the coupling factor between the two coils. C and C are capacitors used to tune

the resonant frequency f,. (= 1/27v LC) of the primary and secondary circuits at the carrier
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Figure 4.4 Simplified circuit of an inductive link with CWM modulation for wireless power
and downlink data transfer system
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Figure 4.5 Simulated waveforms of CWM modulation scheme
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frequency f.. R; represents the total serial loss resistance on the primary side, including the
loss resistance of the voltage source v, and the internal series resistance of the primary coil.
On the other side, r;5 is the series loss resistance in the secondary coil and Ry, is the total
equivalent load of the implant. The non-linear behaviour of the rectifier load is neglected in

this analysis and Ry is considered as a DC load.

The switching of S; is synchronized with the zero-crossing of the current i; flowing into the
primary coil. In other words, i; is instantaneously interrupted at its zero-crossing (ty). In this
manner, all the energy of the primary LC circuit is stored as voltage on the series capacitor
C} and veq is at its extremum at the time instant ¢y, as shown in Fig. 4.5. This principle of
preserving the energy in an LC tank at switching time; to achieve high data rates with efficient
power transfer over a single inductive link; is the same as the one adopted by the suspended-
carrier modulation [97] and COOK [117] for forward and backward data communication,
respectively. The energy preserving phenomenon was also validated by simulation in our

previous paper [15].

As the OFF periods for CWM and QCWM are very short (one to four cycles), vo; maintains
almost this maximum voltage value until the next closing of the primary LC circuit at the time
instant ¢;. Virtually no energy is lost during the current interruption. Hence, the suspension
and resumption of i; oscillation occurs without any transient responses, independently of the
quality factor of the primary RLC circuit )7 (= wL;/R;, where w is the angular operating
frequency (= 27 f.)).

At resonance, the voltage across the secondary coil v, and i; are in phase [141] and theoret-
ically the waveform of vy should be similar to ¢;. However, the secondary capacitor and coil
discharging and charging through the resistive load R.,, during the primary current inter-
ruption, may induce some unwanted transient responses in vs [15]. This phenomenon will be

analyzed in-depth in a future work.

For this paper, ideal modulated signals are generated using an arbitrary waveform generator

and only the demodulators circuits will be developed.

4.4 CIRCUITS IMPLEMENTATION

Typically, the proposed CWM and QCWM schemes can be demodulated using an OOK de-
modulator (Fig. 4.1) followed by an integrator circuit as used in ASK-PW demodulators [156].
The integrator is used to generate sawtooth waveforms whose amplitudes are proportional
to the ON widths of the modulated signal. Figure 4.6 shows the simulated waveforms in a

typical front-end ASK-PW demodulation stages when an ideal CWM signal is used as input.
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Figure 4.6 Simulated voltage waveforms (using Cadence) of the front-end ASK-PWM de-
modulator using the CWM modulation scheme

Even with an optimal time constant 7, the envelope detector (ED) output voltage has high
ripples and negative peak clipping. Under practical situations, this signal will be degraded

to some extent due to the presence of noise and amplitude disturbances [79].

To avoid conventional ED limitations, a proposed solution consisting of a dedicated module,
called a Pulse Width to Sawtooth Peak (PW-to-SP) converter, is proposed. This module
produces a waveform similar to that generated by an ASK-PW front-end demodulator, but

it allows a high-speed demodulation and simpler implementation.

4.4.1 Pulse Width to Sawtooth Peak Converter

The circuit diagram of the proposed PW-to-SP converter is shown in Fig. 4.7. It consists
of a constant current source generating a fixed current of 2.7 A (using a resistor and a
PMOS current mirror), and a complementary pair of p-type and n-type MOSFETs that
switch alternately in order to charge or discharge the capacitor Cy,; (= 200 fF'). To improve
the linearity of the generated sawtooth signal, C,,; is integrated by a linear metal-insulator-
metal (MIM) capacitor. The charging occurs when the input signal has an amplitude lower

than the gate threshold voltage, while the discharging happens in the opposite case.

The PW-to-SP converter output signal Out has peak amplitudes that depend mainly on the
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Figure 4.7 Circuit diagram of the proposed PW-to-SP converter

amount of charges stored into the output capacitance during OFF widths. The voltage across

the output capacitor may be expressed as:

Vi(1 — e¥/7¢) during the charging phase
Out — ( ) g ging p (42)
Vie~¥/70 during the discharging phase

where V; is the initial voltage across the capacitor i.e. at t=0. 7¢ and 7p are the time

constants for charging and discharging C,,,;, respectively.
7o = (Rps, + Rps;)Cout (4.3)

D = RDS4 Cout (44)

where Rps,, Rps, and Rpg, are the ON-state resistances of My, M3 and M, respectively. The
aspect ratio (W/L) of these transistors have been designed in a way to increase sufficiently

Tc while reducing 7p as much as possible, as shown in Fig. 4.7.
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Figure 4.8 Simulated input and output signals of the PW-to-SP converter at f.=13.56 MHz
for (a) n=3 and (b) n=6, and at 27.12 MHz for (c¢) n=3 and (d) n=6

Figure 4.8 shows the simulated input and output signals of the PW-to-SP converter at two
carrier frequencies for two different n. At a specific f., as the OFF-widths of the CWM signal
are the same for all n from 3 to infinity, the sawtooth peak amplitudes would also be the
same for all corresponding data rates. On the other hand, these peak amplitudes vary with
fe. However, the output signal keeps its sawtooth shape for a wide frequency range and the
proposed PW-to-SP converter circuit is designed to operate at an f, range from 10 MHz to

31 MHz as will be experimentally validated in Section 4.5.

Sensitivity to the input amplitude

In a typical inductive link application, the amplitude of the incoming modulated signal may

vary due to noise amplitude as well as coupling or load variations. Therefore, the sensitivity of
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the PW-to-SP converter to input voltage amplitude variations is studied using a parametric
analysis simulation. For a more realistic simulation, the ESD (Electro Static Discharge)
protection circuit placed between the input/output pad and the PW-to-SP converter is also
taken into consideration. A typical double-diode network is used to protect the IC from
positive and negative overvoltages as shown in Fig. 4.9. At positive over voltage conditions,
D, become forward-biased (D; conducts) and the input voltage will be clamped to Vq+Vp, =
1.2V 4+ 0.9V = 2.1V, where Vp, is the voltage drop across D;. The 0.9V may appear high
for the turn on voltage of a Si diode but it is obtained by circuit simulation of the foundry
cell with its associated parameters using Cadence-Spectre. Thus, In can never exceed 2.1V
during the positive half cycle as shown in Fig. 4.10a. During negative overvoltage conditions,
D, is forward-biased and In will be clamped to —Vp, = —0.9V. Figure 4.10b shows the
simulation results of the output signal of the PW-to-SP converter for different amplitude

levels of Vj, when applied to the I/O pad (taken from the foundry cell library).

When the amplitude of the input signal is below the threshold voltage of M4 (V;,= 430 mV),
M4 could not provide a discharge path for C,,; (Fig. 4.7). Therefore, the voltage across the
capacitor will accumulate as shown in Fig. 4.10b. As long as V;, is sufficiently larger than V;,,
the PW-to-SP converter provides almost the same peak levels. ESD protection is designed

to withstand very high voltage surges up to few KVs. Accordingly, as the signal recovered
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Figure 4.10 Simulated (a) input, and (b) output signals of the PW-to-SP converter for dif-
ferent amplitude peak to peak values of V;,, at f.=27.12 MHz and n=3.

in the secondary coil v, does not exceed a few tens of volts, the proposed design associated

with the ESD protection provides a high immunity against amplitude variations.

Also, the simulated results confirmed that the proposed PW-to-SP converter achieves an

ultra low power consumption of 4.8 uW and occupies a small silicon area of 486 um?.

4.4.2 CWM Demodulator
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Figure 4.11 Block diagram and associated waveforms of the proposed CWM demodulator

The proposed PW-to-SP converter is the main and the first block of the CWM demodulator.

Its analog output voltage Vj, is translated into two digital bit-streams by level detectors

using two comparators and two voltage reference levels. The first bit-stream V., used for syn-
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Figure 4.12 Schematics of the (a) comparator, (b) block diagram of the adjustable delay, and
(c) the delay circuit.

chronization purposes, corresponds to the envelope of the modulated signal. It is generated
from the comparison between V, and the voltage level V,, followed by a digital inversion. As
shown in Fig. 4.11, V;; should be lower than the two sawtooth peaks (P, and P,) but higher
than F,. On the other hand, the second bit-stream V., is recovered from the comparison
between V;, and another voltage level V,, situated between P, and P, in order to distinguish
between data bits ‘17 and ‘0. The circuit diagram of the comparator is shown in Fig. 4.12a.
In this version of our proposed demodulator, the voltage levels are applied from outside the

chip and are adjusted according to the carrier frequency used.

Fig. 4.13 shows the ranges of V,; and V,, for different carrier frequencies where the proposed
demodulator is functional. While decreasing the carrier frequency, the gaps between the peaks
Py, P, and P, increase and the operating range of the voltage references widens. However,
this is not the case for 10 MHz compared to 13.56 MHz because at 10 MHz, the duration
of torr, is too long, so that the peak P, saturates at the supply voltage 1.2 V and the gap

between it and P; is reduced.

Afterwards, an adjustable delay, shown in Fig. 4.12b, is used to synchronize the V., bit-
stream with the rising-edge of the delayed V.. It integrates four delay elements and one 4:1
multiplexer (MUX) to select the appropriate delay for synchronization. The delay circuit is
constructed using a number of inverter stages loaded by capacitors implemented by NMOS

transistors, as shown in Fig. 4.12c.

Depending on the state of the selection signals (Sely and Sely), the resulting delay can be
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Figure 4.13 Ranges of V,; and V5 for different carrier frequencies at which the proposed
system is functional.

in: At;, where m € {1,2,3,4}. This adjustment mechanism was implemented only to have
i=1

more control for calibration after chip fabrication. In the experimental results reported in

the next section, we used only one delay element (At;= 10 ns).

4.4.3 QCWM Demodulator

Figure 4.14 shows the block diagram of the QCWM demodulator operating at 27.12 MHz car-
rier frequency. Like the CWM demodulator, it is based on the proposed PW-to-SP converter.
However, the sawtooth signal Vi, is applied to four comparators (instead of two in CWM
demodulator) to be compared with four different voltage references. The comparator Compl
followed by an inverter are used to retrieve the envelope of the modulated signal Voewa,
and applied to the sequential logic circuit as a clock signal. The three other comparators act
as a two-bit flash for simultaneous analogue-to-digital conversion (ADC) producing 4 output
states, as shown in Table 4.2. Digital outputs resulting from the comparison of the analogue
signal with three voltage levels are then encoded into 2 bits using a 3-to-2 logic encoder.
According to the truth table (Table 4.2), only one XNOR gate and two AND gates are used
to produce outputs Dy and Dy, where Dy = I; AND I, and D; = [y AND (I; XNOR 15).
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Figure 4.14 Block diagram of the QCWM demodulator

Conforming to the same principle of CWM demodulator, delay cells and D flip-flop elements

are used for synchronization and data recovery purposes.

Table 4.2 Truth table of the encoder

State Iy I I, | Dy D
VQsp>VQr27VQr3 and VQM 1 1 1 1 1
Vstp>‘/Qr2 and VQ»,«P, 1 1 0 1 0
VQsp >VQ7«2 1 0 0 0 1
VQSP <VQ7~2 0 0 0 0 0

Compared to a CWM demodulator, two comparators, one encoder, and one flip-flop element
have been added in order to provide a 10.84 Mbit/s data rate (1.8 Mbit/s higher than that
provided by CWM) at 27.12 MHz. The selection of the best modulation scheme between
CWM and QCWM depends on the application requirements.

4.5 Experimental Results

Standalone CWM and QCWM demodulators were fabricated and tested to prove the concept.
Figure 4.15 shows the chip micrograph and the layout view of the fabricated demodulators
in 0.13-pm CMOS process. CWM and QCWM demodulators occupy small active areas of
2137,5 pm? and 3256 uwm?, respectively.
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Figure 4.15 Chip micrograph and layout view of the proposed CWM and QCWM demodu-
lators

In order to experimentally validate the functionality of our CWM demodulator with a
wide frequency range, a Keysight Benchlink waveform builder software and 33622A Func-
tion/Arbitrary Waveform Generator were adopted to produce the modulated signals. Also,
power supplies are used to power the demodulators and to generate the different reference

voltages.

Figure 4.16 shows the measured voltage waveforms for repeated ‘0’-‘1’ pattern sequence
using a CWM signal with four combinations of f. and n. The applied CWM signals have
been perfectly demodulated, however the reference voltage levels V,; and V,5 had to be
adjusted according to the used carrier frequency f. (Fig. 4.13). Hence, practically, for a
given application, V,; and V,5 should be fixed from the beginning according to the application

frequency.

Also, in order to confirm the genericity of our proposed CWM demodulator, the functionality
of this demodulator under different f. versus n is experimented as shown in Fig. 4.17 using a
shmoo plot. The Pass/Fail criteria is defined by the reliability of the output data displayed

on the oscilloscope during 40 ms.

The functionality of the proposed CWM demodulator is validated for a frequency band
limited by a lower frequency of 10 MHz and an upper frequency of 31 MHz. Beyond these
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Figure 4.16 Measurement waveforms results of the proposed CWM demodulator for (a)
fe=10 MHz at n=5, (b) f.=13.65 MHz at n=100, (¢) f.=27.12 MHz at n=10, and (d)
fe=31 MHz at n=3.

values, the distinction between the two sawtooth peak amplitudes (P, and P;) becomes

harder and output errors appear.

Figure 4.18 plots the measured power consumption of the CWM demodulator at different
carrier frequencies and data rates. For a specific carrier frequency, the power consumption
increases with data rates due to the increase of the energy dissipation in comparators since
the mean energy of their non-inverting inputs signals (Vj,) increases with data rates. For
the same reason, the power consumption increases when decreasing the carrier frequency. At
lower frequencies, the sawtooth peaks P; and P, are high, which also requires higher voltage
reference levels to be introduced on inverting inputs of the comparators. However, switching
losses in PW-to-SP converter are increasingly significant at higher frequencies. This explains
for example why the power consumption at 27.12 MHz, 30 MHz and 31 MHz, are close to

each other.
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Figure 4.18 Measured power consumption versus data rates for different carrier frequencies.

The functionality of our proposed QCWM demodulator is also confirmed by experimental
measurements using the same setup. In this test-bench, voltage references are applied from
outside the chip, generated using resistive voltage dividers and a 1.2 V supply. Figure 4.19
shows the measurement results of the QCWM demodulator for repeated ‘11°-10’-‘01-‘00’
pattern sequence of QCWM modulated signal. This demodulator achieves an ultra-low power
of 35.5 uW at a data rate of 10.848 Mb/s corresponding to 3.27 pJ/bit.

Table 4.3 summarizes the measured performances of the QCWM demodulator and of the
generic-CWM demodulator operating within the lower and upper f. limits for n = 3. The
table presents also competitive state-of-the-art demodulators used in inductive forward data
transmission. Modulation methods reported in this table are divided into two groups. The

first group includes methods intended for simultaneous power transfer over the same inductive
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Figure 4.19 Measured waveforms of the proposed QCWM demodulator. The output digital
bit-streams are delayed by At+T7y, as is the case for the CWM modulation.

link (indicated with "Yes’) and the second group includes methods optimized only for data

transmission ('No’).

For accurate comparison, we used figures of merit defined in [142] (FOM!), and [137] (FOM?).

FOM! = Data rate (Mb/s)
~ Power(uW) x area (wm?)

(4.5)

FOM? — Data rate(Mb/s) x (Process)? (wm?)
- f(MHz) x Power(uW) x area(wm?)

(4.6)

Table 4.3 shows the superior performance of the proposed data demodulation techniques
which achieve the lowest energy efficiency (E/b) and highest FOMs!. Also, our demodulators
have high FOMs?. In addition, compared to the best published demodulators, the proposed
CWM circuit operates at a wide range of carrier frequency, and data rates. Even at a carrier
frequency as low as 10 MHz, the proposed system provides a very good energy efficiency of
5 pj/bit. The ultra-low power consumption of the reported circuit confirms that the CWM
and QCWM techniques are applicable for low power battery-fed IMDs. Moreover, due to its

genericity, the proposed CWM demodulator is convenient for a wide range of applications.

4.6 Conclusion

CWM and QCWM schemes allowing high data rates to carrier frequency ratio over a single
inductive link for both power and data transfer were reported in this paper. These proposed

modulation techniques maintain the advantages of ASK/FSK/PSK modulations. They allow
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Table 4.3 Measured performance of the proposed demodulators and comparison with previous
works

No es
Reference [142]>  [137)>  [89]P [138]P [101]2 [143]>  [99]* This work?®
Modulation scheme ASK  ASK PHM DFSK QCPSK ASK ASK | QCWM | CWM
Technology (um) 0.18 0.18 0.35 1.5 0.18 0.18 0.35 0.13
fe (MHz) 13.56 5 66.6 5-10 4 13.56 6 27.12 31
Data rate (Mbit/s) 6.78 0.5 20 2.5 0.8 2 1 10.85 10.3
Power consumption (W) 348.7 17 250 380 59 35 200 35.5 13.2
Silicon area (10%um?) 80 0.92 60 4840 5 3 2.05 3.25 2.137
E/b (pJ/bit) 51.44 34 12.5 152 73.75 17.5 200 3.27 1.28
FOM!x10~2 0.02 3.2 0.13 | 0.13 x1073 0.27 1.9 0.24 9.39 37.3
FOM2x10~2 0.06 20.7 0.25 - 2.2 4.55 ~0 5.8 20.3

& A signal generator is adopted to produce the modulated signal.
b A transmitter is used to produce the modulated signal.

low power consumption and simple implementation of the ASK modulation, while allowing
high data rates and high immunity against amplitude disturbances ensured by PSK and
FSK modulations. In addition, the genericity of the CWM demodulator was confirmed
by operating under a wide range of data rates. Generic-CWM and QCWM demodulators
fabricated in a 0.13-um CMOS were implemented and tested. Measurements confirmed that
the generic-CWM demodulator can operate at frequencies ranging from 10 MHz to 31 MHz,
while offering an ultra-low power consumption. Moreover, comparisons with related works
shows that our demodulators have the best energy efficiency for downlink data transfer over

an inductive link supporting both power and data transfer.
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5.1 Abstract

This paper presents a wireless power and downlink data transfer system for medical implants
operating over a single 10 M Hz inductive link. The system is based on a Carrier Width
Modulation (CWM) scheme for high-speed communication and efficient power delivery using
a novel modulator circuit design. The modulation is produced by synchronized opening of a
primary LC tank for one or two cycles according to the transmitted data. Unlike conventional
modulation techniques, the data rate of the proposed CWM modulation is not limited by the
quality factors of the primary and secondary coils. The functionality of the new modulation
method is proven using a hybrid implementation comprising a custom-integrated demodulator

circuit and board-level discrete components. The proposed Wireless Power and Data Transfer
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(WPDT) system is also capable of operating under a wide range of data rates. It allows a
maximum data rate of 3.33 Mb/s for a maximum power delivery of 6.1 mW at 1 cm coils
separation distance. The system can recover more power, reaching 55 mW at 100 kb/s. Due
to the system genericity, an operator can select the best compromise between power and
data rates in accordance to application or current need, without reconfiguring the receiver.
Another advantage of this modulation technique is the simple implementation and the ultra-

low power consumption of the CWM demodulator despite its high-speed demodulation.

Keywords - Carrier Width Modulation, Downlink data transmission, Inductive Link, Simul-

taneous wireless power and data transfer.

5.2 Introduction

The use of inductive links for wireless transfer of power and data has grown dramatically
over the last decade. Smartphones, home appliances, electrical cars, drones, and Internet-of-
Things are some of the many applications employing this very convenient powering solution
[157]. Wireless power and data transfer are also used in advanced technologies and systems.
For instance, the medical sector relies heavily on such simultaneous transfer as it is easy to
implement and may allow efficient and safe wireless power transfer with no significant risk of
tissue heating if exposure limits (for the magnetic field strength) are respected [158]. Since
the transmitter and receiver coils are in proximity to each other, the link is less sensitive to

interference and external noise.

Unfortunately, despite its widespread use and its benefits, the implementation of a transcu-
taneous data and power transmission system remains a challenging task. This is due to two
main challenges. First, efficient power transfer and high data rates communication are con-
flicting goals. In fact, transmission bandwidth needs to be widened for high data rates, but
narrowed for efficient power delivery. Second, achieving high speed demodulation normally

implies increasing power consumption and area of a silicon implementation.

A popular approach to address the first challenge is to use multiple dedicated inductive
links for power and data telemetry, so that each link could be optimized independently
[14]. However, this approach requires complex multi-coil structures, which results in bulky
Implantable Medical Devices (IMDs) in addition to undesirable crosstalk. In order to increase
the communication range and data rates, a far-field RF link can be used for data-transfer
links [159]. Nevertheless, this approach increases the amount of energy dissipated as heat in

the implantable part.

On the other hand, a single pair of coils used for both data and power transfer simultane-
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Figure 5.1 (a) Typical block diagram of data and power transmission via an inductive link
using OOK modulation; and (b) The modulated OOK signal i; for various values of Q.
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ously has obvious benefits. Mainly, the use of a single-frequency approach reduces design
complexity, size, and cost. However, ensuring simultaneous high Power Transfer Efficiency
(PTE) and high data rates over a single inductive link remains challenging. Such a chal-
lenge can be solved using appropriate modulation schemes for backward and forward data

communications.

Although Load Shift Keying (LSK) is the most popular technique for backward telemetry
(uplink communication), thanks to its low energy consumption and circuit complexity [100,

160, 161], a compromise between the inductive link PTE and data rate is unavoidable.

Recently, this challenge has been obviated using a novel passive modulation technique, called
Cyclic On-Off Keying (COOK) [111]. This method was able to guarantee high data rates at
low power consumption, without compromising the PTE. The main difference with LSK is
the timing and duration of the switching. Using COOK, the L.C secondary circuit is shorted
only during a single cycle when the voltage across the secondary coil is zero and the current

is at its maximum.

Regarding the forward communication, several techniques have been proposed. Some notable
proponents are Frequency Shift Keying (FSK), Phase Shift Keying (PSK), and Amplitude
Shift Keying (ASK) modulation techniques [152]. PSK, FSK and their derivatives, may offer
high data rates and good power delivery, since their carriers have constant amplitude. How-
ever, they suffer from high-implementation complexity and high power consumption [153].
ASK is the most frequently used approach due to its easy implementation and the low power
consumption of its demodulation circuit. However, the ASK scheme is less robust against
disturbances such as interference and coupling variations that affect the carrier amplitude.
For better immunity against disturbences, ASK with 100% amplitude modulation index;
called OOK; can be used [4]. By contrast, this reduces the maximum amount of transferred

power by around 50%.

Considered as the simplest and the least power-hungry modulation techniques [162], special
attention will be given to OOK, and a detailed analysis of its limitations will be provided in

this paper to explicitly introduce our proposed solution.

Figure 5.1a shows a typical block diagram of an inductive power and data transfer system
using OOK modulation. At the transmitter part, data can be simply modulated by mixing
the data bitstream with the carrier signal [74] or the DC supply voltage [75]. The resulting
signal drives a class E Power Amplifier (PA) in order to amplify the current i; crossing the
external coil L;. This generates a magnetic field in L; surroundings. At the receiver side, the
AC magnetic energy is recovered by the secondary coil (Ls), then rectified and regulated to

convert the AC power to a regulated DC voltage to supply the IMD. A typical configuration
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of an OOK demodulator consists of a voltage mode envelope detector, an average detector to
produce the average voltage of the extracted envelope, and a voltage comparator to compare

the envelope with its average value and recover the baseband data.

Despite its low design complexity and reduced power consumption, the data rate of OOK

modulation, as it is the case for ASK modulation, is generally low for two main reasons :

1. The limited speed of the demodulator circuit due to the use of an envelope detector (ED)

as explicitly explained in [82].

2. The maximal achievable data rate is limited by the quality factors of the transmitter and
receiver coils due to the inversely proportional relationship between the @) factors and the

bandwidth BW; as given by (5.1).

Bw = I (5.1)

Q

where f. is the carrier frequency.

In fact, high Q factors increase the transient time, and thus limit the data rate [76]. To better
understand the impact of the quality factor on the data rate, a time-domain simulation of
the primary coil current i, using OOK modulation at a data rate equivalent to f./10, is
performed for different quality factors of the primary coil @)1, as shown in Fig. 5.1a. Obviously,
the amplitude of 7; and consequently the generated magnetic field strength increase at high
Q factor. Therefore, a tank LC circuit exchanges voltage and current between the capacitor
and the inductor just like a pendulum exchanges kinetic and potential energies. In an ideal
tank circuit with no energy dissipation (infinite value of the quality factor), the free-running
oscillation of the LC circuit would continue indefinitely, just as a frictionless pendulum would
continue to oscillate indefinitely at its resonant frequency. Therefore, i, oscillations at high
Q factors would take a longer time to die away after On-Off transition of the data signal, as
shown in Fig. 5.1b. This figure clearly shows that a resonating tank with higher Q factor,
which contributes to high PTE, responds slower to signal variations and reduces the maximal

data rate.

Our work aims at tackling both limitations and to perform a high speed downlink commu-
nication and an appropiate power delivery over a single inductive link. In this paper, we
propose a complete system of wireless power and downlink data transfer, based on a new
modulation scheme called Carrier Width Modulation (CWM). Moreover, the proposed Wire-
less Power and Data Transfer (WPDT) system is generic. It operates under a wide range
of data rates, without any adjustment or reconfiguration in the implantable side, using a

dedicated ultra-low power and small silicon area demodulator circuit.

In our previous publications [15,80-82], only the demodulator chip prototype was developed
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and validated using an ideal modulated signal produced by an arbitrary waveform generator.
In this paper, a complete prototype system for power and data transfer is implemented to

validate our new modulation technique.

The following sections of this manuscript are organized as follows: Section 5.3 presents
the proposed modulation scheme and evaluates its performance on an inductive link by
simulation. Section 5.4 provides implementation details of the proposed WPDT system with
more emphasis on the transmitter design. Section 5.5 validates the functionality of the
proposed system and reports experimental results and performance comparison with state-

of-the-art WPDT systems. Finally, concluding remarks are given in Section 4.6.

5.3 Proposed Modulation Schemes

TN
ARNEEARAAN

Figure 5.2 Proposed CWM scheme for n= 3 (red dashed line), and n= 6 (blue line).

To achieve a generic high-performance powering and data communication system, a new
modulation scheme called Carrier Width Modulation (CWM) has been proposed by our

team and was already described in previous papers [15,80-82].

In summary, the CWM waveform is defined by the data bit cycle Ty, the carrier cycle T, and
the On and Off width for either “1” and “0” data bits, ton,, torr, ton, and torg,, as shown
in Fig. 5.2. In order to limit as much as posssible the interruption of power transmission,
OFF widths torr and torg, of this proposed scheme are fixed to two cycles and one cycle,
respectively. In order to maintain a data independent transmission rate for a given n, On

widths ton, and toy, are designed to occupy (n-2) T, and (n-1) T, where n is the number of
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carrier cycles per data bit period 7T, that can be any integer number greater than 3. Two data
encoding examples of the proposed CWM scheme are shown in Fig. 5.2 for n=3 (red dashed
line) and n=6 (blue line). Using CWM modulation, the data rates and the powering index
(pi), which is a metric reflecting the amount of power transfer during communication [163],

can be expressed according to n as

L f
Dat te = — = — 5.2
ata rate T (5.2)
: ton, + ton, 3
=05——=05(2—-— 5.3
pi T (2--) (5.3)

The powering index equation is exact if an equal number of ‘1’ and ‘0’ bits are received.

Figure 5.3 shows graphic representations of equations (5.2) and (5.3) for values of n ranging

35

Data rates (Mb/s)

=
wn

3 8 13 18 23 28 33 38 43 48
n

Figure 5.3 Data rates and powering index calculations pi for different values of n at 10 MHz.

from 3 to 50, at 10 MHz carrier frequency. The choice of carrier frequency will be discussed
later in this paper. As shown in this figure, a maximal achievable data rate of 3.33 Mbit/s
and minimal pi of 50% are obtained for n = 3. On the other hand, pi approaches 100% for a
large value of n at the expense of lower data rate. Therefore, depending on the application
requirements, the value of n can be selected to offer an optimal trade-off between the data

rate and the pi.
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Figure 5.4 Simplified circuit of an inductive link with CWM modulation for wireless power
and downlink data transfer system.

5.3.1 Operation Principle

Figure 5.4 shows a simplified circuit model of an inductive link using CWM modulation.
Ly, r11, Ly and rpo are the self-inductances and the series loss resistance of the primary
and secondary coils, respectively. These coils are magnetically coupled through the mutual
inductance M, where M=k+/L, L, and k is the coupling factor between the two coils, which
strongly depends on the separation distance and angle between the coils. C; and C5 are
capacitors used to tune the resonant frequency f,. (= 1/ 2%@) of the primary and secondary
circuits at the carrier frequency f.. v, is the voltage source that drives the primary coil, and
Ry is the total equivalent load of the implant (when the non linear load behavior of the

rectifier is neglected).

Data modulation is carried out by opening and closing the primary LC circuit by switching
Off and On the modulation switch S;.

Unlike the previously discussed OOK modulation, the LC tank is instantaneously opened at
the zero-crossing of the current i; flowing into the primary coil. At this time, all the energy
of the primary LC circuit is stored as a voltage at its peak value on the series capacitor (Y.
(1 maintains almost all the energy for one or two cycles until the next closing of the LC

circuit.

Figure 5.5 shows the simulated waveforms of the normalized primary current 7; and voltage
across the load v, for different values of Ry using high Q factor coils. At resonance, this
topology ensures a zero-phase difference between i; and vy, and validates the phase analysis
studied in [141].

Furthermore, two interesting phenomena can be noticed:
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Figure 5.5 Normalized waveforms observed with CWM modulation operation of (a) i;; and
(b) vy for varous Ry, values. Parameters used to obtain these responses are f. = 10 MHz,
n==06, 1L =527 uH, rpy =19, Ly = 3.4 uH, ro = 263 mf) resulting in ¢); = 331 and
()2 = 812, and k = 0.16. Values of C and Cy were chosen for 10 MHz resonance on both
side.

1. A CWM synchronized circuit opening at zero-crossing of the current i; of a high @
primary resonating LC tank does not lead to the ringing effect as seen when employing
an OOK modulation (Fig. 5.1b). During Off periods, the LC tank responds very fast and
no oscillation occur. Therefore, unlike most of the other data modulation techniques, our
proposed modulation method does not compromise data rates at the high Q of the primary

coil aiming at high power transfer.

2. By contrast, a ringing effect occurs in vy, when 4, is interrupted, as shown in Fig. 5.5b. In
fact, the energy stored in the capacitor and the coil of the secondary circuit circulates back
and forth between the electric and magnetic fields and results in unwanted oscillations in v,
during Off periods. It can be noticed that the ringing increases with R, and it decays with
time, but it does not vanish during Off periods for high R;. However, for low Ry (i.e. Ry <
50), only one-half cycle is needed to damp the oscillation. As Ry, tends to 0 €2, the half cycle
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transient voltage tends to disappear. On the other hand, a very weak R can considerably
decreases the voltage across Ls in an impractical way. Therefore, a resonant secondary tank
is not appropriate to get a modulated signal free of unwanted oscillations for a large and

practical load range.

—
Q9

CWM encoded
Data

Figure 5.6 Simplified circuit of the proposed non-resonant inductive link using a tapped
secondary coil. 77y, and rry, are the series loss resistance of the two sub-coils Lo, and Ly,
respectively.
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Figure 5.7 Normalized veow s signal according to Ry variation. The parameters are
fc: 10 1\/II’IZ7 n= 6, le 5.27 },LH, rp1= 1Q, Lgp: 2.4 HH, TLop= 138 mQ, L2d: 1 [,LI’I7
rr2q= 125 m€ resulting in (J9,= 1092 and Q2= 502, Row = 70 2, and k= 0.16.

To overcome this issue, a non-resonant secondary circuit with no capacitor is proposed.
However, in practice, parasitic capacitances such as the internal capacitance of the secondary
coil and the junction capacitance of the diode (used for rectification) can induce a ringing
effect. That is why a tapped coil configuration was used as shown in Fig. 5.6. In fact, the

secondary coil was split into two sub-coils Lo, and Lo4, which are respectively dedicated to
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power and data recovery. In order to damp any potential oscillations during Off periods, a low
value resistance Row s is connected to Log. The normalized primary current waveform with
this approach is the same as in Fig. 5.5a. However, since the secondary circuit is operating
out of resonance, the primary current and the secondary voltage v, are out of phase. The
advantage of this approach is that the voy s waveform; which represents a damped and an
inverted image of vy; is not affected by the load value as shown in Fig. 5.7. This advantage
is obtained at the expense of the power transfer efficiency, since part of the recovered energy
is absorbed by Rewar. Hence, Rowas value should be carefully chosen to ensure a good

compromise between damping and power consumption.

5.3.2 Power Transfer Efficiency

PTE is defined as the ratio of the power dissipated in the total load resistance R to the

power generated from the voltage source v;.

P
PTE = 100 x FL (5.4)

Simulation analysis of PTE according to the variations in k, ()1, Q)2 and Ry are shown in
Fig. 5.8a, 5.8b,5.8¢c, and 5.8d, respectively, for different values of n (3, 6 and 100). Since the
powering index pi increases with n, it makes sense that a higher n increases PTE, as shown

in all the reported results.

Figure 5.8a shows that PTE increases almost linearly with a high slope according to the cou-
pling factor k. The primary and secondary quality factors of coils (); and ()5 also contribute
to the increase of PTE, as shown in Fig. 5.8b and Fig. 5.8c. However, it is noticeable that
the slope is larger at quality factors below 100. Hence, quality factors greater than 100 are

recommended for higher PTE.

Figure 5.8d shows that PTE depends as well on Ry and a maximum PTE occurs at an
optimal load condition. For a complete power recovery system, the PTE curve may change

due to the non-linear behaviour of the rectifier and the DC regulator.

Even though our preferred solution is to use a non-resonant secondary, in order to characterise
the impact of that design decision, we also simulated the case where the secondary would
be resonant. The result of that possible design choice is also reported in Fig.5.8d. For this
case, only Ry values that can ensure both power transfer and data communication have been
considered (i.e. for low Ry). In this condition, the proposed non-resonant secondary circuit
shows 33% less power efficiency in the worst case. On the other hand, our non-resonant

circuit is much more robust to load variations while ensuring simultaneous power and data
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5.4 SYSTEM IMPLEMENTATION

Figure 5.9 illustrates a simplified schematic of the proposed wireless power and data transfer

system consisting of a transmitter (TX) and a receiver (RX). The transmitter can be divided

into four main parts: the traditional inductive power transmission circuit based on a class

E PA, the CWM modulation circuit, the current zero-crossing detector, and the signal pro-

cessing unit. On the other side, the receiver includes power and data recovery circuits. All

these system blocks will be discussed in the following subsections. Also, the challenges faced

during experimentation and the proposed solutions will be presented.
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Figure 5.9 Block diagram of the implemented system for power and data transfer

5.4.1 Class E Power Amplifier

The class E PA consists of a transistor S5, an RF choke RFC, a shunt capacitor Cy,,; and
an LC series tank matching network formed by a primary coil Ly and a series capacitor C'.
The transistor Sy acts as a switch (i.e. operating between triode and cut off regions) and it is
turned On and Off periodically at the carrier frequency f.. Cspune that includes the intrinsic
output capacitance of the transistor is mainly used as an alternative current pathway when
the switch is off in order to reduce power dissipation in the transistor. The L;-C; resonant
circuit is tuned to the first harmonic of the carrier frequency and acts as a filter that allows

only a clean sinusoidal current to pass across it.

When S, is off, it acts as an open circuit that allows Irpc to charge up Cypune and increase
Vps. The rising voltage will excite the series resonant LC tank circuit causing AC current
to flow in Ly at the operating frequency. Due to this resonant circuit, Vpg eventually drops
before the transistor is switched on again. When S5 is On, the transistor channel has a low-
resistance and any charge stored on Cgp,py Will be discharged to the ground, so the voltage

Vps is pulled near zero and a large current flows through S,.

In theory, if the transition times between the On and Off states and the Drain-Source On-
resistance Rpg(on) are negligible, the efficiency of a class E PA is 100%. However, in practice,
these parameters are not negligible and the amplifier’s efficiency depends on the ability of
the transistor to hold zero charge across its terminals while it is switching, and to perform
On/Off switching transitions as fast as feasible. The time required to switch On a MOSFET
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depends on the time it takes to inject the Gate-to-Source charge (),5 and the Gate-to-Drain
charge ()4q into the gate.

Due to its ultra-low @),s and Q4 parameters, the EPC2038 transistor, from Efficient Power
Conversion Corporation’s (EPC), was selected to build the prototype reported later. It is
a Gallium nitride (GaN) power transistor that behaves similarly to a silicon (Si) transistor,
but it has superior performance. Indeed, compared to conventional Si technologies, GaN
transistors are much faster while having lower on-resistance, higher Drain-Source breakdown
voltage, less parasitic capacitance and zero reverse recovery charge. Thus, they yield less
conductance losses, switching losses and gate drive losses. Since their first introduction
in 2010, GaN devices attracted attention in scientific communities over the past 10 years
especially in high-frequency [164], high-power [165], and high-temperature [166] applications,

due to their reliability, small size and cost effectiveness.

To drive the GaN transistor at high switching frequency, a gate driver circuit U; must
be used to provide a high-current level during a very short duration. The ultra-fast gate
driver UCC27611 from Texas Instruments has been employed. Its high output current and
fast rise/fall time are adequate to efficiently drive the GaN transistor. Both EPC2038 and
UCC27611 are tiny and have compact packages, thus mitigating the effects of parasitic in-
ductances. In fact, when driving power devices at high frequency, a low inductance helps

achieve high current and low gate ringing.

5.4.2 CWM modulation circuit

Due to their superior performance, EPC2038 and UCC27611 are also used to switch On and
Off the LC primary circuit for CWM data modulation. However, special considerations must
be taken when switching an inductive load. Switching Off the transistor at zero-crossing of
11 allows theoretically to cancel the current in the primary coil. However, due to high speed
switching, a small amount of transient current may flow into the coil. Moreover, when turning
Off the switch S7, the magnetic energy stored in the parasitic inductances may produce an
excessive voltage across the power device that can be destructive. Parasitic inductances
may come from the printed circuit board (PCB) routes [167], components leads [168], or by

reflected reactance from the secondary circuit, especially at strong coupling [50, 151].

Parasitic inductances combined with existing capacitances form a resonant tank that may
lead to transient oscillations of S; drain source voltage and primary current, right after the
device switching Off, as shown by the blue waveforms in Fig. 5.10. Existing capacitances
include the intrinsic output capacitance of S; and Ss, Cspunt, and the stray capacitance due

to PCB layout and mounting. Note that L; and C reactances are canceling each other since
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Figure 5.10 Switching S; Off transient performance with and without RC snubber when using
a non-ideal switch.(a) Sy drain-source voltage Vy;, and (b) primary coil current i,

the LC tank is set at resonance.

In order to significantly reduce the observed parasitic oscillations, an energy-absorbing circuit
called RC snubber is placed across the switch S, as shown in Fig. 5.9. It reduces the tran-
sient oscillation by providing an alternate path for the current flowing through the parasitic
inductances, therefore damping the subsequent current and voltage oscillations, as shown by

the red waveforms in Fig. 5.10.

Adjustable Ry,., and C,,,;, were used and a fine-tuning of these parameters was performed
using trial and error experiments to damp and reduce as much as possible the ringing effect.
The fine-tuning of Cyp.ne was also useful to damp the ringing. This empirical method remains

the most commonly used approach for designing damping components [169, 170].
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At the end, the damping of the voltage and current parasitic oscillations is obtained at the

cost of power dissipation in the resistor R, estimated as [171]:

sz‘ss - snub‘/p%cfs (55>

where V), is the reduced peak amplitude across Sy and f; is the switching frequency.

Aiming at reducing the power dissipation in the resistor R,,.; together with other undesir-
able behaviors; including overshoots, EMI, and oscillations in the gate drive voltage (which
may turn the device On and Off accidentally) a relatively low switching frequency should
be selected. Therefore, 10 MHz carrier frequency has been adopted, since it is the lowest

frequency in the operating range of our proposed generic-CWM demodulator [82].

5.4.3 Current zero-crossing Detector

A toroidal current transformer (CT) is used to sense the zero-crossing of the primary coil
current i;. When the AC current ¢; flows through the CT primary winding, a magnetic
field is produced in the toroid core, which induces a proportional AC current iy in the CT
secondary winding. A resistive load, usually defined as the “burden resistor”, is connected to
the secondary winding in order to produce a proportional voltage signal. In an ideal current

transformer, 7; and i, are in antiphase and their intensity relationship is given by

1
lo = —1 5.6
2= 3 (5.6)
However, in reality, a part of ¢; is consumed by the core and the relation between 7; and iy
will be :

g = ]\1722'1 — I (5.7)
where 7, is the excitation current absorbed by the core, which is able to induce a phase shift
between 77 and i5. This phase shift error may increase due to external magnetic fields or stray
inductances and capacitances generated by the ferromagnetic core, the burden resistor and
PCB traces. In order to reduce as much as possible the excitation current and the subsequent
phase shift error, low loss CT core with low reluctance should be used. A ring type core is
selected to take advantage of its very small reluctance and leakage reactance. Also, it is
very important to keep the burden resistance low to reduce the influence of the excitation
current 7, on iy and to avoid a severe saturation of the core. However, this decreases the

voltage across R,. The selection of the number of turns in the secondary N, and the burden
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resistance R, was made according to a tradeoff between having a low excitation current and

a sufficiently high V}, voltage.

5.4.4  Signal processing unit
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Figure 5.11 Circuit diagram for the current zero-crossing detection and CWM synchronized
data generation
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Figure 5.12 Timing diagram of CWM data synchronization

Figure 5.11 shows the schematic of the signal processing unit aiming to synchronize the S;
switching with the i, signal zero crossing. First, a high-speed voltage amplifier with a gain of
10 and a unity-gain bandwidth of 200 MHz is used to amplify V;,. This amplifier also operates
as a low-pass filter with a cutoff frequency of 20 MHz. Then, the amplified voltage V, is
digitized by comparing it with a reference set to a voltage slightly higher than the associated
undesirable noise ripples of V,, as shown in Fig. 5.12. The digital signal V; is then used as a

clock signal synchronized with the zero-crossing timing. However, the LC tank opening for
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data transmission leads to blanked sinewaves. In order to produce a regular clock signal, two
full-period delay lines and an NOR gate were used to establish a time-shift circuit, as shown
in Fig. 5.11. This time-shift circuit is implemented using two DS1023 configurable timing
elements, from Maxim integrated and the 3-input NOR gate SN74LVC1G27, from Texas
Instruments. The resulting output signal C'LK is afterward introduced to a D Flip-Flop
module to synchronize the CWM-encoded data. Finally, another delay element is added to
compensate the total propagation delay At produced by upstream components and generate

a CWDM-encoded data synchronized with the ¢; zero-crossing.

5.4.5 Power and data recovery
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Figure 5.13 (a) Block diagram of the proposed CWM demodulator, and (b) Chip micrograph

Inductively transmitted power and data are recovered using the previously reported non-
resonant secondary circuit. A common power-recovery stage was built using a half-wave
rectifier followed by low-dropout (LDO) voltage regulator. The latter generates 1.2 V DC
voltage in order to supply the resistive load Rp,.q and the CWM demodulator chip. For data
recovery, a 70 €2 resistor Row s is placed in parallel with Loy to damp unwanted oscillations
in Vewar (Fig. 5.9). This modulated signal is then introduced to our proposed generic-CWM

demodulator which was the topic of our previous papers [15,82].

In essence, the demodulator is based on a pulsewidth to sawtooth peak converter designed to
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convert the Off periods to a sawtooth signal, for which the peak value depends only on the
Off duration. As shown in Fig. 5.13a, only two additional comparators and a digital block
(including delay cells, an inverter and a D flip-flop) are then used for synchronization and data
recovery. The voltage references V,; and V,5 are implemented using external resistive dividers.
Compared with state-of-the-art demodulators used for inductive forward data transmission,
the proposed demodulator offers a distinctive performance in terms of high speed, low-energy
efficiency as demonstrated in [15,82]. Moreover, the chip micrograph of our demodulator

occupies a small silicon area as shown in Fig. 5.13b.

5.5 Experimental Results

Figure 5.14 shows the experimental test bench. The proposed WPDT system was mounted
on two PCBs (one for the transmitter and one for the receiver). The transmitter prototype
was implemented using Commercial Off-The-Shelf (COTS) components on a PCB area of
113 x 77 mm?. It is powered by one DC power supply and three DC-DC converters. To
experimentally validate the functionality of our proposed WPDT system for a wide data rates
range, a Keysight Benchlink waveform builder software and a 33622A Function/ Arbitrary

Waveform Generator were used to produce CWM-encoded data for different n.
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Figure 5.14 Photographs of the experimental setup.



Table 5.1 Parameters of the inductive link

Carrier frequency
Primary coil

Ly
i

Q1

Secondary sub-coil
for power recovery
Ly,
T'L2p
Q2p

Secondary sub-coil
for data recovery
Lag

T'L2d

QQd

10 MHz

3-turn spiral coil printed on PCB
43 mm diameter, 1 mm trace width
0.7 uH

273 mS2

161

8-turn spiral coil litz wire,

43 mm diameter, 1 mm wire thickness
2.4 uH

138 mS2

1092

8-turn spiral coil Litz wire,

23 mm diameter, 0.5 mm wire thickness
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Figure 5.15 Measured waveforms for CWM data modulation in the transmitter with n=6.
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The receiver prototype is based on a demodulator IC; fabricated with 0.13 wm CMOS tech-
nology; as well as COTS components for the remaining parts. The CWM demodulator IC
occupies an ultra-small silicon area of 75 x 28.5 um? and the receiver PCB has an area of
65 x 37 mm?2. A resistor decade box was employed as a secondary load Ry to study the
impact of load variation on the system performance. Voltage and current waveforms were
recorded using a digital oscilloscope (MDO4104-6 from Tektronix). A multimeter was used
to measure the DC output current of the rectifier (not shown in Fig 5.14). All measurement

graphs presented in this section were taken when both power and data transfer were secured.

In this experimental setup, the chosen geometries and parameters of the primary and sec-
ondary coils are shown in Table 5.1. For efficient power transfer, the primary and secondary
coils Q factors were chosen higher than 100. However, a much higher primary Q factor may
affect the system functionality. In fact, () is limited by the coil inductance that should be
relatively low in order to make the tuning of C] less critical and more accurate to reach a

resonance state [172].

Figure 5.15 shows the measured CWM-encoded data before and after synchronization per-
formed by the current zero-crossing detector and the signal processing unit. It shows that
our proposed CWM modulator allows an accurate switching timing of the primary LC tank.
As can be noticed in this screenshot, the LC tank opening is performed at zero-crossing of
t1. This corresponds to a switching when the primary coil voltage V7, is at an extremum and

all the energy of the primary LC circuit is stored on Cf.

Figures 5.16a and 5.16b show the measured primary current and secondary voltage waveforms
during data transmission. It can be seen that despite the high Q factors of coils and the
ringing effect due to S; switching and to stray capacitances in the secondary circuit, our
proposed WPDT system was able to produce modulated signals (i1 and Ve as) with highly
damped oscillations during Off periods. This allowed our demodulator circuit to perfectly

demodulate the received signal Vi as using the proposed CWM demodulator 1C.

Figure 5.16a shows the measured waveforms for a repeated data bit stream of "010011" at a
data rate of 1.66 Mb/s. However, Fig. 5.16b shows the measured waveforms when a reapeted
pattern sequence of "01" is sent at maximal data rates of 3.33 Mb/s. These screenshot
captures validate that the data transmission is robust for recurring pattern in the bit stream

as well as for high data rates.
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Figure 5.16 Measured waveforms for data transmission and reception for (a) n=6 with a
repeating "010011" bit sequence, (b) n=3 with repeating "01" pattern sequence. The output
digital bit-streams are delayed by At + T} [15].




86

Figure 5.17a illustrates the effect of the load (Ry) variation on recovered power Pp at ax-
ial distance d, between primary and secondary coil of 1 em for different data rates with
Ppr=V,ee X I . where V.. and I,.. are the output voltage and current of the rectifier, respec-
tively. We notice that for each carrier cycle per bit n (data rate), there is an optimum load
that maximizes the power delivery. Note that this optimum is found very close to the edge

of the region beyond which communication stops working.

Figure 5.17b shows the maximal achievable recovered power Pp, . as a function of data
rates at d,=1 cm. As expected, Ppr .. increases with n. However, the best tradeoff is
represented by a Figure of Merit value (FoM) defined as FoM = Data ratesx Ppr, . . The
best FoM (49.23) is reached at 1.66 Mb/s (n = 6).
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Figure 5.17 Measured recovered power at 1 cm axial distance: (a) Ppy, as a function of Ry;
(b) Maximum Ppj, as a function of data rates.
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Figure 5.18 Ppy, as a function of axial distance between coils at Rp=1 K.

Figure 5.18 shows the effect of axial distance d, variation on recovered power Ppy, for different
data rates with Ry=1 k2. We can notice that Pp; decreases as coil separation grows. This
Ppy, reduction is due to the reduction in mutual inductance which is inversely proportional to
d,. Also, as expected, the distance range decreases while decreasing n, since at higher d,, not
enough power can be recovered to supply the receiver. At stronger coupling (d, < 0.6 cm), the
modulation process will be disturbed due to the high reflected reactance from the secondary

circuit, as mentioned in Section 5.4.2

Table 5.2 compares the proposed CWM-based WPDT system (for n = 6) with state-of-the-
art WPDT systems based on ASK modulation. As expected, conventional ASK systems
have relatively low data rates. Our system excels in data rates while ensuring a relatively
high recovered power Ppy. It provides a FoM approximately 5 times higher than the closest
ASK competitor [173]. Furthermore, our demodulator IC consumes only 17 ul¥ at highest
data rates (3.33 Mb/s) which results in 5.1 p.J/bit energy consumption. [82]. These excellent
performances are added to the genericity of our system that makes it convenient for a wide

range of applications.

5.6 Conclusion

This paper presented a new modulation scheme for both wireless power and data delivery for
medical implants over a single inductive link. The prototypes implementation was detailed

and experimental measurements were performed. Unlike conventional WPDT systems op-
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Table 5.2 Performance comparison of inductive power and downlink data transfer systems

TBioCAS’15 BMEL’13 JSSC’'17 JSSC’'19

Reference

[74]" [75] [173]" [174]  This work
Modulation scheme ASK PWM ASK PWM OOK ASK CWM
fe (MHz) 10 5 6.78 13.56 10
Data rate (Mbit/s) 0.1 0.168 0.02 0.15 1.66
Min Carrier Cycle per bit 100 29.76 339 90.4 3
Maximum Ppp, (mW) 10 13 520 9.2 29.66
Data Rx power consumption (uW) NA NA NA 132 14.6
RX energy efficiency (pJ/bit) NA NA NA 880 8.79
FoM 1 2.18 10.4 1.38 49.23

* . 1. . . .
The system offers a bidirectional communication.

erating at high-Q coils, the proposed system based on CWM modulation allows high-speed
communication while ensuring a convenient power delivery to the biomedical implant. This
performance is achieved by overcoming two main limitations, one related to the conflicting
Q factor requirements for high-power delivery and high data rates and the other is related
to the limited speed of conventional demodulator circuits. Moreover, our CWM-based sys-
tem is generic and can achieve a wide range of data rates for a maximum of 1/3 of the
carrier frequency. Comparisons with related works show that our WPDT system offers the
best tradeoff between data rates and delivered power over a single inductive link using an

ultra-low power and generic CWM demodulator.
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CHAPTER 6 GENERAL DISCUSSION

The motivation of this thesis was to improve the performance of wireless power and data
transfer systems for IMDs in all respects, including the size and the ease of implementation,
the data communication reliability and speed, the power transfer efficiency, and the power
consumption of the implantable device, while aiming at getting a flexible and generic system

that can cover a wide range of IMD applications.

This goal is very ambitious and while advancing in the investigation and in the literature
review, we realize the great complexity of the task. Several reasons make this task a priori
impossible. Among these reasons, fundamental problems of physics such as the inversely
proportional relation of the Q factor with the bandwidth or the ringing phenomenon due to
high-Q LC circuit. Circuit limitations of conventional blocks such as the envelope detector,
or technological limitations, such as CMOS analog switch speed limit at high drain current
have also made our goal harder to achieve. All these limitations have been addressed in a
methodical ways and we have successfully proposed a more efficient power and data transfer

system compared to state-of-the-art systems.

We adopted early on the inductive link among several wireless technologies such as RF,
capacitive, ultrasonic, and optical links, mainly due to its ability to provide both power and
bidirectional data transmission with appropriate reliability, safety, cost, and simplicity of
implementation. Besides, the inductive link was the most popular technique in commercially
available IMDs either for recharging internal batteries or for directly providing power to the
IMD.

Then, between choosing a configuration of multiple dedicated links for power and for data or
a single inductive link approach optimized for the two functions, we chose the most difficult
approach, in order to achieve a less cumbersome implementation and to seek for potential
benefits on human safety and comfort. In fact, the use of a single inductive link instead of
multiple links for wireless power and data transfer reduces the size of the implant and alleviate
design constraints on biological and physical aspects. It also reduces human exposure to
electromagnetic fields and disturbances that can affect the functionality of the implant due

to electromagnetic interference.

The following step was to select the appropriate modulation technique for downlink com-
munication. A comprehensive survey of existing modulation techniques was carried out.
Investigating the advantages and disadvantages of these techniques, the choice was made

on ASK modulation more specifically on OOK modulation coded in PWM due to its lower
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power consumption and design complexity, since it does not need complex synchronization
circuitry for data recovery. However, this modulation is based on amplitude variation of the
carrier, so any amplitude disturbances due to noise, interference, or coupling variation may
affect considerably the communication reliability. Hence, we had the idea of using a similar
modulation scheme but whose demodulation process would be based on the carrier width
instead of the amplitude. Therefore, we initially proposed Quad-level Carrier Width Modu-
lation (QCWM) that consist of sending two bits per symbol by using four combinations of
duty ratio. Aiming toward high data rates communication, we choose the ISM high carrier
frequency 27.12 MHz that belongs to the widely used frequency range in transcutaneous
wireless transmission (3kHz to 30MHz). This frequency range allows the electromagnetic
field to penetrate the skin over a short distance, without heating the surrounding biological
tissues. A QCWM demodulator was proposed, designed using a 0.13 pm CMOS process and
validated by simulation. The novelty of this demodulator is the use of an original pulse width
to sawtooth waveform (PW-to-SP) converter. This simple to implement converter allowed
the whole QCWM demodulator to achieve an ultra-low power consumption of 35.5 uW at
10.85 Mbps data rate.

Based on PW-to-SP converter, another new CWM modulation scheme with carefully chosen
ON/OFF duration was proposed to reach a generic high-performance data communication
system. The proposed CWM demodulator was initially designed to operate at 27.12 MHz
then customized to operate at a frequency range between 10 and 31 MHz, while offering an
ultra-low power consumption. This generic demodulator offers a data-rate-to-frequency ratio

of 1/3 and dissipate, in worst conditions, 16.9 uW.

In addition to the implementation of the demodulator, our efforts also focused on the develop-
ment of the modulator and the complete power and data transfer system. This was the most
difficult task, since no similar work aimed at simultaneous high power transfer efficiency and
high data rates on a single inductive link was carried out, with the exception of suspended
carrier modulation patented in 1997. However, there is little information on the design and
performance of its proposed modulation circuit. Also, this work has never been developed or
reproduced by other research groups for more than 20 years, which leaves several question

marks about its feasisilbility and practicality.

To the best of our knowledge, we are the only research group that reused this work. Despite
the lack of technical information, we managed to achieve a subsystem transmitting power
and high-speed data using a high-Q resonator. The design of the modulator required a lot
of simulation work using OrCAD Pspice Designer A/D software; which was not reported in

this thesis. The use of a high carrier frequency and simulation convergence failure have com-
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plicated the development of this solution. Hence, to reduce the complexity of the simulation,
ideal components were used at the beginning, which was a good starting point towards a real

design.

High frequency switching of an inductive load with the presence of intrinsic parasitic ele-
ments leads to undesirable behaviors, such as transient oscillations in the modulated signal,
overshoots, EMI, and oscillations in the gate drive voltage (which may turn the switch On
and Off accidentally). In order to reduce these undesirable behaviors, we migrated to a new
transistor technology which is Gallium Nitride (GaN) technology. GaN devices are inher-
ently gaining popularity in the market due to its high switching speed and very low parasitic
elements. One of the reasons that greatly reduces parasitic elements of GaN devices is their
ultra-small and compact package (0.9 mm x 0.9 mm, BGA), which makes soldering of these

transistors very challenging. Fortunately, hot air BGA rework station was at our disposal.

Despite the use of GaN devices, the undesirable behaviors were not totally eliminated, so we
reduced the carrier frequency to 10 MHz and we placed a damping circuit (RC snubber) in
parallel with the GaN switch. The difficulty of implementing this circuit lies in the fact that

it is based on an empirical study.

After several improvements and prototyping, we managed to implement a reliable high-Q
transmitter for powering and high-speed modulation. In the receiver side, we were unable
to use a secondary resonant circuit for a wide range of load. In fact, the energy stored in
the secondary resonator circulates back and forth between the electric and magnetic fields
and results in unwanted oscillations, which can be damped only by using very low resistance
load values. To overcome this issue, a non-resonant secondary circuit with no capacitors was
used. However, in practice, parasitic capacitances such as the internal capacitance of the
secondary coil and the junction capacitance of the diode (used for rectification) can induce
the unwanted oscillations. That is why a tapped coil configuration that split the secondary
coil into two sub-coils dedicated to power and data recovery was used. In addition, a low
value resistance was connected to the data sub-coil in order to damp any potential oscillations
during Off periods. This configuration ensured powering data communication for a large load
range. Although a non-resonant secondary circuit was used, power transfer was ensured with
an adequate delivered power due to the use of high-Q coils and a resonant circuit on the

transmitter side.

Another important element, which must be considered during the tests is the probe measure-
ment. The use of a long ground wire probe introduces unwanted inductance into the probe
measurement path and results in overshoot and ringing associated with the rising and falling

edges of the signals. Therefore, for accurate measurement results, a scope probe with a short
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ground clip was mandatory. This general discussion shows that beyond the original concepts
and theory proposed to explain the system operation, there are many practical issues that

can spoil the expected performance.
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CHAPTER 7 CONCLUSION

7.1 Summary of Works

In this thesis, we presented our research work aimed at implementing a novel wireless power
and downlink data transfer system over a single inductive link, able to overcome the limita-
tions of existing WPDT systems. First, we assessed the limitations of the conventional ASK
modulation since it is the most commonly used approach due to its easy implementation
and low power consumption of its demodulation circuit compared to other methods. The
weakness of this approach can be summarized as follows: 1. the high sensitivity to noise
and all kinds of disturbances that may affect the carrier amplitude and 2. the limited data
rates due to the conflicting requirements of the coils Q factors that should be high to achieve
efficient power transfer and low to achieve high bandwidth as well as 3. the limited speed of

the conventional ASK demodulators.

These limitations were solved one by one, in order to propose a sophisticated WPDT system
that ensures a high data rate downlink communication with efficient power transfer, while
maintaining a low power consumption and a small and simple implementation of the im-
plantable device. Another objective which has been added is to implement a generic system
operating under a wide range of data rates. So, the operator can select the best compro-
mise between power and data rates in accordance to application or current needs, without

reconfiguring the receiver.

In total, we have achieved four main contributions. First, we proposed novel modulation
techniques based on the carrier width called Carrier Width Modulation (CWM) and Quad-
level CWM. They are characterized by their short Off-widths and modulation timing. In fact,
they are performed at a specific time which is the zero-crossing of the primary coil current.
Using this technique, efficient PTE and high-modulation bandwidth could be secured at
the same time. Also, since the carrier is time modulated, the modulated signal showed
a high robustness against amplitude disturbances. Secondly, we implemented high speed
and ultra-low power demodulators 1Cs using 0.13 um CMOS technology. They consume,
in worst conditions, 16.9 and 35.5 pV and reach data rates of 1/3 and 2/5 of the carrier
frequency, respectively. These very competitive performances are due to the use of an original
PW-to-SP converter instead of the widely used envelope detector. Thirdly, we designed the
CWM demodulator to be generic while operating over a wide range of frequencies (from 10 to
31 MHz) and many data rates under any selected frequency selected from the operating range.

Lastly, we implemented a 10 MHz high-Q transmitter that generates signals modulated at



94

high rates, despite the use of high-Q) coils. This proposed transmitter is the first of its kind
that operates at high frequency and that meets all design and implementation challenges,
especially when operating at a high frequency of 10 MHz. In combination with the proposed
CWM demodulator, simultaneous 3.33 Mb/s data rates and 6.1 mW recovered power are
achieved at 1 cm separation distance between the coils. Due to our WPDT system genericity,

the system may also transfer more than 55 mWW, at the expense of reduced data rates.

According to the state-of-the-art modulation techniques, our proposed WPDT system is the
best technique if there is a need to maximize the data rate for downlink communication, when
a single inductive link is used for both power and data transmission and when simplicity and

ultra-low power consumption receiver are required.

7.2 Recommendations for future work

Based on research presented in this thesis, we propose some recommendations and ideas for
future work to address some limitations of our proposed system, to enhance its performance,
or to further improve performances. These recommendations are divided according to the

location where improvements can be made.

In the transmitter:

1) As this is the first time that a synchronized opening of the resonant LC transmitter cir-
cuit has been made, our main objective was to validate its functionality without paying
much attention to the performance of the modulator. Hence, the CWM modulator was
implemented using available COTS products. As future work, an integrated and cus-
tom modulation circuit might be implemented. This might reduce modulation errors
since accurate delay elements can be designed with much reduced values of parasitic
elements that limit performances. It is also expected that a modulator IC would allow

reducing power consumption and physical dimensions.

2) We realized in this project that a high carrier frequency leads to high sensitivity to
parasitic elements, low BER, and high switching power dissipation. Such limitations
could be avoided in the future if a similar WPDT system is designed to operate at
lower carrier frequency (i.e. at 6.78 MHz ISM band). This would certainly decrease
the data transfer rate. However, it could improve the transmitter power efficiency and

the BER. This is an interesting avenue for future research.

3) As a QCWM demodulator is already fabricated and tested, it remains to design and
implement a high-Q transmitted based on QCWM scheme. Compared to the CWM
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transmitter, a QCWM transmitter will have a different encoding algorithm and a new
signal processing unit since it contains four distinct Off periods instead of two. This

WPDT system will offer a higher data rate than that offered by CWM-based WPDT

system.

In the inductive link:

1)

2)

Although high-Q coils were used to increase the power transfer efficiency of the inductive

link, the following recommendations should allow improving the PTE:

a) Explore other coil geometries, e.g. the best shape, dimensions, number of turns,
resistance loss, and Q factor of the two coils. The optimal coil geometries can
be found using closed-form equations in MATLAB in combination with HFSS or
COMSOL Multiphysics software.

b) Implement a custom integrated voltage rectifier and voltage regulator in order
to increase the power efficiency of the inductive link, since it is a function of the
input impedance of the rectifier. Also, a fully-integrated power recovery stage may

decrease the power dissipation in the receiver and allow miniaturizing the IMD.

As already mentioned, the sensitivity of the inductive link to the relative position of Tx
and Rx is among the main challenges of this technology. In fact, at strong coupling (i.e.
short distance) between coils, the reflected impedance to the primary circuit becomes
large, so it alters its resonant frequency. Thus, this decreases the PTE significantly,
and it disturbs the CWM modulation process in the transmitter. To overcome this

issue, an adaptive system trying to compensate this alteration can be envisaged.

In the receiver:

1)

In the actual design, the peak amplitude of the output sawtooth signal depends strongly
on the supply voltage, so any variation of this DC voltage can disturb the communi-
cation. The robustness against the supply voltage variations defined by the Power
Supply Rejection Ratio (PSRR) can be improved by adding an additional circuit, such

as current mirrors, to our PW-to-SP converter.

A more generic CWM demodulator can be implemented by adding two adjustable
voltage reference circuits. The voltage references can be set automatically by sending a

request to the receiver to readjust the voltage reference levels according to the carrier
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frequency used. However, this probably requires the use of a microcontroller in the

receiver.

3) Achieving the maximum power transfer and the highest data rates was our main ob-
jective when we started this PhD project. Although we managed to get very high data
rates, we were unable to increse the PTE as much as desired. The maximum PTE can
be achieved when the secondary circuit is also resonating at the same frequency as the
carrier and the primary resonant circuit. However, this was not possible because the
presence of capacitors in the secondary circuit that led to a ringing effect that limits
the data transmission rate. Performing a resonant secondary circuit that offers better
power transfer and does not limit the data rates can be an interesting and original

research direction.

4) For a complete remote power and data transfer system, an uplink communication sys-
tem may be added to our system. In the same vein, we recommend implementing a
synchronized shorting of the secondary LC circuit in order to preserve the energy in the
secondary tank without compromising the power efficiency as in the recently proposed
COOK modulation. Since this kind of modulation technique, whether in downlink
or uplink data transmission, is newly investigated, it can be a good niche for further

research.

Another idea that can be envisaged is to realize a WPDT system that automatically adjusts
transmission speed and the delivered amount of power according to the IMD needs. In fact,
there are implants that require, at some point, more power than data or vice versa. Self

adjusting IMD systems may lead to better WPDT systems.

Finally, in order to test the reliability of the proposed data communication system, a bit-
error testing and a jitter analysis should be conducted. An FPGA-based tester may be used
to compare the transmitted and the received data. Unfortunately, constraints beyond our

control prevented us from carrying out these tests before submitting this thesis.
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APPENDIX A OTHER METHODS OF POWER AND DATA TRANSFER
FOR IMDS

In this appendix, more information about existing power sources and wireless data transfer

links are presented.

Conducting wires and cables are nowadays standard mediums for transmitting electrical
energy. This is due to their capacity for relaying a flow of energy in a precise and efficient
manner [175,176]. However, wires are inappropriate for powering IMDs. They restrict patient
mobility. They can cause infections, tissue damage, and may corrode due to patient motion.
Alternative solutions consist in using an internal battery integrated in the implantable device.
It is also possible to employ external power sources to wirelessly power IMDs. Moreover, both
battery and wireless power alternatives can be adopted when the IMD internal battery is

rechargeable and consequently avoid battery replacement surgery.

Nowadays, only batteries and inductive links are used for powering commercial IMDs. In this
Annexe, single use and rechargeable batteries meant for IMDs are reviewed. Bio batteries

and specific supercapacitor power sources adding complementary features are then presented.

A.1 Batteries

To prevent affecting the normal activity of the patient, IMD battery sources should be light
and compact while providing maximal autonomy. Minimizing size and weight of batteries
are among the main design challenges. There are two main types of implantable batteries:
(1) primary or single-use batteries (currently found in commercial pacemakers and deeply
implanted stimulators) and (2) secondary or rechargeable batteries (used for example in

neurostimulators) [34-36].

A.1.1 Primary (Single-Use) Batteries

The most commonly used “single-use” energy storage unit is the electrochemical battery.
Such battery cell produces electrical energy by direct transformation of chemical energy.
The first successful implant using an electrochemical cell was made in 1960 [177]. A nickel-
cadmium battery (Ni-Cd) has been incorporated into a pacemaker to treat bradycardia.
Later, a zinc/mercuric oxide (Zn/HgO) battery was developed and successfully implanted into
a patient by the Greatbatch-Chardack team [178,179]. Afterward, the invention of lithium-

based power cells in the late 60s led to an attractive alternative to the first electrochemical
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cells. With their high energy density (three times the energy of the Zn/HgO battery) Lithium
batteries are still, to date, the most used type of batteries [180].

The lithium/iodine-polyvinylpyridine (PVP) cell was the first lithium-based battery im-
planted into a pacemaker. Over several decades, it has proved its safety and reliability for
clinical use. Therefore, with their high power density (milliampere range), low self-discharge
rate and longevity; Lithium/Manganese Dioxide (Li-MnO2), Lithium/Carbon monofluoride
(Li/CFx), lithium/thionyl chloride and other varieties of lithium batteries were used to power

neurostimulators, drug delivery systems, and pacemakers with additional functionalities [181].

Implantable Cardioverter Defibrillators (ICDs) pacing at fast rates require high power rate
batteries. These batteries must be capable of delivering high current pulses of 2-3A to rapidly
charge the capacitors of the device that subsequently shocks the heart to stop ventricular
fibrillation [22,182]. Lithium/silver vanadium oxide (Li/SVO) and Lithium/Manganese Diox-
ide batteries are commonly used in most today’s ICDs due to their high-power capabilities.
These single-use lithium-based batteries establish advanced powering solutions, however, they

require replacement surgery when depleted.

In the 1970s, another type of battery has been introduced in the IMD industry to extend
the service lifetime. It is the nuclear battery [183]. Some manufacturers of IMDs, including
Medtronic, have introduced nuclear models (such as Laurens-Alcatel model 9000) in their
product lines [178,184]. These devices have given patients the opportunity to have a lasting
pacemaker. Nuclear batteries have been proved safe and effective. Their output power is sta-
ble and immune to external factors such as temperature, pressure and electromagnetic fields.
However, nuclear batteries are costly as their internal materials particularly the radionuclide

are very difficult to extract and use.

A.1.2 Secondary (Rechargeable) Batteries

The rechargeable battery is an electrochemical generator that can be “revived” when de-
pleted. In rechargeable batteries, energy is generated by a chemical reaction between an
electrolyte and two metallic electrodes [185]. When there is not enough reactive material in
the electrodes, the battery is low and must be recharged. To do so, a DC-voltage is applied to
the battery. This reverses the direction of the chemical process and replenishes the starting
reactants thus allowing the battery to be used several times for many discharge/charging
cycles. However, these cycles cannot be done indefinitely. After several charge/discharge

cycles, the battery needs to be replaced.

The first rechargeable implantable pacemaker used a new kind of Ni-Cad battery [186]. The
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later pacemaker was commercialized by Pacesetter Systems Inc (became then a division of St.
Jude Medical) in 1973. This rechargeable pacemaker has not been a sale success. Pacemakers
integrating single-use lithium batteries were also introduced to the market. They were smaller
and offered longer service life without requiring the battery recharging equipment [186, 187].
Targeting higher energy capabilities and other improvements, such as smaller size and longer
lifetime, rechargeable lithium-ion cells have emerged with great promises of compactness,
safety, reliability and durability for many applications [37]. Therefore, some commercial
IMDs, such as Medtronic neurostimulators (ex. The ACTIVA RC Neurostimulator for deep
brain stimulation) were equipped with a lithium-ion rechargeable cell [38]. Currently, the use
of lithium-ion rechargeable battery is intended for several IMDs under development such as
neurostimulators to cure epilepsy and Parkinson’s diseases, cochlear implants, Left Ventricu-
lar Assist Devices (LVADs) and artificial hearts. The Lithium-ion battery is not complicated
to manufacture. However it requires elaborated tests to ensure safety. Actually, these sec-
ondary batteries should be well sealed and monitored all the time to prevent overheat and

damage. Lithium-ion batteries are commonly recharged via an inductive link.

A.1.3 Other types of embedded power sources
Supercapacitors

Although, batteries are the primary choice for IMDs on-board powering, there are some
specific applications that do require special power sources. In fact, some IMDs need to have
a tiny volume or extreme high-power density. Supercapacitors, also named ultracapacitors
provide these features. They are of smaller sizes and have higher-power densities compared to
electrochemical batteries. They can generate short pulses of relatively high power [20]. They
have faster charging rates (several milliseconds to seconds vs. several hours for batteries),
longer lifespan (up to 1 million charge/discharge cycles vs. hundreds to thousands of cycles),
larger operating temperature ranges and they are not subject to overcharge, which makes
them safer [23].

Also known as electric double-layer capacitors (EDLC), a supercapacitor consists of two dis-
joined electrodes (separated by an ion-permeable membrane) immersed into an electrolyte
that carries positive and negative ions. The energy can be stored in EDLCs by applying
two storage principles: 1) Electrostatic storage, which is an accumulation of ions on the
electrode/electrolyte interfaces; and 2) electrochemical storage (faradic pseudo-capacitance)
which is a chemical reaction in which an exchange of electrons occurs at the surface or at the
near-surface of the electrodes. Compared to conventional electrolytic capacitors, superca-

pacitors have a much higher capacitance (50 times greater) and a relatively smaller size [22].
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However, the use of supercapacitors in IMDs is still limited due to its low energy density (5%
of lithium batteries), fast self-discharge rate and low cell voltage (limited to 2.5V or 2.75V).
The rapid technological progress in the field of miniaturized portable electronic devices led to
the fabrication of on-chip micro-scale supercapacitors. These micro-supercapacitors provide
ultra-fast charge/discharge rates and higher specific energy than conventional supercapaci-
tors (2 times greater). Special attention has been given to the structures, the dimensions and
the materials of the micro-supercapacitor elements to improve their performances. However,
several challenges need to be addressed to increase the capacitance value and the energy

storage performances [23].

There is also a trend supporting the combination of the supercapacitor with the lithium-ion
battery resulting in a hybrid energy storage system. These hybrid elements offer the advan-
tages of both the supercapacitor (fast-charge rate, high-power density), and the recharge-
able battery (high-energy density). However, the latter combination adds size and complex-
ity [21,24,25].

Bio-Fuel Cells

Another power source alternative to standard battery sources is the bio batteries for IMDs.
In the 1970s, many studies were carried on the enzyme-based biofuel cells (using glucose or
lactate as fuel and oxygen as oxidizer) in order to build new batteries for IMDs [26,27]. These
biological molecules are present in physiological fluids such as blood. In addition, the body
pH, temperature and pressure are adequate for efficient power generation [28,29]. Since 1984,
many improvements were made on these biofuel cells [28] as they proved quite advantageous
for IMDs. However, most biofuel cells proposed to date are unable to meet all the IMDs
requirements. This is due to their short lifespan and low ability to generate sufficient power

values (microwatt level) [30].

A.1.4 Wireless Data Communication for IMDs

The wireless communication for implanted medical devices is mandatory, and must be safe
and reliable. Also, low-power solutions are required with high-data rate communication.
There are principally two groups of wireless communication methods divided according to

the operating field regions: the far field zone and the near-field zone [55,103].
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Far-field communication technologies

In this far-field region, the electric field vectors E and the magnetic fields vectors H are
orthogonal to each other and to the propagation direction. Therefore, the measurement of
one of the components (electrical or magnetic) is sufficient to know all the characteristics of

the radiation. We can consider that we are in a far-field zone when
R > 2D? /A (A.1)

where R, D and X are respectively the distance between the two antennas, the largest dimen-
sion of the antenna and the wavelength of the signal. The “far-field group” is divided in two

categories according to the type of wave: the electromagnetic wave and the acoustic wave.
The electromagnetic wave can be mainly generated by two ways.

- When far-field antennas are used at each end of a link, a radio frequency (RF) communica-
tion link is established [188]. An AC current flowing through a transmitter antenna generates
an electromagnetic field that propagates through space and tissues. It is then captured by the
receiver antenna. The communication operating range using RF link is significantly higher
than the carrier wavelength A (:? with ¢ the speed of light and f the frequency of the carrier).
Although, wireless RF links allows relatively long-range and high-speed data communication,
they suffer from high power consumption, interference problems and safety concerns. This is
due to their excessive in-tissue absorption and reflection at tissue boundaries that increase

with the operating frequency [140].

- When light emitting, and photosensitive devices are respectively used at the transmitter
and the receiver, an optical communication link is established. The absorption of light
by soft tissue depends on the skin and blood optical behavior (absorption, scattering and
reflectance). Due to the high absorption factor of human tissue, the optical link works best
for IMDs located under the skin. The near-infrared light is the most widely used for IMD
wireless communication because this kind of light can easily penetrate biological tissues. The
advantages of using the optical wave (which is also a form of electromagnetic radiation)
are mainly its high level of immunity against electromagnetic interference (EMI) and its
extremely high data rates. However, Safety levels must be respected as radiation of relatively

high intensity can cause tissue damage [45].

- The ultrasound link is also based on wave propagation. It uses the acoustic wave which is
a vibration that propagates through physical mediums (fluids, solids, gases or liquids). This
wave has a frequency greater than the audible range (20 Hz-17 kHz). To set up a wireless

communication link, an ultrasound transducer can be used to convert electrical signals into
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ultrasound waves. A piezoelectric receiver implanted in the human body can be used to
receive and convert the ultrasound mechanical energy into electrical charge. Ultrasound
has the advantage of deep penetration in tissue ability. However, an acoustic wave that
propagates between different acoustic impedance’s mediums may experience acoustic wave
reflection (echo) [55].

Near-field communication technologies

The second wireless communication method operates in the near-field zone. In this region, the
relationship between E and H fields is hard to predict [55]. Each one of these components may
suddenly overcome the other. In this zone, there is no coupling by electromagnetic radiation.
Instead, there is an electrical coupling that is similar to an electrical current flowing through
a conductive or dielectric medium, such as for a capacitive link, or a magnetic coupling that
is implemented by an inductive link. The near-field group gathers therefore two types of

short-range links: the capacitive link and the inductive link defined as follows:

The capacitive link consists of two aligned parallel plates, one on the inner side of the
skin and the other on the external side [189]. Due to its conductivity, the skin acts as
a lossy dielectric. An AC voltage applied to the transmitter electrode plate generates an
electric field that passes through the skin to the receiver electrode plate. Capacitive link
is highly immune against electromagnetic interference (EMI) since the field lines are well
confined between the two plates. Due to its high pass nature, the data rate is not limited
by the channel capacity. Signals carrying a wide range of harmonics, like square waves, can
be transmitted easily [189-191]. Wider plates improve the communication range and the
bandwidth but also increase the tissue temperature, the patient discomfort, and pick up
more background noise. In addition, a good electrical contact with the body (whether at
emission or at reception) is needed to reduce the voltage drop caused by the air gap between
the external electrode and the skin [192]. The capacitive link technique can be used for both
power and data transmission, but it is often used for the data transfer because of its low

ability to produce high enough energy.

The magnetic or inductive coupling is actually the most widely used method for
through-tissue data communication [14]. The operating principle was described in Chap-
ter 1. Challenges faced by the data communication based inductive link (particularly when
the link is simultaneously used for power transfer) and the solutions proposed to tackle these

challenges are discussed in the next chapters.
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APPENDIX B INDUCTIVE LINK FUNDAMENTALS

This appendix presents a theoretical study of the basics of inductive links while focusing
on the proposed circuit model for wireless power transfer. In this appendix, small italic
letters represent time-domain variables, bold letters represent phasors and capital italic letters

represent real numbers or RMS values.

B.1 Mutually coupled coils

The core of an inductive link is the magnetically coupled coils, which can be modeled with
two coupled inductors, as shown in Fig. B.1. The corresponding circuit equations are given
by

(rpa + jwly) Iy + jw M1y = Vg (B.1)

Jjw MIy + (rpe+ Ry + jwls) I =0 (B.2)

where 771 and o are the resistance of the primary and secondary coils, respectively; L; and
Lo are the self-inductances of the primary and secondary coils, respectively; M is the mutual

inductance between two coils; Ry, is the equivalent load resistance.

When AC current flows 7; through the primary coil, a magnetic flux is created in its vicinity.
This flux is picked-up by the secondary coil and therefore converted to an AC voltage across
it. 4; produces also a loss of rz; I? in the primary coil and induces a voltage with the RMS

value of wM I, in the secondary coil. This induced voltage is applied on the secondary side

M
Y

Figure B.1 The coupled coils.
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impedance rpo+Rp+j w Ly. The induced current I, will be limited by the reactance of the
secondary coil. In fact, the current i, flowing through L, would cause an extra magnetic field
that opposes the original flux changes, i.e. to the cause that gave birth to it (Lenz’s law).
Thereby, i, induces in the same way, a voltage with the RMS value of wM I, in the primary

coil.

To express the coupling between two coils, there is another variable apart from the mutual

inductance M. It is the coupling factor k£ whose value is between 0 and 1.

This factor strongly depends on the geometry of the coils (size and shape), their relative
position (distance and angle) and the property of their materials. So giving it analytical
expression wisely is not an easy task. However, Roz and Fuentes estimated it by the following

equation :

2 .2
raj,rai,cost
2
vraprags(y/d; +rag,)?

rar, and raps are the respective radii of the primary and secondary coil; d, and 6 are

L — (B.4)

respectively the axial distance and the angle between the coils. However, equation B.4 only

applies if rars < rar;.
The secondary current phasor Iy can be derived from B.2 as:

—jwMIl
rr2 + Rp + jwls

I, = (B.5)

If the reactance of the secondary side impedance could be compensated, for example, by con-
necting a capacitor 1/ (wCs) in series with the secondary coil and canceling out the reactance,

ie.,

1
Ly——=0 B.6
W CUCQ ( )

then a larger current and a higher power can be transferred to the load. With the same
input current in the primary coil, the output power is increased and thereby, the power
transfer efficiency is improved. In the primary side, jw L; should be also compensated by
using capacitors to minimize the required Volt-Amps (VA) rating of the system, i.e., a lower

input voltage is required to generate the same input primary coil current. Therefore, primary
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One of the basic operation principles of magnetic resonance WPT is to compensate both the

primary and secondary reactance’s and thus, we have resonance in both the primary and

secondary sides. This forms a basic magnetic resonance WP'T system.

However, in order to reduce ringing effect as discussed in Chapter 5 and ensure CWM data

communication, we were forced not to place a capacitor in the secondary circuit.

The circuit model of our proposed WPT system is given by Fig. B.2 and the following

equations

(rpn + X)) I + jw M1y = Vg

Jjw MIy + (rpe + R + jwLe) I =0

1

where X; = w L, bven

B.2 Reflected Impedance

From( B.8), we get

I, = -
2 rro + Rp + jwLs

By substituting (B.9) into (B.7), we get the input impedance of the system as

_lcl I (hi, rL2
Vs@ L, L []RL v,

Figure B.2 The proposed inductive link for wireless power transfer.

(B.7)

(B.8)
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V, , w2 M?
Lip=—=rp+jX1+

- B.10
L rre + Rp + jwlsy ( )

The first term, (rz; + jX1), is the impedance of the primary circuit. The second term is the
reflected impedance, seen by the power source due to the current in the receiving coil. So
the reflected impedance is given by

w? M?

Z, = - B.11
rre + Rp + jwls ( )

If the system operates at the resonant frequency of the secondary tank, the reflected impedance
has only the resistive part and it will not bring any reactance in the primary circuit. However,

this is not the case for our secondary tank which operates out of resonance.

B.3 Induced Voltages, Currents and Gains

It is assumed that the resonant frequency of the primary tank is equal to the operating
frequency of the system. Therefore, X; is zero. The induced voltage and current in the

secondary side can be derived, respectively, as

= Jjw MI (B.12)

2induced

If the parasitic resistance in the secondary side is neglected, (B.12) becomes

—jwM R ML
12 _ < Jw (TgQ + L)2 . w . 2 2) ) (B13)
(rre + Rp)” + w?Lo (ree + Rp)” + w?Ly
Therefore, the phase angle between the primary and secondary currents is.
rr2 + RL)
0 = arct - B.14
arctan ( ol ( )
And the current gain is derived as
I M
2 d (B.15)

Lo \J(ria + Ru)? + (wLo)?
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If the parasitic resistance in the secondary side is neglected, (2.13) becomes

I M
2 = - (B.16)

Il B RL2 -+ (wL2)2

We can notice that the current gain increases by decreasing the equivalent load R; and the

secondary coil inductance Ls.

Also, if the parasitic resistance is neglected, the load voltage become

and the source voltage will be equal to the induced voltage, i.e.,

V1 = VS = jw MI2 (B18>

induced

From (B.17), (B.18), and (B.16), the voltage gain can be obtained as

Vi rie+ R’ + (who) | I
— = 14+ —= B.1
Vs wM (1+ M ) (B-19)
If the parasitic resistance in the secondary side is neglected,
Vi _ VR + (Wl L
_ B.2
Vs wM (1+ M ) (B-20)

Hence, in contrary to the current gain, we can see that increasing R; and L, may increase

the voltage gain.

B.4 Power Transfer Efficiency

Because inductive WPT is based on the near-field coupling, the radiation loss is negligible
and all the losses of the coupled coils will be on the parasitic resistances, i.e., rr; and rps.

Therefore, the efficiency of the system in Fig. B.2 can be expressed as

total output power RpI? Ry (B.21)
7] = ; = — .
total input power  rp I} + (rpa+ Rp) I3 - (%)2 + (ris + Rrp)
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Substituting (B.16)in (B.21), we obtain

(wM)? Ry,
n= 5 5 5 (B.22)
TL1 ((TLQ + Rp)” + (wls) ) + (WM)” (rr2 + Ry)
If we neglect 779
(wM)®
n = L . (B.23)
L1 (RL+ T) + (wM)
Since == ]yL = k2Q1Q5, 1 become
k2
’]7 = RL wLQQlQQ - (B24)
(7'[,2 T TLzRL) + £ Q1@
This further simplifies to:
! (B.25)
n = R TL2 *
I+ Pauge, T Poik
This equation proves that 7 increases when
R
L 2, (B.26)

_|_
k2Q1Qarry  K2Q1Rp

i.e. the power efficiency increases for high k2Q)1Q and more particularly for high £%Q;, as

confirmed by simulation analysis.

During CWM data communication, the efficiency of the CWM modulated system will be
equal to the efficiency of the system being activated, i.e., when the modulated signal is high.
If the transient process is neglected and considering that ‘1’ and ‘0" bits will be equiprobable,

the power transfer efficiency new s get the following expression:

Newm = Pu* 1) (B.27)
with pi is the powering index defined by

tONl + tONg (n — 1)TC + (TL — 2)TC 3
=0.5 =0.5(2— — B.28
T T (2--) (B.28)

where T, is the carrier cycle, n is the number of carrier cycles per data bit cycle Ty, and ton;,

pi = 0.5
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and toy, are the ON widths for either “1” and “0” data bit.
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APPENDIX C EXPERIMENTAL PROTOTYPES

This appendix presents photos of the fabricated and tested chip and circuit board of the

transmitter and the receiver prototypes.

I IWM?‘W’"

oL B Wil

Figure C.2 Microphotograph of the whole die.
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Figure C.4 Photograph of the transmitter-PCB prototype.
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Figure C.5 3D top view of the receiver circuit board. The dimensions are in millimiters

Figure C.6 Photograph of the receiver-PCB prototype.
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Figure C.7 Photograph of the receiver tapped coil.
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