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Résumé: L'hypertension artérielle pulmonaire
(HTAP) est une maladie cardiovasculaire progres-
sive et rare touchant entre 15 et 50 individus pour
1 million dans le monde. Elle se caractérise par
une élévation anormale de la pression au niveau
des artéres pulmonaires, pouvant conduire & une
insuffisance cardiaque droite sévére, et demeure a
ce jour incurable.

La recherche biomédicale sur les maladies car-
diovasculaires s'appuie largement sur |'utilisation
de modéles animaux, notamment les rats, pour
étudier une pathologie sur I'ensemble de leur
durée de vie, avec un échantillon de population
important. La fréquence cardiaque est fortement
impliquée dans I'émergence et la progression de
nombreuses maladies, ce qui en fait une cible
thérapeutique trés intéressante. Dans |'optique
d'explorer son impact sur la progression de 'HTAP,
ces travaux ont pour objectif de développer
un pacemaker programmable implantable chez
le petit animal. Les pacemakers sont des
dispositifs médicaux implantés délivrant des
impulsions électriques au coeur afin de déclencher
sa contraction. Dans le cadre de cette thése,
notre attention s'est portée sur la conception
de la partie fondamentale d'un pacemaker : la
stimulation. La documentation existante sur les
stimulateurs cardiaques tend & &tre limitée et
protégée, notamment celle concernant les circuits
de stimulation. Ainsi, les objectifs de ces travaux
sont doubles : expérimenter et valider in vivo
une onde stimulatrice adéquate et concevoir un
circuit pour la générer qui soit potentiellement
implantable, c'est-a-dire dans une technologie
intégrée et de trés faible consommation.

Des expériences in vivo réalisées avec un
prototype FPGA sur des rats a I'Hopital Marie
Lannelongue ont validé non seulement la forme
d'onde, mais aussi les ordres de grandeur
électriques et temporels nécessaires pour une
stimulation efficace et sans risque pour I'animal.
Ces résultats nous permettent de fixer le
cahier des charges pour le développement du

circuit intégré d'un générateur d'impulsions avec
une méthodologie reposant sur la conception
d'élements ultra-faible consommation. Le circuit
et les simulations ont été réalisés en 0,18 pm, dans
la technologie XFAB XH018.

L'architecture proposée repose sur un pont en
H et permet, avec le jeu de commande adapté, de
générer une stimulation biphasique de fréquence
programmable. Elle est de plus composée de
deux multiplicateurs de tension commandés par
un oscillateur dans le domaine du kHz et d'un
oscillateur a relaxation dans la gamme de la dizaine
de Hz. Afin de minimiser la consommation totale
du circuit, ce second oscillateur a été concu suite
d une étude de I'état de l'art des techniques
ultra-faible consommation (e.g., Stacking, Reverse
Body Biasing, Dynamic Leakage Suppression Logic
- DLS), qui a conduit a la conception ad hoc
de portes logiques de type DLS. Cette technique
récente, réservée a des opérations basse fréquence
(<100 Hz), consiste en |'ajout, a une porte logique
standard, d'un NMOS relié a Vdd et d'un PMOS
relié 3 GND, et dont les grilles bouclent sur la
sortie, ce qui permet de placer les transistors dans
un état de ‘super-cut-off’, et donc de réduire
drastiquement les fuites de courant.

L'ensemble du circuit de stimulation con-
somme 112 pW dont 100 pW sont directement
consommeés par le pont en H pour la stimulation du
coeur qui a besoin de deux impulsions d'au moins
30 pA par période d'onde comme établi grace aux
tests in vivo. La partie oscillateur dans le domaine
du kHz avec ses remises en forme et I'un des
multiplicateurs consomme 9,9 pW. Enfin, grace
a I'approche ultra-faible consommation adoptée
dans cette conception, I'ensemble oscillateur a
relaxation et synthése de commande ne consomme
que 1,8 pW soit 1,6 % de I'ensemble du circuit.

Le circuit proposé génére ainsi une impulsion
biphasique a des fréquences comprises entre 6,8
et 10,1 Hz, soit 400 et 600 bpm, répondant au
cahier des charges pour une stimulation chez le
petit animal dans le cadre de I'étude de I'HTAP.
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Abstract: Pulmonary arterial hypertension (PAH)
is a rare, progressive cardiovascular disease that
affects an average of 15 to 50 individuals per
1 million worldwide. It is characterized by an
abnormal rise in pressure in the pulmonary arteries,
which can lead to severe right heart failure, and
remains incurable to this day.

Biomedical research on cardiovascular diseases
heavily relies on the use of animal models,
particularly rats, which allow for the study of
a pathology over their entire lifespan, with a
large sample population. Heart rate is strongly
implicated in the onset and progression of
many pathologies, making it a very interesting
therapeutic target. In the pursuit of exploring its
impact on the progression of PAH, the objective of
this work is to develop a programmable pacemaker
that can be implanted in small animals.

Pacemakers are implanted medical devices
delivering electrical impulses (stimulation) to the
heart to trigger its contraction. In this thesis, we
focused on the design of the fundamental part
of a pacemaker: pacing. Existing literature on
pacemakers tends to be limited and safeguarded,
particularly regarding stimulation circuits. Hence,
our work had two main objectives: to test and
validate in vivo a suitable pacing waveform, and to
design a circuit for generating it that is potentially
implantable, i.e. in an integrated technology and
with a very low power consumption.

In vivo experiments conducted using an FPGA
prototype on rats at the Marie Lannelongue
Hospital validated not only the shape of the
stimulating waveform but also the electrical and
temporal orders of magnitude required for efficient
and safe animal stimulation. These results allowed
us to set the specifications for designing an
integrated pulse generator circuit, employing a
methodology centered around the design of ultra-

low power elements. The circuit and simulations
were implemented using XFAB XH018 0.18 pm
technology.

The proposed architecture is based on an H-
bridge structure and, with the appropriate control
set, can generate a biphasic stimulation at a
programmable frequency. It also comprises two
voltage multipliers controlled by an oscillator in
the kHz range and a relaxation oscillator in the
ten Hz range. In order to minimize the total
power consumption of the circuit, this second
oscillator was designed following a state-of-the-
art study of ultra-low power techniques (e.g.,
Stacking, Reverse Body Biasing, Dynamic Leakage
Suppression Logic - DLS), which led to the ad hoc
design of DLS logic gates. This novel technique,
reserved for low frequency operations (<100 Hz),
consists of adding, to a standard CMOQOS gate, a
header NMQOS connected to Vdd and a footer
PMOS connected to ground, with their gate
looped on the output node, driving the transistors
in a 'super-cut-off’ state, thus drastically reducing
current leakage. The entire stimulation circuit
consumes 112 pW, of which 100 yW is consumed
directly by the H-bridge for the stimulation of
the heart, which requires two pulses of at least
30 pA per wave period, as established by the in
vivo tests. The oscillator in the kHz range with
its reshaping and one of the multipliers consumes
9.9 pW. Finally, thanks to the ultra-low power
approach adopted in this design, the relaxation
oscillator and control synthesis assembly consume
only 1.8 pW, i.e. 1.6 % of the stimulation circuit's
total consumption.

Therefore, the proposed circuit generates a
biphasic impulse at frequencies ranging between
6.8 and 10.1 Hz, translating to 400 and 600
bpm, meeting the specifications for small animal
stimulation within the scope of studying PAH.
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List of acronyms and abbreviations

Acronyms and abbreviations in brackets are those used in the French summary
of the thesis.

AV Atrioventricular

bpm Beats per minute

BL Baseline

BPEG British Pacing and Electrophysiology Group
CF (FC) Cardiac frequency (Fréquence cardiaque)
CPM Conventional pacemaker

CO (DC) Cardiac output (Débit cardiaque)

CRT Chronic resynchronization therapy

CTAT Complementary to Absolute Temperature
CVD Cardiovascular disease

DAP Diastolic arterial pressure

DAC (CNA) Digital to analog converter (Convertisseur numérique-analogique)
DCP Dickson charge pump

DIBL Drain Induced Barrier Lowering

DLS Dynamic leakage suppression

DVM Dickson voltage multiplier

ECG Electrocardiogram

EMI Electromagnetic interference

FDA Food and Drug Administration

FPGA Field-programmable gate array

HR Heart rate

IC Integrated circuit

IVA Ivabradine

LPM Leadless pacemaker

LV Left ventricle

LUT Look-up table

MAP Mean arterial pressure

mPAP (PAPm) Mean pulmonary arterial pressure

(Pression artérielle pulmonaire moyenne)
NASPE North American Society of Pacing and Electrophysiology
PAH (HTAP)  Pulmonary arterial hypertension

(Hypertension artérielle pulmonaire)

PCB Printed circuit board
PTAT Proportional to Absolute Temperature
PVR (RVP) Pulmonary vascular resistance

(Résistance vasculaire pulmonaire)
PVT Process, voltage and temperature
PWP Pulmonary wedge pressure



RBB
ROSC

RV

SAN

SAP

SV (VES)
TPR (RPT)
ULP

VCO

WHO
WSPH

WU

XOSC

Reverse body biasing

Relaxation oscillator

Right ventricle

Sinoatrial node

Systolic arterial pressure

Stroke volume (Volume d’éjection systolique)
Total pulmonary resistance (Résistance pulmonaire totale)
Ultra-low power

Voltage controlled oscillator

World Health Organisation

World Symposium on Pulmonary Hypertension
Wood Units

Crystal oscillator
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Résumé de la these en Francais

Chapitre 1 : Le cceur et les stimulateurs cardiaques

L’hypertension artérielle pulmonaire

L’hypertension artérielle pulmonaire (HTAP) est une maladie cardiovasculaire
chronique rare qui affecte en moyenne 15 & 50 individus pour 1 million dans
le monde, et se manifeste le plus souvent chez les femmes agées de 30 a 60
ans [1]. Elle se caractérise par une ¢lévation anormale de la pression au niveau
des artéres pulmonaires, ce qui peut entrainer une insuffisance cardiaque droite
sévere. C’est une maladie progressive qui provoque 1’épaississement et la rigidi-
fication des parois des artéres pulmonaires, rendant plus difficile la circulation
du sang dans ces derniéres (Figure 1). Il en résulte une augmentation de
la pression artérielle pulmonaire moyenne (PAPm), c’est-a-dire la pression
mesurée avant que le sang n’arrive aux poumons, et une augmentation de
la résistance vasculaire pulmonaire (RVP), ce qui oblige le coté droit du coeur
a fournir un effort plus conséquent pour pomper le sang dans les poumons.

Hypertension Artérielle Pulmonaire

) %, Poumon gauche
Sang désoxygéné de la partie o

0 Epaississement des  y50constriction
supérieure du corps

parois de I'artére

Al

. / Epaississement et rétrécissement des petits
s ol vaisseaux sanguins dans les poumons

. Artére normale

Vers le poumon
droit

Sang désoxygéné de la partie .\ <

inférieure du corps Coeur

Figure 1: L’hypertension artérielle pulmonaire (figure extraite de [2])
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Les premiers symptomes se manifestent, entre autres, sous forme de fatigue
extréme, de palpitations, de syncopes ou d’essoufflement lors d’efforts intenses
en premier lieu puis, lorsque la maladie progresse, lors d’activités quotidiennes.
Ces symptomes sont relativement communs pour cette catégorie de pathologie,
ce qui conduit souvent & un diagnostic tardif. Malgré l'existence de nom-
breux traitements palliatifs pharmacologiques (anticoagulants, vasodilatateurs,
oxygénothérapie) ou chirurgicaux pour les cas plus sévéres (transplantation
cardiopulmonaire), 'HTAP demeure & ce jour incurable. Les recherches en
cours continuent & explorer de potentielles interventions thérapeutiques |3, 4,
5].

Dans ce contexte de maladie cardiaque, la fréquence cardiaque (FC) joue
un role crucial car le débit cardiaque (DC), soit la quantité de sang pompée par
le cceur, dépend de cette fréquence cardiaque - en plus du volume d’éjection
systolique (VES)-, et intervient dans le calcul de la résistance pulmonaire totale
(RPT) comme le montrent les équations suivantes.

DCI[L/min] = FC[/min] -V ES[L] (1)
PAPm

D’aprés les équations 1 et 2, il est raisonnable de supposer que ’abaissement
de la fréquence cardiaque puisse ralentir 'augmentation de la résistance pul-
monaire. Cette hypothése constitue la base de 'exploration de l'influence
potentielle de la modulation de la fréquence cardiaque sur la physiopathologie
de PHTAP, ouvrant la voie & un nouvel axe de recherche pour un traitement
curatif. Dans le domaine de la recherche cardiovasculaire, les études sur des
modéles animaux permettent d’obtenir de précieuses informations sur le fonc-
tionnement de la maladie et d’étudier de potentielles stratégies de traitement.
Bien qu’aucun modéle animal ne soit idéal, les rats sont particuliérement
utilisés pour I’étude de maladies telles que 'HTAP. Cela est di notamment &
plusieurs similarités anatomiques et physiologiques avec I’Homme, mais aussi
a leur coit relativement faible et leurs cycles de reproduction courts qui en
font un choix pratique et rentable pour mener des expériences controlées et
des études de long terme. Dans cette optique, le déploiement d’un stimulateur
cardiaque contrélable, implantable chez le petit animal, devient essentiel.

Les stimulateurs cardiaques

Les stimulateurs cardiaques sont des dispositifs médicaux implantables concus
pour délivrer des impulsions électriques controlées au coeur, semblables a celles
générées naturellement par le nceud sinusal, afin d’assurer une activité car-
diaque réguliére et efficace. Les stimulateurs cardiaques traditionnels, couram-
ment appelés pacemakers, se composent de deux éléments principaux : un
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Figure 2: Le stimulateur cardiaque (figure extraite de [7])

générateur d’impulsions, abritant les circuits électroniques et la batterie (qui
représente une part importante de la taille et du poids du dispositif), et de
sondes, qui établissent la connexion entre le boitier et les tissus cardiaques, a la
fois pour surveiller activité cardiaque intrinséque (détection), et pour délivrer
des signaux de dépolarisation (stimulation) [6]. La stimulation est déclenchée
lorsqu’il y a une différence de potentiel entre les deux électrodes de la/des
sondes qui entraine la dépolarisation des cellules cardiaques. Les améliorations
technologiques significatives dans la conception des circuits intégrés ont conduit
au développement de dispositifs plus sophistiqués, plus petits, plus fiables et
dotés d'une plus grande autonomie. Ces progrés ont considérablement amélioré
la qualité de vie les patients souffrant de troubles cardiaques et sont devenus
un outil essentiel dans la régulation du rythme cardiaque.

Des études sur les maladies cardiovasculaires ont déja été entreprises a
I’aide de stimulateurs cardiaques chez des mammiféres de plus grande taille,
tels que des chiens, des chats ou des porcs [8, 9, 10, 11], mais la petite taille
des souris et des rats nécessite des adaptations plus conséquentes vis & vis
des stimulateurs cardiaques standard. Ainsi, de nouvelles approches ont été
développées pour étudier une stimulation efficace chez le petit animal [12, 13,
14, 15]. Cependant, aucune de ces méthodes ne répond au cahier des charges
de I'étude de la fréquence cardiaque dans le contexte de 'HTAP, qui exige
une stimulation programmable prolongée et trés précise d’un groupe de rats
en étant le moins invasif possible.

Cette thése est une étape vers le développement d’un stimulateur cardiaque
pour rat, répondant aux exigences physiologiques uniques de I’animal, en com-
mencant par la conception du circuit de stimulation générant I'impulsion qui va
étre délivrée au cceur. Ainsi, la spécification de la forme d’onde de stimulation
est fondamentale. Ce paramétre étant fortement corrélé a la consommation
de la batterie, il est impératif de trouver le bon compromis entre efficacité et
préservation de 1’énergie.
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Chapitre 2 : Spécification de I’onde de stimulation

Stimulation proposée

L’impulsion électrique dans les stimulateurs cardiaques est définie par son am-
plitude (en volts) et sa durée (en millisecondes). L’énergie minimale nécessaire
pour stimuler le coeur, appelée seuil de stimulation, peut varier en raison de
divers facteurs tels que l'activité physique, les médicaments ou les caractéris-
tiques des électrodes. Le compromis entre amplitude, durée et consommation,
qui peut étre illustré par la courbe force-durée (Figure 3), doit étre considérée
pour définir une stimulation efficace, sans danger et énergétiquement optimale
[6, 16, 17, 18].

Energie

2x rhéobasé:

Seuil (V, nJ)

I
|
[
|

0 Chronaxie O.IS 1 1.5 2

Durée de I'impulsion (ms)
Figure 3: Courbe force-durée

Dans le cadre de cette thése, nous cherchons a augmenter la fréquence car-
diaque du rat jusqu’a des niveaux hyperphysiologiques, ciblant des fréquences
cardiaques entre 400 et 600 battements par minute (bpm) (ce qui correspond a
des périodes d’impulsion de 100 & 150 ms) contre 240 & 400 bpm pour un rythme
normal. Les deux formes d’ondes de stimulation typiques sont monophasique et
biphasique, la recherche privilégiant les formes biphasiques car elles sont moins
énergivores, permettent de considérer un seuil de tension plus bas et présentent
moins de risques vis-a-vis des tissus [19, 20, 21, 22]. La stimulation biphasique
comprend deux impulsions : une courte impulsion négative déclenchant la
dépolarisation, et une impulsion positive plus tardive pour restaurer ’état de
charge neutre des tissus cardiaques [23]. Ces impulsions prennent la forme
de décharge dont il existe plusieurs types présentant différents avantages et
inconvénients. Les formes d’ondes triangulaires telles que les rampes et les
exponentielles sont préférées pour leur efficacité énergétique et leurs effets
physiologiques sur le coeur [19, 24]. Tenant compte de ces éléments, et en

20



se basant sur la stimulation de Lahtinen et al. [25|, deux formes d’onde
biphasiques, I'une avec une décharge linéaire et I’autre exponentielle, ont été
choisies pour la stimulation chez les rats, dans le but de comparer leur efficacité.
Elles sont toutes deux présentées sur la Figure 4.

vd S~
~
~
Tp S
I Vir
Td Tir
Vp
Vo
o4 Stim. A: Exponentielle
J-° ’ = = = Stim. B: Rampe
T

Figure 4: Stimulation proposée avec décharge exponentielle (ligne continue) ou
rampe (ligne pointillée)

Validation expérimentale de la stimulation choisie

Apreés avoir choisi une forme d’onde de stimulation, nous avons procédé a
I’évaluation de son efficacité pour une stimulation réelle chez le rat. Pour ce
faire, nous avons mené deux expériences in vivo sur des rats provenant de la
plateforme AnimEx (Chatenay-Malabry, France)!.

L’objectif de la premiére expérience était d’évaluer la validité des stimula-
tions biphasiques sélectionnées en rétablissant une fréquence cardiaque normale
de 300 a 400 bpm chez un rat sain, aprés qu’elle ait été réduite a environ 200
bpm a l'aide d’un composant pharmacologique appelé ivabradine (IVA). Les
expériences et leurs résultats ont fait 'objet d’un article de conférence présenté
a ICECS 2021 [26].

Pour I'expérience, nous avons utilisé un prototype de générateur d’impul-
sions programmable que nous avons implémenté sur un FPGA, capable de
délivrer une forme d’onde configurable & des fréquences de stimulation fixes de
250, 300 et 400 bpm. Le schéma bloc de ce prototype est illustré Figure ba. La
stimulation biphasique avait une amplitude créte & créte de 8 V, et nous avons
incorporé une résistance variable dans notre prototype pour ajuster finement

Toutes les expériences ont été réalisées conformément aux principes directeurs de la
Communauté européenne concernant les soins et I’utilisation des animaux (2010/63/UE, 22
septembre 2010), aux directives du comité d’éthique local (CREEA Ile-de-France Sud) et au
décret francais n° 2013-118 du ler février 2013 relatif a la protection des animaux utilisés a
des fins scientifiques (JORF n° 0032, 7 février 2013, p. 2199, texte n°24). Les autorisations de
pratiquer des expérimentations animales conformément a ce décret ont été obtenues aupres du
ministere francais de I’ Agriculture, de I’ Agroalimentaire et de la Forét (accord n°B 92-019-01).
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Figure 5: Schéma bloc du prototype utilisé lors des tests in vivo chez le rat (a) pour la
validation de la stimulation proposée, (b) pour la spécification des ordres de grandeur
de courant

cette amplitude et atténuer les dommages potentiels aux tissus. La fréquence
et la forme de I'impulsion pouvaient étre ajustées dynamiquement pendant la
stimulation. Le circuit était alimenté par £ 5 V et avait une consommation
globale d’environ 56,7 mW pour chaque forme d’onde. Nous avons de plus
congu un circuit imprimé (PCB) comprenant les composants nécessaires pour
la conversion analogique du signal sortant du FPGA.

L’évolution de la fréquence cardiaque et celle de la pression artérielle ont été
mesurées a plusieurs moments: juste aprés avoir eu accés au coeur, 10 minutes
aprés 'administration d’IVA puis lors la stimulation électrique de 'oreillette
droite a l'aide des formes d’onde A et B (1 minute), en alternance avec des
périodes de repos sans stimulation (5 minutes). Ainsi, cette expérience a
permis de montrer 'efficacité du systéme pour rétablir une fréquence cardiaque
normale chez le rat, et a contribué a la validation de deux formes d’ondes
de stimulation, avec une décharge exponentielle ou linéaire (sans disparité
significative remarquée quant a leur efficacité), et d’une architecture systéme
flexible qui permet d’ajuster en temps réel les parameétres de cette stimulation
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tels que la fréquence, 'amplitude et la forme de la décharge.

La deuxiéme expérience a été menée afin de déterminer une plage de
courant acceptable qui garantit une stimulation du cceur stable et efficace tout
en étant suffisamment faible pour préserver 'intégrité des cellules cardiaques.
Durant cette expérience, une version modifiée du prototype utilisé précédem-
ment a été employée. Son schéma bloc est illustré Figure 5b. Ces expériences
ont abouti a deux conclusions principales. Tout d’abord, un courant minimum
de 30 pA est nécessaire pour stimuler efficacement le cceur du rongeur lors de
I’'utilisation de la forme d’onde biphasique sélectionnée. Ensuite, en se basant
sur cette valeur de courant, nous avons estimé que la charge du stimulateur
cardiaque peut étre modélisée avec une résistance équivalente de 133 k€2 a
notre site de stimulation, ce qui correspond aux modéles utilisés dans 1’étude
de [27].

Chapitre 3 : Conception du circuit de stimulation
intégré

Dans le cadre de cette thése, nous nous concentrons sur la conception du circuit
intégré de la partie fondamentale d’un pacemaker : la stimulation. Le circuit

a été réalisé en 0,18 pm, dans la technologie XFAB XHO018 et les simulations
ont été effectuées grace & Cadence.
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Figure 6: Schéma bloc du circuit de stimulation

Notre revue de la littérature, ainsi que nos expériences in vivo sur les rats
validant et spécifiant la forme d’onde, nous ont amené a proposer ’architecture
présentée Figure 6. Elle repose sur un pont en H, permettant d’obtenir un
signal de forme biphasique, grace & un jeu de commandes adapté orchestrant
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la charge ou décharge d’une capacité et gouvernant la polarité de la tension
appliquée au coeur. Les signaux de commande pour le pont en H, ainsi que sa
tension d’alimentation et la stimulation sont représentés Figure 7.

Phil 6V
| > t
Phi2‘ | oV
| >t
Va 6V
Charge —f |' t
ofCg T
V supply PH R}\X 5.6V
l Wy
. N 5V
Vi $0ms}< T < 160ms
» t
SV

Figure 7: Signaux du circuit de stimulation

Afin d’obtenir une amplitude de stimulation suffisante, cette capacité, ex-
terne, a une valeur de 1 pF et une tension de 5,6 V provenant d’un mul-
tiplicateur de tension alimente le pont en H. En effet, nous avons vu dans
le chapitre précédent qu’un courant minimal de 30 pA est nécessaire pour
une stimulation efficace, et en considérant la charge du pacemaker modélisé
par une résistance de 133 k{2, la tension d’alimentation du circuit de 1,8 V
n’est pas suffisante pour répondre & ce besoin. Le circuit comporte donc deux
multiplicateurs de tension, pilotés par un oscillateur dans le domaine du kHz.
Le premier (multiplicateur B), reposant sur un multiplicateur capacitif, sert
4 l'alimentation du pont en H et doit ainsi avoir un temps de réponse assez
court pour recharger le condensateur & chaque répétition de la stimulation. Le
second, appelé multiplicateur A, s’appuie sur 'architecture du multiplicateur
Dickson pour générer une tension continue de 6 V pour les commandes du
pont en H. Ces commandes sont obtenues & partir d’un oscillateur & relaxation
(ROSC) programmable dans la gamme de la dizaine de Hz suivi d’un circuit
de mis en forme. Elles sont ensuite remodelées de [0-1,8] V a [0-6] V a l'aide
d’un comparateur a trés faible consommation alimenté par le dit multiplicateur.
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La fréquence d’oscillation du ROSC dépend de la capacité totale équivalente
d’un banc de condensateurs programmable ainsi que du courant fourni par des
sources qui permettent de charger et décharger cette capacité. Cela permet de
générer des oscillations & des fréquences variables allant de 15,3 a 23,8 Hz, soit
deux fois supérieures & celles ciblées pour le rat.

Dans le but de minimiser la consommation totale du circuit, cet oscillateur
a relaxation a été congu suite a une étude de I’état de ’art des techniques ultra-
faible consommation (e.g., Stacking, Reverse Body Biasing, Dynamic Leakage
Suppression Logic - DLS), qui a conduit & la conception ad hoc de portes
logiques de type DLS. Cette technique récente, réservée a des opérations basse
fréquence (<100 Hz), consiste en I'ajout, & une porte logique standard, d’un
NMOS relié a Vdd et d’'un PMOS relié & GND, et dont les grilles bouclent sur
la sortie, ce qui permet de placer les transistors dans un état de ‘super-cut-off’,
et donc de réduire drastiquement les fuites de courant. Les simulations pire cas
effectuées en utilisant des sources de courant et de tension idéales ont montré
la robustesse des différents blocs du circuit vis & vis des variations PVT a la
fréquence d’opération visée.

Chapitre 4 : Résultats et discussion

La Figure 4.1 présente les signaux de stimulation biphasiques ainsi que la
forme d’onde de courant correspondante générés par le circuit proposé. Bien
que seules les formes d’ondes de fréquences les plus basses (6,8 Hz) et les plus
élevées (10,1 Hz) soient représentées par soucis de clarté, il est important de
noter que ces formes d’onde peuvent étre obtenues & différentes fréquences
en fonction de la combinaison de condensateurs dans l'oscillateur a relaxation
comme présenté dans la Table 1. L’amplitude créte a créte de la stimulation
est de 9 V, allant de -5 V a4 4 V. En outre, le courant de chaque forme d’onde
dépasse 30 pA, ce qui correspond au seuil requis pour une stimulation efficace
comme établi lors des tests in vivo.

L’ensemble du circuit de stimulation consomme 112 pW dont 100 pW est
directement consommeé par le pont en H pour la stimulation du cceur, qui
a besoin de deux impulsions d’au moins 30 pA par période d’onde, comme
établi grace aux tests in vivo. Le bloc du circuit comprenant 'oscillateur de
fréquence 15 kHz avec ses remises en forme et le multiplicateur A consomme 9.9
pW. Enfin, grace a 'approche ultra-faible consommation adoptée dans cette
conception, 'oscillateur a relaxation dans le domaine de la dizaine de hertz et
la synthése de commande pour le pont en H ne consomment que 1,8 ptW soit
1,6 % de la consommation totale du circuit de stimulation.

Nous avons comparé le circuit de stimulation proposé aux circuits intégrés
existants dans la littérature. La Table 2 résume les points clés de cette
comparaison.
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Figure 8: Amplitude de la stimulation et courant correspondant a 6,8 et 10,1 Hz

Combinaison | Capacité (pF) | Fréquence (Hz) | Fréquence (bpm)
000 3,8 6,8 408
001 4,13 7,1 432
010 4,46 7,6 456
011 4,79 8 480
100 5,12 8,4 504
101 5,45 8,9 534
110 5,78 9,5 570
111 6,11 10,1 606

Table 1: Fréquence de la stimulation proposée en fonction de la valeur du
condensateur

Dans ’ensemble, le circuit décrit dans cette thése se distingue par rapport
a la littérature actuelle grace a la combinaison de deux caractéristiques : il est
capable de fournir la tension d’impulsion la plus élevée et une large gamme de
fréquences adaptées a notre application, tout en conservant une consommation
d’énergie relativement faible. Il est donc trés bien adapté pour répondre aux
besoins spécifiques de I’étude de ’HTAP sur un modéle de rat. En effet, le fait
de disposer de larges gammes de tension et de fréquence permet d’explorer de
maniére plus compléte 'impact de la fréquence cardiaque dans ’'HTAP, et une
trés faible consommation d’énergie permettra de mener des expériences sur le
long terme avec une petite batterie adaptée a la taille de ’animal.
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Conclusion et Perspectives

Le circuit proposé génére une impulsion biphasique, a des fréquences comprises
entre 6,8 et 10,1 Hz, soit 400 et 600 bpm, répondant au cahier des charges
pour une stimulation chez le rat dans le cadre de I’étude de 'HTAP. Ce travail
constitue une premiére étape vers une importante série d’études de recherche
réparties sur de multiples domaines, et un travail plus approfondi reste évidem-
ment essentiel pour mettre au point un appareil entiérement adapté au petit
animal.

Une premiére piste d’amélioration concerne la conception des sources de
tension et de courant utilisées dans le circuit. En effet, comme évoqué dans
le Chapitre 3, les sources utilisées pour les références de tension sont encore
idéales. Il est donc nécessaire de concevoir le circuit pour établir les références
appropriées. De plus, la valeur de courant des sources contenues dans le ROSC,
influence fortement la fréquence et le rapport cyclique des oscillations. Une
étude approfondie mérite donc d’étre entreprise pour améliorer les sources de
courants réalisées pour le circuit étant donné 'aspect critique de ces sources
sur le fonctionnement de 'oscillateur.

Bien que nous ayons réalisé le layout et la simulation post-layout de certains
blocs, notamment les composants DLS, il nous reste encore & entreprendre
le layout de l’ensemble du circuit et effectuer son analyse post-layout. Ces
simulations, prenant en compte les capacités parasites, sont essentielles pour
obtenir une représentation plus précise du comportement et des performances
du circuit. De plus, elles offriront des informations sur la surface totale occupée
par le circuit.

L’étude étant limitée & des tests aigus, il n’a pas été possible d’évaluer les
effets & long terme de la stimulation proposée. Des expériences plus longues
sont d’ores et déja envisagées a 'aide du prototype FPGA susmentionné,
en attendant une premiére version du circuit intégré de stimulation. D’un
point de vue médical, ces tests permettront de tirer des premiéres conclusions
sur l'influence de la fréquence cardiaque sur un modéle d’HTAP chez le rat.
D’un point de vue électronique, ils permettront de tester et d’améliorer les
caractéristiques du circuit (et d’en envisager de nouvelles). La bibliothéque de
portes logiques DLS & trés faible consommation développée dans le cadre de
cette thése ouvre déja la voie a 'implémentation d’algorithmes numériques com-
plémentaires pour le stimulateur cardiaque. Par exemple, cela pourrait inclure
la détection de la fréquence cardiaque sur un ECG intégré pour vérifier que le
ceeur du rat bat a la fréquence attendue. Une adaptation de I'amplitude de
stimulation pourrait également étre envisagée. L’ajustement de 'intensité de la
stimulation en fonction des changements physiologiques en temps réel dans le
corps permettrait de garantir ’efficacité de la stimulation pour chaque individu
tout en s’assurant qu’elle ne comporte aucun risque pour les tissus cardiaques,
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en évitant la sur- ou la sous-stimulation. L’utilisation de ce petit dispositif
de stimulation pourrait étre étendue, non seulement a d’autres animaux de
laboratoire, mais aussi & des animaux domestiques. Dans une autre mesure,
un dispositif de cette taille pourrait offrir des perspectives pour répondre aux
besoins des nouveau-nés, qui rencontrent encore des défis importants pour
trouver des dispositifs adaptés.
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6¢C

JSSCo4 TBioCasl1 Nature2017 Nature2019 TBioCas19 AICSP19 TBME?22 Circuit proposé
[28] [29] [30] [14] [31] [32] [33]
Technologie 0,5 pm 0,35 um - - 0,18 um 0,18 um 0,18 um HV 0,18 um
Type de stimulation Tension Tension Tension Tension + Optique Tension Tension Tension/Courant Tension
Amplitude max. 75V 32V 2V 22V 36V 3V 55V 9 Vpp
Fréquence de stim. - 0,5-31,25Hz 1 Hz 5-10Hz - 100 Hz -100 kHz 1 Hz 6,8-10,1 Hz
Durée de la stim. 0,5 ms 0,63 - 1,94 ms 1 ms 250 ms 0,3 ms - 0,2- 1 ms 25-35 ms
Consommation totale 8 uW 48 uW 1 mW 6 mW 1w - 1 mW 111,7 yW
Composants externes | Sondes + Cap. + ]iz?tifi:ss-q-pg(;p, - Sonde + uLED + Antenne | Spire + LED + Cap. Crystal Rgsﬁlr;:ciﬁl)(f:p, Cap.
Table 2: Comparatif des performances
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General introduction

This Ph.D. thesis arises from a collaboration between CentraleSupelec and
two INSERM (French National Institute of Health and Medical Research)
research units: U999, which specializes in the study of mechanisms responsible
for pulmonary arterial hypertension (PAH) and therapeutic innovation, and
U1180, specialized in cardiovascular signaling and physiology, with an interest
in fundamental mechanisms that regulate heart rate.

Given that cardiovascular conditions are the leading cause of death world-
wide and there exists a positive correlation between heart rate values and total
mortality, exploring the modulation of the heart rate holds significant promise
as a therapeutic intervention.

As such, the medical community aims to investigate, through animal re-
search, the impact of heart rate modulation in cardiopulmonary physiology and
pathophysiology, specifically in the context of pulmonary arterial hypertension.

PAH is a rare, progressive heart condition characterized by abnormally high
blood pressure in the pulmonary arteries, which can ultimately lead to right
heart failure. Early-stage symptoms often include fatigue, difficulty breathing,
and syncopal episodes. As the condition progresses, heavier symptoms such
as hoarseness, swelling of the face and legs (indicative of right heart failure),
or bluish skin discoloration of the extremities may manifest. While the cause
of PAH is most often unknown, hereditary genes, HIV infections or the use of
certain drugs increase the risk. To date, there is no cure and, only palliative
treatments in the form of medication or transplantation aim to improve the
patient’s quality of life.

In heart-related disorders, the cardiac frequency plays a critical role, and
its exploration holds great potential for uncovering new therapeutic approaches.
To our current knowledge, existing pharmacological compounds do not allow
for the exclusive increase of cardiac frequency without affecting other cardiac
parameters such as contractility and blood pressure. Therefore, we decided
to take on an electrical approach with the design of a cardiac stimulator. As
much of the research on cardiovascular diseases relies heavily on animal mo-
dels, particularly rats, our goal is to develop a controllable cardiac pacemaker
implantable in small animals to modulate their heart rate. The device must
be adapted to the animals, in terms of size, but also regarding the waveform’s
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amplitude and frequency, which are directly related to rat physiology.

Currently, there is no commercially available pacemaker tailored for small
animals, such as rats, mice or other small mammals compatible with chronic
(i.e. long-term) implementation. However, its development has noteworthy
implications and potential benefits in cardiac physiopathology research. Such
device application comes with stringent constraints, notably with regard to the
reduced dimension and ultra-low power features linked to the necessity of its
implantability.

Hence, the main objective of this thesis is to progress towards the concep-
tion of an integrated pacemaker circuit, starting with the design of the pulse
generator.

Chapter 1 begins by presenting an overview of the heart, offering essential
background information and technical details on pacemakers. In Chapter 2, we
delve into the specification of the pacing waveform and explore the orders of
magnitude for efficient stimulation. Chapter 3 centers on the design of the
integrated stimulation circuit, detailing the individual performances of the
different blocks composing our pulse generator, while Chapter 4 describes
the intricate block that allows to obtain high voltage levels from a 1.8 V
supply before presenting the global simulation results of the entire circuit,
offering a review of its performances and comparing it with the literature. The
concluding chapter, Chapter 5, synthesizes the findings and suggests potential
avenues for future exploration.

32



Chapter 1

The Heart and Cardiac
Pacemakers

1.1 Introduction

This chapter aims to provide an overview of the cardiac system for a better
understanding of the need and application of artificial cardiac pacemakers
in patients suffering from heart-related conditions. We begin with a simple
explanation of what the heart is, what it is supposed to do, and how it works.
We then briefly discuss pulmonary arterial hypertension, a rare cardiovascular
disease in which we want to explore the role of cardiac frequency. The last sec-
tion of this chapter elaborates on the principle of pacemakers, introducing both
transvenous and more recent leadless devices before reviewing the literature
on systems used in and/or aimed at animals.

1.2 Understanding the heart

1.2.1 The cardiac system

The blood circulatory system

The heart is a four-chambered organ that pumps blood throughout the body.
For this purpose, it is laterally separated into two sides (right/left) by a thin
muscular wall called the septum. Each side is composed of a "receiving" upper
chamber, called the atrium (pl. atria), and a "pumping" lower chamber, called
the ventricle. Heart valves at the exit of each chamber prevent the backflow of
blood, as pictured in Figure 1.1a.

The organ is at the center of what we call the circulatory system. In
mammals, this system is composed of two circulations in series: systemic
circulation and pulmonary circulation (Figure 1.1b).
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Figure 1.1: (a) Blood circulatory system of the heart (figure issued from [34]), (b)
Double circulation

Systemic circulation corresponds to a pump, namely the left heart, where the
left atrium receives oxygenated and decarboxylated blood from the pulmonary
veins. The blood then flows into the left ventricle, which ejects it from the
heart through the aorta. Systemic blood flow and pressure are generated in
the aorta. The aorta and the downstream arteries provide oxygen and nutrients
to the rest of the body. Ensuingly, the blood from the upper and lower body,
called systemic venous flow, which is now poor in oxygen and rich in carbon
dioxide, is delivered through the superior and inferior vena cava to the start of
the pulmonary circulation: the right atrium.

The pulmonary circulation has a pump, namely the right heart, that admits
the oxygen-depleted and hypercarboxylated systemic venous blood flow in the
right atrium. The right ventricle expels the venous blood flow to the lungs
through the pulmonary arteries, where the pulmonary arterial blood flow and
pressure are generated. In the lungs, the pulmonary artery blood flow is
replenished with oxygen and impoverished in carbon dioxide before returning
through the pulmonary veins to the left atrium, where the systemic circulation
starts. Since the pulmonary arterial resistances (pressure over cardiac output
ratio) are 6 times lower than the systemic resistances, the pulmonary artery
pressure is 6 times lower than the systemic arterial pressure. This circulation
repeats every time the heart beats and corresponds to continuous synchronized
cycles of contraction phases (systole), where the blood is ejected from the
ventricles, and relaxation phases (diastole), where they are filled with blood.
In humans, the heart pumps around 5 liters of blood each minute at rest (a
volume that can increase four to seven times during intense activity [35]), and
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beats approximately 100 000 times a day, that is to say, more than 3.5 billion
times in a lifetime [34]. The volume of blood pumped by the heart, known as
cardiac output (CO), is equal for both systemic and pulmonary circulations.
As shown in equation 1.1, it can be calculated as the product of the heart
rate (HR), i.e., the number of heartbeats per minute (bpm), by the volume
of blood ejected from one ventricle (right or left) at every contraction, called
stroke volume (SV). The CO is measured in liters per minute.

CO[L/min] = HR[/min| - SV[L] (1.1)

The electrical activity

The pumping function of the heart is controlled by the heart’s electrical conduc-
tion system (Figure 1.2), which helps the muscle to contract in a synchronized
fashion. The atrium contraction is triggered by the spontaneous depolarization
of special cardiac cells, known as pacemaker cells, clustered in the sinoatrial
(SA) node, a small node in the right atrium. The term depolarization refers
to the electrical potential of a cell shifting to a negative state before reverting
to its resting potential. About 60 to 80 times a minute, the SA node initiates
an electrical impulse that spreads throughout both atria to stimulate them,
expulsing the blood to the ventricles. The impulse then travels to the atrioven-
tricular (AV) node, where it is slowed down before reaching both ventricles
through the two branches of the His-Purkinje network. This induces ventricular
contractions and blood ejection from the ventricles into the pulmonary and
systemic circulations.

Cardiac electrical activity can be recorded in the form of an electrocardio-
gram (ECG) [35, 37]. Electrodes placed on the chest, wrists and legs, detect
the electrical signals generated by the heart cells. Each cardiac event derived
from the propagation of the electrical activity is represented by a wave or
segment, labeled by the letters P to U, resulting in the waveform pictured in
Figure 1.3.

¢ P wave represents the atrial depolarization and contraction.

* PR interval is the time needed for the electric signal to travel from the
SA node to the AV node.

¢ QRS complex corresponds to ventricular depolarization and contraction,
which marks the firing of the AV node. (Meanwhile, the atria are
repolarizing but the signal is buried in the QRS complex).

* ST segment is a plateau phase between the end of the ventricular depo-
larization and the beginning of ventricular repolarization. It corresponds
to the period where the ventricles are contracting and pumping blood.
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Figure 1.2: The heart’s electrical conduction system (figure issued from [36])

e QT interval indicates the time taken for ventricular depolarization and
repolarization. Its duration varies with cardiac frequency (shorter when
the frequency increases and vice versa).

» T wave depicts the end of ventricular repolarization (relaxation)

* In some individuals a wave of small amplitude and low frequency, called
the "U wave", can be observed following the T wave but its origin
remains unclear.

As these waves directly reflect physiological events, their morphology and
duration give crucial information on a patient’s condition. ECGs are particu-
larly used in the detection of arrhythmias [35], which regroup a variety of
conditions marked by irregular heart rhythms caused by abnormalities in the
electrical impulses of the heart muscle. The most common is fibrillation, where
the heart rate is irregular and chaotic, causing the random and rapid twitching
of the atria. One way to determine the type of arrhythmia is by measuring the
HR, also called cardiac frequency (CF), by counting the number of QRS in a
minute. At rest, a standard HR ranges from 60 to 100 beats per minute (bpm)
in adults. However, it may be influenced by a multitude of factors including
age, exercise, emotions and some medications.
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Figure 1.3: Characteristic points of an ECG

1.2.2 Heart conditions

According to the World Health Organisation (WHO) [38], cardiovascular dis-
eases (CVD) are the leading cause of death worldwide, accounting for nearly
one-third of all death each year, with more than 17 million in 2019. They
regroup a multitude of disorders affecting the heart and its function, such as
heart attacks, coronary artery disease or stroke. In this section, our attention is
directed towards pulmonary arterial hypertension, a rare condition that serves
as the primary focus of our study.

Pulmonary arterial hypertension

Pulmonary arterial hypertension (PAH) is a severe chronic cardiovascular condi-
tion characterized by abnormally high blood pressure in the pulmonary arteries.
It has an estimated prevalence of around 15-50 cases per million individuals
worldwide and is most commonly found in women aged between 30 and 60
[1]. PAH is a progressive disorder that causes the walls of the pulmonary
arteries to thicken and stiffen, making it harder for blood to flow through
them (Figure 1.4). This results in an increased mean pulmonary arterial
pressure (mPAP), i.e., the pressure measured before the blood arrives at the
lungs, and pulmonary vascular resistance (PVR), putting a strain on the right
side of the heart as it has to put more effort into pumping blood through the
lungs. Quantitatively, as reported by the 6th World Symposium on Pulmonary
Hypertension (WSPH) [39], the disease is defined by an mPAP exceeding 20
mmHg, a pulmonary wedge pressure (PWP) less than or equal to 15 mmHg,
and a PVR greater than 3 WU at rest [40, 41]. In opposition, a healthy
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patient’s typical values range between 12-16 mmHg, 6-12 mmHg, and less than
2 WU, respectively. Early symptoms generally come in the form of persistent
fatigue and shortness of breath during heavy or everyday exercises, depending
on the severity of the disease (running or carrying heavy loads at first, climbing
stairs, or even walking in more advanced stages). Chest pain, palpitations, and
fainting episodes are also frequent. As the disease progresses, individuals may
experience swelling of the face, legs, and abdomen and even abnormal bluish
skin discoloration due to low blood oxygen levels. Eventually, if left untreated
or in more advanced stages, PAH can lead to right heart failure [42].

Pulmonary arterial hypertension
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from upper body
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°e%®
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Figure 1.4: Pulmonary arterial hypertension (figure issued from [2])

Due to its nonspecific and mild symptoms similar to many other heart
or lung conditions, PAH is often underdiagnosed or misdiagnosed as it is
determined by ruling out all other causes. This results in an average delay of
2 to 3 years before the correct diagnosis, while the disease has progressed to a
more advanced stage [43]. While predominantly idiopathic (of unknown cause),
genetic predispositions, connective tissue diseases such as scleroderma or lupus,
HIV infection, or certain drugs like diet pills or methamphetamines can be asso-
ciated with PAH [42, 44]. Although there is no cure, medical care and palliative
treatment can help reduce symptoms and improve the patient’s quality of life as
the pathology progresses. Presently, available treatment options primarily offer
palliative relief, and ongoing research is concentrated on exploring potential
therapeutic interventions [3, 4, 5|. The conventional approach is by preventive
measures (limitation of physical efforts, contraindication to stays at high alti-
tude locations, contraindication against pregnancy) in addition to medication
(vasodilators, diuretics, and anticoagulants, depending on the symptoms) and
possibly oxygen therapy. A lung or heart-lung transplant may be required
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in the most severe cases. Under conventional treatment alone, the prognosis
for the idiopathic form of PAH stayed poor, with a median survival of 2.8
years from the time of diagnosis [45, 43]. However, recent advancements in the
disease therapy and management, allowed to push the post diagnosis survival
rate back to an estimated 7-year median according to the REVEAL registry
records [46, 47].

In this type of heart-related disease, the cardiac frequency plays a signifi-
cant role as the cardiac output, i.e., the blood pumped by the heart, depends
on this cardiac frequency, and is used in the calculation of the total pulmonary
resistance (TPR).

mPAP

coO
Drawing from equations 1.1 and 1.2, it is reasonable to posit that lowering
the heart rate has the potential to slow down the increase of the pulmonary

TPR =

(1.2)

resistance. This hypothesis forms the basis for exploring the potential influence
of heart rate modulation on the pathophysiology of PAH, opening the path to a
novel research axis for curative treatment. To our current knowledge, existing
pharmacological compounds do not allow for the exclusive increase of cardiac
frequency without affecting other cardiac parameters such as contractility and
blood pressure. With this in mind, we decided to take on an electrical approach
with the design of a controllable cardiac pacemaker implantable in small ani-
mals.

1.2.3 The use of rat models in medical research

As previously mentioned, major progress in the treatment of PAH has led to
improved life expectancy for patients. However, this improvement stays mo-
dest, highlighting the ongoing need for research in pursuit of new therapeutic
solutions. In cardiovascular research, studies on animal models contributes
to invaluable insight into the disease pathophysiology and the investigation of
potential treatment strategies. While no animal model is ideal, rats are particu-
larly valuable in studying conditions like PAH, owing to some physiological and
anatomical resemblance to humans, including the four heart chambers [48, 49].
For instance, similar values can be observed in cardiopulmonary parameters.
In anaesthetized rats, a mean aortic pressure ranges from 71 to 93 mmHg, and
the right atrial pressure is approximately 2 to 8 mmHg. This is comparable
to the measured values in humans with 70 to 90 mmHg and 2 to 7 mmHg
respectively [50].

In addition, their relatively low cost, ease of handling, and short repro-
ductive cycles render rats a practical and cost-effective choice for conducting
controlled experiments and longitudinal studies in the context of studies like
PAH [51, 52, 53, 54, 55]. Indeed, rats have a relatively short lifespan (~2.5
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to 3.5 years). Hence, we can easily “accelerate” the disease mechanism and
recapitulate characteristic features seen in humans, giving the opportunity to
study the effects of cardiac frequency in cardiovascular conditions throughout
a life cycle and testing the effectiveness and safety of new drugs or treatments.
Moreover, their fast and large reproduction provides real statistical value,
making them worthwhile assets for research. However, one must keep in mind
that being small rodents, rats cardiac frequency is faster than humans’, with
their heart beating at an average rate comprised between 240 and 400 bpm,
that can be increased to 550 bpm during exercise [56, 57|. This major difference
is to be taken into consideration for the design of our pacemaker.

Animal research is an important aspect of scientific discovery, but we need
to ensure that animals are treated ethically and that their use is justified. To
this end, researchers must follow the 3Rs principle, which was first introduced
in 1959 by Russell and Burch [58]. The 3Rs stand for:

* Replacement, as in using non-animal models when alternative methods
like cell cultures or computer models are applicable.

* Reduction, which involves minimizing the number of animals used in
experiments by carefully designing studies and using data from previous
research.

* Refinement, referring to optimizing the trial conditions so as to cause
as little harm as possible to the test animals, by improving housing,
handling and surgical procedures.

By respecting these principles, scientific research can be conducted hu-
manely and rigorously while minimizing the use of animal models.

1.3 Artificial cardiac pacemakers

The introduction of artificial pacemakers has dramatically impacted the treat-
ment of various heart conditions that cause irregular or slow heartbeats. With
more than 1 million implantations worldwide per year as of 2011 [59], a number
bound to keep increasing, they remain the only known effective long-term
therapy to this day. Artificial cardiac pacemakers are small battery-powered
implantable devices developed to deliver controlled electrical impulses, similar
to those naturally generated by the SA node, into the heart muscle to ensure
regular and effective heart activity. Over the years, significant technological
improvements in integrated circuit design have led to the development of more
sophisticated devices that are smaller, more reliable, and have increased battery
autonomy. In half a century, the device weight went from 113 g [60] to 20 g
for traditional pacemakers and down to 1.75 g for their more recent leadless
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counterparts [61], notably thanks to the development of high energy density
batteries as stated by [62]. Features such as rate responsiveness, multisite
pacing or MRI compatibility, to cite a few, have further contributed to the
enhancement of these devices. These advancements have greatly improved the
outcomes for patients with heart conditions and have become an essential tool
in the management and treatment of various heart conditions.

1.3.1 Conventional pacemakers

Conventional or transvenous pacemakers (CPM) consist of two main compo-
nents: a pulse generator and one to three leads (Figure 1.5a). The pulse
generator, also referred to as «cany, is a small hermetically sealed case (~20
cm?) typically made of biocompatible materials like titanium alloy, housing
the electronic circuitry, including the one that generates the electrical impulses,
and a battery. The battery, generally composed of lithium-iodine, takes up a
significant portion of the device’s size and weight, and has an average longevity
of 10 to 15 years following the patient’s requirements. A few months prior
to the anticipated depletion of the battery, a surgical procedure akin to the
initial implantation is performed to replace the whole device. The leads are
thin flexible wires insulated by biocompatible material (generally silicone or
polyurethane) that connect the can to the cardiac tissues either to monitor
intrinsic cardiac activity (sense) or deliver depolarizing signals (pace) through
their tip electrodes [6].

Activity sensor

= — Atrial
e lead

Right
ventricular lead

© AboutKidsHealth.ca

DUCATION AND RESEAACH. ALL RIGHTS AESERVED,
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Figure 1.5: (a) Block diagram (figure issued from[7]), (b) Implantation site of a triple
chamber pacemaker (figure issued from [63])

As illustrated in Figure 1.5b, the pacemaker is generally implanted sub-
cutaneously through minor surgery in a muscle pocket created beneath the
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collar bone, while the leads are threaded into the relevant chamber(s) of the
heart through a large vein, thus the appellation transvenous pacemaker. The
electrodes are then either screwed in or tined into the heart muscle.

Stimulation is initiated when there is a potential difference between the
two electrodes. Pacemaker leads are either unipolar or bipolar as presented
in Figure 1.6. In unipolar pacing, the cathode, i.e., the electrode serving as
the negative pole for delivering the pacing pulse, is at the tip of the lead.
Meanwhile, the pacemaker can acts as the anode, or positive pole. In contrast,
bipolar systems have both the anode and cathode located on the same pacing
lead, with electrons flowing from the proximal ring (anode) to the lead tip
(cathode) [16, 64, 65]. As the anode-cathode distance is longer in unipolar
leads, the energy required to depolarize the myocardium is higher. This often
results in large pacing artifacts on the ECG due to the excitation of body
tissues around the pacemaker. On the other hand, bipolar leads have both
the anode and cathode within the heart, minimizing the risk of these artifacts
and making them less susceptible to oversensing noncardiac signals such as
electromagnetic interference (EMI) or skeletal muscle activity. Thanks to the
enhancements that have resulted in more robust and safer designs, bipolar leads
have become standard and the use of unipolar pacing is no longer prevalent
[66, 62].

E— ) o= )

Cathode
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Cathode

5

Anode

Figure 1.6: Bipolar VS unipolar leads (figure issued from [67])

The complexity in cardiac stimulator systems has evolved enormously since
the first fully self-contained pacemaker implantation. The device, implanted
in October 1958 by Dr. Ake Senning, was developed by Rune Elmqvist and
operated for only 3 hours. Another identical device was implanted the following
day, and an additional 26 pacemaker replacements were required over 43 years.
Despite the mitigated success, this marked a milestone in the history of cardiac
pacing. In 1960, after two years of preclinical trials, Wilson Greatbach’s
pacemaker device was successfully implanted by Dr. William Chardack in a
elderly patient suffering from complete AV block. This achievement extended
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the patient’s life by another year and a half. Greatbach’s cardiac stimulator
[60], was limited to ventricular pacing and utilized a blocking oscillator to
generate a square, narrow pacing pulse, followed by an amplifier for a greater
output. The schematic is represented in Figure 1.7.
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Figure 1.7: Schematic of the first implantable pacemaker by [60]

The stimulation was induced at a fixed rate of 60 bpm, preset before the
implantation, without consideration for the intrinsic heart activity. This could
potentially lead to ventricular fibrillation or arrhythmia, as the heart was
confused about whether it should follow its inherent pulse or the one delivered
by the pacing system. To address the issue, sensing amplifier circuits were
integrated to amplify and normalize intrinsic depolarization signals (P wave
or QRS complex) and filter unwanted signals such as repolarization signals (T
wave) or far-field signals (generated by the body tissues the electrode is not
connected to and EMI) 68, 65]. This incites the system to trigger a response
only to a sensed electrical signal or, more precisely, to the absence of it, marking
the beginning of what we call demand pacemakers [69], which has become the
basis of all modern pacemakers. As the stimulus occurs only when needed, the
battery is better preserved.

In contemporary pacemaker designs, most devices are equipped with ad-
ditional built-in sensors that measure characteristic physiological parameters,
including oxygen demand, body movement or contractility |62, 70, 65, 71].
This feature allows the pacemaker to offer a rate-adaptive stimulation that
helps the heart adjust its rate to meet the body’s demand, which fluctuates
throughout the day according to our level of physical activity. Here again, the
battery management is optimized as the stimulation is adapted to the patient’s
needs. Figure 1.8 depicts a block diagram of a rate-responsive pacemaker, also
referred to as synchronous pacemakers, in opposition to their fixed-rate (or
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Figure 1.8: Block diagram of a rate-adaptive pacemaker system

asynchronous) counterparts.

Depending on the heart condition, the number and type of chambers
in which the leads are implanted can differ, resulting in different types of
pacemakers:

* Single-chamber pacemakers, which have one lead in either the right
atrium or the right ventricle;

¢ Dual-chamber pacemakers, where two leads are implanted: one in the
right ventricle and one in the right atrium; they are used to synchronize
the contraction of the atria and the ventricle.

* Biventricular pacemakers (also called CRT-P for cardiac resynchroniza-
tion therapy pacemaker), with leads in the right atrium, right ventricle,
and left ventricle (via the Coronary Sinus vein), for patients with severe
heart failure, to synchronize the contraction of all the chambers.

Pacemakers are thus categorized by a sequence of up to 5 letters, called
the NBG code, developed by the North American society of Pacing and Elec-
trophysiology (NASPE) and the British Pacing and Electrophysiology Group
(BPEG). It refers to the system’s possible pacing modes (e.g., AAIR) of oper-
ation as reported in Table 1.1 [6].

Position T Position II Position IIT Position IV Position V
. Programmability, Antitachyarrhythmia
Chamber(s) paced Chamber(s) sensed Response to sensing rate modulation function(s)
O = None O = None O = None P = Sim cl)ez lj(()mrilmmable O = None
A = Atrium A = Atrium T = Triggered M_ N Mplti I;o grammable P = Pacing
V = Ventricle V = Ventricle I = Inhibited = Vutiprog S = Shock

C = Communicating

D=Dual (A+V) D=Dual(A+YV) D =Dual (T +1) R = Rate modulation

D =Dual (P +S)

Table 1.1: The NASPE/BPEG Generic (NBG) Pacemaker Code
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1.3.2 Leadless pacemakers

Technological developments in miniaturized electronics, low power integrated
circuits, or catheter-based delivery systems cleared the path for the emergence
of leadless cardiac pacemakers, a concept of long interest for cardiologists. Such
a device allows one to overcome the shortcomings of conventional pacemakers
as the latter are still prone to long-term complications and non-negligible
risks of infection despite their efficiency. Most commonly lead-related, they
include venous obstruction, insulation failure, or dislodgement and occur in
approximately 9 - 12 % of all patients according to [72, 73|. Leadless pace-
makers (LPM) take the form of a self-contained pill-shaped system, around
one-tenth the volume of transvenous pacemakers, with comparable battery
longevity depending on the pacing settings. They are placed directly in the
right ventricle through a catheter in the femoral vein, as depicted in Figure
1.9a. The minimally invasive procedure [74, 75| eliminates the risk of pocket
infection and scarring that could occur with CPM, also resulting in shorter
recovery times.

Cathode

(b)

Figure 1.9: (a) Leadless pacemaker implanted in the RV (figure issued from [76]), (b)
Size comparison between the Micra TPS (25.9mm x 6.7mm) and Nanostim LCP
(42mm x 5.99mm) (figure issued from [77])

While the idea of a self-contained device has been around since the 1960s
[78], LPMs made their debut in 2012 with St Jude Medical’s Nanostim Leadless
Cardiac Pacemaker (LCP). The device received the CE mark in 2013 and had
been implanted worldwide between 2013 and 2016 before being recalled due to
battery deficiencies that appeared in a higher number of devices than initially
anticipated [72]. They were followed by Medtronic’s’ Micra Transcatheter
Pacing system (TPS) and most recently Abbott (which bought St Jude Medical
in 2016) Aveir VR Leadless Pacemaker (LP) [79], both of which received
FDA approval in 2016 and 2022 respectively. As of today, they are the only
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two models available for implantation in humans (Boston Scientific is also
developing its own leadless defibrillator system, the Empower MPS, which is
currently in trials). Figure 1.9b shows the size difference between the Micra
and the Nanostim implants.

The 0.8 cc MICRA and 1.3 cc AVEIR are respectively affixed to the
heart muscle using 4 self-expanding nitinol tines and have an active screw-
in helix fixation [80, 77]. LPMs are primarily designed for single chamber
pacing (VVIR) limiting the number of eligible patients. However, as of July
2023, Abbott has received FDA approval for a dual chamber pacing system
consisting of two communicating devices, one in the right atrium and one in
the right ventricle [81, 82].

In most cases, the pacemaker can be safely retrieved through a procedure
akin to the implantation [83, 84]. However, certain factors, such as fibrosis
where body tissues scar around the device, or challenges due to inaccessibility
to the device’s docking button, the leadless pacemaker may be lodged within
the heart. One solution is to deactivate the device before implanting a new
one next to it. This raises the consideration of how many devices can be safely
implanted within the heart and the potential complications it may entail [85,
84]. [86] have stated that up to three devices could be implanted in an adult,
but this highlights again the need for serious reflection regarding the battery
capacity in such a compact system. With ongoing research and development,
we can expect even more refined and versatile leadless pacemakers in the future,
further enhancing the quality of life for patients in need of pacing therapies.

A. RA and RV LPs

B. LPs implanted in RA and RV

RA: 32.3mm (1.27in)

N

RV: 38.0mm (1.50in)

Figure 1.10: AVEIR DR implantation [82]
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1.3.3 Pacemaker in animals

As discussed previously, using animal models can accelerate research on the
mechanisms of cardiovascular diseases, including PAH. These diseases have
been studied using pacemakers in larger mammals, such as dogs, cats or pigs
[8, 9, 10, 11], but the small size of mice and rats necessitates more important
adaptations to standard pacemakers. Therefore, new approaches had to be
developed to enable the conduct of effective pacing studies in these smaller
animals.

A first approach of a fully implanted pacemaker for mice was described
in 2013 by Laughner et al [12], in co-development with Boston Scientific and
Medtronic. Using both a battery-powered and a wireless-powered device, they
were able to pace mice for 30 days, with a survival rate post-surgery of 90%
(n=10).

This study showed the superiority of the wireless approach (1.11b) com-
pared to the battery-powered method (1.11a), primarily due to its approxi-
mately 80% reduction in size, which highly enhanced post-operative survival
rates in mice and also extended the device’s lifespan while reducing overall costs.
However, it is important to note some limitations of this approach. Pacing
capabilities were confined to a 30-day window, limiting the duration of studies
on the effects of pacing. Additionally, the device lacked programmability,
limiting the scope of experiments it could be used in. Furthermore, wireless
pacing meant intermittent sessions under anesthesia, as an external power
induction device was required. Despite advancements in survival rates, there
were still indications that the device was not entirely well-tolerated by mice.

1cm

CR1220-P1

R3

Pacing Electrode T

Device Body

(a) (b)
Figure 1.11: (a) Battery-powered approach, (b) Wirelessly-powered approach [12]
In 2018, Hulsmans et al.[13] introduced another interesting approach with

the aim of facilitating long-term pacing studies in mice, especially for conditions
like arrhythmia and heart failure. To do so, they repurposed the leadless
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Figure 1.12: Implantation of a customized Micra TPS in a mouse [13]

Micra pacemaker, which currently holds the distinction of being the smallest
pacemaker utilized in humans worldwide. In their adaptation, they replaced
the tines and pacing electrode with a flexible lead, as depicted in Figure 1.12,
and reprogrammed the software to surpass the clinical pacing rate limit of 170
bpm, enabling it to reach up to 1200 bpm to match the mice’s heart rate. The
device was surgically implanted in a dorsum pocket of the mouse, with the lead
tunneling through and being attached to the heart using a superficial suture.

This method was well-tolerated by mice and allowed previously compli-
cated long-term pacing studies to be performed on the rodent, including the
treatment of complete heart block and bradycardia, as well as the establishment
of a chronic mouse model of tachypacing-induced cardiomyopathy. However,
while the Micra is remarkably small, its size remains significant for rats, poten-
tially making it too invasive.

In his paper, Gutruf et al. [14] presented a wireless and battery-free
multimodal pacemaker able to deliver both electrical and optical pacing, shown
on Figure 1.13a. This multimodal pacing allows to study the long-term effects
of optogenetic pacing by potentially mitigating the complications associated
with chronic electric pacing (such as increased impedance or inflammation).
The system uses p-ILED to stimulate light-responsive proteins to induce cell
depolarization. Additionally, the battery-free nature of the device makes it
lightweight, small, and flexible. This study showcased the potential for a
minimally invasive device compact enough to be fully implanted in rats and
mice. However, its wirelessly-powered model necessitates animals to remain in
close proximity to a power source. Also, the primary focus of this approach
was to demonstrate the applicability of optogenetics for cardiac pacing, which
deviates from the central objective of this thesis.

A more recent approach, presented by Choi et al. [15] in 2021, addresses
the invasiveness associated with temporary pacing solutions used in hospitals.
These solutions require implantation, sustained presence, and subsequent re-
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Figure 1.13: (a) Optogenetic stimulator [14], (b) Ex vivo demonstration on mouse
heart, (c) In vivo implantation in rat model [15]

moval over a span of days or weeks. They successfully demonstrated a leadless,
fully implantable, and completely bioresorbable pacemaker, without batteries,
capable of effectively pacing in vivo rat models, among others. The device
underwent both ex vivo (Figure 1.13b) and in vivo (Figure 1.13c) testings,
providing pacing rates of 400-450 bpm, before completely resorbing after 46
days. This approach paves the way for a new generation of temporary cardiac
pacemakers that operate independently without the need for external support
and do not require removal after treatment. However, it is important to note
that it does not align entirely with the long-term objectives of this thesis, as
the pacemaker is not designed for extended studies. Additionally, the tested
range of beats per minute (400-450 bpm) may not encompass the precise pacing
requirements for studying PAH, which would ideally cover a range of cardiac
frequencies up to 600 bpm.

As we have explored, various interesting and successful methods have been
developed for pacing rats and mice. However, none of these methods were
sufficiently specific for the study of cardiac frequency in the context of PAH,
which demands prolonged and highly precise pacing of a group of rats with
minimal invasiveness, preferably with a tunable stimulation frequency.

1.4 Conclusion

In this chapter, we focused on introducing fundamental knowledge of the heart
and artificial cardiac stimulators to prepare for what follows. We have also
explained the underlying motivation driving the development of a pacemaker
for rats.

The evolution of artificial pacemakers from their inception to their current
state of advanced technology underscored their pivotal role in treating various
heart conditions. The emergence of LPM offered a promising alternative, avoid-
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ing potential complications associated with traditional pacemakers, generally
lead- or implant-related. This breakthrough, along with the advent of wire-
less and battery-free multimodal pacemakers, highlighted the constant drive
towards more efficient, minimally invasive, and long-lasting pacing solutions.

Pulmonary arterial hypertension, a rare and severe cardiovascular condi-
tion, poses significant challenges in diagnosis and treatment. As such, our
research intends to explore the modulation of heart rate in cardiopulmonary
physiology to unlock essential insights into PAH and potentially broaden the
therapeutic landscape for this condition.

The study of this fundamental mechanism goes through animal research,
particularly with rats, and demands the use of an implantable cardiac pacing
device adapted to rodents. The need for such a device is underscored by the
lack of available systems tailored to small animal models and fitting our study
requirements.

This thesis stands as a significant step towards the development of such
device, meeting their unique physiological demands, starting with a primary
focus on the design of the pulse generator. Indeed, while many aspects demand
attention, one crucial element is the specification of the stimulation waveform,
as it serves the main purpose of a cardiac pacemaker. This parameter is highly
correlated with battery consumption, making it imperative to strike the right
balance between efficacy and power preservation.

The next chapter will therefore discuss the different parameters to take
into consideration to provide a clear specification of the stimulation waveform.
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Chapter 2

Specification of the stimulation
waveform

2.1 Introduction

As presented in the previous chapter, the primary function of a pacemaker
is to generate and deliver a stimulating pulse (or pacing pulse) to induce
myocardial cell depolarization. The characteristics of this pulse, which takes
the form of a waveform signal, establish the stimulation’s efficiency and the
energy drawn from the power supply. A suitable waveform is thus key to the
design of a reliable and low-power device. This chapter sets out to establish
the appropriate stimulation for cardiac pacing in rodents. The framework for
specifying the stimulus is divided into two main sections. The first part seeks to
review equivalent models for the pacing load and investigate pacing waveforms
employed in current devices, providing further insight for formulating a theo-
retical waveform. The second section outlines two acute in vivo experiments
conducted on rats, which helped assess the validity of our proposed stimulation.

2.2 Pacemaker load and stimulation waveform

2.2.1 Model of the pacemaker load

To understand the intricate electrical behavior of the heart, researchers have
developed equivalent electrical circuit models that aim to replicate the complex
interactions among cardiac cells and their surrounding tissues. Ranging from
relatively straightforward to more elaborate, these models serve as invaluable
tools for simulating cardiac activity, predicting arrhythmias, and designing
cardiac devices. Here, we will present a quick overview of the typical equivalent
electrical circuit models used to represent the heart tissue to identify a suitable
circuit model for the pacemaker load.
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Figure 2.1: (a) Equivalent model of the cardiac cells used by Klafter in [24], (b)
Equivalent model of the pacemaker load used by De Visme et al. in [87], (c)
Cole-Cole model

The majority of circuit models integrate resistors and capacitors in various
arrangements to simulate tissue, and their values generally depend on the
characteristics of the tissue [88].

In his study of 1973, Klafter [20] considered the model proposed by Myers
and Parsonnet in order to find an energy optimized stimulation. This model
comprised a parallel arrangement of a resistance Rm and a capacitance Cm,
intended to depict the membrane resistance and capacitance of a cell (Figure
2.1a). However, this circuit model did not account for the minimal "energy
dissipation in the load or the least energy consumption from the battery",
which was highlighted by De Visme et al. [87]. In their own work on optimal
pacing pulses, De Visme and Furness aimed to address these limitations by
considering a more faithful electrical model [87] using Lapicque model. This
model, depicted in Figure 2.1b, is very commonly employed to represent body
tissues and often used to simulate the stimulation of the nerve membrane.
It relies on a resistor of R1 in series with a capacitor Cm in parallel with
another resistor Rm, wherein R1 symbolizes the resistance of the intracellular
fluid, while Rm and Cm are the resistance and capacitance of the membrane,
respectively [89, 88]. Based on Lapicque model, more advanced equivalent
circuit can be found by replacing the capacitance with an impedance Z, serving
as circuit representations of the Cole-Cole equation, which characterizes tissue
properties (Figure 2.1c).

Using De Visme work [87] as a reference, [27] undertook the development
of a pacemaker with the following load configuration: R1 = 1 k2 and R = 100
kQ and C = 300 pF. These values will be kept in mind for our model.

2.2.2 Stimulation waveform

The electrical impulse delivered is defined by its pulse amplitude (measured in
volts) and pulse duration (measured in milliseconds). The minimum amount
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of electrical energy needed to capture the heart, that is, successfully stimulate
it, is called the stimulation threshold. As it is inherent to the individual,
it may fluctuate due to changes in body activity, medication, or electrode
characteristics, among others. As stated by [25], a pulse of sufficient amplitude
must be applied to stimulate excitable tissues effectively. Similarly, to prevent
damage to body tissues and reduce pain in the patient, it is preferable to have a
longer pulse duration for depolarization to dissipate into the surrounding tissue.
The extended pulse width also allows for a lower threshold voltage, which, at
some point, becomes independent of the duration [90]. However, it must be
taken into account that, for a given amplitude, a longer duration means more
energy delivered, leading to higher power consumption. The strength-duration
curve, depicted on Figure 2.2, plots the exponential relationship between the
pulse amplitude and pulse duration, which gives a good depiction of the trade-
off between the two, for an efficient battery-optimized stimulation [6, 16, 17,
18]. Two main points are to be considered: the rheobase (in V), defined as the
threshold voltage, i.e. minimal amplitude, resulting in capture at an infinitely
long pulse duration, and the chronaxie (in ms), the minimal time duration at
twice the rheobase amplitude. It is highly relevant when designing a pacemaker
as it approximates the waveform that paces with the lowest energy [91].
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Figure 2.2: Strength duration curve

Any waveform on or above the strength-duration curve ensues cell depo-
larization. However, as the threshold might vary, safety margins are set to
ensure capture (typically twice the amplitude threshold or three times the
pulse threshold) [6, 17, 16]. In rats, a typical heart rate falls within the
range of 240 to 400 bpm as seen in Chapter 1. However, for our research, we
contemplate elevating the heart rate to upper frequency and hyperphysiological
ranges, targeting cardiac frequencies between 400 to 600 bpm, corresponding
to pulse periods of 100 to 150 ms, following equation 2.1 [16].
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2.1

In future investigations, we might consider rate adaptive features. Indeed,
as the heart adapts its rhythm to the higher frequency, if the stimulation is
slower than the animals’ intrinsic heartbeat, the effect of the pacemaker will
not be perceived.

Monophasic Biphasic

Figure 2.3: Exemples of monophasic and biphasic truncated exponential waveforms

There are two typical waveforms generally used for pacing: monophasic and
biphasic (Figure 2.3). Early implantable pacemakers or defibrillators mainly
considered square-shaped monophasic pulses. Still, studies by [19, 20, 21] have
shown that biphasic shapes are found to be more optimal in terms of battery
efficiency and voltage thresholds, in addition to being safer for the tissue [22].
Typically, the biphasic stimulation [21, 25, 92| consists of two pulses: a first
short negative (cathodal) pulse of high amplitude to trigger the depolarization
of the cardiac cells, followed by a delayed, longer positive (anodal) recharge
pulse, for the heart tissue to return to a charge neutral state (Figure 2.4)[23].
This biphasic shape lowers the pacing threshold and prevents the degradation
of the heart tissue caused by ions gathering around the electrodes. Besides,
triangular forms, such as ramps ("sawtooth") or exponentials, are preferred by
Roy et al.[19] and Klafter [24] over square or rectangular ones for their lower
energy consumption and more significant physiological effect on the heart. The
consensus is that a ramped waveform would offer stimulation with minimal
energy consumption. However, it’s noteworthy that manufacturers have not
adopted this pulse shape for implantable pacemakers but rather mainly rely
on capacitive discharge that gives more of an exponential shape, as, as Stokes
said in 93], "the “optimum” waveform takes more energy to generate than it
saves'.

The choice of stimulation waveform for cardiac pacing is crucial. While
monophasic square-shaped pulses were once common, extensive research favors
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Figure 2.4: Stimulation waveform with an exponential (solid line) or ramp (dotted
line) discharge

biphasic waveforms due to their efficiency, safety, and lower tissue damage.
Triangular waveforms like ramps and exponentials offer energy savings and
physiological benefits. Given these considerations, we decided to settle on a
biphasic stimulation with either linear or exponential discharge for pacing in
rats and compare their efficiency. Both waveforms are displayed on Figure 2.4.
Times and voltage references, based on Lahtinen et al.’s [25] pacing pulse for
later references.

2.3 Waveform validation through in vivo experi-
mentation

After establishing potential stimulation waveforms, we proceeded to assess their
efficiency in actual pacing in rats. To achieve this, we conducted a first in
vivo experiment. The objective was to restore a normal heart rate of 300
to 400 bpm in a healthy rat, after it had been pharmacologically reduced to
around 200 bpm using ivabradine (IVA). The experiments and their results
were the subject of a conference paper presented at ICECS 2021 [26]. All
experiments were carried out according to the European Community guiding
principles in the Care and Use of Animals (2010/63/UE, 22 September 2010),
the local Ethics Committee (CREEA Ile-de-France Sud) guidelines, and the
French decree no. 2013-118, 1 February 2013 on the protection of animals used
for scientific purposes (JORF no. 0032, 7 February 2013, p2199, text no. 24).
Authorizations to perform animal experiments according to this decree were
obtained from the Ministére francais de ’Agriculture, de I’Agroalimentaire et
de la Forét (agreement no. B 92-019-01). We used one adult male Sprague
Dawley rat from the AnimEx platform (Chatenay-Malabry, France).
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2.3.1 Pacing module description

We used an FPGA-based prototype of a programmable pulse generator capable
of delivering a configurable waveform at fixed pacing rates of 250, 300 and 400
bpm for the study. The block diagram of the system is shown in Figure 2.5.
It had two operable biphasic shapes: a truncated exponential (referred to as
A), based on Lahtinen et al.’s [25] work, and a ramp shape (referred to as B)
proposed by Roy et al. [19] in accordance with our literature review. However,
any waveform at any potential cardiac frequency could be programmed.

Subtr‘actor N Va.rlable > |
Gain 4 resistance

DAC2 |

DACI

FPGA

Analog conditioning block

Figure 2.5: Experimental bank for pacing

A differential stimulation, achieved by combining the pulse with its inverted
form, is delivered to the heart through a bipolar electrode. It has a peak-to-
peak amplitude of 8 V, and we incorporated a variable resistance into our
design to finely adjust the waveform’s amplitude and mitigate potential tissue
damage. Both the frequency and waveform could be dynamically adjusted
during pacing. The circuit was powered with £ 5 V and had an overall power
consumption of approximately 56.7 mW for each waveform.

In our design, the generation of these pulses was based on the architecture
portrayed in Figure 2.6. This architecture named Stimulation takes as inputs
the desired frequency and waveform type settings, as well as an On/Off State
command. It produces a signal representing the stimulation waveform, another
signal for offset elimination in the waveform, and control signals for the 12-bit
D/A Converters (MCP4821). Below, we will elaborate on the behavior of
the components instantiated in the Stimulation block, following the waveform
signal’s generation process.

First, we have a clock unit manager Clock unit that generates a 3.125
MHz clock from the FPGA’s 50 MHz system clock.

Then, the block named Control unit produces three sets of signals:

* Signals responsible for synchronizing and controlling the parallel-to-serial
converters.

* Signals to command the Digital-to-Analog Converters (DACs) (refer to
Figure 2.7a).
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Figure 2.6: Architecture of the programmable pulse generator

* Signals that define the characteristics of the pacing waveform to be
generated.

This third group includes time constants (Tp, Td, Tfr, and T) which
correspond to the time intervals mentioned in Lahtinen et al. [25] where T
represents the pulse width of the stimulation, Tp and Tfr denote the durations
of the negative and positive discharges respectively and Td is the time delay
between the two discharges as displayed in Figure 2.4.

For our validation purposes, a pair of switches, represented by a 2-bit vector
Set_freq, defines the pulse rate of the stimulation ("00" for 250 bpm, "01" for
300 bpm, and "11" for 400 bpm). This pulse rate value is then transmitted to
the Sample and hold block.

Furthermore, this Control unit block generates a 1 V step signal, pro-
grammed on 12 bits, which is later used to eliminate the offset from the
Waveform generator block output.

This Waveform generator block outputs the stimulation pulses in the form
of a 12-bit signal, which is satisfactory for our application. The choice between
stimulation waveform A or B is determined by the value of the Set wf switch
(’0’ or ’17). It is important to note that the amplitude of this output is four
times smaller than required and is offset by 1 V. This design choice ensures
that the biphasic nature of the signal is not compromised and falls within the
range of the DAC output, which in our case spans from 0 and 4.095 V.

To reduce the complexity and thus the computing power, the truncated
exponential waveform is obtained by fetching its values from lookup tables
(LUT) rather than using a filter. The exponential values in the LUTs were
calculated beforehand based on equations (2.2) and (2.3).

In({2)

t
For0<t<T,:V(t)=V.er" "V 41 (2.2)
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The values for the linear waveform were computed in situ (FPGA) using
equations (2.4) and (2.5) as these operations have low computational demands.
The truncation after the division is managed by 12 significant bits.

V, — Vo

ForO0<t<T,:V(t)= 7
p

t+VW+1 2.4)

VeV, VT = Va Ty,
Ty — Ty, Ty — Ty,

For Ty <t < Ty : V(t) +1  (25)

The Sample and hold block takes the output of the Waveform generator
and retains its value. If the state of the attached button is ’0’, it produces a 1V
step signal, which is canceled by the offset of the Control unit, resulting in no
stimulation output. In the case of a ’1’ encoding, the stimulation signal remains
unchanged. Correspondingly, the 7-segment block displays either "OFF" or the
value received from the Control unit depending on the button state.

Finally, the Parallel to serial converter adds 4 configuration bits, needed
for the DAC to initiate its write command, to the 12-bit stimulation waveform
signal. It then converts the resulting 16-bit signal to a serial format and
transmits it to the DAC (Figure 2.7a).

The correct amplitude adjustment and offset suppression are accomplished
by employing a subtractor circuit with a gain of 4. This circuit is placed
after the DAC and utilizes both the previously mentioned step signal and the
stimulation signal.

To demonstrate the viability of our system, we have implemented our
architecture on FPGA (10M50DAF484C7G). It uses 3% of the LUTs and
logic elements, along with only 95 registers, proving the lightness of our pro-
grammable pacing architecture. We then designed a printed circuit board
(PCB) mounted with the necessary components for the analog conversion. The
resulting prototype is shown in Figure 2.7b.

2.3.2 Experimental validation

The experimental protocol aimed to demonstrate that the programmable pulse
generator could successfully restore a physiological heart rate following pharma-
cologically induced reduction. The rodent was put under anesthesia with 5 %
isoflurane inhalation before tracheotomy was performed to facilitate mechanical
ventilation. Anesthesia was sustained at 2 % isoflurane concentration. In
order to obtain real-time measurements of arterial blood pressure, a fluid-filled
catheter was surgically introduced into the left carotid artery. This catheter
was linked to a disposable transducer, allowing for continuous arterial pressure

58



CHAPTER 2. SPECIFICATION OF THE STIMULATION WAVEFORM

ey
LDAC : :
s
SDI E ‘ | r | | | |
Header Data
(4 bits) (12 bits)
(@)
FPGA

Analog y

B conditioning block

j v&g&’ ctv?; < ‘

R Variable
7, — resistance

e
S [P 20
Gyt |

(b)

Figure 2.7: (a) DAC control signals, (b) Prototype used for the in vivo experiments

monitoring. The acquired arterial pulse waveforms were captured and recorded
via the LabChart 8 software (AD Instruments). The right atrium, which served
as the stimulation site (Figure 2.8), was accessed through a median sternotomy
procedure.

Throughout the experimental protocol, the assessment of effective cardiac
stimulation was carried out through visual examination of both the heart itself
and the frequency of the pulse wave. The values corresponding to heart rate, as
well as systolic, diastolic, and mean blood pressures (abbreviated as SAP, DAP,
and MAP, respectively), were quantified during the post-processing phase.
Figure 2.13b depicts these pressures’ recordings from a second experiment.
The tests proceeded as illustrated in Figure 2.9.

We measured the evolution of the heart rate and arterial blood pressures
at distinct phases :

» At baseline (BL), following successful access to the heart,
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Right atrium
- (Stimulation site)

Figure 2.8: Stimulation site (RA)

* 10 minutes after the administration of IVA (5 mg/kg) which reduced the
heart rate to approximately 220 bpm,

* During the application of electrical stimulation to the right atrium, using
both A and B waveforms. These stimulation sequences were interspersed
with periods of rest (REST) where no stimulation was applied.

Baseline
Ivabradine (IVA, 5 mg/kg)

Stimulation A (250,300,400 bpm)
REST

Stimulation B (250,300,400 bpm) ‘
REST Adult male Sprague Dawley rat : ’

(AnimEx platform, France)
Stimulation & (300,400 bpm) Measures of the evolution of the heart

REST rate and arterial pressure of the rat

Stimulation A (300,400 bpm) Stimulation period : 1 min
Rest period : 5 min

A : Exponential B: Ramp

Figure 2.9: Experimental protocol for waveform validation in rats. BL: without
stimulation baseline; IVA: Ivabradine without stimulation; A/B (250, 300, 400 bpm):
stimulation with waveform A or B at 250, 300 or 400 bpm, respectively

For both waveforms A and B, we recorded the heart rate and arterial
pressures during stimulation sessions at rates of 300 and 400 bpm. Each
stimulation session lasted for approximately 1 minute to ensure the estab-
lishment of hemodynamic stability. Between these active stimulation phases,
we allowed for resting periods lasting 5 minutes. The heart rate measurements
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were derived from the analysis of 10-second samples obtained during periods of
stable hemodynamic conditions. The electrode tips were manually positioned
on the right atrium to facilitate impulse transmission and induce the desired
stimulation. Table 2.1 summarizes the measures taken during the tests. The
electrical stimulation at 250 bpm, being very close to the animal’s heart rate
(approximately 220 bpm), proved to be ineffective and led to ventricular fibrilla-
tion (which was resolved through resuscitation maneuvers) and hemodynamic
compromise. As a result, we opted to utilize pacing rates of 300 and 400 bpm
for subsequent tests. Applied pacing pulses at 300 and 400 bpm resulted in
stable heartbeats at the desired rates for both waveforms, and we found no
significant disparity in the efficacy of the stimulation. A sample of the blood
pressure measured before and during the exponential stimulation is shown in
Figure 2.10.

Condition Stim. rate SAP DAP MAP | Measured HR
(bpm) | (mmHg) | (mmHg) | (mmHg) (bpm)

Baseline - 99 61 73 325
IVA | - | 84 | 40 55 | 217
Stim. A 300 97 48 75 300
Stim. A 400 90 64 63 398
REST1 | - | 95 [ 50 | 65 | 217
Stim. B 300 86 40 57 300
Stim. B 400 64 28 41 400
REST 2 | - 121 [ 75 ] 92 ] 229
Stim. B 300 97 41 67 300
Stim. B 400 82 47 50 398
REST3 | - | 125 | 8 | 103 | 230
Stim. A 300 88 48 63 271
Stim. A 400 65 28 40 400

Table 2.1: Stim. A: stimulation with waveform A; Stim. B: stimulation with
waveform B. bpm: beats per minute; SAP: systolic arterial pressure; DAP:
diastolic arterial pressure; MAP: mean arterial pressure; HR: heart rate.

Measurements of blood pressure and cardiac frequency obtained during
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these in vivo experiments in rats have validated the effectiveness of our system
in restoring physiological heart rates in the animals. Through experimental
validation, this study contributes to the assessment of two heart-stimulating
waveforms for rats, -with an exponential or linear discharge-, and a flexible ar-
chitecture allowing for real-time integration and modification of the waveform’s
frequency, amplitude, and shape.

Unstimulated heart Stabilized stimulated
‘ Ivabradine (IVA) heart
B0
o
g ~
] L ~
o H.J. ||‘ WW‘W 1
, |‘ | AR
T
° 233 bpm 400 bpm
10s A 10s

Figure 2.10: Samples of arterial pulse pressure. Left hand side panel: without atrial

stimulation with the pulse generator (unstimulated heart) but with pharmacologically

reduced heart rate with Ivabradine (IVA) injection (heart rate measured at 233 bpm).

Right hand side: right atrial stimulation with the pulse generator at 400 bpm resulting
in an increased measured heart rate (400 bpm).

During the study, we also observed a variability in the value of heart
impedance, ranging from 0.2 to 1.2 MQ. It should be noted that these mea-
surements were taken on the heart right after it was removed at the end of
the experiment, which explains the higher values observed compared to those
mentioned in Section 1. It is crucial to emphasize that excessive current
level has the potential to harm body tissues or result in necrosis, hindering
effective pacing. Unlike humans who can easily communicate feelings of pain
or discomfort, assessing these sensations in animals poses a greater challenge.
Therefore, we now want to establish the optimal range of allowable current to
ensure both safe and effective cardiac stimulation in rodents.
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2.4 Minimum pacing current specification

In the previous study, we validated a pacing waveform for cardiac stimulation
in small rodents, confirming the suitability of the shape, frequency, and dif-
ferential voltage of our stimulation. Yet, the appropriate range of current
has not been measured and a notable variation in cardiac impedance has
been highlighted. This variability can be attributed to the dependence of
the tissue on several biological factors, as well as the placement of the pacing
electrodes, making it challenging to evaluate beforehand. However, measuring
and adjusting the current is relatively straightforward. Excessive current can
potentially harm body tissues or result in necrosis, hindering effective pacing.
While humans can easily communicate pain or discomfort, evaluating these
sensations in animals is more challenging. Consequently, the objective of
this study is to determine an acceptable current range that will ensure stable
and efficient pacing of the heart while preserving the integrity of the cardiac
cells. This includes identifying the minimum current required for successful
stimulation and its optimal value.

2.4.1 Pacing module description

For these tests, we opted to apply the biphasic truncated exponential waveform
illustrated in Figure 2.4, which had previously proven to be effective. The
peak-to-peak amplitude of the differential output was 10 V. To align with the
characteristics of our long-term studies requirements, we set pacing frequencies
corresponding to the upper physiological and hyperphysiological range of 400,
450 and 500 bpm. To achieve a more precise measure of the current passing
through the heart during pacing, we made two major modifications to our
prior prototype. First, we removed the variable resistance from the analog
conditioning block (see Figure 2.5) and added a resistor bank before the lead.
This bank consists of a set of 10 selectable resistors in series, each with a value
of 100 kS2, resulting in a total equivalent resistance of 1 M(). Secondly, we
connected an oscilloscope in parallel with the equivalent resistor to visualize
and record the stimulation’s differential output The associated current value
was then calculated with Ohm’s law.

U
I=+ (2.6)

The block diagram of the updated prototype is pictured in Figure 2.11.
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Figure 2.11: Experimental bank for current measure

2.4.2 Experimental protocol and results

Two male Sprague Dawley rats were utilized for the study. The anesthesia
procedure and access to the stimulation site (right atrium) were carried out
following the same protocol as in our initial experiments [26]. Live arterial
pulse waves were recorded using LabChart 8 software (AD Instruments), and
the effectiveness of the stimulation was evaluated through visual examination
of the heart and ECG signals obtained from electrodes placed on the rodents’
upper paws. In accordance with the long-term studies, we did not administrate
IVA and maintained the animals’ intrinsic cardiac frequency. Their baseline
heart rate was measured to be around 260 bpm. To prevent tissue damage,
we initially delivered the lowest available current, corresponding to the highest
total resistance of 1 M. In each test, we gradually increased the current by
reducing the value of the equivalent resistance in 100 k) increments.

Figure 2.12: Electrode placement on the rodent heart

As applying stimulation with a sufficient current resulted in steady heart-
beats at the targeted rates of 400, 450, and 500 bpm, we decided to collect the
data exclusively for the 400 bpm pacing. No evidence of damage was observed
in the cardiac tissue. The results showcased interesting insight regarding the
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current for effective pacing in rodents. It suggests the following:

* When using the 1 M2 resistor, stimulation was observed to be inefficient
as it was too weak to induce proper pacing.

* Stimulation carried out through the 300 k€2 resistor resulted in a derived
current of 20 pA. Although this led to an average cardiac frequency at
the desired level, occasional skipped heartbeats were observed.

» Using a resistance of 200 k2, we attained a current of 30 pA, which
ensued in stable and efficient pacing, thus establishing our threshold
value.

¢ Optimal stimulation was achieved with a current of approximately 60 pA
(using R = 100 k{2), resulting in extremely stable pacing and consistent
pressure levels.

» This underscores the complex RC behavior of cardiac tissue, highlighting
not only its resistive characteristics, as initially hypothesized, but also
its capacitive aspects.

Figure 2.13 shows the currents and pulse pressures obtained during the
experiments.

These experiments yield two main conclusions. First, to effectively pace
the rodent’s heart, a minimum current of 30 pA is required when using the
selected biphasic waveform. Second, based on this current requirement, we
can roughly estimate the approximate impedance of the cardiac tissues of rats
for the specified electrode placement. Let R., be the equivalent resistor of the
resistor bank, Rj,.q the equivalent resistance of the pacemaker load, I, the
stimulation current, and Vj, the peak-to-peak amplitude of the stimulation.
By Ohm’s law we have :

VPP
m - Istim (2-7)
Hence,
Rioad = 10 200.10% = 133kQ
foad = 30.10-6 T

At low frequencies, a capacitance behaves like an open circuit (infinite
resistance), thereby the model employed by De Visme can be simplified to an
equivalent resistance, R, = R1 + R. The measured value of Rj,,q thus aligns
with the resistive part of the heart tissue model considered by [27] cited in
Section 2.2.1.
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Figure 2.13: Measured (a) currents, (b) Pulse pressure

2.5 Discussion

Given the limitation of short-term experiments in the scope of this thesis, the
long-term effects of chronic pacing on cardiac tissues could not be assessed
and should be addressed in future investigations. Additionally, one should
keep in mind that the threshold value may require reevaluation over time, as
the resistance of the body tissue could potentially increase due to damage
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or inherent adaptive abilities of the body. It is also worth mentioning that
the electrodes were not affixed and thus the stimulation efficiency may vary
depending on their placement.

2.6 Conclusion

In this chapter, we discussed different aspects of the waveform specification
for pacing the rat. We started with a synthetic overview of heart models to
establish a reliable model for the pacemaker load, along with the exploration of
stimulation waveforms commonly employed in human pacemaker development.

This allowed us to consider diverse waveforms options, which we tested and
validated through in vivo experiments on rats with an FPGA prototype. The
architecture of the system and the mathematical equations governing these
waveforms were also detailed. Accordingly, we have shown that our pacing
pulse induces successful and safe pacing in the small animal and characterized
the orders of magnitude for the current with a second in vivo experiment.
Consequently, our objective is to generate a biphasic exponential waveform
at varying pulse durations ranging from 100 ms to 150 ms, with a minimum
current of 30 pA. Additionally, we have estimated that the pacemaker load can
be modeled with an equivalent resistance of 133 k{2 at our specific pacing site,
matching with models used in previous studies.

Building upon these insights, the subsequent chapter will delve deeper into
the design of our integrated circuit to generate the stimulation pulse. This
critical phase represents the bridge between theoretical insights and practical
implementation, paving the way to materialize the proposed pacing waveform
and contribute to the advancements in cardiac pacing technology tailored for
small animal models.

67



CHAPTER 2. SPECIFICATION OF THE STIMULATION WAVEFORM

68



Chapter 3

Design of the integrated circuit for
stimulation

3.1 Introduction

With the stimulation waveform now defined, our attention turns towards the
design of the associated integrated circuit (IC).

( ) Communication P
system This work Power
T TTTTTTTTTTTTTTTTTTTA | management unit
Processing Timing circuit O .
system l ,
T < Voltage multiplier '
. High voltage E
Sensing system Pulse generator Voltage / Current :
7 reference generator | |

Leads + electrodes

Figure 3.1: Block diagram of a modern pacemaker

As outlined in Chapter 1, the general architecture of a modern pacemaker
encompasses various blocks, including a power management unit, sensors, and
a processing system, among others. In this thesis, we place our focus on the
stimulation aspect which stands as the most important feature. As implied
in Figure 3.1, our stimulation system comprises two key elements: the high-
voltage pulse generator, responsible for shaping and generating appropriate
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pacing pulses to small rodents, and the oscillator, which orchestrates the
system’s functions and commands the pulse generator.

Phi2
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Figure 3.2: Stimulation circuit block diagram

Our review of the literature, along with our experiments on rats for wave-
form validation and specification, have led us to propose the architecture
presented in Figure 3.2. The whole circuit operates on a 1.8 V voltage supply.
To obtain the desired waveform with a minimum current of 30 pA, an H-bridge
circuit is powered by a 5.6 V supply coming from a voltage multiplier, denoted
as voltage multiplier B. This multiplier, must have a short response time to
recharge an off-chip capacitor at each waveform repetition. A command signal,
named Vy, is necessary to control the charge-discharge cycle of this capacitor
by enabling the closure of the P-type switch, SWA. For the command of the
H-bridge, signals Phil and Phi2 are created with a low-frequency oscillator
and a control waveform generator. These control waveforms are reshaped from
[0-1.8] V to [0-6] V using an ultra-low power (ULP) comparator supplied by the
voltage multiplier A. Both multipliers are driven by a 15 kHz voltage controlled
oscillator (VCO). The following sections will provide a comprehensive break-
down of the H-bridge and the generation of its command signals, detailing the
function and simulation results of each individual block. The presentation of
the voltage multipliers, driven by the 15 kHz VCO requires an understanding
of the nested behavior of both circuits and will thus be explained in the next
chapter. Figure 3.3 illustrates the different control signals Phil, Phi2 and VA,
as well as Viyppiyp i the supply of the H-bridge stemming from the capacitor’s
charge and discharge, and Viyeqrt, the stimulation waveform.

The power consumption of each block was calculated during transient
simulations by integration of the current leaving the 1.8 V power supply to
obtain the average current, which is then multiplied by 1.8 V.
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Figure 3.3: Waveforms of the stimulation circuit

We designed every block on Cadence Virtuoso using the XFAB 0.18 pm
technology. The XHO018 technology is a mature technology suitable for mixed
analog/digital design up to several hundred megahertz for diverse applications
(automotive, biomedical, etc.). This technology offers various types of transis-
tors: isolated well transistors for independent well biasing and the resulting
advantages, low-threshold voltage transistors for delivering more current, and
high-voltage transistors suitable for a 3.3 V supply instead of 1.8 V. It also
provides libraries of analog and digital components, as well as intellectual
property (IP), meaning directly usable blocks, such as low power memories.
This modularity and XFAB being certified ISO 13485 for medical devices [94]
makes it a technology particularly well-suited for our application context.

Except for the pulse generator and voltage multiplier A, we opted to use
Low-V, neli and peli transistors, characterized by a lower threshold voltage
(Vi) compared to conventional MOS transistors. This grants them a higher
gain for an equivalent surface area, consequently reducing the circuit’s size,
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making them particularly appropriate for miniaturized low power applications.
In addition, these are "isolated" transistors, which signifies that a special
doping zone, known as a Deep N-Well, isolates them from the silicon substrate
supporting the chip. This allows for individual biasing of their bulk regions at
specific voltages. Both neli and peli have an absolute value of Vy;, of 0.35 V. For
the pulse generator and multiplier A, we chose to use ne3i and pe3i transitors
as they have to withstand the higher range voltages we want to apply to the
heart. Their threshold voltages are V;, = - 0,65 V for PMOS transistors and
Viny = 0,58 V for NMOS transistors.

Please note that all transistor sizes displayed in the figures are written
as Wlpm|/L|{pm|, with W being the width and L the length of the transistor.
As pictured in Figure 3.4, bold transistors represent high-voltage ne3i/pe3i
transistors while low-Vy;, neli/peli transistors are depicted with fine lines.

—||ﬂ‘ neli transistor —|¢ ne3i transistor —|E: peli transistor —ﬁ pe3i transistor

Figure 3.4: Transistor representation in the following figures

3.2 H-bridge

The generation of pulses is achieved by the charge and subsequent discharge
of a capacitor. In order to generate the desired biphasic waveform, we opted
for the classic structure of an H-bridge which is already employed for capacitor
discharge in several defibrillators, as demonstrated in US Patent 2012/0123492
A1 [95]. The fundamental principle of the H-bridge relies on the control of
four switching elements, here CMOS transistors. It has two parallel branches,
each with two switches in series connected to the load (the heart) at midpoint
by another branch (bridge), giving the circuit an "H" form, hence the name.
The selection of the appropriate switch combination at specific time points
defines the polarity of the voltage applied to the heart, providing the sequential
negative (cathodal) and positive (anodal) phases as can be seen in phases 1 to
4 in Figure 3.5. This process allows for several configurations:

* Closing P1 and N4 results in direct current flow through the heart/
positive voltage applied across the heart.

* Closing P2 and N3 leads to current flow in the reverse direction.

* Closing either P1 and P2 or N3 and N4 (within the same horizontal row)

72



CHAPTER 3. DESIGN OF THE INTEGRATED CIRCUIT FOR
STIMULATION

utilizes the current as an electromagnetic brake. This action helps main-
tain voltage at a specific level before it reaches zero potential difference.

P1 P2 P1 P2

1 v- j
T | )
SWA N3 N4 N3 N4‘

\
P1 P2 Pl P2
A v A v
T N3 N4E N3 N4
Charge Discharge

Figure 3.5: Charge and discharge phases of the pulse generator

It is imperative to prevent any potential short circuits, which can occur if
P1 and N3 or P2 and N4 are closed simultaneously, or if all switches are closed
at once. Such a scenario, called "shoot-through" would result in overheating,
rapid battery discharge, and heavy damage to the circuit. Therefore, it is
very important to strictly adhere to the switching times and moments of the
switches and to include a non-overlapping circuit (Figure 3.7).

To obtain the exponential discharge form, we have added a capacitor prior
to the H-bridge structure. The capacitor is connected to the voltage supply
through a switch SWA and is either charged through the voltage supply or
discharged into the heart according to the state of SWA. The overall process
of impulse generation within our pacemaker can be illustrated as in Figure 3.5.

To attain a sufficient stimulation amplitude, we chose an external capa-
citance of 1 pF. A large capacitance also guarantees the absence of DC flow
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within the heart tissues, thereby resulting in no residual charge [33]. The heart
is modeled with a 133 k) resistance according to our prior results for the in
vivo tests. For homogeneity of NMOS and PMOS switches, we seek that the
on-resistance of PMOS transistors is equal to that of NMOS’s with:

1

Rony = (3.1)
Y KN (Vas = Viny)
and
R ~ 1 3.2)
onp ™~ .
" KpUE(Vas — |Ving|)
Knowing
Kp =70 pA/V2, Ky = 270 pA/V2, Vi, = - 0,65 V, Vip,, = 0,58 V.
\ZA_—’LJ'KE Ma2
21/03 210.3
Pl
. 3/0.3
oltage multiplier Phil on on hi
Voltag Itiplier B | uF —— o__oc‘l/recriip O\-]:]eﬂ?p Phi2
I ]‘ \—I N3 N4 circuit
18V felk 1/0.35 1/0.35
L
Figure 3.6: Schematic of the pulse generator
Clk

Delay
(Cascode of inverters)

Figure 3.7: Block diagram of the non-overlapping circuit

The pedi transistors must therefore be about four times larger than the ne3i.
Moreover, it is easy to see that by maximizing the W /L ratio, i.e., the size of
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the transistors, we can minimize the R,,. Accordingly, the gate lengths L of the
transistors were kept to their minimum value of 0.3 pm (PMOS) and 0.35 pm
(NMOS). With size of transistors as depicted on Figure 3.6, we have R,,, =
1.06 kQ and Ry, = 1.24 k2 which was sufficient for our application. Further
reducing the R,, value by increasing W or introducing additional transistors
would lead to a significant increase in the parasitic capacitance, which would
be harder for the ULP commands to drive efficiently.

Switch SWA responsible for the charging of the capacitor was made of a
pair of pe3i transistors of size 21 pm/0.35 pm, with an on-resistance amounting
to 72.4 €.

The power consumption for the H-bridge, supplied by multiplier B, reaches
100 pW.

3.3 Ultra-low power, low frequency oscillator

The need to minimize power consumption in implantable medical devices, such
as our pacemaker, calls for a low power operating system. Oscillators consume
a non-negligible part of the overall battery life, and careful consideration must
therefore be put in their design. When it comes to low power oscillators, three
main architectures are typically considered.

Ring oscillators [96, 97, 98, 99] consist of an odd number of inverters
arranged in a loop configuration. While they offer a smaller surface area and
more power efficiency compared to crystal oscillators, their output frequency is
very susceptible to PVT variations. Moreover, for applications targeting very
low frequency operation, in the range of tens of Hz or below, ring oscillators
may require either a very large number of stages [100], quite a few D-latches, or
putting a bigger load capacitor between each stage [98], all resulting in larger
area and high static power consumption. These oscillators also entail a trade-
off between noise and power consumption, as the addition of more stages leads
to better noise performance at the expense of higher power consumption [101].

Relaxation oscillators (ROSC) [102] are nonlinear circuits defined by a feed-
back loop involving switching devices that charge a capacitor or an inductance
until it reaches a certain threshold voltage, at which point it discharges and
the cycle repeats. For lower frequencies, these oscillators have the upper hand
in both accuracy and surface area [103, 104, 105, 106, 107| compared to crystal
or ring oscillators. This comes at the price of higher clock jitter but for low
power applications, it is not a critical factor [108, 107]. While they can be
influenced by temperature changes like ring oscillators, this shouldn’t pose a
significant issue for our circuit, considering it will be implanted inside the rat
where temperature fluctuations are expected to be minimal.

Another structure often used in low power applications is Crystal oscillators
(XOSC) [109, 110, 111]. They operate based on the inverse piezoelectric effect,
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where an alternating voltage applied across the surfaces of a crystal with
piezoelectric properties, commonly quartz, causes it to vibrate. This generates
a highly stable electrical signal at a very precise frequency, even when sub-
jected to changes in the manufacturing process, power supply, or temperature
(PVT). As such, XOSC have a low phase noise and good selectivity, making
them particularly well-suited for telecommunication or radio applications with
frequencies ranging from a few kHz to hundreds of MHz. While recent develop-
ments have established the feasibility of low power nanoscale crystal oscillators
[112, 113, 114], the benefits of XOSC are often outweighed by their larger off-
chip size, still non-negligible current consumption (of the oscillator circuitry,
the crystal itself does not consume much power), and higher costs, which makes
them less suitable for low power miniaturized devices. Additionally, this type
of oscillator is typically not tunable, limiting its adaptability for applications
that necessitate variable or adjustable frequency outputs like ours.

In the context of our oscillator’s application, we chose to settle on the
second configuration, i.e. the relaxation oscillators, because of the possibility
to reduce the power consumption to the minimum. The architecture of our
ULP relaxation oscillator, based on [108], is depicted in Figure 3.8. It contains
a reference generator, providing current sources I..r1 and I,.f2, along with
threshold voltages Viompmaz and Veompmin. It also features a capacitor bank
resulting in a total equivalent capacitance Ciy, two comparators, and an SR-
latch using dynamic leakage suppression (DLS) logic.

3.3.1 Selected architecture

|\'compmm
Vmin

Reference gCl'lCl"Jt(\l'

Switched capacitor bank

Figure 3.8: ULP relaxation oscillator architecture

The waveforms associated with the operating principle of our ROSC are
illustrated in Figure 3.9 and its operation can be outlined as follows. Each
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comparator compares the voltage Vc across the capacitor with either Veompmaz
or Veompmin- The resulting output is fed to the SR-latch, which controls the
transmission gates ensuing the charging or discharging of Cip. If Ve exceeds
Veompmaz, the output of Comparator 1 goes low, causing Q to switch to a low
state and Qb to a high state, leading to the discharge of the capacitor through
I,cpo. Similarly, when Viompmin exceeds the capacitor voltage, Q becomes high,
Qb becomes low, and Cy, is charged through current source I,..r1. Hence, the
capacitor alternates between charged and discharged states, generating the
oscillations.

Vcompm\;: \\ /A\ /A\ /A\ /,

Vcompl

Vcomp?2

Time

Figure 3.9: Relaxation oscillator waveforms

The oscillation frequency can be determined with :

1 1

Ctot (‘/compmax - ‘/compmin)

. (3.3)

1
Irefl Iref2

And the duty cycle is given by :

Irefl

= (3.4)
Irefl + Iref2

We can note that when I.cp1 = Irefa = ILrep, we obtain a 50 % duty cycle
and 3.3 can be simplified to :

I ref
— (3.5
f 2Ctot(‘/compmax - ‘/compmin)
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Given that our work involves biological signals, our aim is to generate
very low frequency oscillations, typically in the range of 10 to 20 Hz. We
deliberately selected oscillations twice as fast as the targeted heart rate for our
studies, ensuring the generation of appropriate control signals for the pulse
generator (refer to Section 3.3.7). Based on Equation 3.3, this involves the
utilization of subthreshold nanoscale currents, coupled with a load capacitor
in the picofarad range.

The following subsections will present and detail the different blocks that
make up our relaxation oscillator.

3.3.2 Charge pump current sources

MO and M3 are voltage-controlled current sources. For nanoscale current sup-
ply, befitting our requirement, the transistors must operate in the subthreshold
region where the current leakage can be expressed as [115]:

W Vas — Vin —Vbs
I - ox -1 2 e — 1-— .
DS,subth = HC. 7 (n—1)(Ur)“exp ( U7 > ( exrp ( Ur >> (3.6)

Where 7 is the subthreshold slope factor, Vth the threshold voltage of the
transistor and Ur = k'TT is the thermal voltage.

In the subthreshold region, it is not uncommon to find transistors with a
larger L than W. Should the duty cycle of the oscillator have been 50%, Igef1
and Irero would have been equal. However, as we want a slightly asymetrical
signal to fit the pulse generator command, we introduced a mismatch between
the two current sources. Transistors M3 and MO displayed on Figure 3.8 are
biased with Vmax = 1.6 V and Vmin = 200 mV. We thus have I,. o = 148.2 pA

and I,.r1 = 141.5 pA, for sizes of 6 1m/20 pm and 1 pm/20 pm respectively.

3.3.3 Switched capacitor for variable frequency

The oscillation frequency equation (3.3) highlights three parameters that can
be manipulated to adjust the frequency: the current sources, the difference
between the threshold voltages, and the capacitor. However, we have seen with
Equation 3.4 and Figure 3.9 that the first two parameters also exert a significant
influence on the duty cycle. Hence, to achieve frequency adjustments without
affecting the duty cycle, we have chosen an approach that focuses on capacitors.

The frequency modulation relies on an array of parallel switched binary
weighted capacitors, in addition to a base capacitor C0, where the capacitors
within the array have values that are proportional to powers of 2. For example,
in our case we chose to have a "3-bit" array, in which we have capacitors with
values of 1C, 2C, and 4C, where C stands for the capacitance value.
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Figure 3.10: Switched capacitor circuit

This configuration, shown in Figure 3.10 allows for a wide range of possi-
bilities with a relatively small number of capacitors. Indeed, with 3 capacitors,
we have 23 = 8 possible combinations, which means 8 different frequencies
available. Each capacitor, except for CO, are linked to a voltage-controlled
switch. An external voltage source, here called S1, S2 or S3, and equal to
either 0 V or Vdd, is applied at the gate of each switch to determine if the
associated capacitor is selected or not. The equivalent capacitance will then
be the sum of CO and the selected ones, since they are in parallel.
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Figure 3.11: Simulated ROSC waveforms for different frequencies with their
capacitance combination (S352S1)
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Thereby, the maximum possible value is determined by
Ctotmaa: =C0+7C (3.7)

and CO0 is the minimum value.

With CO = 3,8 pF and C = 330 fF, we can attain with the proposed
oscillator frequencies within the targeted range, typically falling between 15.3
and 23.8 Hz. Figure 3.11 illustrates the diverse frequencies achievable for each
capacitor value, with the respective switch combinations provided in parenthe-
ses. The dimensions of each switch are 2 1m/0.72 pm to have satisfying R,
values while keeping a reasonable size.

3.3.4 Dynamic Leakage Suppression logic gates

One of the key challenges in ULP applications lies in managing power consump-
tion efficiently. As the trend of technology scaling leads to the development
of nanoscale MOSFETS [116], the primary concern of power dissipation shifts
from dynamic power to static power stemming from current leakage. This tran-
sition has prompted the exploration of innovative leakage mitigation techniques
including transistor stacking and reverse body biasing among others [117, 118].
Both methods’ circuits are represented for an inverter gate in Figure 3.12.
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(a) Transistor stacking (b) Reverse bodybiasing

Figure 3.12: Leakage current mitigation techniques

Transistor stacking, refers to a technique where a transistor is replaced
by two or more transistors in series (stacked) [118, 119]. This approach, also
called 2T-stacking in the case of a pair of transistors, had first been proposed
in the context of SRAM memories to minimize leakage current during standby
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mode. When the transistors in series are switched OFF, the intermediate node
N settles to positive voltage due to a small drain current, which leads to:

* The gate-source voltage Vizs1 becoming negative,

* The bulk to source voltage Vpg1 becoming negative, resulting in an
increase in the threshold voltage of My,

* The drain-source voltage Vpg1 decreasing significantly.

In submicron/nanoscale transistors, two short channel effects, namely the
Drain Induced Barrier Lowering (DIBL), referring to the reduction of the
threshold voltage with the increase of the drain voltage, and the body effect,
where the threshold voltage increases as the source-bulk voltage increases,
are especially prominent in the subthreshold region. Taking these effect into
consideration, equation 3.6 can be revised to the following [118] :

Vae =V AV V; —V;
IDSsusth = Ioe:cp< Gs = Vino = AVps 7 BS) <1 - e:cp( DS)) (3.8)
nUr Ur

With Iy = pCop-(n — 1)(Ur)?, A the DIBL coefficient and v the body effect
coefficient. Therefore, one can see that the leakage current is reduced exponen-
tially [120, 121]. This is what we call the "stacking effect". In concrete terms,
with the XFAB CMOS 0.18 pm technology with transistor sizes as indicated
in Figure 3.12a, it corresponds to a reduction of current leakage from 122.9 pA
in the standard case to 27.9 pA in the 2T-stacking case. The leakage current
could be reduced even further by adding a higher number of transistors, but this
means we would have a larger circuit surface and a bigger parasitic capacitance
(resulting in even more delay).

Most often, we tend to interconnect the source and bulk terminals in CMOS
devices. However, leveraging the difference between these two voltages enables
the adjustment of the voltage threshold, a phenomenon known as the body
effect 122, 118]. The relationship between the threshold voltage and the source-
to-bulk voltage can be expressed as:

Vi = Vio +7(v/ Vo + 28| — /|28 5]) (3.9)

With Vg the threshold voltage at zero source-to-body voltage, v the body-
effect factor, ®r the Fermi potential, and Vy, the voltage between the source
and substrate [123].

Consequently, as Vg, increases (or Vjs becomes more negative), the thresh-
old voltage increases, effectively diminishing the leakage current [118, 117, 124].
This method is known as reversed body biasing (RBB) (Figure 3.12b). In prac-
tice, employing reverse body biasing equates to a reduction in current leakage
to 6.2 pA with Vgp = 1.5Vdd and Vpny = -0.5Vdd. This approach, however,
requires a triple-well technology to bias both PMOS and NMOS transistors as
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well as a bias generation circuit for each bias, making the fabrication process
more complex and thus a lot more expensive. Moreover, the extent of threshold
control achievable through dynamic biasing is limited [118, 125, 117, 126].

In addition to these, dynamic leakage suppression (DLS) logic, sometimes
dubbed ultra-low power logic, has emerged as a promising approach [116, 127,
128]. With this method, we have designed two logic gates, an inverter and
a NAND gate, which will be key components in multiple blocks within our
oscillator and in generating command signals for the H-bridge.

The concept of DLS gates is based on standard CMOS gates, that consist
of a pull-up network (PUN) and a pull-down network (PDN), enhanced by
incorporating two transistors, a header NMOS (Mpy) and a footer PMOS
(Mpp). The gates of these additional devices are connected to the output node,
resulting in a feedback loop that drives all the leaking devices in a super-cut-off
state (Figure 3.13a). In order to better comprehend the operating principle of
DLS logic, let us consider the DC characteristics of the DLS inverter presented
in Figure 3.13b. When the input is low, the leakage current is derived from
the pull-down logic. The gate of MFP being looped to the high state output
voltage, the intermediate voltage between MN1 and MFP stabilizes around half
the output voltage. This results in both transistors operating with negative
Vgs (Vsg), thus entering the super-cut-off state. Similarly, when the input
equals VDD, the pull-up network is driven to super-cut-off.

In the inverter, the size of the NMOS transistors is kept to the minimum
(0.22 pm/0.18 pm) while the width of the PMOS devices is 3 times larger (0.68
nm/0.18 pm) to compensate for the difference between NMOS and PMOS
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carrier mobility and keep comparable rising and falling times for the output.
Here, the bulk of each transistor is connected to its source. The leakage current
using this method drops to 1.79 pA, more than 60 times lower than for a
standard gate.

The super-cut-off feedback loop in DLS logic gives rise to a hysteresis
behaviour in the voltage transfer curve, illustrated on Figure 3.14 with distinct
rising and falling switching points close to Vdd and ground. This results in a
higher static noise margin compared to a standard inverter gate as reported
by [129, 130], but it also makes the DLS gates especially stringent with regard
to input signals, requiring very clean levels of 0 and 1.8 V.
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Figure 3.14: DLS inverter voltage transfer curve

The behaviour of the DLS inverter gate was assessed through five different
scenarios: the typical case (tm) - where the values are nominal - and four other
corners, corresponding to extreme circumstances in manufacturing process
variation. They are defined as follows:

» Worst Speed (ws): Transistors are slower than in the typical case and
consume little power.

* Worst Power (wp): Transistors are faster than in the typical case and
consume a lot of power.

* Worst Ones (wo): PMOS transistors are slow, and NMOS transistors
are fast.

» Worst Zeros (wz): PMOS transistors are fast, and NMOS transistors are
slow.
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The latter two cases are considered the most problematic as the imbalance
in the switching speed between both types of MOS can lead to their bias points
being too shifted in analog circuits, potentially rendering the circuit inoperable.
In the case of logic gates, this imbalance is translated into highly disparate
rising and falling times. Note that NMOS or PMOS transistors are considered
slow (fast) when their threshold voltage Vi, is higher (lower) than expected.
Electronic blocks are formed by stacking successive layers creating parasitic
capacitances. To operate a circuit, voltage variations need to be applied to the
input of these blocks. Considering the capacitor charging formula: [ = C.%,
we get DT = C.%. Hence, to be able to reach a certain DV in a certain
DT, a larger current I is required (as the parasitic capacitance, inherent to the
block structure, cannot be modified). This is why circuits that consume more
are also faster and, conversely, those that are slower consume less.
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Figure 3.15: Inverter gate worst case analysis waveforms

Figure 3.15 depicts curves of a standard inverter gate with minimal-sized
transistors in the typical case, and of the DLS inverter gate obtained for the
five cases, all at 1 kHz. We only reported the standard inverter in the typical
case because it is very robust at this frequency, and therefore all curves had
the same shape. However, we can observe that at this frequency the DLS gate
is highly sensitive, and the curves explicitly represent their respective worst
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cases.

But first, let’s mention that the transition times of the DLS gate in the
typical case are slower than those of the simple gate since there is less current.
In the Worst Power case, more current is drained, resulting in faster transitions
than in the typical case, giving the curve a similar appearance to that of a
normal inverter, at the expense of consumption, which rises to 4.7 pA compared
to 4 pA in the typical case. However, this remains much lower than a standard
inverter gate consuming 122.9 pA in tm. In the Worst Speed case, the rise and
fall times are indeed longer, but the power consumption is reduced to 3.96 pA.
Finally, for wo (wz), we observe a fast (slow) rise time and a slow (fast) fall
time due to the PMOS and NMOS not having the same speed.

Consequently, when increasing the frequency, especially above 1 kHz, the
low power DLS approach is not viable because the currents are not sufficient
to drive the capacitances. Alternative low power approaches presented earlier,
such as stacked inverters, which can handle higher frequencies, are required.

Nevertheless, for all logic blocks operating at a frequency lower than, for
example, 100 Hz, the DLS logic will be favored because the impact of rise/fall
time even in the worst cases is very negligible.

A B Out
0 0 1
0 1 1
1 0 1
0.68 0‘18_ 1 1 0
(a) (b)

Figure 3.16: (a) DLS NAND gate, (b)Truth table for a two inputs NAND gate

The dimensions of the NAND gate have been designed in accordance with
those of the inverter’s in order to maintain equivalent delay times. In the PUN,
both PMOS transistors are sized the same as in the inverter given that there
is only one parallel combination of devices between Vdd and the output. On
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the other hand, for the PDN, as the two NMOS are in series, the on-resistance
would be doubled. To compensate for this, each NMOS transistor of the NAND
gate must have a (W/L) ratio twice as large as that of the inverter’s NMOS
[131]. PMOS and NMOS gates of the PUN and PDN thus have respective
sizes of (0.68 pm/0.18 pm) and (0.44 pm/0.18 pm). The diagram and truth
table of the NAND gate can be found in Figure 3.16.

3.3.5 ULP Comparator

Principle and dimensioning of the proposed comparator

The main requirements for the comparator in the relaxation oscillators are the
following;:

e The power budget should be reduced to the minimum, which is why we
propose the use of DLS inverters as described in what follows.

» As much as possible, the transistors should work in subthreshold.

* As much as possible, the references used for the comparison should be
the ones already available in the circuit, i.e. 200 mV and 1.6 V.

Other performances like sensitivity and offset are secondary for this com-
parator. This is why, contrary to previously published work [107] where a
classical OTA has been proposed, we propose the circuits presented in Figures
3.17 and 3.18. The first stage is composed of two common source circuits loaded
by a current mirror, all working in the subthreshold region. Let’s consider
Figure 3.17 to explain the principle. The first common source (transistor M5)
has its gate connected to the static reference V.. rn (200 mV), leading to a bias
current of Ip (580 pA) in this branch. The second common source created by
M6 has its gate connected to the same static reference V,.;ny plus a dynamic
input v. It creates a current Iy + g,,v with g,, the transconductance of M6.
Because V,¢¢n is well below Vipn (0.45 V) it places all transistors of the first
stage in the subthreshold region. Due to the current mirror (M7-M8) we have
an output current which is only the dynamic current g,,v going into the output
impedance of the first stage. And because all transistors are in subthreshold
and VDS > 0.1 V according to [132, 133], the term in VDS in expression 3.6
can be neglected, leading to a very high output impedance for this first stage.
In simulation, the output impedance has been measured always greater than
10 GS2. Consequently, the voltage voutyy which is equal to g, v.Roy is either
greater than 1.7 V or lower than 126 mV guaranteeing a good functioning for
the DLS inverter (according to Figure 3.14).

The transistors were dimensioned as displayed in Figures 3.17 and 3.18 and
several rules were taken into consideration for optimal sizing [115, 134]:
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» Transistor sizes are maximized to avoid mismatches, which are particu-
larly critical in weak inversion. This comes at the expense of a reduced
bandwidth which is fortunately not an issue below 100 Hz.

* To ensure that the bias point is in the appropriate region in subthreshold,
a larger length than width is essential. Consequently, M7 and M8 have
dimensions of 0.22 ym/ 10 pm.

* At low frequency, we are sensitive to flicker noise, which is inversely
proportional to WL [122]. The transistors thus need to have a very large
surface to minimize it by being after the corner frequency.

Vdd Vdd
MmN |7
0.22/0.18
M7 Mg
0.22/10 jl—4| 0.22/10 | Rout |<_* Mp|
I 0.68/0.18
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Figure 3.17: ULP NMOS comparator
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Figure 3.18: ULP PMOS comparator
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Performances

The performances of sensitivity, offset and power consumption have been eval-
uated thanks to a DC sweep simulation as recommended in [96] in typical case
and worse cases. The sensitivity, i.e. the minimum difference leading to a
change of state at the output comes from the first stage. It is calculated as
VDD/A, with A the gain of the first stage. Figure 3.19, resulting from a DC
sweep simulation, shows the maximum A obtained for both NMOS and PMOS
comparators. Figure 3.20 presents the transient simulation results for typical
and worst cases for both comparators when the input is a 10 Hz sine of 50 mV
amplitude, which is comparable to practical cases in the relaxation oscillator.
All performances are summarized in Table 3.1 and 3.2. As for the offset, there
is the one coming from the first stage, and the global offset. Despite its poor
sensitivity and offset performances compared to the state-of-the-art [135, 136],
the two comparators allow for a drastic reduction in power consumption while
offering a satisfying operating behavior. Here, the power consumption was
calculated considering the static current.
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Comparator for reshaping the H-Bridge commands

Figure 3.20: Transient simulation results
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In order to control the H-Bridge effectively, it is essential to convert the
command voltage range from [0-1.8] V to [0-6] V. This transformation is
achieved using the NMOS comparator. As such, adjustments have been made
to the transistor sizes, reducing them to be driven by the small power logic.

Bias current (/) | 1% st. offset | 1° st. sensitivity | Total offset | Static Power consumption
tm 580 pA 980 uv 2.5mV 1.7 mV 1.04 nW
wp 1.38 nA 880 uv 22mV 1.3 mV 2.48 nW
ws 235 pA 1.2mV 3mV 1.8 mV 423 pW
wo 1.4 nA 690 uv 2.1 mV 1 mV 2.52 nW
Wz 227 pA 1.44 mV 32mV 29 mV 409 pW

Table 3.1: NMOS comparator perfomances
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Bias current (/) | 1% st. offset | 1 st. sensitivity | Total offset | Static Power consumption
tm 227 pA -1.5mV 3mV 320 uv 408 pW
wp 577 pA -1.1 mV 2.5mV 70 uv 1.04 nW
ws 83 pA -22mV 4.4 mV 220 pv 149 pW
wo 82 pA -2.5mV 4.4 mV 500 uv 147 pW
Wz 2.49 nA -0.9 mV 2.6 mV 1.35 mV 9 nW

Table 3.2: PMOS comparator perfomances

3.3.6 Worst case analysis of the proposed ROSC

In the study of the proposed ROSC architecture, we conducted a process corner
analysis of the whole circuit, again considering five cases: typical, worst power,
worst speed, worst ones and worst zeroes. Figure 3.21 portrays the resulting
waveforms for an oscillation frequency of 15.3 Hz.
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Figure 3.21: ROSC worst case analysis waveforms
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The output demonstrates significant variation depending on the case. We
suspected the current sources to be the main issue as they are built using
a simple transistor. Moreover, the waveforms are good illustrations of the
influence of the current on the duty cycle and the frequency of the oscillator as
we have seen previously with equations 3.4 and 3.3: a higher (slower) frequency
for wp (ws) with a duty cycle similar to that of tm, and a less balanced duty
cycle and a lower frequency for both wo and wz.

To investigate whether the circuit’s sensitivity stemmed solely from the
current sources, we conducted a corner analysis using ideal current sources
and sinks. The corresponding waveforms are depicted in Figure 3.22.
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Figure 3.22: ROSC worst case analysis waveforms with ideal current sources

A slight delay can be observed at the start of the different cases, which
accumulates over the following periods, causing a progressive shift between
the two waveforms. Nonetheless the frequency and duty cycle of the oscillation
remain consistent across the cases.

Consequently, careful consideration should be put into the design of robust
current sources in further work to achieve a reliable relaxation oscillator circuit
for the system. For instance, in [28] Wong et al. briefly presented self-adjusted
current sources using large transistors as "constant leakage generators" in
addition to a leakage cancellation feedback, while [108] based his work on Hirose
et al.’s current generation method [132] to design temperature compensated
nanoscale current reference circuits. Another example is [133] where the circuit
of a curvature compensated current reference composed of two Complementary
to Absolute Temperature (CTAT) and a Proportional to Absolute Temperature
(PTAT) current generators is detailed.
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3.3.7 Control waveform generation

The control signals for the H-bridge, as illustrated in Figure 3.3, rely on two low
frequency signals, namely Phil’ and Phi2’, with one shifted by half a period.
To derive these signals from our relaxation oscillator, we used an XOR gate.
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Programmable
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Oscillator
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Cascode of NAND |_
for synchronization .
(b) Corresponding
(a) Block diagram of the control waveform generator waveforms

Figure 3.23: Control waveform generation

The XOR gate takes as input Qd, the oscillator’s output, and Q’, the output
with a frequency divided by 2. As such, we need oscillation frequencies twice as
fast as the ones targeted for the stimulation. For resynchronization purposes,
we added cascades of NAND gates used as inverters. We opted for NAND
gates as they are slightly slower, allowing for a reduction in the number of
components in the cascade. All the logic gates, including the XOR gate, and
the frequency divider use DLS components to limit the power consumption.
The block diagram of the entire control circuit, the corresponding waveforms,
along with diagrams of components constructed from DLS gates are depicted
in Figures 3.23 and 3.24.
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(a) D-Latch (b) XOR gate

Figure 3.24: Implementation of components using DLS gates

Control signal VA’ for switch SWA is obtained with a NAND gate using
Phil’, delayed and inverted, as shown in Figure 3.25. All three signals VA’
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Phil’ and Phi2’ then pass through a comparator to provide the command
VA, Phil and Phi2 with appropriate amplitude for the high voltage pulse
generator. Notably, Phil and Phi2 present a 90° phase shift, and VA, which is
synchronized with Phil, remains in a low state for a brief period (~10 ms) for
the PMOS switch to be on, charging the hold capacitor Cpgq.
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for delay (odd number) |

|

[ !

Phil'd Phil’d

I
|

Figure 3.25: VA control circuit diagram and waveform
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Figure 3.26: Simulated command signals for the H-bridge
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Figure 3.26 shows the waveforms issued from the command generator cir-
cuit. It displays Phil’ and Phi2’, as well as their non-overlapping high-voltage
counterparts Phil for switches P1 and N3, and Phi2 for switches P2 and
N4 of the H-bridge. The high voltage command Vy for switch SWA is also
represented. The worst case analysis for command signal Phil, considering
ideal current sources in the relaxation oscillator, is depicted on Figure 3.27.
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Figure 3.27: Phil’ worst case analysis waveforms with ideal current sources

The power consumption for the ROSC and control waveform circuit, esti-
mated from a transient simulation, is 1.8 pW.

3.4 Conclusion

In this chapter we detailed the different components of our integrated circuit
dedicated to providing a stimulation waveform for cardiac pacing in rats.
Supplied with 1.8 V| the circuit relies on an H-bridge commanded by signals
stemming from a programmable ultra-low power, low frequency relaxation
oscillator. This oscillator operates at variable frequencies between 15.3 and 23.8
Hz, about twice the pace of the cardiac frequencies aimed in our research, as
required to generate the proper commands. The oscillator’s design is optimized
for minimal power consumption, employing DLS logic components, an ULP
comparator, and current sources in the subthreshold region. Both the DLS
logic blocks and the proposed comparator exhibit high robustness and very low
power consumption within the frequency range of our application. This feature
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enables the proposed ROSC to maintain robustness against process variation,
provided further research and revisions are engaged in the conception of the
current references. Furthermore, an interface has been introduced between
the relaxation oscillator and the H-bridge to address any potential supply
mismatch concerns, while non-overlapping blocks have been incorporated to
prevent shoot-through occurrences in the stimulation associated with the H-
bridge commands.

The overall power consumption for the command signals generation totals
1.8 yW, and 100 pW for the H-bridge, allowing most of the current to be
directed toward the heart.

With the comprehensive review of these block’s design and analysis com-
pleted, the subsequent chapter will focus on the function of the voltage mul-
tiplier with the 15 kHz VCO, before presenting and analyzing the simulation
results and analysis of the entire circuit.
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Chapter 4

Global simulation results and
Discussion

4.1 Introduction

In the previous chapter, we outlined the various components comprising the
proposed stimulation circuit presented in Figure 3.1 and conducted an in-
depth evaluation of their individual performance. This chapter is dedicated
to presenting the simulation results obtained for the circuit as a whole after
describing the behaviour and performance of VCO-driven voltage multipliers
block. Furthermore, we will delve into analogous pacing circuits documented
in the literature, with a similar or comparable objective. This comparative
analysis will allow us to discern and appraise the strengths and weaknesses of
our circuit within the context of existing alternatives.

4.2 Voltage multipliers and control oscillator

In Chapter 2, we established that we need at least 30 pA to induce pacing
and that a 133 k2 resistance is a suitable model for the pacing load. Applying
Ohm’s law, it follows that a minimum stimulation amplitude of 4 V would
be necessary to ensure effective stimulation. Unfortunately, the low voltage
supply of 1.8 V is not sufficient to provide such amplitude as it is.

Level shifters are a recurrent and attractive option when considering higher
voltage supply in low power circuits [137, 138]. However their principle cen-
ters on translating signals from one voltage level to another, in systems with
multiple supply voltages, to ensure the compatibility among different blocks
of a system. Consequently, they require the presence of an already existing
higher voltage supply in the circuit, which diverges from the essence of our
requirements.
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As a result, we chose to rely on the use of a cascade of two voltage

multipliers (Figure 4.1) to meet our specific needs, as detailed in what follows

* One multiplier (A) will create the appropriate 6 V DC voltage for the
command signals of the H-bridge as well as for the second multiplier
which works with high voltage commands. In this case, a capacitive
load in the order of magnitude of 100 pF suffices to maintain the 6 V
while supplying all the low power digital gates. Additionally, this first
multiplier should be able to operate efficiently with 1.8 V commands.

The other multiplier (B), supplying the H-bridge, must have a capacitive
load of 1 pF to achieve the desired waveform during the capacitance
discharge through the H-bridge as stated in Section 3.2. It must also
have a very short rising time (~10 ms according to VA’s pulse duration)
to be able to reach about 6 V before each stimulation instance, as shown
in Figure 3.3.
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inverter |
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Figure 4.1: Cascade configuration of the VCO-driven voltage multipliers

4.2.1 Selected voltage multipliers

Voltage multipliers generate a high DC output voltage from a lower DC voltage
supply through the storage and transfer of accumulated charges across multiple
stages containing capacitors. As such, they are sometimes called charge pumps
and are particularly used in low power applications where high voltages are
needed despite a small Vdd [139, 140]. Dickon voltage multiplier (DVM) [141,
142, 143] are one of the most common charge pump topologies used in low
power systems.
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Figure 4.2: 3-stage Dickson voltage multiplier with diode-connected MOSFETSs and
the associated clock signals

The DVM [144], also known as the Dickson charge pump (DCP), operates
using a series of diode-capacitor stages arranged in a cascade configuration
connected to non-overlapping clocks (one for "odd" positioned capacitors, e.g
C1, C3, Cb, etc. and one for "even" capacitors, e.g. C2, C4, C6). The circuit
functions in the following manner. Let D; and C; denote the diode-connected
MOSFET and capacitor of the i*" stage. Ideally, when the clock signal clk
is at a low state, capacitor C1 charges up to Vin = Vdd through D1. As
clk transitions to a high state, the top plate of C1 rises to 2Vin. At this
point, D1 stops conducting while D2 is turned on (as signals clk and clk are
complementary). This allows capacitor C2 to get charged to 2Vdd. During
the next cycle, as clk returns to a low state, clk transitions to a high state,
leading to the charging of C3 to 3Vdd. As the clock signal cycles, this process
continues, transferring the charge up the chain of capacitors [145]. The final
output voltage is taken from the load capacitor (', last in the cascade, which
is connected to ground and not to a clock phase. It comes as a multiple of
the input voltage, and this factor is determined by the number of stages in the
multiplier. For example, a 3-stage Dickson multiplier as depicted in Figure 4.2
would result in an output voltage of four times the input voltage. If we take
into consideration the parasitic capacitances (Cp) that are formed at each stage,
the expression of the output voltage for an N-stage DVM can be formulated
with:

N
VearCi Iy,
it = - - 4.1
Vou = Vaa + ; (Ci +Cpi far(Ci + Cp) Wh) 1

Which, assuming all stages to be identical, can be simplified to :

Vout = Vaa + NAV 4.2)

3 — C I .
Wl.th AV = Vi 2 veni fczkgc“L+Cp) — Vi, the ﬂl.lctuatlon voltage at. each
pumping stage [146, 142|. Vi is the voltage amplitude of the clock signals,
which is supposedly equal to the supply voltage, C is the value of each pumping

capacitor, C), is the parasitic capacitance at each pumping node, Iz, is the

99



CHAPTER 4. GLOBAL SIMULATION RESULTS AND DISCUSSION

output current, f. is the clock frequency and V;j, the threshold voltage of the
NMOS.

AV = Vy, — Vi, = Vdd — Vi, if both C), and Iy, are sufficiently small and
C is chosen sufficiently large. The output voltage and efficiency of DVM thus
encounter limitations due to the threshold voltage and body effect coefficient,
especially when numerous pumping stages are involved. Still, as we are working
with low-V;, transistors and a supply of 1.8 V, the output voltage has not been
as significantly affected by this constraint.

The rise time can be expressed by [147]:

b= N? CLequn (N 4+ 1).Vdd — Vuut (0)

Cr (N +1).Vdd — Voul(tr)

where C7 = NC' is the total capacitance of the charge pump, T is the
period of the clock, and Crey = Cr, + % denotes the equivalent capacitance

4.3)

at the output node.

Here, we use a 4-stage DVM with diode-wired low-threshold voltage neli
transistors of size 4 1m/0.18 pm and each capacitor, including the load capa-
citor, has the same value C = 100 pF. This value is sufficient for supplying all
the digital gates as the current drain of these gates is extremely low, barely
discharging the capacitor.

To produce a stimulation of sufficient amplitude, the multiplier requires a
rise time of less than 10 ms with a 1 pF load capacitance. However, achieving
this requirement using the Dickson topology is not feasible, as per equation
4.3, as it would need 2.6 s.

Ve

Figure 4.3: Capacitive voltage multiplier

Consequently, we opted for the architecture illustrated in Figure 4.3 for
the second multiplier, which was notably used in [28, 138].
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It operates using two phases dictated by non-overlapping signals:

* Charging phase : Both pumping capacitors C1 and C2 are charged to
Vdd (clk = 1).

* Pumping phase : C1 and C2 form a series connection with the battery,
resulting in a voltage equal to 3Vdd, which is transferred to the storage
capacitor Cp, (clk = 1).

In contrast to the DVM controlled by 0 or 1.8 V signals, this capacitive
voltage multiplier employs high-level [0-6] V commands. The bulk of the ne3i
transistors are connected to ground while the bulk of the pe3i is connected to
Vout, the highest potential.

To implement these two multipliers, a total of 8 external capacitors are
required: 5 capacitors with a value of 100 pF for the DVM, 2 pumping capa-
citors of 10 pF for the capacitive multiplier, and one load capacitor of 1 uF to
be discharged into the H-bridge. For reference, table 4.1 indicates the sizes of
the corresponding capacitors that can be found on the market.

Capacitor value Size Manufacturer
100 pF 0.25 mm x 0.125 mm x 0.125 mm | Murata Manufacturing
1 uF 0.6 mm x 0.3 mm x 0.3 mm Taiyo Yuden
10 uF 1.6 mm x 0.8 mm X% 1.25 mm Murata Manufacturing

Table 4.1: External capacitor size chart

4.2.2 Multipliers with the kHz-range oscillator

The purpose of this kHz-range oscillator is to drive the two multipliers in order
to charge the capacitors in a sufficiently short period of time. Here, the primary
concern lies in power consumption rather than the accuracy of the oscillation
frequency. The only condition is to maintain a frequency above 4 kHz even in
the worst case to ensure the proper operation of the multipliers, meaning with
a sufficiently small rise time. Among the possible low power architectures for
this oscillator within this frequency range, the selected design is a subthreshold
current-starved VCO [148]. One particularity of the subthreshold oscillator lies
in its oscillations not being rail-to-rail nor symmetrical, thus necessitating a
reshaping inverter. To avoid an excess of power consumption, current-starved
inverters have been dimensioned for reshaping at both 1.8 V and 6 V as
presented in Figure 4.1. The subthreshold current-starved kHz-range oscillator
is presented in Figure 4.4. It is composed of three stages. The current sources
are in subthreshold thanks to the 200 mV reference and the transistors in the
middle have been sized with larger and longer dimensions to use their parasitic
capacitances to oscillate around 15 kHz.
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As presented in Figure 4.1, the operation of multiplier B depends entirely
on the output voltage obtained from multiplier A (V,;,14), which is used for
the reshaping inverter to create the commands for multiplier B. To verify the
viability of the configuration depicted in Figure 4.1, Figure 4.5 displays the
simulation results in the typical case (tm) for all signals: the output of the
VCO (outyco), the output of the 1.8V-reshaping inverter (outipn,1), the output
of the 6V-reshaping inverter (out;w6y) and the output of the two multipliers
Vinuiea and Vi g-

Vad
\j l |
W, M, Y

0.68/0.18 Mpg Mpg Mpo
0.68/0.18 0.68/0.18 0.68/0.18

Mpi Mp) E* Mp;

i 8/8 E 8/8 8/8
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MN1 M| My

8/8 L_> 8/8 8/8

°__|E 0230018 L{ Mo L“; o L{ he
-22/0. 4/0.18 4/0.18 4/0.18

VretN =200 mV

Figure 4.4: Current-starved subthreshold VCO

From this figure, it can observed that the reshaping to 6 V of the command
for multiplier B starts only after the reshaping inverter is correctly supplied
with 6 V, i.e. after 1 ms. Thereafter, once the reshaping begins, multiplier B
can function correctly.

The study of both multipliers A and B was conducted in all five analysis
scenarios, namely the nominal case and the four corners.

The oscillation frequency exhibits a strong dependence on threshold voltage
variation, varying from 7.2 kHz in ws to 129.8 kHz in wp, and is about 14.7
kHz in tm. Therefore, verifying the operation of the multipliers in each worst
case becomes crucial. Figure 4.6 shows the obtained simulation results. For
each worst case multiplier B presents a rise time of around 10 ms which is
compatible with our application. The complete configuration composed of the
VCO, its reshaping circuit and multiplier A, has an overall power consumption
of 9.9 pW.
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Figure 4.5: Signals from the Voltage Multipliers + VCO configuration
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Figure 4.6: Worst case simulation of Multipliers A and B in the common
configuration

4.3 Global simulation results

As highlighted in Chapter 3, the complete circuit has been designed with XFAB
0.18 pm CMOS technology and simulated using Cadence Virtuoso. The circuit
operates on a 1.8 V voltage supply and the pacemaker load was modeled to
align with our observations outlined in Chapter 2, utilizing a 133 k(2 resistance.

Figure 4.7 exhibits biphasic stimulation pulses along with the correspond-
ing current waveform produced by the proposed circuit obtained for a transient
noise analysis, with a noise bandwidth set to 100 kHz. While only the lowest
(6.8 Hz) and highest (10.1 Hz) frequencies are depicted for clarity, it is im-
portant to note that these waveforms can be obtained at various frequencies
based on the capacitor combination of the relaxation oscillator. Table 4.2
recapitulates the operable switch combinations along with the corresponding
capacitor values and pacing rates in Hertz and beats per minute.

The peak-to-peak amplitude measures 9 V, going from -5 V to 4 V. Ad-
ditionally, the current of every waveform exceeds 30 pA, meeting the required
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Figure 4.7: Stimulation waveform and current waveform at 6.8 and 10.1 Hz

threshold for effective stimulation. Figure 4.8 reports the power consumption
repartition for the stimulation circuit. Its overall power consumption totals
111.7 uW, of which 100 pW is consumed directly by the H-bridge for the
stimulation of the heart, which requires two pulses of at least 30 pA per wave
period, as established by the in vivo tests. The oscillator in the kHz range with
its reshaping and one of the multipliers consumes 9.9 1W. Finally, thanks to
the ultra-low power approach adopted in this design, the relaxation oscillator
and control synthesis assembly consume only 1.8 pW, i.e. 1.6 % of the total
stimulation circuit. A typical battery capacity in pacemakers ranges between
0.5 to 1.2 A.h [149]. If we consider a battery with a capacity of 1 A.h, we could
estimate the longevity of our "pacemaker" with continuous pacing to 16129.032
hours, which is almost two years, roughly the lifespan of a rat, which is fairly
good. Of course this estimation should be taken with a pinch of salt as it
only takes into account the stimulation circuit and a more complete system
would drain more current from the additional features. In addition, the power
consumption depends on the pacing parameters, i.e. the pacing amplitude and
the pacing rate.
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1.8 uW
9.9 MW_\ r

Total : 111,7 uW \100 uW
= Mult. B+ H-bridge = VCO + Mult. A = ROSC + commands

Figure 4.8: Power consumption repartition

S3S2S1 | Capacitor value (pF) | Frequency (Hz) | Frequency (bpm)
000 3.8 6.8 408
001 4.13 7.1 432
010 4.46 7.6 456
011 4.79 8 480
100 5.12 8.4 504
101 545 8.9 534
110 5.78 9.5 570
111 6.11 10.1 606

Table 4.2: Stimulation pulse rate according to the capacitor value

4.4 Position to the state of the art

To assess and situate the performances of this work, we propose to compare
it with integrated stimulation circuits found in the literature. While these
studies primarily emphasize other aspects of the pacemaker, specific elements
remain relevant for our comparative analysis. Table 4.3 summarizes the key
performance metrics of the different circuits. We focused on the stimulation
characteristics: type of stimulation, maximum amplitude, and pulse duration,
to evaluate the ranges over which circuits with similar purposes to our own
can operate. In addition, power consumption and external components are
essential to consider for implantability. Indeed, given the limited size and
capacity of the battery that can be used in small animal devices, low power
consumption allows for extended lifespan of the system. Although some studies
rely on batteryless devices, they have the disadvantage of requiring more
external components and additional apparel, limiting the scope of experiments.

Wirelessly powered devices, such as those referenced in [14, 31, 33|, ne-
cessitate at least two modules: a subcutaneous module and an external one.
The external module serves to power the device, allowing the subcutaneous
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module to operate without a large battery, resulting in a much smaller area,
which is practical for implantation. Nevertheless, the wireless transfer of power
and data imposes significant limitations on the study environment since both
modules must be in close proximity (a couple centimeters) for reliable communi-
cation and hence, stimulation delivery. Furthermore, the power consumption
stemming from this setup is notably high, typically within the mW range,
which is roughly a hundred times higher than our consumption despite us
generating a higher output voltage (but it is important to keep in mind that
their power consumption encompasses additional features outside stimulation
functionalities). In [33], the stimulation module receives intermittent bursts
of power from the external transmitter module. The received AC voltage is
rectified, causing a capacitor to charge and subsequently increase the output
voltage. The capacitor discharges when the transmitter stops transmission, de-
livering monophasic stimulation with a programmed pulse duration. However,
the electrodes require shorting to prevent tissue damage. In contrast, with
biphasic stimulation, the second phase enables the heart to return to a neutral
charge state, eliminating the need for electrode shortening and reducing the
risk of tissue damage.

In [14]’s study, a pacemaker model is introduced that incorporates the com-
bination of electrical and optogenetic stimulus, the latter offering the advantage
of targeting specific cells for stimulation. Still, optoelectronic elements need
important power to operate, which consequently impacts the overall power
consumption of the system. Among the compared circuits, [28]’s approach
is the most similar. It employs a capacitive voltage multiplier alongside a
high-voltage output DAC, enabling the delivery of a rectangular pulse with
customizable voltage and pulse width. Wong’s focus on optimizing his circuit
is apparent in the achieved power consumption, which amounts to 8 pW for a
2.8 V stimulation, yet he doesn’t give information on the power consumption
for his maximum amplitude stimulation. In addition, our pulse duration is
much longer to ensure the safety of the rat’s tissue, partially explaining why
we have a higher consumption.

Overall, the circuit described in this thesis shows its value over the current
literature when combining all previous points: it is able to deliver the highest
pulse voltage and a large frequency range fitted to our application, while con-
serving a relatively low power consumption. It is thus very well-suited to meet
the specific needs that studying PAH in small mammals entails. Indeed, having
large ranges of voltage and frequency allows to explore more comprehensively
the impact of cardiac frequency in PAH, and a very low power consumption
will allow for experiments to be conducted in the long term while using a small
battery that is well-fitted for the size of rats or mice.
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JSSCo04 TBioCasl1 Nature2017 Nature2019 TBioCas19 AICSP19 TBME22 This work
[28] [29] [30] [14] [31] [32] [33]
Process 0.5 pm 0.35 um - - 0.18 um 0.18 um 0.18 um HV 0.18 um
Stimulation type Voltage Voltage Voltage Voltage + Optical Voltage Voltage Voltage/Current Voltage
Max. pulse voltage 75V 32V 2V 22V 3.6V 3V 55V 9 Vpp
Stimulation frequency - 0.5-31.25Hz 1 Hz 5-10Hz - 100 Hz -100 kHz 1 Hz 6.8-10.1 Hz
Pulse duration 0.5 ms 0.63 - 1.94 ms 1 ms 250 ms 0.3 ms - 0.2- 1 ms 25-35 ms
Total power consumption 8 uW 48 yW 1 mW 6 mW 1w - 1 mW 111.7 yW
. Lead + Coil . Coil + LED + .
External components Leads + Capacitors - Lead + uLED + Antenna | Coil + LED + Cap. Crystal Capacitors

+ Batteries + Cap.

Resistor + Cap.

Table 4.3: Performance comparison
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4.5 Conclusion

This chapter marks the end of three years of work dedicated to designing an
integrated circuit for cardiac stimulation in small rodents serving research on
cardiovascular disease. The proposed circuit, supplied with 1.8 V, includes two
voltage multipliers in the form of a capacitive multiplier and a Dickson charge
pump. The first one assures the voltage supply for the charge and discharge
of the capacitance in the H-Bridge, while the latter is dedicated to the high-
voltage control signals. The stimulation circuit generates a biphasic stimulation
with an exponential discharge, having a peak-to-peak amplitude of 9 V and
a minimum current of 30 pA, meeting the requirements for reliable stimula-
tion according to our in vivo studies. The pulse frequency is programmable,
offering eight frequencies ranging between 6.8 and 10.1 Hz. The total power
consumption amounts to less than 112 pW, of which almost 90 % is dedicated
to the stimulation. This value aligns with those found in the literature and
could potentially be further reduced.
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Chapter 5

Conclusion

Pulmonary arterial hypertension (PAH), a rare and severe cardiovascular condi-
tion, poses considerable challenges in diagnosis and treatment. As cardiac
frequency seems to be highly involved in the progression of the disease, our re-
search strives to investigate heart rate modulation in cardiopulmonary physio-
logy to gain critical insights into PAH and expand the potential treatment
options. Understanding the specific role of heart rate in its progression neces-
sitates further exploration, and the most practicable method to pursue this
investigation involves the use of animal models, notably rats, owing to the
similarities in their cardiac systems to humans’ and their high reproductive
rate.

However, based on our current understanding, there isn’t any pharma-
ceutical compound known to exclusively increase cardiac frequency without
affecting other essential cardiac parameters. Thus, we shifted our focus to an
electrical approach employing an artificial cardiac pacemaker.

The lack of commercially available pacemakers tailored for small animals
highlights the importance of our exploration for an implantable cardiac stimu-
lating device that meets our research criteria. Developing such a system
presents hurdles, notably in achieving a compact size and meeting the ultra-
low power demands for implantation. The available literature on pacemakers
tends to be limited and guarded, with a sparse amount of comprehensive
information. Academic articles extensively discussing pacemakers are relatively
few in number, and patents related to this field often date back to earlier
years. This scarcity of detailed and openly available information can make it
challenging to access thorough and up-to-date resources concerning pacemaker
technology and advancements.

This thesis aspired to set out on the development of an integrated pace-
maker circuit, with an initial focus on the design of the pulse generator. Our
research led to the design and conception of an integrated stimulation circuit
capable of delivering a biphasic waveform at adjustable frequencies between
6.8 and 10.1 Hz, corresponding to beats of 408 to 606 bpm.
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In Chapter 1, we introduced fundamental contextual knowledge of the
functioning of the heart and pacemaker devices, to prepare for what follows.
We presented PAH, its symptoms, its causes, and more importantly its relation
to cardiac frequency, outlining the driving force behind the creation of a
pacemaker device tailored for rats. We elaborated on the circulatory system
of the heart, responsible for pumping the blood to the rest of the body, and
triggered and coordinated by the electrical activity. This activity derives from
the spontaneous depolarization of a specialized group of cells in the heart called
pacemaker cells, primarily located in the sinoatrial node (SA node), and often
referred to as the heart’s natural pacemaker. The SA node generates electrical
impulses which travel through a determined conducting pathway, ultimately
spreading across the heart’s lower chambers. As the impulses propagate, they
stimulate the heart muscle cells to contract and relax in a synchronized manner,
facilitating the rhythmic beating of the heart. Naturally, we then detailed the
general architecture and function of an artificial cardiac pacemaker, primarly
used to operate the electrical activity when the heart is impaired. We went
on covering the advent of leadless cardiac pacemakers, a promising alterna-
tive, bypassing potential complications linked to traditional pacemakers, most
commonly involving leads or implantation. This innovation, along with the
emergence of wireless and battery-free multimodal pacemakers, highlight the
ongoing pursuit of more efficient, minimally invasive, and enduring pacing
solutions.

While numerous aspects require attention, one pivotal element lies in speci-
fying the stimulation waveform, which serves as the core function of a cardiac
pacemaker. This parameter significantly influences battery consumption, un-
derscoring the necessity to strike a delicate balance between effeciency and
power preservation. In Chapter 2, we thus elaborated on various parame-
ters essential for defining the stimulation waveform, offering a comprehensive
specification guide. Our approach began with a comprehensive overview of
load models and stimulation waveforms commonly utilized in the development
of human pacemakers. This foundational understanding enabled us to consider
diverse waveforms. Based on two in vivo experiments conducted on rats with
the collaboration of the INSERM, we demonstrated and confirmed the validity
of the chosen waveform using an FPGA prototype. The proposed stimulation
takes the form of a biphasic impulse, with a truncated exponential discharge
and pulse durations ranging from 100 ms to 150 ms, corresponding to the upper
limit within the physiological range and extends into the hyperphysiological
range of heart rates in rats. We also identified a minimum current of 30 pA
for an efficient stimulation and an equivalent pacemaker load model embodied
by a 133 k2 resistance.

Following the waveform specification, Chapter 3 detailed the design process
and analysis of the proposed stimulation IC, with a focus placed on each
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component. As a whole, the circuit, powered by 1.8 V, incorporates two voltage
multipliers driven by a 15 kHz VCO: a capacitive multiplier and a Dickson
charge pump. The capacitive multiplier ensures a sufficient voltage supply
discharging in the H-Bridge for an effective stimulation, while the Dickson
charge pump manages the high-voltage command signals. An essential com-
ponent for generating the signals that control the H-bridge is a programmable
ultra-low power, low frequency relaxation oscillator. Operating at variable
frequencies between 15.3 and 23.8 Hz, the proposed ROSC consists of DLS
logic components, highly minimizing the leakage current in said components,
an ULP comparator, and current sources in the subthreshold region. Within
the frequency range of our application, both the DLS logic blocks and the
ULP comparator demonstrate notable robustness, which allows the proposed
ROSC to uphold its robustness against process variations. Regarding the power
consumption of the sub-blocks, 100 pW is consumed directly by the H-bridge
and multiplier B for the stimulation of the heart, 9.9 ptW for the VCO with its
reshaping circuit and multiplier A, and only 1.8 pW for the relaxation oscillator
and control synthesis assembly thanks to the ultra-low power approach adopted
in its design. This ensures that the majority of the current is channeled toward
cardiac stimulation. The number of external components in our architecture
may raise concerns regarding the size of the device. However, considering the
dimensions of existing capacitors available in the market, our circuit should
maintain a reasonable size for potential implantation in future works.

Finally, the developed circuit generates a biphasic stimulation with an
exponential discharge, delivering a peak-to-peak amplitude of 9 V and ensuring
a minimum current of 30 pA, meeting the criteria established for reliable
stimulation based on our studies. It offers programmable pulse frequencies,
encompassing a range of eight frequencies varying between 6.8 and 10.1 Hz.
The entire stimulation circuit consumes less than 112 nW, which is comparable
to circuits in the literature.

Perspectives

This work marks a first step toward a large series of research studies spread
over multiple fields, and more extensive work obviously remains essential to
develop a fully customized device. For instance, exploring battery management
and establishing communication between the device and an external control
station, enabling doctors to monitor pacemaker status or adjust parameters,
are areas for investigation. However, these aspects fall outside our area of
expertise.

For our part, a first area for improvement concerns, as we have seen in
Chapter 3, the current sources of the ROSC, to ensure a robust system for the
key component. Several studies on ULP nanoscale range current references
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with low process sensitivity exists in the literature and an in-depth study
deserves to be undertaken given the critical aspect that these sources have
on the functioning of the oscillator. We have already started the conception
of a circuit based on [108] PTAT current source. Furthermore, as of now,
we are still using ideal voltage sources for the voltage references used in the
simulations. Therefore, it is necessary to design the circuit for establishing the
appropriate voltage references.

Despite completing the layout and post-layout simulation of various blocks,
particularly the DLS components, we have yet to undertake the layout process
for the entire circuit and perform its post-layout analysis. These simulations,
incorporating parasitic capacitors, are essential for obtaining a more accurate
depiction of the circuit’s behavior and performance. Additionally, they will
offer insights into the overall surface area occupied by the circuit.

Since the study was limited to acute testing, it was not possible to assess
the long-term effects of the proposed stimulation. Longer experiments are
already envisaged using the aforementioned FPGA prototype while waiting for
a first version of the IC chip. From a medical point of view, these tests will
allow to draw initial conclusions on the influence of heart rate on a rat model
of PAH. From an electronic point of view, it will enable to test and improve
(and consider new) features of the circuit. The library of ultra-low power logic
gates developed as part of this thesis also opens the way for implementing
complementary digital algorithms for the pacemaker or for other slow ULP
digital processing applications. For instance, this could include heart rate
detection on an integrated ECG (IECG) to verify that the rat’s heart beats at
the expected rate. An amplitude adaptive circuit could also be worth exploring.
Adjusting the stimulation’s strength based on real-time physiological changes
within the body, would ensure that the stimulation remains effective and safe
for each individual, preventing over- or understimulation.

The potential use of such a small stimulation device could be extended,
not only to other laboratory animals but also to pets. Additionally, to another
extent, it holds promise for addressing the needs of newborn babies, who still
face significant challenges in finding suitable devices.

Publication
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