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Abstract

The development of intelligent systems for automotive applications requires high-
precision sensors to capture dynamic environments. The race to fully autonomous
vehicles has already started, and multi-sensor fusion is foreseen as the ultimate so-
lution for high performance environment perception. Light Detection And Ranging
(LIDAR) produces high-resolution 3D point clouds that complement and overcome
the limitations of cameras and RADAR systems. Frequency-Modulated Continuous
Wave (FMCW) LIDAR offers several advantages over other LIDAR architectures,
including velocity information of the object, higher sensitivity, and background im-
munity due to coherent detection. Nevertheless, today’s commercial LIDARs are
bulky and prone to mechanical failure, preventing their mass deployment in em-
bedded systems where high level of parallelism is needed. Hence, the integration of
LIDAR on mass producible photonic chip is highly desirable. Interestingly, the data
communication industry has pursued the same objective over the past decades. By
leveraging the mature CMOS supply chain, optical fibered components have been
shrunk down to produce silicon photonics integrated transceivers. However, LIDAR
and transceiver architectures require laser sources and amplifiers, but silicon is not
an efficient gain medium. On the contrary, III-V compound materials are known for
producing very efficient laser sources and semiconductor optical amplifiers (SOA).
The objectives of this work are to investigate the benefits and challenges related to
the integration of a FMCW LIDAR system on I1I-V/Si chip.

The approach is based on three phases: FMCW LIDAR system modelization, de-
sign/layout of components and circuits, and performance verification through char-
acterization.

First, I present an overview of LIDAR architectures, performance metrics and
scanning methods with a comparison between Optical Phased Array (OPA) and Fo-
cal Plane Switch Array (FPSA). I also describe the chip-scale integration of FMCW
LIDAR systems to improve the footprint and the power consumption. This part
highlights the interest of FMCW LIDAR for automotive LIDAR applications and
the key differentiator of the III-V/Si integration platform. A set of automotive LI-
DAR specifications is finally presented. Based on these considerations, a numerical
model is provided to link the FMCW LIDAR system performances with the silicon
photonic component specifications. I also show through simulations that the range
and velocity estimation algorithm can be modified to detect targets beyond the laser
coherence length with a good precision. Then, a set of FMCW LIDAR building
blocks (balanced photodiodes, 90° optical hybrid, tunable laser, DBR laser, SOA,
IQ modulator and thermo-optic switching element) were prototyped and character-
ized. 1 also present the realization of a single transmitter/receiver FMCW LIDAR
tile comprising a coherent receiver and a I1I-V/Si SOA operating in a tempera-
ture range between 20-60 °C. Besides, the FMCW LIDAR source was investigated
through linewidth and chirp linearity measurements. Then, a small-scale FPSA
beam scanning unit was realized to assess the switch performances. Finally, I share
the perspectives to build an integrated FMCW LIDAR demonstrator for automotive
applications.

Keywords: FMCW LIDAR, I1I-V/Si, silicon photonics, linewidth, coherent re-
ceiver, beam-scanning, semiconductor optical amplifier, tunable laser, photodiodes,
frequency modulation, linearity, IQ modulator.
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Résumé

Le développement de systemes intelligents pour les applications automobiles
nécessite des capteurs de haute précision pour détecter des environnements dy-
namiques. La course aux véhicules autonomes a déja commencé, et la fusion de
données multicapteurs est considérée comme la solution ultime pour une perception
performante de l’environnement. Le LIDAR (Light Detection And Ranging) pro-
duit des nuages de points 3D a haute résolution qui completent et surmontent les
limites auxquelles les caméras et les systemes RADAR font face. Le LIDAR FMCW
offre plusieurs avantages par rapport aux autres architectures LIDAR, dont des in-
formations sur la vitesse de 'objet, une plus grande sensibilité et une immunité au
bruit de fond grace a une détection cohérente. Néanmoins, les LIDAR commerciaux
actuels sont encombrants et sujets a des défaillances mécaniques, ce qui empéche leur
déploiement massif dans les systemes embarqués ou un haut niveau de parallélisme
est nécessaire. Par conséquent, 'intégration du LIDAR sur une puce photonique
pouvant étre produite en masse est hautement souhaitable. Il est intéressant de
noter que l'industrie des communications de données a poursuivi le méme objectif
au cours des dernieres décennies. En tirant parti d’une industrie CMOS mature, les
composants a fibres optiques ont été réduits en taille pour produire des circuits op-
tiques intégrés en photonique sur silicium. Cependant, les architectures LIDAR et les
circuits optiques nécessitent des sources laser et des amplificateurs, mais le silicium
n’est pas un milieu a gain favorable. A linverse, les matériaux III-V sont connus
pour produire des sources laser et des amplificateurs optiques a semi-conducteurs
(SOA) tres efficaces. Les objectifs de ce travail sont d’étudier les bénéfices et les
défis liés a l'intégration d’un systeme LIDAR FMCW sur une puce I1I-V/Si.

L’approche suivie est basée sur trois phases : la modélisation du systeme LI-
DAR FMCW, la conception/layout des composants et circuits, et la vérification des
performances par la caractérisation.

Tout d’abord, nous présentons une vue d’ensemble des architectures LIDAR, des
mesures de performance et des méthodes de balayage avec une comparaison entre
le réseau optique a commande de phase (OPA) et le réseau a commutation situé
dans le plan focal (FPSA). L'intégration sur puce des systemes LIDAR FMCW est
ensuite présentée, dans le but d’améliorer leur encombrement et leur consommation
énergétique. Cette partie souligne I'intérét du LIDAR FMCW pour les applications
LIDAR automobiles ainsi que le différentiateur clé de la plateforme d’intégration
III-V/Si. Un ensemble de spécifications pour un LIDAR automobile est finalement
présenté. Sur la base de ces considérations, un modele numérique a été réalisé afin
de relier les performances du systeme LIDAR FMCW aux spécifications des com-
posants photoniques en silicium. Il est ensuite démontré par des simulations que
I’algorithme d’estimation de distance et vitesse peut étre modifié pour détecter des
cibles au-dela de la longueur de cohérence avec une bonne précision. Par la suite,
un ensemble de blocs consitutifs du LIDAR FMCW (photodiodes équilibrées, hy-
bride optique 90°, laser accordable, laser DBR, SOA, modulateur 1Q) et élément de
commutation thermo-optique) ont été prototypés sur la plateforme I11-V /Si puis car-
actérisés. Ainsi, nous avons réalisé une tuile LIDAR FMCW & émetteur/récepteur
unique comprenant un récepteur cohérent et une SOA II1-V/Si fonctionnant dans
une plage de température comprise entre 20 et 60 °C. Par ailleurs, apres une étude
de la source LIDAR FMCW, des mesures de largeur de raie et de linéarité du chirp
sont présentées. Une unité de balayage de faisceau FPSA a également été réalisée
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pour évaluer les performances du commutateur. Enfin, les perspectives pour con-
struire un démonstrateur LIDAR FMCW intégré pour des applications automobiles
sont partagées.

Mots-clés: LIDAR FMCW, III-V/Si, photonique silicium, largeur de raie,
récepteur cohérent, balayage de faisceau, amplificateur optique a semiconducteurs,
laser accordable, photodiodes, modulation de fréquence, linéarité, modulateur 1Q.
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Résumé substantiel

Le développement de systemes intelligents pour les applications automobiles
nécessite des capteurs de haute précision pour capter des environnements dynamiques.
La course aux véhicules entierement autonomes a déja commencé, et la fusion de
données multicapteurs est considérée comme la solution ultime pour une percep-
tion performante de l'environnement. Le LIDAR (Light Detection And Ranging)
est un systeme d’imagerie 3D produisant des nuages de points a haute résolution.
Le systeme LIDAR complete et surmonte les limites auxquelles les caméras et les
systemes RADAR font face. Parmi les architectures LIDAR, le LIDAR a onde con-
tinue modulée en fréquence (FMCW) offre plusieurs avantages incluant la mesure de
la vitesse de I'objet, une plus grande sensibilité et une immunité au bruit ambient
grace a une détection cohérente. Néanmoins, les LIDAR commerciaux actuels sont
encombrants et sujets a des défaillances mécaniques, ce qui empéche leur déploiement
massif dans les systéemes embarqués ot un haut niveau d’intégration est nécessaire.
Par conséquent, I'intégration du LIDAR sur une puce photonique pouvant étre pro-
duite en masse est hautement souhaitable. Il est intéressant de noter que I'industrie
des communications de données a poursuivi le méme objectif au cours des dernieres
décennies. En tirant parti d’une industrie CMOS mature, les composants a fibres
optiques ont été réduits en taille pour produire des circuits optiques intégrés en
photonique sur silicium (Si). Cependant, les architectures LIDAR et les circuits
optiques nécessitent des sources laser et des amplificateurs, mais le silicium n’est
pas un milieu a gain favorable. A l'inverse, les matériaux I1I-V sont connus pour
produire des sources laser et des amplificateurs optiques a semi-conducteurs (SOA)
tres efficaces. Cette dissertation de these étudie les défis liés a l'intégration d'un
systeme LIDAR FMCW sur une puce III-V/Si. Notre approche pour répondre a ce
probleme est basée sur trois phases : la modélisation du systeme LIDAR FMCW,
la conception/layout des composants et circuits et la vérification des performances
par la caractérisation.

Dans un premier temps, nous présentons le principe de fonctionnement ainsi
qu'une vue d’ensemble des architectures LIDAR. Nous montrons en particulier
lintérét de 'approche LIDAR FMCW par rapport aux LIDAR a temps de vol direct
ou indirect, dans le contexte des applications automobiles. L’architecture LIDAR
FMCW est prometteuse pour les applications de détection 3D de haute précision.
Elle fournit une estimation de la vitesse, I'immunité face au bruit de fond et une
sensibilité élevée, ce qui la rend adaptée a la détection a longue distance. Par la
suite, nous présentons des métriques de performance pour un systeme LIDAR, telles
que la résolution, la précision, le champ de vue, le nombre d’images par seconde
capturées par le LIDAR et la distance d’opération. Nous discutons le choix de la
longueur d’onde d’émission et des conséquences sur la sécurité pour 1’ceil humain.
Suite a cela, les différentes méthodes d’illumination sont présentées, en différentiant
les techniques comprenant ou non un balayage de faisceau. Le balayage de faisceau
permet d’atteindre une plus longue portée de cible car la puissance optique est con-
centrée sur un point. Les solutions de balayage de faisceaux intégrées sur puce sont
préférées aux solutions mécaniques en raison de leur faible consommation d’énergie,
de leur faible encombrement et de leur bonne fiablilité. Nous comparons de maniere
quantitative deux solutions intégrées, a savoir le réseau optique a commande de
phase (OPA) et le réseau a commutation situé dans le plan focal (FPSA). Notre
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choix d’investiguer le FPSA est basé sur des observations en termes de consomma-
tion d’énergie, de diaphonie et de complexité. Enfin, nous discutons de l'intégration
a I’échelle de la puce des systemes LIDAR FMCW afin d’améliorer I’encombrement,
le poids et la consommation d’énergie. La plateforme d’intégration “Backside on
Box” developpée par Scintil Photonics est présentée et son procédé de fabrication
est décrit. L’intégration de matériaux III-V sur Si avec le silicium (Si), le nitrure de
silicium (SiN) et le germanium (Ge) est un facteur de différenciation qui permet la
fabrication de composants et de circuits a la pointe de la technologie sur une méme
puce.

Cette partie souligne l'intérét du LIDAR FMCW pour les applications LIDAR
automobiles et met en avant les avantages de la plateforme d’intégration I1I-V/Si.
Un ensemble de spécifications a I’échelle d'un systeme LIDAR FMCW pour I'automobile
est finalement présenté. La partie suivante consiste a modéliser le systeme LIDAR
FMCW pour en déduire des spécifications pour les composants photoniques corre-
spondants.

Sur la base de ces considérations, nous décrivons ensuite les blocs constitutifs
d’un LIDAR FMCW. Ce dernier est composé :
e d’une source émettant un signal modulé en rampe de fréquence dans l'infrarouge
e d’un module d’illumination pour transmettre le signal et de collection pour re-
cevoir le signal réfléchi
e d’un récepteur cohérent pour démoduler le signal requ (RX) par mélange avec un
oscillateur local (LO) de référence
e d’un module électronique pour réaliser le controle et le traitement des signaux.

Du point de vue du systeme, chacun de ces éléments est responsable des pertes
et/ou contribue au bruit total. Ainsi, nous proposons dans cette partie de con-
struire un modele de bruit et d’effectuer un budget de puissance afin de quantifier
les métriques de performances et d’identifier les limitations d’un systeme LIDAR
FMCW. Pour débuter, la théorie décrivant le récepteur cohérent est présentée. Ce
type de récepteur est constitué d’'un mélangeur suivi de photodiodes. Le mélangeur
peut étre réalisée avec un coupleur 3 dB ou avec un hybride 90° aussi appelé
démodulateur 1Q. Cette deuxieme option permet d’extraire les composantes en
phase (I) et en quadrature (Q) du signal et de résoudre I'ambiguité de détection
de cibles fantomes. Pour la photodétéction, deux photodiodes connectées en série
sont utilisées afin de former un photodétecteur équilibré. Sous le méme éclairage,
si les photodiodes sont identiques, les photocourants produits sont égaux et le
photodétecteur balancé permet d’annuler la composante continue provenant de la
détection du signal et d’annuler aussi la contribution en bruit d’intensité provenant
de la source. Par la suite, les formes d’onde utilisées pour moduler la source d’un
LIDAR FMCW sont présentées. Deux options sont possibles : les formes d’onde en
dents de scie ou en triangle. La premiere option permet ’estimation de la distance a
la cible. La modulation triangulaire permet d’estimer la distance ainsi que la vitesse
de la cible via l'effet Doppler. Pour les deux méthodes, la distance a la cible (et
sa vitesse pour une modulation triangulaire) est extraite a partir de la valeur de
la fréquence du signal produit par la détection cohérente entre les signaux LO et
RX. Une transformée de Fourier est donc appliquée a ce signal temporel en sortie
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de la photodiode. La fréquence de ce signal est ensuite estimée a partir du spectre
fréquentiel et la distance de la cible (et sa vitesse) est obtenue. Ce principe est
illustré sur la Fig. 1. La bande passante électrique du récepteur est dimensionnée de
sorte a détecter les fréquences qui correspondent aux distances et vitesse maximales
de cibles déterminées par les spécifications.

Nous fournissons ensuite un modele numérique permettant de relier les perfor-
mances du systeme LIDAR FMCW aux spécifications des composants photoniques
sur silicium. Pour ce modele, nous avons considéré une brique élémentaire LIDAR
FMCW composée d'un seul transmetteur (TX) et d'un seul récepteur (RX).

.
>

Laser frequency

FFT amplitude

>
(&)
S T —
3 - %
8 i H + t >
<= "." fmin fmax Frequency
I H
Q
m -
Time

Figure 1: Principe du LIDAR FMCW utilisant une forme d’onde triangulaire. FFT
. transformée de Fourier rapide.

Afin d’établir le budget de puissance de cette architecture LIDAR, FMCW, les
pertes en espace libre sont exprimées en utilisant une forme simplifiée de 1’équation
LIDAR. La plus grande contribution a ces pertes est liée a la propagation dans I'air
entre un LIDAR intégré ayant une ouverture de quelques cm? et une cible située a
plusieurs centaines de metres. Pour assurer une puissance transmise suffisante, nous
proposons d’ajouter un amplificateur optique a semiconducteur dans le chemin de
transmission du LIDAR FMCW, comme décrit sur la Fig. 2.
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Figure 2: Architectures LIDAR FMCW avec un amplificateur optique a semi-
conducteurs (SOA). 90/10 : diviseur 90%-10% ; BPD : photodiodes équilibrées.

Les contributions en bruit du systeme sont le bruit de grenaille, le bruit de
phase du laser, le bruit d’amplification, le RIN, le bruit thermique, le bruit de
quantification de PADC et la puissance équivalente de bruit (NEP) du TIA. Apres
avoir décrit et validé le modele de bruit de phase du laser par simulations de Monte
Carlo, nous avons évalué I'influence du bruit de phase du laser sur le photocourant
détecté. Pour les cibles situées au-dela de la longueur de cohérence, le signal de
loscillateur local (LO) et le signal re¢u (RX) sont fortement décorrélés. Le spectre du
photocourant est alors modifié et passe d’une allure en sinus cardinal pour des cibles
situées avant la longueur de cohérence, a une allure Lorentzienne pour des cibles au-
dela de la longueur de cohérence. Nous avons ensuite simulé le rapport signal sur
bruit (RSB) incluant toutes ces sources de bruits pour différentes distances de cible
et en fonction de la largeur de raie du laser, de la période de mesure, du diametre
d’ouverture du récepteur ainsi que pour différentes conditions environnementales.
Nous montrons également par des simulations Monte Carlo sur le bruit de fréquence,
que l'algorithme d’estimation de distance et vitesse peut étre modifié pour détecter
des cibles au-dela de la longueur de cohérence avec une bonne précision.

Nous concluons cette partie par un ensemble de spécifications sur les composants
photoniques en lien avec les simulations effectuées. Ces spécifications de composants
sont utilisées dans le chapitre suivant, ou nous décrivons la réalisation et la car-
actérisation des composants et circuits LIDAR FMCW basés sur la technologie
Scintil en photonique silicium.

Par la suite, nous introduisons les différentes étapes nécessaires a la réalisation
de puces photoniques. Durant cette these, j'ai principalement été investi dans les
étapes de conception de masques de fabrication de composants et circuits, et de
caractérisation a I’échelle de puces/plaques ou boitier.

Le Tab. 1 donne un apercu des modules LIDAR FMCW qui ont été réalisés.
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Blocs LIDAR Nom Composants testés Boitier or
plaque/puce
Récepteur cohérent brique LIDAR, FMCW GC; MMI; hybride plaque/puce
et SOA 90°; PD; SOA
Laser accordable Anneaux résonants boitier
Source et modulateur ; GC
Laser DBR GC; Laser DBR plaque/puce
Modulateur IQ avec SOA; Modulateur boitier
SOA 1Q; GC
Balayage FPSA a 4 émetteurs déphaseur plaque/puce
thermo-optique ;
GC

Table 1: Apercu des éléments constitutifs du LIDAR FMCW. GC : coupleur sur-
facique de réseau ; MMI : coupleur d’interférence multimode ; PD : photodiode ;
SOA : amplificateur optique a semiconducteurs ; DBR : réseau de Bragg distribué.

Nous présentons d’abord la structure et la caractérisation d’une brique LIDAR
FMCW a émetteur /récepteur unique comprenant un récepteur cohérent et un SOA
en I1I-V/Si. La mesure des coupleurs surfaciques, des coupleurs/diviseurs MMI et
de T'hybride optique 90° est effectué sur plusieurs puces afin d’obtenir des résultats
statistiques sur ces composants a I’échelle d’une plaque de Silicium. Les photodiodes
Ge sont également caractérisées en termes de responsivité et de courant d’obscurité
pour différentes tensions d’alimentation de la photodiode. Les résultats de mesure du
récepteur cohérent répondent aux spécifications de la norme IC-TROSA et sont en
accord avec 1’état de 'art. Nous présentons ensuite les mesures sur 'amplificateur
optique & semiconducteur (SOA) en III-V/Si. Celui-ci fournit une amplification
sur puce dans la bande C et peut fonctionner a des températures comprises en-
tre 20°C et 60°C. Une figure de bruit (NF) de 13 dB est mesurée pour ce SOA.
Nous décrivons ensuite une campagne de mesures sur un laser accordable pouvant
étre utilisé comme source pour le LIDAR FMCW. Ce laser est constitué d'un SOA
et d’une cavité formée par deux anneaux accordables en longueurs d’onde. Une
premiere caractérisation de l'accordabilité des anneaux permet de quantifier la con-
sommation électrique des sections d’accord en longueurs d’onde des anneaux, ainsi
que la forme spectrale des filtres optiques constitués par les anneaux résonnants.
Nous démontrons ensuite une accordabilité sur ’ensemble de la bande C avec un
rapport de suppression du mode latéral (Side Mode Suppression Ratio) supérieur
a 35 dB. Enfin, nous décrivons la mesure de largeur de raie du laser accordable
en utilisant la technique d’interférométrie auto-hétérodyne retardée. Une largeur
de raie intrinseque de 184 kHz est mesurée. Cependant, la raie laser observée a
I’analyseur de spectre optique montre la présence de pics latéraux polluant le pic
principal. Cela peut s’expliquer par la présence d’auto-injection dans la cavité laser
en raison de réflexions a l'intérieur de la cavité.

Une seconde option de laser a été évaluée : un laser DBR. Nous présentons la
caractérisation électro-optique du laser. Cependant, un comportement multimode
est observé lorsque le courant d’injection augmente.

Concernant la modulation de fréquence, nous avons réalisé une mesure de linéarité
des rampes de fréquences générées par un modulateur 1Q suivi d’'un SOA en I1I-V /Si.
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La non-linéarité des rampes de modulation a pour effet d’élargir le spectre du signal
détecté, ce qui dégrade le rapport signal/bruit et la résolution du LIDAR. Nous
mesurons une distorsion liée & la non-lindarité de 1.8% en considérant la portion
5-95% de la période de modulation. Sur la base de cette modulation, des mesures de
distance de fibres (2 to 18 m) ont également été effectuées, permettant de confirmer
la linéarité suffisante des rampes de fréquences optiques générées par le modulateur

1Q).

Ensuite, une unité de balayage de faisceau (FPSA) a été réalisée pour évaluer
les performances du commutateur. Celle-ci comprend 3 commutateurs basés sur des
interférometres de Mach-Zehnder (MZI) thermo-optiques permettant d’adresser 4
émetteurs. Des sorties optiques et des photodiodes Ge intégrées sur la puce perme-
ttent de controler 1’évolution du signal optique lors de sa propagation dans le cir-
cuit. Nous présentons d’abord la caractérisation électrique des déphaseurs thermo-
optiques ainsi que les pertes optiques induites par un commutateur. Par la suite, la
mesure de diaphonie, de stabilité en puissance et de temps de réponse du commuta-
teur sont réalisées. D’apres nos mesures, le commutateur présente une faible perte
d’insertion (<0.6dB). En termes de puissance électrique consommée, 27 mW sont
nécessaires pour commuter le signal optique dans I'une des deux sorties. La dia-
phonie entre les émetteurs est inférieure a -15 dB et peut étre améliorée en ajoutant
des SOA sur chaque sortie optique. En revanche, ces commutateurs sont limités a
des vitesses de montée/descente de I'ordre de 62.5 kHz, ce qui pourrait étre limitant
pour atteindre les vitesses de balayage requises par un LIDAR automobile.

L’intégration des matériaux III-V avec le Si, le SiN et le Ge est bénéfique pour
la réalisation d’'un LIDAR FMCW sur puce. En effet, les sources laser intégrées
présentant une faible largeur de raie peuvent étre modulées en rampe linéaire de
fréquence en utilisant un modulateur 1Q en Si. Un SOA en III-V/Si peut étre
utilisé pour compenser les pertes du circuit, assurant une puissance élevée du signal
transmis. Enfin, le récepteur cohérent peut étre intégré sur puce. Celui-ci inclut un
hybride optique 90° et des photodiodes Ge permettant de générer le signal contenant
les informations de distance et de vitesse de la cible.

Enfin, nous concluons ce travail en apportant une réponse a la problématique
d’intégration du systeme LIDAR FMCW. L’intégration des éléments constitutifs
d’un LIDAR FMCW sur puce I1I-V/Si apporte de nombreux avantages en termes de
réduction de la consommation d’énergie, de '’encombrement, des pertes de couplage,
et des risque de défaillance mécanique. Nous partageons également des perspectives
pour compléter ce travail en vue de construire un démonstrateur LIDAR FMCW
intégré pour des applications automobiles.
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Chapter 1

Introduction

Motivated by the increasing demand for intelligent and autonomous systems, per-
ceiving the environment with high precision has become a necessity. Researchers
have been working for years on technologies that reproduce and enhance the five
human senses to get rid of alienating labour and mitigate human risks. For in-
stance, the democratization of imaging systems is an excellent substitute to the
human sight in many applications. The automotive industry has been massively
investing in advanced driver assistance systems (ADAS) to mitigate the risk of hu-
man error in vehicles and improve traffic jams in urban areas. In 2019, the National
Highway Traffic Safety Administration (NHTSA) reported 36,096 american deaths
due to automotive accident with 94% due to human error [1]. Today, recent cars
are equipped with ADAS systems such as blind spot sensors, rearview cameras, lane
departure warning systems, adaptive cruise control or automatic parking systems.
To quantify the degree of human intervention in the driving task, the Society of
Automotive Engineers (SAE) has edited 6 levels of driving automation as shown in
Fig. 1.1.

Level 5 is the ultimate objective, as the vehicle would be completely autonomous
under all conditions without any driver intervention. The race to level 5 full au-
tomation is ongoing and the development of high precision sensors will be a key
enabler to reach this goal. A fully autonomous vehicle should detect and identify
targets in real-time in order to predict their actions. To do so, the XYZ spatial
data of surrounding targets are essential. Depth perception (Z) has been mastered
with stereo vision cameras or detection and ranging systems [2]. Stereo vision is
based on the human binocular vision, as it makes use of two cameras that takes
the same image from different positions. The depth information (Z) is computed by
comparing the location of the two images, resulting in a disparity map [3][4]. Stereo
vision camera is a low cost solution but it has some limitations such as long com-
putation time, poor resolution at long distances and can be blinded by sun glare,
rain, fog and snow conditions. On the other hand, SOund Navigation And Rang-
ing (SONAR), Radio Detection And Ranging (RADAR) and Light Detection And
Ranging (LIDAR) emit acoustic-waves, micro-waves and light-waves, respectively,
to measure the depth information [5]. By collecting the echo signal that is reflected
on the target, these systems can measure the target range and velocity. SONAR is
widely used in water for tracking targets, as the sound travels farther and faster than
in air. On the contrary, RADAR uses shorter wavelength that are quickly absorbed
in water but propagates over long distances in air.
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Figure 1.1: Levels of driving automation from the Society of Automotive Engineers

(SAE) [6].

LIDAR has drawn a lot of attention over the past few years for its ability to
provide high precision and high resolution 3D point clouds. LIDAR provides superior
resolution compared to RADAR owing to the wavelength of operation. This enables
to discriminate very closely spaced elements. As mentioned, camera can be blinded
under harsh weather and cannot detect targets at hundreds of meters compared to
LIDAR. Therefore, LIDAR is of great interest for a broad range of applications such
as unmanned vehicles, robotics, topography, space observation or anemometry [7].

Recently, massive investments on LIDAR technology have been made by auto-
motive players (Volvo, General Motors, Audi, Volkswagen, BMW...). The Fig. 1.2
shows the projected growth of the automotive LIDAR market from 2019 to 2030
and expected SAE levels of automation. The objective of these investments is to
decrease the cost of LIDAR, which could lead to a massive use of this type of sensors
and provide new types of data that could help reaching higher levels of automation.
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Figure 1.2: Projected growth of the LIDAR market (from [8]).

Cameras, RADAR, LIDAR and other sensors all have strengths and limitations,
and there is a consensus on the fact that automation is possible with data fusion,
i.e. by combining data from multiple sensors to increase redundancy as shown in
Fig. 1.3.

[ LiDAR
[ Ultrasound
| Short/Medium-Range Radar

[ Long-Range Radar

Cameras

Figure 1.3: Types of sensors in ADAS (Nidec Corporation).
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There are several types of LIDAR systems such as Direct Time-of-Flight (DToF),
Amplitude-Modulated Continuous Wave (AMCW) or Frequency-Modulated Contin-
uous Wave (FMCW) LIDAR. Compared to the DToF and AMCW, FMCW LIDAR
provides high-resolution distance and velocity measurements without requiring fast
electronics. While today, DToF is the most popular automotive LIDAR architec-
ture, it is likely to evolve to FMCW LIDAR due to the benefits of coherent detection
such as immunity to interferences, extra gain due to coherent detection and lower
photoreceiver electrical bandwidth. Hence, the focus of this thesis is FMCW LIDAR
systems for automotive applications.

In 1971, a decade after the invention of the laser by Maiman, NASA Apollo 15
mission revealed the first high resolution image of the moon surface using a LIDAR.
Nowadays, the development of semiconductor lasers and optical integrated circuits
has offered new perspectives for LIDAR use. Self-driving cars, robotics, consumer
or medical applications require compactness, low power consumption, robustness
to thermal variations and vibrations and reasonable cost. As a consequence, the
integration of LIDAR becomes necessary.

However, the chip-scale integration of LIDAR is challenging. The technology
platform should combine efficient laser sources, optical amplifiers, modulators, rout-
ing functions and receivers. In addition, an illumination module should direct the
LIDAR signal towards the region of interest and collect the echo signal being re-
flected on a target. Mechanical scanners are mainly used in present LIDAR systems
but they have limitations compared to emerging integrated approaches. Indeed, on-
chip beam scanning solutions can offer lower power consumption, compact footprint,
less failure due to mechanical fatigue and much higher scanning speeds. In addition,
very large arrays of emitters and receivers can be fabricated enabling high resolution
imaging and wide field-of-view.

Over the past 50 years, the development of the microelectronics industry has en-
abled the fabrication of lithographic feature size of few tens of atoms. It is legitimate
to wonder if such cutting edge tools and processes can be adapted for the fabrication
of silicon-based photonic chip. This is the ultimate goal of silicon photonics, which
aims at combining the best of photonics in a CMOS compatible process [9]. Indeed,
photonics is gradually taking hold in foundries with the aim of guiding, modulat-
ing, emitting and detecting light onto silicon wafers. Leveraging the mature CMOS
industry, Photonic Integrated Circuits (PIC) can be fabricated with high level of
integration, in high volumes and low cost with high yield.

Motivated by the increasing data traffic of our connected societies, the rise of
silicon photonics over the past decades has been motivated by the realization of
optical transceivers for data communication at 1310 nm and 1550 nm wavelengths.
Today, foundries integrate CMOS compatible materials such as silicon nitride (SiN)
or germanium (Ge) onto silicon on insulator (SOI) wafer to realize various optical
functions. The major challenge has been to integrate I1I-V materials on silicon
to build efficient and low-cost lasers and optical amplifiers. Among the proposed
solutions to overcome this obstacle, heterogeneous integration of III-V materials
onto silicon was pioneered by UCSB and CEA-Leti, IMEC and III-V lab. Based on
CEA-Leti ITI-V/Si bonding technology, Scintil Photonics developped a technology
called Back-Side-on-BOX laser integration that enables the monolithic integration
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of ITI-V/Si lasers and amplifiers, germanium waveguide-photodiodes, silicon active
and silicon nitride passive devices on the same photonic integrated circuit (PIC).
This integration platform enables a high level of integration and parallelism and can
sustain high volumes demand.

In this thesis, we evaluate the feasibility and the challenges related to the in-
tegration of FMCW LIDAR components and circuits on our I1I-V/Si integration
platform.

In chapter 2, we introduce the general principle of LIDAR. Then, we present an
overview of the main LIDAR architectures and their performance metrics. We also
examine the different illumination module families based on their mechanism and
their level of integration. In addition, a quantitative comparison between two major
chip-scale beam scanning solutions is given. Based on this, we conclude this chapter
on the benefits and challenges related to the integration of LIDAR systems on chip.
By considering a realistic automotive scenario, we deliver a set of LIDAR system
specifications.

In chapter 3, we introduce the theory behind coherent receivers to understand
the detection principle of FMCW LIDAR. We then describe the main modulation
waveforms applied to FMCW LIDAR sources and the associated target range and
velocity extraction method. The sizing of receiver bandwidth is also discussed.
Then, we present a model to derive the link budget and signal-to-noise ratio (SNR)
of the FMCW LIDAR system. While we discuss all the noise contributions in the
system, we emphasize the importance of the laser phase noise and its influence on
the received LIDAR signal. Based on this model, we connect the LIDAR system
specifications to photonic component specifications.

Chapter 4 reports on the realization of a FMCW LIDAR photonic chip fabricated
on Scintil Photonics 111-V/Si technology platform. First, we present the characteri-
zation environment enabling wafer level testing. Then, we describe the structure of
a packaged tunable laser emitting in the C band, and we report on the linewidth
measurement. We also present our measurements on linear frequency chirps gener-
ation using an on-chip 1Q modulator followed by a I1I-V/Si SOA. Afterwards, the
SOA is characterized and the gain curve is obtained at different temperatures and
laser operating wavelengths. Besides, we tested a coherent receiver made of SiN
90° hybrid and Ge balanced photodiodes. Finally, we demonstrate the switching
function on a 4 emitter Focal Plane Switch Array (FPSA) circuit.

Finally, we conclude and share some perspectives for this work in chapter 5.
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Chapter 2

Fundamentals of Light Detection
And Ranging

2.1 Principle of LIDAR

Light Detection And Ranging (LIDAR) is a 3D sensing technology that recovers the
depth information from reflections on objects. While its counterparts RADAR and
SONAR employ radio waves and acoustic waves, LIDAR uses a laser as the emitter.
Transmit and receive optics can be used to direct the LIDAR beam towards the
targets and maximize the collection efficiency, respectively. A LIDAR system is
also composed of a receiver that detects the reflected signal. Electronic processing
converts the received signal into depth information.

LIDAR development was enabled by the invention of laser by Maiman in 1960
on a ruby crystal. Initially, military and observation (ground, atmosphere, ocean
and space) LIDARs were developped using CO2 and Nd:YAG lasers at 10.6um and
1.064pm respectively [10]. For instance, in 1971, NASA Apollo 15 mission revealed
the first high resolution LIDAR images of the moon surface.

With the advances in the semiconductor industry, LIDAR has evolved in terms
of compactness, power consumption, robustness, and cost. It is gaining interest for
self-driving cars, robotics, consumer and medical applications [7]. In this chapter,
we will focus on automotive applications with the aim of detecting targets at several
hundreds of meters.

2.2 LIDAR architectures

In this section, we focus on the 3 main integrated LIDAR architectures which are
Direct Time-of-Flight (DToF), Indirect Time-of-Flight (IToF) or Amplitude Mod-
ulated Continuous Wave (AMCW), and Frequency Modulated Continuous Wave
(FMCW) LIDAR. In DToF, the LIDAR emits short pulses and collects the echo
signal coming from reflection on targets. This type of LIDAR uses direct detection
receiver which converts the incoming optical power into intensity. In the AMCW
and FMCW, the LIDAR continuously emits and receives a modulated waveform.
AMCW uses a phase detector to compare the transmitted and received signals.
FMCW uses coherent detection where the received signal is mixed with a reference
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signal to produce a beat tone. Coherent detection is beneficial for a Signal-to-Noise
Ratio (SNR) point of view [11].

Another promising architecture is called chaotic LIDAR (CLIDAR). It makes
use of the nonlinear dynamics of semiconductor lasers to produce chaotic light as
the LIDAR source [12]. The detection of targets is obtained by correlating the echo
signal being reflected on the object, with a reference signal. CLIDAR systems have
been proposed in [13][14] with the aim of improving the isolation against the back-
ground light and enhance the system sensitivity. Although CLIDAR is promising
over several aspects, this thesis will focus on the 3 above-mentioned architectures.

2.2.1 DToF

In Direct Time of Flight (DToF) LIDAR, short pulses of light (few ns duration)
are transmitted (Tx) and collected (Rx) after reflection on a target Fig. 2.1. The
round-trip time, 7 between the Tx pulse and Rx pulse is proportional to the target

range R through:

2R
- = 2.1

where c is the speed of light.

DToF LIDAR relies on direct detection. The baseband electrical signal produced
by the photodiode is proportional to the input optical power which contains external
perturbations (sun, background lights) and 1/f low frequency noise. Filters can be
used to clear the frequency spectrum from such noises. As seen on Fig. 2.1, at the
receiver, a Time to Digital Converter (TDC) converts the pulse time of arrival into a
digital signal. The LIDAR range resolution therefore depends on the time counting
resolution.

Pulsed J_L TX

laser Target

Figure 2.1: DToF principle.

DToF LIDARs operating up to several hundreds of meters have been reported
[15] [16]. However, due to the laser energy spread after reflection on diffusive tar-
gets, high power pulse in combination with high sensitivity receiver are needed to
ensure a certain detection probability. As a consequence, DToF LIDAR requires
high performance receivers such as Avalanche PhotoDiodes (APDs), Single Photon
Avalanche Diodes (SPADs) or Silicon PhotoMultiplier (SiPM) that ensure single
photon sensitivity and picosecond timing resolution [16]. Hence, DToF LIDAR re-
lies on high speed electronics. Timing jitter which corresponds to the statistical
variation of the temporal response of the devices must also be minimized for precise
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range estimation. Indeed, any uncertainty in the detector impulse response will lead
to a variation of the time of flight and alter the image. In [17], a timing jitter pre-
dictive model is proposed in order to improve the temporal response of the SPAD
devices.

2.2.2 iToF or AMCW

In indirect Time of Flight (iToF) or Amplitude Modulated Continuous Wave (AMCW)
LIDAR, a continuous, amplitude modulated laser signal (typically with a modula-
tion frequency of a tenth of MHz) is sent to the target. As shown in Fig. 2.2, a
phase shifted signal is detected at the receiver using direct detection. There are also
AMCW LIDAR using heterodyne detection. When direct intensity modulation of
a laser source is realized, the bandwidth is limited to a few GHz and high speed
photodiode is necessary at detection. The target range, R is retrieved from the

phase difference (A®) between Tx and Rx AMCW signals using [18][19]:

c AP
= — 2.2
h 227 fin (22)

where f,, is the amplitude modulation frequency.

Figure 2.2: AMCW principle.

AMCW LIDAR is a mature technology which is already commercialized [20] [21]
[22] [23]. More details on the power budget derivation and the main figure of merits
of AMCW LIDAR can be found in [24].

However, AMCW LIDAR suffers from phase wrapping, i.e. the signal phase is
constrained between 0 and 27 to prevent from any ambiguous range estimation.
From Eq. (2.2), it can be seen that the modulation frequency, f,, sets the distance
for the emitted wave to complete a full phase cycle. In addition, the modulation
frequency, f,, also determines the range resolution. The larger the modulation fre-
quency, f, the better the resolution but the shorter the unambiguous range mea-
surement. Therefore, the AMCW LIDAR architecture presents a trade-off between
maximum unambiguous range detection and range resolution. As a consequence,
AMCW LIDAR is usually used in short range indoor applications with tens of MHz
modulation frequencies.

2.2.3 FMCW LIDAR

The architecture of a FMCW LIDAR is shown on Fig. 2.3. It consists of a frequency
modulated (FM) or chirped laser and a coherent receiver. During each modulation
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period, T the laser frequency is linearly chirped, starting from a frequency fy to a
frequency f;. The frequency excursion B is defined as |f; — fo| and the chirp rate s
is defined as B/T. The FMCW signal hits a target and the reflected signal (Rx) is
mixed with the FM laser used as a Local Oscillator (LO) onto the coherent receiver.
The produced beat signal has a frequency f;, proportional to the target range R [25]:

fb = S? (23)

where s is the slope of the frequency modulation.

N

X

Coherent
receiver

Range & velocity
Figure 2.3: FMCW principle.

If the target is moving, two beat signals with distinct frequencies are produced
during the up and down ramps. In this case, the radial velocity can also be obtained
thanks to Doppler effect.

In FMCW LIDAR, coherent detection provides strong selectivity against back-
ground light and high sensitivity, making it suitable for long-range detection [26].
Moreover, coherent detection induces optical mixing during the detection process,
which lowers the frequency of the detected electronic signal (i.e. the beat frequency),
compared to DToF LIDAR and AMCW LIDAR. As a consequence, electronics cir-
cuits used in FMCW LIDAR receiver work at lower speed.

2.3 Performance metrics

2.3.1 Resolution

Resolution characterizes the ability of a LIDAR to distinguish closely spaced targets.
There are two types of resolution:

1. Range resolution AR corresponds to the minimum resolvable distance between
two targets in the same line of sight.

It is given by [26]:

&
AR = . (2.4)

where B is the optical frequency excursion.

The range resolution AR is related to the Full Width at Half Maximum
(FWHM) of the received signal as depicted on Fig. 2.4.
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2. Lateral or angular resolution # is the ability of the LIDAR to separate two
adjacent points:

It is given by the Airy disk resulting from the diffraction by a circular aperture:

A
0=122— 2.5
d? ( )

where A is the wavelength and d is the aperture diameter.

The Eq. (2.5) highlights the angular resolution improvement of LIDAR com-
pared to RADAR systems. Optical waves with micrometer wavelength can
achieve lateral resolutions of 0.1° with aperture sizes of only a few hundred
micrometers that easily fits on a single chip. In RADAR, millimeter waves
require aperture size of few meters in order to obtain the same angular resolu-
tion which is a limiting factor in many applications. CMOS cameras working
in the visible spectrum region (380-750 nm), have excellent angular resolution
(<0.1°) as long as lighting, air quality and contrast conditions are satisfied.
Indeed, LIDAR are working in the um wavelength region and can easily reach
0.1° angular resolution with aperture diameter d of few millimeters.

Angular resolution can be converted into a image width, x for a target located
at a distance R as :

r = 2Rtan(g) (2.6)

A 0.1° angular resolution corresponds to 35 cm pixel size for a target range R
of 200 m.

2.3.2 Range Precision

Range precision o corresponds to the standard deviation of a series of repeated
range measurements on the same target. It is related to the range resolution AR
and the system Signal-to-Noise Ratio (SNR) [26] through:

AR
SNR

(2.7)

OR —

High SNR enables to measure target ranges at precision much below the range
resolution.
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The Cramér-Rao lower bound (CRLB) obtained with Maximum Likelihood (ML)
frequency estimation gives the best achievable range precision in the presence of
white Gaussian noise [27] [28] :

c 3
The CRLBp indicates that the theoretical precision limit of FMCW LIDAR

ranging measurements is determined by the optical frequency excursion B and the

SNR.

2.3.3 Field-of-View

Field of View (FoV) is used to describe the region of the environment that will be
used for LIDAR detection as depicted on Fig. 2.5. FoV is given as a set of two
angles corresponding to the horizontal (HFoV) and vertical (VFoV) angular spans.
In automotive LIDAR, a typical FoV is 120° (HFoV) and 30° (VFoV).

VFoV

LIDAR

Figure 2.5: Field of View.

Considering the same angular resolution # of 0.1° for the horizontal and vertical
directions, the number of points P across the automotive LIDAR FoV is given by:

HF F
p= OV; VEV. 360,000 (2.9)

2.3.4 Frame rate

The Frame Rate (FR) corresponds to the number of 3D pointcloud images (frames),
with size defined by the number of point P, that can be produced by the LIDAR
in one second. Typical automotive LIDAR frame rate is comparable to video frame
rates i.e. 20-30Hz to avoid motion blur. Considering the automotive LIDAR case,
this corresponds to 7.2-10.8 million pixels to adress in one second. Achieving such
FR is challenging as it limits the time allocated to each point across the FoV which
in turns reduces the SNR, [29].

2.3.5 Operating range

The operating range refers to the maximum distance where a target with specified
reflectivity can be detected.
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The upper limit of the operating range is determined by unambiguous detection.
Indeed, to avoid ambiguity between detected signals, one modulation period must
be sent and received before transmitting the next one. The measurement time, 7T’
should therefore be larger than the maximum round trip time to the target 7,4
This sets a limitation on the operating range R,,., to avoid ambiguity :

T
Rinas = % (2.10)

where c is the speed of light.

Practically, the measurement time is chosen 5-10 times larger than the maximum
round-trip delay 7,,qz-

2.3.6 Immunity to parasitic background

LIDAR detected signal can be affected by the background noise from the sun or
other light sources. DToF are particularly sensitive to this parasitic signal as it
relies on direct detection over a large bandwidth. Camera can be blinded due to sun
glare making LIDAR essential to complement this technology.

While coherent LIDAR strongly reduces background noise, it is shown in [30]
that solar radiation may also affect the LIDAR signal integrity through additive
shot noise, beat noise with Local Oscillator (LO) and self mixing effects at the
receiver. Interference with signals from other surrounding LIDARs may also be
detrimental for detecting target. Therefore, depending on the application, a LIDAR
should be able to operate under various ambient light conditions and other users
scenario.

2.3.7 SNR comparison between DToF and FMCW LIDARs

For shot noise limited systems, the SNR in DToF and FMCW LIDARs are given by
[11]):

RPrx
SNRprop = —X 2.11
DToF 2N [ ( )
RP
SNRryvow = - AR; (2.12)

where 7 is the photodiode responsivity, Pry is the signal received on the photodiode,
q is the electronic charge and A f is the noise equivalent bandwidth of the detector.

Therefore, coherent detection offers a 3dB SNR gain compared to direct detec-
tion. This improvement is independant on the local oscillator power Pro as long as
the system reaches shot noise limited operation.

2.3.8 LIDAR output information

Most LIDAR systems provide a 3D pointcloud information of their environment
i.e. the XYZ space informations. In some cases, additional informations can be
extracted from LIDAR data such as the target radial velocity measured from the
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Doppler effect, the calibrated target reflectivity or the polarization information for
target material classification [31].

In the following, we discuss the importance of the LIDAR operating wavelength
and eye-safety regulations.

2.4 Wavelength

Most integrated LIDAR systems operate in the Near InfraRed (NIR) region of the
electromagnetic spectrum (0.78-2.5 yum). In this way, the LIDAR systems does not
interfere with other sensors such as cameras in the visible spectrum or RADAR
and is invisible to human eye. Within the NIR wavelength region, LIDAR systems
mainly operates in two windows : 905 nm and 1550 nm.

At 905 nm, low-cost silicon photodetectors are used as this wavelength corre-
sponds to their maximum sensitivity. Low cost pulsed laser diode are also available
at this wavelength.

At 1550 nm, silicon is transparent and is replaced by III-V or Germanium pho-
todiode. The sources are also made out of III-V materials such as InP, InGaAs,
GaAs. The use of such materials increases the overall cost of the LIDAR system
compared to 905 nm. Hopefully, the data communication C band (1530-1565 nm)
that corresponds to the minimum transmission loss in optical fiber has been studied
for decades, enabling the development of sources, detectors, passive components for
integrating transceivers on silicon wafers [32].

For atmospheric, clouds and wind measurements, LIDAR using the Nd:Cr:YAG
laser at 1064 nm and 532 nm by frequency doubling, have been extensively used
[33]. For inter-satellite communications, wavelength within the 830-1550 nm window

have been used. 1550nm wavelength enables higher data rates communications (>10
Gbps) thanks to the increase of SNR using Erbium-Doped Fiber Amplifier (EDFA).

Another important region for LIDAR is mid-IR (3-50 pum) as it corresponds to
the vibrational resonance of important molecules such as water, methane, CO2 and
polymers. Mid-IR LIDAR systems are used in spectroscopy, e.g. for gaz monitoring
[34]. The mid-IR also contains two atmospheric transmission windows (3-5 ym and
8-12 pm) so that lasers at this wavelength can propagate over large distances. For
instance, Quantum Cascade Lasers (QCLs), that rely on intersubband transitions in
a semiconductor, can emit over the entire mid-IR wavelength range by engineering
of the bandgap structure [35]. Significant improvements of QCLs performances
in terms of peak power, wall-plug efficiency and integration with silicon [36] are
beneficial for the development of mid-IR LIDAR.

Snow, rain, haze and fog strongly impact the LIDAR performances by attenu-
ating the received signal. The two involved phenomena are water absorption and
scattering. Absorption is proportional to the water density in the air while scat-
tering depends on size of droplets. The interaction between LIDAR optical signal
and water molecules is wavelength dependent. A detailed comparison of 905 nm
and 1550 nm LIDAR performances under various environmental conditions can be
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found in [37], and a comparative table is shown in Fig. 2.6. Under the same envi-
ronmental conditions, the atmosphere extinction coefficient is two times larger at
905 nm wavelength than at 1550 nm. In [38], the same comparison is made between
785nm and 1550nm LIDARs.

Atmospheric extinction coefficient ¥ (km™!), Rel. Humid. 50%

Visibility (km) 1 5 10 15 23
A =905 nm 2333 0463 0.229  0.151 0.096
A=1550 nm 1.146 0227  0.112 0.073  0.047

Figure 2.6: Atmospheric extinction coefficient calculated for 905 nm and 1550 nm
wavelengths and typical atmospheric conditions [37].

In general, 905 nm wavelength is less absorbed by water than 1550 nm. However,
at 1550 nm the solar irradiance is three times smaller than at 905 nm, which reduces
interferences and improves the Signal to Noise Ratio (SNR) [30].

2.5 Eye safety

Eye safety regulations limit the maximum transmitted power for LIDAR applica-
tions. The Maximum Permisible Exposure (MPE) corresponds to the the highest
power [W/m?] or energy [J/m?] density of light that can be delivered without caus-
ing damage to the human eye and skin. According to IEC 60825-1, Fig. 2.7 shows
the MPE against the operating wavelength for several laser pulse durations.
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Figure 2.7: Maximum Permissible Exposure (MPE) for the human eye as a function
of wavelength and for different pulse durations [10].

Moving from 905 nm to 1550 nm relaxes the MPE by few orders of magnitude
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thanks to the human eye filtering by the crystalline lens (1300-1400 nm) and vitreous
body (1400-1600 nm) [39].

According to IEC 60825-1, for A = 1550 nm and an exposure time between 1 ns
and 10 s, the MPE = 10*J/m?.

Considering that the human eye is a disk with an aperture diameter D, = 4
mm, its surface is given by :

Shumaneye = 71-(l)eye/2)2 (213)

Then, the maximum allowed laser power is given by :

MPE x Shumaneye
T

Pz = (2.14)

When considering an exposure time 7" of 10 s, the maximum allowed laser power
Praz is 12.6 mW using Eq. (2.14). Now, if the LIDAR beam is scanned with an
exposure time 7" of 10 us, the laser power is no more limited by eye safety (its upper
limit P4, is several kW).

2.6 Long-range automotive LIDAR

Optical sensing is essential for reaching high levels of automation in automotive.
Indeed, optical sensors such as LIDARs provide accurate information on the envi-
ronment in a short period of time. Along with the information measured from other
sensors (Fig. 2.8), the detected targets can be classified for real time monitoring
of the environment. Long-range LIDAR is intended to detect targets at 200m to
provide emergency braking and avoid collisions.

Ultrasound

| Identification

Fark Assist

Short-Range LiDAR

Figure 2.8: Illustration of an autonomous vehicle consisting of multiple sensors.

The Table 2.1 summarizes a set of specifications according to [40],[41],[42],[43].
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Property Value Units
Max target range (10% reflectivity) 200 m
Range resolution ~ 10 cm
Range precision ~1 cm
Horizontal Field of View 120 °
Vertical Field of View 30 °
Angular resolution 0.1 °
Laser classification CLASS 1 : IEC60825-1
Dimensions 15x15x15 cm
Overall power consumption ~ 15 W
Operating temperature -40 to 80 °C
Frame rate 20-30 Hz
Outputs XYZ, radial velocity, reflectivity

2.7 Illumination

2.7.1 Flash and scanning techniques

Table 2.1: Specifications for an automotive FMCW LIDAR.

In order to sense its environment, a LIDAR must be able to measure spatially sep-
arated points. The most demanding applications in terms of Field-of-View (FoV)
and resolution (e.g. automotive) specify the measurement of hundreds of thousands
of resolved points, in combination with a measurement frame rate of 25 Hz. Typical
FoV for automotive LIDAR is 120° in the horizontal direction and 30° in the vertical
direction with 0.1° angular resolution in both directions corresponding to 360,000
points to address in 40ms. In addition, detecting targets at 200m is very challenging
in terms of power budget. Such requirements put tough constraints on the illumi-
nation module. As shown in Fig. 2.9, illumination techniques can be divided into
scanning and non scanning techniques. Non scanning approach is also referred to

flash.

42
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Spinning
mirror

Mechanical

Solid-state

Non-scanning Flash

Figure 2.9: Illumination techniques classification. MEMS: Microelectromechanical
systems; OPA: Optical Phased Array; FPSA: Focal Plane Switch Array; LC: Liquid
Crystal.

In flash LIDAR, a highly divergent laser beam illuminates the entire field of
view. The use of flash LIDAR is very relevant when the scene is moving quickly as
the whole FoV is observed at the same time. Therefore, the scene can be imaged
with fast frame rates (> 30 Hz). A high transmitted power pulse is used in order to
collect enough power from the echo signals. Such high pulse can damage human eye,
therefore limitiong the operating range of flash LIDARs to < 50 m. The receiver is
generally composed of a 2D array of detectors that receives the reflected signals at
once and build a 3D pointcloud of the scene.

/ VFoV

LIDAR LIDAR

VFoV

a) Flash LIDAR a) Scanning LIDAR

Figure 2.10: Schematic of a) a flash LIDAR and b) a scanning LIDAR.

In the scanning approach, light is steered across the FoV. The laser beam is
collimated and illuminates each point sequentially. Scanning techniques can be
divided into mechanical and solid state approaches.

Mechanical beam steering techniques include :

e spinning where the TX and RX parts are mounted on a rotating head to
perform 2D scanning
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e MEMS mirrors that deflect the incoming laser beam to the desired location in
the far field

For instance, the HDL-64E spinning LIDAR [44] uses 64 lasers and 64 detectors
to cover 1,300,000 points per second. However, it is heavy (12.7 kg), power hungry
(60 W) and expensive (> 50 k$). Such LIDAR using spinning beam scanners are
generally unwanted because they are more exposed to mechanical failures, are slower
and often have large footprint and power consumption.

MEMS mirrors deflection can be used to steer the LIDAR beam. In [45], MEMS
scanners have been classified according to 1) their deflection principle (refractive
mirror or lens, diffraction grating) 2) their actuation principle (electrostatic, piezo-
electric, electromagnetic and electrothermal) and 3) their fabrication process. Elec-
trostatic effect is based on the principle that two conductive plates with opposite
charges undergo Coulomb attraction. This type of actuation can provide fast scan-
ning rate with low power consumption. Piezoelectric actuation consists in applying
an electrical voltage to a piezoelectric material to produce mechanical stress. Piezo-
electric actuation can provide fast scanning rate with low power consumption. How-
ever, hysteresis appears in the displacement-voltage characteristic of the actuator,
which affects the accuracy of the mirror position [46]. Electromagnetic actuators
are based on the Lorentz force being created when an electrical current flows in
a conductive element placed in a static magnetic field. It generally requires high
power consumption [47]. Electrothermal actuation uses resistive heating to produce
thermal expansion and therefore deflection of the mirror. It can provide large FoV
but is limited in scanning rate and has a high power consumption.

MEMS still faces some challenges. The larger the mirror size, the larger the
receiver aperture and therefore the larger the operating range. However, this also
lowers the MEMS resonant frequency which means lower scanning speed.

Hence, mechanical scanning has some limitations. Solid state scanning solutions
that are integrated on chip and do not comprise any mechanical part, can offer
better performances with lower power consumption, compact footprint, less failure
due to mechanical fatigue, low manufacturing cost and high scanning speeds. The
integration of the beam scannner also offers the possibility to design large arrays
of emitters and receiver to achieve excellent resolution and wide FoV. Therefore
solid-state scanning techniques are promising for embedded applications.

Liquid Crystals (LC) are also part of solid-state beam scanning solutions that
can be used to steer the LIDAR beam. In the presence of an electric or magnetic
field, liquid crystal molecules show preferential orientations which results in effective
index variations. Therefore, modulating the effective index is possible to produce
beam steering. One drawback of this technique is the long recovery time of liquid
crystal molecules that limits the scanning speed. The other drawback is that liquid
crystals are not CMOS compatible which limits its integration with Scintil Photonics
process flow. In [48], a 16° steering angle is achieved with a 1D liquid crystal array.
Future works will include the modification of the fabrication process to be CMOS
compatible on 200mm wafers.

In the following, we focus on two promising solid-state beam scanning approaches:
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Optical Phased Array (OPA) and Focal Plane Switch Array (FPSA).

2.7.2 Optical Phased Arrays (OPA)

Optical Phased Arrays (OPA) is the photonic counterpart of electronic phased ar-
ray that is widely used in RADAR systems [49]. For radio waves, the spacing be-
tween antennas can be chosen smaller than half wavelength, enabling 180° steering
range without grating lobes. However, additional challenges appear when working
at 1.55um where the components size is larger or comparable to the wavelength.
An OPA steers the LIDAR beam in different directions by changing the phase and
amplitude at each antenna of the array. In the following, we consider a 1D linear
uniform OPA as shown in Fig. 2.11, and we refer to antenna or channel equivalently.
We define d as the channel spacing, N as the channel count (number of radiating ele-
ments), 6 as the scanning angle and U = kdcos(6)+ 3, with k being the wavenumber
(k=2m/\), and 3 is the gradual phase shift excitation between antennas.

Phase shifters are based on thermo-optic or electro-optic effects. Doped silicon
can be used as a thermo-optic phase shifter due to its strong thermo-optic coefficient.

Far field : E;

steering direction

GC GC GC GC
d d

Figure 2.11: Schematic of a 1D Linear Uniform OPA.

The far field emission, Er(6) of this 1D OPA is the product of the antenna radi-
ation pattern also called element factor, E(f) (emission pattern of a single antenna)
and the array factor, AF (W) (effect of arraying the antennas) :

B B sin(NW/2)
Br(6) = E(9). AF(¥) = £0). 3 ) (2.15)
Ep(6) = E(0) sin(X (kdcos(0) + B) (2.16)

“sin(z (kdcos() + )
The emission pattern Er(6, ) reaches a maximum when the denominator approaches
Zero :

s

sin (%l cos(6) + 5) =0 (2.17)
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which corresponds to \

6 = cos ! (ﬁ(—ﬁ + 27Tm)> (2.18)
where m is an integer. For angles 6 satisfying Eq. (2.18), the maximum of radiation
originates from constructive interferences between individual antennas emissions.
Because m is an integer, Eq. (2.18) has several solutions resulting in grating lobes
in the OPA radiation pattern as it will be explained later.

The Fig. 2.12 illustrates the simulated OPA normalized radiation pattern for
several values of 3, a channel count N = 32 and channel spacing d = \/2 = 775 nm.
Beam steering is achieved by tuning the gradual phase shift excitation § between
antennas.

Normalized radiation

Figure 2.12: Simulated OPA radiation pattern for several values of 8, N = 32 and
d=\/2 =775 nm.

Wavelength scanning in OPA

Owing to the control and integration complexity of 2D OPA, vertical scanning is

often achieved with wavelength tuning. The grating equation expresses the change

in the vertical angle of emission ® as a function of the grating period, A, the free-

space wavelength, A\, the effective index of the guided mode of the coupler region,
Neffge, and the refractive index of air, ng;, [50] as :

Aneff c >\0

n(®) = — 2 2.19

sin(@) = =Ll (2.19)

Typical wavelength tuning efficiency is comprised between 0.1 and 0.3 °/nm [51].

Hence, tuning range of 100nm is required to cover long-range automotive FoV of 30°.

In what follows, the OPA metrics such as angular resolution, FoV, control com-

plexity and power consumption are derived.

Angular resolution

The angular resolution of an OPA is often expressed as the full-width at half-
maximum (FWHM) beam width. The angular resolution Af in degrees is given
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by [52]:

50A

N_da

where A is the wavelength, N is the channel count, d is channel spacing.
The angular resolution can be improved by increasing the channel count N at the

cost of increased control electronic complexity, power consumption and footprint.

The Fig. 2.13 shows the ’simulated OPA normalized radiation profile at several

channel count N for § = 0° and d = \/2, considering an operating wavelength of

A = 1550nm.

AG[°)] ~ (2.20)

C
9
©
©
o
©
()
N
©
S
O
Z
-30 -20 -10 0 10 20 30
f angle (°)

Figure 2.13: Simulated angular resolution for several channel count N, g = 0° and
d = \/2. SLSR: Side Lobe Suppression Ratio.

Field of View and Grating Lobes (GLs)

Grating lobes are the result of the OPA periodicity. If the channel spacing d > /2,
the main lobe is replicated at other angles with similar amplitude as the main
lobe. This creates aliasing since the main lobe cannot be distinguished from grating
lobes thus limiting the FoV. The Fig. 2.14 shows the schematics and the simulated
normalized radiation patterns for an OPA with a channel spacing a) d = A\/2 and
b) d = 3\/2. The channel count is N = 32 in both cases.
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Far field Far field
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Figure 2.14: Schematics and simulated normalized radiation patterns for an OPA

with a channel spacing a) d = A/2 and b) d = 3)\/2. The channel count is N = 32
in both plots. GC: grating coupler.

The Fig. 2.14 a) and b) shows that increasing the channel spacing d beyond A/2
results in unwanted grating lobes.
Several solutions have been proposed to solve the d < A/2 challenge such as

non-uniform spacing between emitters, suppressing the inter-channel crosstalk [53].
The FoV of an OPA is given by [54]:

FoV = 2sin™! (%l) (2.21)

To achieve full 180° FoV (£90° steering range), the channel spacing d must
satisfy:

d=3 (2.22)

The table below gives the FoV for an uniformly spaced OPA operating at A =
1550nm for different channel spacing d.

Channel spacing d (um) | FoV (°)
0,775 pm (\/2) 180

1.55 pm (A) 60

3.1 pm (2X) 29

9.3 um (6X) 9.5

15.5 pm (10A) 5.73

31 pm (20)) 2.87

This table shows that closely spaced antennas (d < \) are necessary to achieve

wide FoV. As explain in the next part, increasing d also brings unwanted grating
lobes in the radiation pattern.
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Transmitted power

In the OPA radiation pattern, the transmitted (Tx) power of interest is the power
carried by the main lobe. Sidelobes and grating lobes must be minimized as they
reduce the optical power available in the main lobe. The Tx power is a function of
the optical power emitted at each antenna, Pjqpienne, the individual antenna gain
(ratio between the power radiated in the main lobe and the power radiated by a
reference antenna), o, and the channel spacing, d. In [43], the power in the mainlobe
is computed by integrating the Poynting vector over a surface dA = R? cos(0)d0dé.
This main lobe power Pp,q:n (in W) can be expressed as:

2.78\
Pin = P e 2.2
main lantenna 27Td 07 ( 3)

where the optical power available at each antenna in dBm is given by:
Plantenna[dBm] - ]Dzn - ILSN - ]Dzn - log2(N)-[Lcoupler7 (224)

where Pj, is the optical power available at the OPA input (in dBm), ILgy and
I'Lcoypier are the splitting network and individual 3 dB coupler insertion losses, re-
spectively.

Crosstalk and Side Lobe Suppression Ratio (SLSR)

Sidelobes are the result of the diffraction effect of the finite OPA size (sinc-like
function). By controlling the radiated power of each element through windowing
techniques (circular or Gaussian), side lobes can be mitigated. The Side Lobe Sup-
pression Ratio (SLSR) is defined as the ratio of the first side lobe power to the main
lobe power, as shown in Fig. 2.13. For a linear uniform OPA where each antenna
radiates with equal power, the SLSR is given by [43]:

2
SLSR(dB) = 10logy, <‘Nsin(§—;) ) (2.95)

For N > 20, the SLSR converges towards -13.5 dB. Using a Gaussian distribution,
the SLSR can be decreased to -30 dB as shown in [55].

Power consumption

OPA requires one phase shifter per antenna.Therefore, the electrical power consump-
tion scales as O(N) plus the power consumption of N SOA (one SOA per channel).
Power consumption of thermo-optic phase shifters has been reduced to < 1 mW/x
per element in [56]. The lowest phase shifter power consumption of 0.45 nW /7 has
been demonstrated in [57] using electro-optic effect.

OPA trade-off

Fig. 2.15 illustrates the trade-off related to the antenna pitch and the array size :
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a) b) C)
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Figure 2.15: OPA tradeoff taken from [58].

In Fig. 2.15 a), widely spaced antennas produce unwanted grating lobes. In
Fig. 2.15 b), densely spaced antennas suppress grating lobes (see Eq. (2.18)), but
small arrays yield to poor resolution (large beam width). In Fig. 2.15 c), a large
array of densely spaced emitters brings narrow beam without grating lobes in the
radiation pattern.

To summarize the main OPA challenges, reducing the antenna spacing d and
increasing the number of antennas N:

e improves the angular resolution

e improves the FoV

e increases the complexity and power consumption

State of the art OPA

The Table 2.2 shows a summary of state of the art OPA demonstrations up to date.
The performance metrics are reported in this table.

Phase shifters performances have been improved over the last years to ensure
low power consumption and high speed of operation. In [59], thermo-optic effect
is replaced by electro-optic effect reducing the individual phase shifter power con-
sumption at least by a factor 1000.

Due to the complexity of integrating a 2D OPA matrix, wavelength tuning is
generally adopted to ensure vertical scanning. However, it requires complex control
of tunable lasers with wide tuning range (typically 100 nm) and high output power.

The minimum channel spacing d is constantly evolving towards sub-wavelength
values to ensure grating lobe suppression over the FoV. Non-uniform channel spacing
is also used to suppress grating lobes and avoid crosstalk between closely spaced
waveguides, at the cost of increase side lobe levels [60]. Channel count N up to 8192
have been demonstrated in [59] enabling 0.01° angular resolution.

OPA enables a high level of integration, with recent demonstrations of thousands
of elements sitting on a cm? chip [59)].
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2.7.3 Focal plane switch array (FPSA)

The working principle of a Focal Plane Switch Array (FPSA) is described in Fig. 2.16.
An array of optical antennas is placed in the focal plane of a convex lens. An electri-
cally controlled switch matrix directs the input optical signal towards each antenna.
The light emitted from the selected antenna is then collimated by the lens of focal
length, f. The antennas can be arranged in a 1D or 2D array and each position
corresponds to a scanning direction. Therefore, by switching between emitters se-
quentially, using Mach-Zehnder interferometer (MZI) -based switches, the beam is
steered across the FoV. In principle, the control of a FPSA is simpler compared to
OPA since one emitter is turned on at a time.

Lens
Light IN )

—

MZI switch

Figure 2.16: Schematic of a 8-emitter FPSA.

Angular resolution and Field of View

In a FPSA system, the angular resolution Af and FoV are expressed by [68]:

d L
AO = tan™* (—) and FoV = 2tan™! (—) (2.26)
f 2f
where f is the lens focal length, d is the spacing between consecutive antennas
and L is the array length given by :

L=(N-1)d (2.27)
where N is the channel count in one direction.

Thus, high resolution is obtained when d is minimized. Large array size L offers
large Field-of-View. However, optimizing resolution and FoV brings to a trade-
off in the choice of the focal length f. The best operating point depends on the
application.

A resolution of Af = 0.1° is often specified for automotive application. It cor-
responds to a beam diameter of 35 cm at a distance of 200 m. A simulation with
1024 emitters spaced by 20 pum is shown in Fig. 2.17. To satisfy this resolution a
focal length larger than 10 mm is needed, limiting the FoV to 80°.
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Figure 2.17: Simulation of angular resolution and FoV of a 1024-emitter 1D FPSA
with d=20um, as a function of focal length.

Grating divergence

Grating emission can be approximated as a Gaussian beam with waist diameter
wp equals to half its mode field diameter (MFD) as shown in Fig. 2.18. Grating
divergence 64, is inversely proportional to the MFD through [69]:

O div 2\
w , (2.28)
2 W.nSiog.MFD

where ng;os is the index in the SiO2.

Figure 2.18: Gaussian beam approximation.

Typical MFD of 10 um corresponds to a Grating divergence 6y, of 3.8° at 1550
nm.

The grating divergence also impacts the lens diameter. Indeed, to include all the
rays emitted by the antennas, the lens diameter D is given by [68]:

D =L+ 2ftan(04,) (2.29)
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Power consumption

In terms of power consumption, the power scales as O(logs(NN)) since we only bias
the active MZI switch path. The SOA power consumption should also be added:

Pcons = log2(N)-P1PS + PISOA (230)

where P)pg is the average power consumption of one phase shifter.
Similarly to OPA, the optimization of the phase shifters is essential to ensure
low power consumption and high scanning speed.

Transmitted power

The transmitted power, Prx (in dBm), of the FPSA is determined by the switch
matrix insertion loss. It is given by:

PTX - Pzn - lOgQ(N)'[Llswitch (231)

where Py, is the optical power available at the FPSA input (in dBm), ILjswiten
is the insertion loss associated to one switch cell (in dB).

Crosstalk

Finally, the crosstalk, Xtalk (in dB), is determined by the extinction ratio for the
switch cells. We define it as the difference between the optical power transmitted in
the active path ¢, P; (in dBm), and the sum of unwanted optical powers transmitted
over the j non-activated paths, Py (in dBm) as :

J
Xtalk =P — Y D (2.32)
ki, k=1

State of the art FPSA

The Table 2.3 summarizes the main advances in state of the art FPSA. FPSA demon-
strations using optical switches based on MEMS, thermally tuned Mach-Zehnder
Interferometer (MZI) or microring resonator have been reported.

In the MEMS approach, the OFF and ON switching states consist in bringing
together two waveguides to ensure an efficient optical coupling over a short prop-
agation length. MEMS benefit from the low power consumption (W) and almost
zero insertion loss in the OFF state [70].

In [71], a 20 x 20 emitter array based on MEMS switching is demonstrated
with 20° x 20° FoV and 0.08° x 0.086° angular resolution. More recently in [72],
the same group demonstrated the largest integrated 2D MEMS based FPSA with
16,384 antennas (128 x 128 array) fabricated on a 10 x 11 mm? silicon photonic
chip. The measured FoV is 70° x 70° with 0.6° x 0.6° angular resolution, and the
scanner can operate at 1 MHz switching speed.

For thermally tuned switches, cascaded MZI with phase shifters positioned on
each arm can be used to direct the light towards one the interferometer output.
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Microring resonator can also be actively tuned to couple the incoming light to their
drop port or through port [73].

In [74], a switch based on cascaded Mach-Zehnder Interferometers (MZI) ad-
dresses the columns of a 4 x 4 emitter array. Microring resonators with angular
gratings on their sidewalls enable the row selection and the coupling to free space.
The 2D array is placed in the focal plane of a metalens. A 12.4° x 26.8° FoV is
measured with <100 mW electrical power consumption to control the array.

Phase-change materials (PCMs) based optical switches have also been reported in
[75][76] with fast switching operation (typically <400 ns). PCMs such as Ge-Sb-Te
(GST) rely on the strong refractive index contrast upon phase transition between
amorphous and crystalline states. However, this transition usually comes with
high optical losses [76], which have been overcome by using other PCMs such as
Ge-Sb—Se—Te (GSST) [77]. Although PCMs presents its own advantages for build-
ing optical switches, in the following the focus will rather be on the above mentioned
implementations.

Finally, FPSA scanning systems have been demonstrated on several integration
platforms, and using different optics to optimize the beam scanning performances.
In [78], a 4 x 4 emitter array is fed by a 1 x 16 switch fabricated on a silicon
nitride platform. The measured scanning rate is 37 kHz. In [79], a 1 x 16 switch
is coupled to a slab waveguide, where it is diffracted. An aplanatic lens made
from patterned amorphous silicon then refocuses the beam to a 1D surface grating
coupler. Beam steering over a 38.8° x 12° FoV is achieved by channel switching
and wavelength tuning. However, the vertical FoV of 12° requires wide tuning of
the tunable laser, increasing the complexity of the laser tuning [80]. In [81], a 4 x
4 FPSA is fabricated using standard Planar Lightwave Circuit (PLC) technology.
The 16 emitters are surface coupled to a 4 x 4 fiber array that is packaged with a
lens to provide collimation. The measured FoV is 38.8° x 12°.
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2.7.4 1D OPA vs 1D FPSA comparison

In this section, we consider a real case scenario where both OPA and FPSA scanning
systems should cover a FoV of 30° and an angular resolution of 0.1°. We provide
a quantitative comparison between OPA and FPSA in terms of geometry (antenna
spacing d and channel count ), electrical power consumption, transmitted optical
power and crosstalk level.

The Table 2.4 summarizes the keys formulas for OPA and FPSA and their spec-
ifications.

OPA FPSA Spec
A N —1)d
Field of ﬁsin’l (ﬁ) @tan’1 <(2—>> 30°
View FoV i m f
(°)
1
Angular % @tan_l <§> 0.1°
resolution .cos(9) T !
A0 (°)
Static N(P1p5+P150A) lOgg(N).P1P5+P150A -
power con-
sumption
(W)
Transmitted Main lobe power : Py, — 1oga(N). I Ly switen 100mW
or dBm) et ond
3
Crosstalk SLSR = |N3in(%)|2 MZI extinction + SOA | < —25dB
(dB) as shutter (< —50dB
expected)

Table 2.4: Summary table of the key formulas for OPA and FPSA and the specifi-
cations.

The Fig. 2.19 shows the two scanning architectures. The wavelength of operation
is 1550 nm. In both implementations, Semiconductor Optical Amplifiers (SOAs)
were inserted before the TX to ensure sufficient optical power to detect targets at
200 m with 10% reflectivity. The SOA is assumed to produce a 10 dB gain and
is not saturated by the input optical power. For the OPA, all SOAs should be
switched ON at once, while for FPSA, only the SOA in the active path is switched
ON, to save power consumption. Another advantage of single SOA operation for
FPSA is that other SOAs that are switched OFF act as shutter and filter the leakage
signals contributing to crosstalk. In [84], SOAs used as shutter have shown more
than —50 dB isolation level. We considered thermo-optic phase shifters for both
OPA and FPSA. Therefore, the switching speed is comparable in both techniques.
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In terms of average power consumption, individual doped Si thermo-optic phase
shifter consumes 12 mW /7 and an individual SOA consumes 200 mW.

Phase

= SOA
shiers "‘ SOA Id
i

Phase shifter

Phase shifter

it SOA Phase shifter

SOA Phase shifter

N emitters N emitters
Light IN N Light IN XN )
. -8
switch array . splitter network
'i' SOA
- SOA
"B o SOA
SOA
a) b)

Figure 2.19: Comparison between a) FPSA and b) OPA implementations.

Channel spacing d

For the OPA, the minimum channel spacing d is 3 um in order to cover a 30° field-
of-view using Eq. (2.21). Beyond this angular range, unwanted grating lobes are
produced. For FPSA, the minimum channel spacing d is determined by the angular
resolution of 0.1° and the lens focal length f. The size of the grating coupler and
therefore the channel spacing d between emitters is also related to the MFD of the
grating. Here we will consider a grating MFD of 10 ym and a channel spacing d of
50 pm, which results in a focal f of 2.86 cm.

Channel count N

For OPA, the channel count N determines the angular resolution as described by
Eq. (2.20). Therefore, angular resolution below 0.1° can be obtained with at least
N=259 channels. This corresponds to a 1x8 splitter network. For FPSA, the channel
count N determines the FoV using Eq. (2.26). At least 308 channels are needed to
ensure a 30° field-of-view. This corresponds to 9 stages of MZI switches.

Footprint

The resulting channel spacing d and channel count N set the beam scanning chip
length occupied by the antennas. The OPA offers high level of integration with a
772 pm-long 1D array of antennas. The FPSA 1D antenna array is 15352 pm-long
in this example. Nevertheless, OPA requires more electrical pads than FPSA, owing
to the number of phase shifters to control. Hence, in terms of chip footprint, both
optical and electrical I/Os should be considered.
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Static power consumption

For the OPA, the computed power consumption depends on the SOAs and the
thermo-optic phase shifters. The OPA consumes 54.9 W on average, all these ele-
ments being active simultaneously. The FPSA only consumes 0.3 W on average as
only one path is active at a time.

TX power

For the OPA, the power in the main lobe depends on the splitter network insertion
loss and the power lost in the sidelobes. As described by Eq. (2.24), it is dependent
on the individual antenna gain. For FPSA, it is reasonable to consider less than
0.5 dB insertion per switch cell [74]. It corresponds to a total switch array loss of
4.5 dB in our scenario. The 10 dB gain SOA can compensate for on-chip losses and
provide 100 mW optical power at the TX. This point will be further developed in
next chapter.

Crosstalk

In terms of crosstalk, OPA suffers from unwanted reflections from the sidelobes.
For a linear uniform OPA, the SLSR is -13.46 dB. By using OPA with Gaussian
distribution, the SLSR can be reduced down to -30 dB [55]. FPSA with SOA at
each emitter is expected to reach crosstalk levels below -70 dB, considering MZI
extinction ratio of -20 dB and a switched off SOA isolation of -50 dB.

The Table 2.5 summarizes the computed parameters to achieve the specifications
given in Table 2.4 for the OPA and FPSA implementations.

OPA FPSA
Channel count N 259 308
Channel spacing d (um) 3 50
Focal length f (cm) - 2.86
Static power consumption (W) 54.9 0.3
(Pips=12 mW; Pi504=200 mW)
Crosstalk (dB) -30 -70

Table 2.5: Table of the computed parameters for the comparison between 1D OPA
and 1D FPSA described in Table 2.4.

In conclusion, both OPA and FPSA can achieve the specified performances with
their respective pros and cons. Large OPAs with sub-wavelength channel spacing
offer very high level of integration, high resolution and wide FoV, at the cost of
control complexity and power consumption. FPSA requires a simple convex lens to
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transmit collimated beams towards the target. This technique also offers high level
of integration and is very promising for power consumption and crosstalk reduction.

In chapter 4, we will report on the design and characterization of a 4-emitter
FPSA circuit made from a single fully integrated circuit. Our switch array is based
on cascaded MZI with thermo-optic phase shifters.

The integration of LIDAR systems on chip is essential for compactness, low
power consumption, robustness and cost considerations. The integration of III-V
lasers and semiconductor optical amplifiers (SOA) would enable the co-integration
of the LIDAR transmitter and receiver on the same chip, suppressing the inter-
face coupling losses compared to discrete element assembly and offering wafer-scale
CMOS manufacturing and testing. The use of low loss Si/SiNx passive components
with Germanium (Ge) waveguide-PD featuring high responsivity, compactness and
ultra-high speed would be a key advantage.

2.8 Towards integration of LIDAR systems

2.8.1 Silicon photonics for FMCW LIDAR

The technological advances of microelectronics has enabled the mass-fabrication of
nm-size component features with high reliability. Leveraging this technology, silicon
photonics is gradually taking hold in foundries with the aim of guiding, modulating,
emitting and detecting light on a single chip [85]. The co-integration of the LI-
DAR transmitter and receiver components is essential to the extensive parallelism
demanded in next generations sensing applications. It reduces the assembly steps
and related optical and electrical packaging losses.

The high index contrast between Si/SiNx and SiO2 enables a strong light con-
finement in the waveguides. Passive integrated components such as waveguides,
splitters/combiners, multiplexers, grating and edge couplers have been developped
to efficiently route, filter and couple the light. For example, very low loss waveguides
(few dB/m) have been reported in [86].

Silicon electro-optic modulators (EOM), leveraging the plasma dispersion effect
[87], are capable of high speed (>50 GHz) encoding of the information into the
optical signal. IQ modulators can be used to produce LIDAR linear frequency chirp
as it will be discussed later [88].

The photodetector converts an optical signal into an electrical signal using the
photoelectric effect. When photons with a certain energy are impinging on a ma-
terial, they can be absorbed and generate electron hole pairs. These carriers are
collected, producing a photocurrent. High speed and high responsivity integrated
Ge waveguide-photodiodes have been demonstrated in [89]. Balanced photodetec-
tors have been used for improving the SNR by eliminating any common fluctuations
from the two mixed signals [90].

Finally the laser produces a spatially and temporally coherent light based on the
stimulated emission effect. Silicon is not a good candidate to build lasers due to its
indirect bandgap, while III-V materials have direct bandgap and high gain, enabling
the access to efficient lasers in the O and C bands. However, the combination of III-
V material with silicon is challenging. The next section describes the main I11-V/Si
integration approaches.
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2.8.2 1III-V on Si integration

Combining the III-V material with Si can be done in several ways [91] as shown in
Fig. 2.20:

photonic package assembly

flip chip of processed III-V lasers

)
)

¢) micro-transfer printing
) hetero-epitaxial growth
)

heterogeneous integration of I11-V dies or wafers on the SOI wafer through bond-
ing

Photonic package assembly can be used for coupling I11-V packaged lasers with
a silicon photonics chip as shown in Fig. 2.20 a). This technique requires precise
aligment procedure with dedicated optics as illustrated by the laser micropackage
(LaMP) developped by Luxtera [92]. However, this approach is limited by the align-
ment steps and coupling losses due to the multiple interfaces. Multi-laser integration
also becomes complicated.

The second solution is to flip chip processed laser chips on the silicon photonics
wafer as described in Fig. 2.20 b). This approach has been used in [93] where vertical
alignment of the lasers is ensured by pedestals and recess patterned in the silicon
photonic wafer. Spot size converter (SSC) are needed for high coupling efficiency at
the interface between the laser and the waveguide.
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Figure 2.20: I1I-V material integration with silicon photonics wafer using a) photonic
package assembly [92] b) flip chip bonding of processed III-V dies [93], ¢) micro-
transfer printing [94], d) Hetero-epitaxial growth [95] and e) III-V/Si wafer or die
bonding.

Micro-transfer printing uses III-V gain dies that are pre-processed on the I1I-V
wafer and simultaneously transferred to the silicon photonics wafer using a stamp,
as shown in Fig. 2.20 c¢). More details on this approach can be found in [96]. Micro-
transfer printed SOA with small signal gain > 15 dB and saturation power > 10
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mW have been demonstrated in the C band [97]. Widely tunable laser have also
been reported in [98].

Hetero-epitaxial growth consists of selective I1I-V material growth on the silicon
wafer using chemical vapor deposition (CVD) methods, as described in Fig. 2.20
d). This technique promises high level of integration but faces challenges due to the
lattice and thermal expansion coefficient mismatches between the two materials.
The resulting dislocations are a strong limitation for the laser performances [99].

Another heterogeneous integration of the I1I-V material consists of bonding III-
V dies or wafers on the silicon photonic wafer as shown in Fig. 2.20 e). Molecular
bonding, adhesive bonding or metallic bonding can be used. The III-V lasers and
amplifiers are processed after the bonding step, enabling wafer scale processing and
high level of integration. This approach has been pioneered by UCSB [100], and
CEA-Leti, IMEC and III-V lab [101]. Relying on early integration work, Scintil
Photonics is developping I1I-V /Si photonic circuit using its own integration process
called 'Backside on Box’ which is detailed hereafter.

The Scintil Photonics process flow starts with a Silicon On Insulator (SOI) with
a buried oxide (BOX) thickness varying within less than 5 nm.

1) Silicon photonics processing
The top Si layer is etched for defining the Si waveguides and other optical ele-
ments such as modulators, multiplexers, and demultiplexers. Waveguide photo-
diodes can be formed by using epitaxial growth of Ge, and SiNx can be added to
form low-loss passive devices. A SiO2 encapsulation is then applied to the silicon
photonics wafer, and metal levels are processed.

2) Transfer to silicon handle
The silicon photonics wafer is then flip-chip bonded onto a silicon handle. and
the original silicon substrate is removed, leaving the thin buried oxide (BOX)
layer on top.

3) III-V/Si molecular bonding
The ITI-V material-stack is molecular bonded on the backside of a Si photonic
base wafer i.e. onto the BOX layer. The bonding step does not require any
precise alignment.

4) III-V material patterning
Finally, the III-V material is patterned at the wafer level to define the lasers and
amplifiers. Electrical contacts are then deposited to drive active components.
At the end of the manufacturing flow, a chemical mechanical planarization step
enables a flat top surface, making the integration of flip chip electronic possible
for package.
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Figure 2.21: Scintil 'Backside on Box’ fabrication process [102].

[1I-V/ Si DFB laser with 20 mW output power per laser end and 20 kHz
Lorentzian linewidth has been demonstrated on this platform [103] showing its po-
tential for integrating LIDAR sensors. The integration of III-V material with low
loss Si/SiNx passive components and high sensitivity Ge photodiodes is a key ad-
vantage for detecting long-range targets with high precision.

2.8.3 State of the art FMCW LIDAR

In this section, an overview of state-of-the-art FMCW LIDAR is given. The Table 2.6
summarizes the main FMCW LIDAR demonstrations up to date. These works
include different levels of integration from fibered systems to chip-scale LIDAR.
The framework of this thesis is also given.

In [104], a fibered FMCW LIDAR was built from off-the-shelf fiber optic telecom-
munication components. It was used in a NASA space exploration program. Range
and velocity (Doppler) measurements were performed on a target at a distance of
250 m.

In [105], the FMCW LIDAR system is composed of an external laser that feeds a
Photonic Integrated Circuit (PIC) composed of 8-transmitter and 8-receiver switch-
ing networks. Each emitter is coupled to a fiber with a collimator and a circulator
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to redirect the Rx beam towards the Rx switch. Speed and range measurements
were reported for a target at a distance of 60 m.

In [106], a chip scale FMCW LIDAR circuit including a SGDBR laser and III-V
balanced photodetection was built on an InP-based platform. The authors reported
on the individual component performances of the circuit.

In [107], the integration of the emitter and receiver of FMCW LIDAR on the
same Silicon photonic chip is demonstrated.

In [83], the frequency modulation of the source is performed by a fibered laser
associated to an IQQ modulator. A fiber amplifier is used as a booster to compensate
for the losses of the IQQ modulator. The 16 transmitters switch and the 512 receiver
pixels are integrated on a Silicon photonic chip.

In [29], two LIDAR circuits were implemented with edge coupled lasers to the
photonic chip. Though the laser integration process requires precise alignment of
the laser with the PIC, detection of targets up to 75 m.

Integrated Footprint Beam Power Operating Ref
materials scanning consumption range
Fiber No chip Bulky Rotating NA 250 m [104]
assembly fibered
telescopes
Semi- Si ; SiN; Cigarette Fibered NA 60 m [105]
integrated Ge box size FPSA
SOI wo Si 5 SiN; Cigarette FPSA or NA 75 m [83][59]
I11-V Ge box size OPA
SOI and Si ; SiN; Cigarette No beam NA 75 m [29]
I11-V Ge box size scanning
chips
Bulk Si [11-V ; Si; Cigarette OPA NA ~20 m [108]
with III-V SiN ; Ge box size
Full I1I-V II1-V only Cigarette No beam NA NA [106]
box size scanning
SOI with III-V ; Si g Cigarette FPSA <10 W 200 m Framework of
I11-V SiN ; Ge box size this thesis

Table 2.6: Summary table of state of the art FMCW LIDAR demonstrations. wo :

without.

Leveraging the I1I-V/Si integration platform, this work focuses on the realization
of a compact and low power consumption FMCW LIDAR for long-range detection.
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2.9 Chapter conclusion

In this chapter, a state-of-the-art on LIDAR solutions has been presented. We have
shown the interest of FMCW LIDAR approach relatively to AMCW and DToF LI-
DARs, in the context of automotive applications. The FMCW LIDAR architecture
is promising for high precision 3D sensing applications. In addition to the target
distance, it provides velocity estimation, immunity to background lights and high
sensitivity, making it suitable for long-range detection. Then LIDAR metrics have
been introduced to quantify the performances of each LIDAR system. We also
presented the different illumination families. Solid-state beam scanning approaches
are preferred over bulk mechanical scanners due to their lower power consumption,
footprint, probability of failure, and cost. Based on a detailed comparison between
two promising solid-state beam scanning techniques, OPA and FPSA, we selected
the FPSA principle for its reduced power consumption, crosstalk and complexity.
Finally, we discussed the chip-scale integration of FMCW LIDAR systems in order
to improve the footprint, the weight, the cost and the power consumption. Scintil
Photonics integration platform, called 'Backside on Box’, combines various materi-
als (III-V; Ge; Si/SiNx) on the same chip. The integration of III-V material on Si
is a differentiating factor that enables the fabrication of state of the art components
and circuits.

Based on this state-of-the-art, the objective of this work is to investigate the
feasibility and the challenges related to FMCW LIDAR components and circuits
through three steps: modeling, layout and characterization of the fabricated chips.
The next chapter consists in modeling the FMCW LIDAR system. We will start
from the specifications defined in Table 2.1 and derive the corresponding photonic
components specifications while identifying the system limitations.
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FMCW LIDAR model

In this chapter, the working principle of FMCW LIDAR is detailed. We developed a
model to derive the link budget and signal-to-noise ratio (SNR) of the system. This
model connects the expected LIDAR system performances described in chapter 2
and photonic component specifications.

3.1 Overview of the FMCW LIDAR system

A FMCW LIDAR can be decomposed into several building blocks as shown on
Fig. 3.1:

1. the source
2. the illumination and collection module
3. the coherent receiver

4. the electronics for control and the digital signal processing block

Control & Illumination \

processing & collection

electronics module RX
Coherent ¥

receiver Target

Figure 3.1: Schematic of the FMCW building blocks.

The role of the source is to produce a laser signal that is modulated in frequency.

The illumination module steers the laser beam towards certain directions in
space. The goal of this unit is to cover the largest Field-of-View (FoV) with fine
resolution, in a short time period that is given by the frame rate (FR).
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The coherent receiver demodulates the received signal (RX) with a reference sig-
nal (LO).

The electronic unit role is to control and process the electrical signals at the
interface of the photonic circuit. The beat signal produced by the coherent receiver
is processed to recover the range and the speed of the target.

From a system point of view, each building block is responsible for losses and /or
contributes to noise. In this section, a noise model and a power budget is built
to quantify the SNR of a FMCW LIDAR circuit. This model serves as a bridge
between LIDAR system performances and component specifications. The case of
long-range automotive FMCW LIDAR is discussed while the model can be adapted
to industrial, medical or consumer FMCW LIDAR.

In the next section, we focus on the theory of the coherent receiver.

3.2 Pre-requisite on coherent detection

Coherent receivers are made of two subsystems : an optical mixer and balanced
photodiodes. The optical mixer can be realized with a simple 3 dB coupler or by
using an optical 90° hybrid. We use general field expressions without considering
any laser phase noise for the local oscillator (LO) and received (RX) signals given
by :

Ero(t) = E}pexp(j(wrot + ®ro)) (3.1)

ERX<t) = E%X eXp(j(wat—f—(I)Rx)), (32)

with wro, @ro and EY, (respectively wry, Prx and E%,) being the pulsation,
initial phase and amplitude of the local oscillator field (respectively of the received
field).

3.2.1 With 3 dB coupler

The simplest way to perform coherent mixing between the local oscillator (LO) and
reflected (RX) signals, is to use a 3 dB coupler with a pair of balanced photodetectors
as shown on Fig. 3.2.

Erx(t) E.(t)

—>| 3dB PD, L 1)
— o |coupler PD I
Eio(t) Ex(t) 2

BPD
Figure 3.2: Coherent receiver using 3 dB coupler. BPD: balanced photodiodes.

An ideal 3 dB coupler (balanced, symmetric and lossless) can be described in
terms of transfer matrix [109] as:
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Ext)] 25 1] [Ero(t) '
The produced photocurrent on photodiode 1 (PD1) is given by :

2 2

L) = B:0)] = 5n| Brx(t) + iBro()] (3.4)

where 7 is the photodiode responsivity in A/W. Considering optical fields expres-
sions Eq. (3.1) and Eq. (3.2), the produced photocurrent on PD1 can be expressed
as:

Ii(t) = %WPRX + %UPLO + 0V Prx Pro cos((wpo — wrx)t + Pro — Prx)  (3.5)

Note that the third term averages to zero in the case of incoherent waves, mean-
ing no interference is produced. Coherent detection provides strong isolation to
background light as only signals that are coherent with the LO wave can produce
the interference signal (third term in Eq. (3.5)). In FMCW LIDAR, the LO is
usually a beam split of the TX signal, which ensures the interference effect.

Same derivations for PD2 yield to:

2

)2 = %n‘jERx(t) + Ero(t) (3.6)

Ia(t) = n| Ba(t)

1 1
Ig(]f) = §T]PRX + EUPLO —n PRXPLO cos((wLo — wa)i + (I)LO - (I)RX) (37)

The balanced configuration outputs a current I; given by:

]I(t) = Il<t) — Ig(t) = 277\/ PRXPLO cos((wLo — wa)t + (I)LO — (PRX) (38)

Therefore, the use a of 3 dB coupler provides the in phase component of the
photocurrent I;(t).

3.2.2 With 90 degree hybrid

The 90° optical hybrid, also called IQ demodulator, is another type of coherent
mixer having 2 inputs and 4 outputs, as shown on Fig. 3.3. It is widely used in
coherent communications to demodulate complex modulation formats.
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BPD
E.(t)
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Erx(t) 900 m PD,
— | hybrid |E(t)
Ero(t) R ] B
—larp,|
E4(t)

Figure 3.3: Coherent receiver using a 90° optical hybrid. BPD: balanced photodi-
odes.

In FMCW LIDAR, the two 90° hybrid inputs are the reflected (RX) and local
oscillator (LO) signals. The four outputs are the beat signals between RX and 90°
shifted version of the LO as described by this transfer matrix [109]:

E;(t) Erx(t) + Ero(t)

Ey(t)| _ 1 | Erx(t) = Ero(t) (3.9)
BEst)| ~ V2 | Erx(t) + jEro(t) '
Ey(t) Erx(t) — jEro()

Two pairs of balanced photodetectors enable to recover the in-phase (I) and
quadrature (Q) components of the photocurrent that are given by:

I](t) = [1 — [2 = 277\/ pRXPLO COS((U)LO - wa)t + (I)LO — (I)RX) (310)
]Q(t) = 13 — ]4 = 27’]\/ PRXPLO sin((wLo — wa)t + CI)LO — Q)RX) (311)

Therefore, the 90° hybrid provides the in phase I;(¢) and quadrature I (t) com-
ponents of the photocurrent. It enables to recover both intensity and phase infor-
mation between the two interfering signals.

The use of 90° hybrid is beneficial over a simple 3 dB coupler. Indeed, 1Q de-
modulation can solve the complex conjugate ambiguity [110]. Indeed, in FMCW
LIDAR, the depth information is extracted from the Fourier transform of the infer-
ence signal between LLO and RX signals. On the one hand, the use of a 3 dB coupler
only provides a real beat signal with frequency + f;, so its Fourier transform has a
Hermitian symmetry with two frequency peaks at + f, and — f;. As a consequence,
a target that is approaching or moving away cannot be distinguished, resulting in
an artefact on the image. On the other hand, the use of a 90° hybrid allows to
reconstruct the complex beat signal from the I and Q components. The Fourier
transform of this complex beat signal would result in a single peak at + f;,, removing
the complex conjugate artifact.

The efficiency of a 90° optical hybrid is quantified by its insertion loss (IL),
common-mode rejection ratio (CMRR), imbalance and phase error.
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The 90° optical hybrid insertion loss IL is defined by:

Z7lPout,i )

m

[L[dB] = 10log,, ( (3.12)

where P, is the input power in one arm of the hybrid and and F,,;, is the optical
power of the ith output.

The common mode rejection ratio (CMRR) is defined for the in-phase (I) and
quadrature (Q) arms as:

P—P
CMRR;[dB] = 20 log,, () B ) (3.13)
1 2
P, — P,

CMRRqldB] = 201og, (|

PP ) (3.14)

The CMRR is computed for a field applied to a single input port. There-
fore, we denote as (CMRR;,CMRRg)rx for input signal in the RX port and
(CMRR;,CMRRg) Lo for input signal in the LO port.

The imbalance is defined as :

P
Im; = 10logy, (—1) (3.15)
Py
and
P
Img = 101ogy, <—3> (3.16)
Py

We denote as (Iml, ImQ)grx for input signal in the RX port and (Imy, Img)ro
for input signal in the LO port.

The phase error is defined as the error from the expected 90° phase shift [111][112]
between :

o Ipx + Ero and Erx — jEr0

o Ipx — Ero and Erx + jEr0

In the next chapter, we will report on the measured performance metrics of a
fabricated silicon nitride 90° hybrid. We will compare our results to state of the art

90° hybrid demonstrations and with the Integrated Coherent Transmitter-Receiver
Optical Subassembly (IC-TROSA) [113] specifications.

3.2.3 Balanced photodetection

A balanced photodetector is composed of two photodiodes connected in series. Un-
der the same illumination, if the photodiodes are identical, the produced photocur-
rents are equal and the balanced photodetector outputs zero signal. Subtracting the
two signals suppresses the noise fluctuations associated to the laser relative intensity
noise (RIN) and DC noise terms [90].
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Here, we consider the coherent receiver formed by the 90° and the balanced
photodiodes in Fig. 3.3. In the presence of laser relative intensity noise (RIN), the
photocurrents produced in PD 1 and PD2 are expressed as:

1
Il = 577<PL0+PRX+RIN(t)>+77\/ PLOPRX COS [(WLO_WRX>t+q)LO_¢)RX] (317)

]2 = %n(PLO + PRX + RIN(t)) —n PLOPRX COS |:<WLO — wa)t + (I)LO — (I)RX]>

(3.18)

Balanced photodetection results in a photocurrent I; equals to the difference
between I; and I:

[[ = [1 — [2 = 2?7\/ PLOPRX COS |:<QJLO — wa)t + (I)LO — (I)RX] (319)

Therefore, the DC terms and the laser RIN are suppressed with perfectly bal-
anced photodetection.

In balanced photodetection, the common mode rejection ratio (CMRR) ex-
pressed in dB, quantifies how weak the difference I; of the two photocurrents is
under equal illumination of the two photodiodes [114]:

17|
|| + | 2|

In [115], more than 20 dB suppression is measured using balanced photodetector.

CMRR = (3.20)

In the next chapter, we will show measurements of Ge based balanced photode-
tectors.

3.3 FMCW LIDAR waveforms

In this section, we apply the general background on coherent receivers to the FMCW
LIDAR system. We focus on linear frequency modulated waveforms, also called
chirps, starting from a frequency fy to a frequency f; within a modulation period
T. The frequency excursion B is defined as |f; — fy| and the chirp rate s is defined
as B/T. We will present both sawtooth and triangular frequency modulation.

3.3.1 Sawtooth FMCW waveform

When applying a sawtooth frequency chirp to the laser, the angular frequency wro(t)
of the local oscillator is given by :

27 B
wro(t) = 2mst + wp = %t + wo (3.21)

Fig. 3.4 a) and b) show a representation of a sawtooth linear frequency chirp in
time domain and in the Fourier domain respectively.
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Figure 3.4: Representation of a sawtooth linear frequency chirp a) in time domain
and b) in the Fourier domain.

The phase component of the local oscillator ®1(t) is given by:

t
1
(I)Lo(t) = / wLo(t)dt = 527T3t2 + th + q)() (322)
0
where @, is the initial phase.

The electric field of the linearly chirped local oscillator signal Ero can be ex-
pressed by :

Ero(t) = E%, cos(®10(t)) (3.23)

By defining the amplitude of the RX signal as E%y, the electric field of the
received signal Fry is given by :

ERx(t) = E?%X COS((I)Rx(t, T)) (324)

where the round trip delay 7 is considered in the RX signal phase ®rx(t) ex-
pressed as:

1
(I)RX(tﬂ') = (I)Lo(t — 7') = 527’(’8@ - T)2 +WO(T, — T) + (I)() (325)

For simplicity, we considered a coherent receiver with a 3 dB coupler and bal-
anced photodetectors as described in Section 3.2.1. When these two waves interfere
on the coherent receiver, the resulting beat signal is expressed by Eq. (3.8). For
sawtooth frequency chirps, injecting Eq. (3.25) into Eq. (3.8), the beat signal is
given by :

2 sT?

Iy(t,7) = 2n+/ Prx Pro cos(2mstt + woT — 5 )

Similarly, for a 90° optical hybrid, we would have two beat signals I, (¢, 7) an
I o(t, ) corresponding to the in-phase and quadrature components.

(3.26)

The beat signal frequency fr is given by:

fr=sT= s? (3.27)

where 7 is the round trip delay to the target, R is the target range and c is the
speed of light in vacuum. Therefore, the signal produced from coherent detection
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of the LO and RX signals, has its frequency proportional to the target range. A
Fourier transform is applied to the temporal signal I(¢,7). The beat frequency fr
is then estimated from the spectrum of I, and the target range is obtained using
Eq. (3.27). This principle is summarized in Fig. 3.5.
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Figure 3.5: FMCW LIDAR principle using sawtooth waveform. FFT: fast Fourier
transform.

To avoid any target ambiguity, one modulation ramp is transmitted and received
during the measurement period 7', i.e. the measurement period 7" should be larger
than the maximum round-trip delay to the target 7,4, [90]. T is usually taken
larger than 57,,,, to limit the apparition of spurious signals generated during ramp
transitions.

If two objects in the same line of sight are separated by a distance AR, corre-
sponding to a round trip delay interval A7, the difference in their beat frequencies
AfR is:

2AR

Afr =sAT =s (3.28)

In the frequency domain (see Section 3.9.1), two frequency components are re-
solved if :

Afr> % (3.29)

where T' is the measurement period. This leads to :

2AR 1
— > = (3.30)
AR > = (3.31)
2B ’

Therefore the range resolutionAR can be improved by increasing the laser fre-
quency excursion B. To reach 10 cm range resolution, a frequency excursion B of

1.5 GHz is needed.
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Now, if we consider that the target is moving with respect to the LIDAR as
shown on Fig. 3.6, the generated Doppler frequency shift f; is given by :

20,

fo=~ (3.32)

where v, is the radial velocity of the target and A is the laser wavelength.
The Doppler frequency is added to the beat frequency fr, producing a new beat
frequency f, given by:
befR‘f'fd:SﬁvL%r
c A
Therefore, the Doppler shift adds an error to the range estimation, making saw-
tooth waveforms only suitable for static targets detection.

(3.33)
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Figure 3.6: FMCW LIDAR principle using sawtooth waveform in the presence of
Doppler effect.

In order to measure the target range and radial velocity with a FMCW LIDAR,
triangular modulation can be used.

3.3.2 Triangular FMCW waveform
The principle of triangular modulated FMCW LIDAR is shown in Fig. 3.7.
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Figure 3.7 FMCW LIDAR principle using triangular waveform. FFT: fast Fourier
transform.

For triangular waveforms, the produced beat signal is composed of two interme-
diate frequencies f,,;, and f,.., depending on the rising or falling frequency ramps,
that are given by [25]:

2sR  2uv,

foin = 28 B g (3:31)
2sR 2w,

fmam:T+ \ :fR+fd (335)

where fg is the beat frequency associated to the range (see Eq. (3.27)) and f; is
the Doppler frequency shift (see Eq. (3.32)).

A Fourier transform is applied to the beat signal for each ramp period T. The
beat frequencies f,,;, and f,... are then estimated in the frequency domain. The
target range R and radial velocity v, are retrieved from the two beat frequencies
using the following equations :

R= ﬁ( Frnae & Fouim) (3.36)

Uy = g(fma:c - fmm) (337)

Note that a positive radial velocity v, corresponds to a approaching target (pos-
itive Doppler shift).

3.4 Electrical bandwidth

Once the beat photocurrent I, is produced, a transimpedance amplifier (TTA) is used
to amplify and convert the photocurrent into a voltage V,,; as shown in Fig. 3.8.
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§ PD + ) Vout

\Y%

Figure 3.8: Schematic of a simple transimpedance amplifier (TTA) circuit connected
to a photodiode (PD) under illumination. Op amp: operational amplifier.

The TIA inverting input has a very high impedance so that the photocurrent
flows through the feedback circuit. The transfer function of this component is given
by the RC circuit in the feedback loop:

‘/out o RTIA

= - . 3.38
I, 1+ jwRrraCrra (3.38)
Therefore, for frequencies below the cutoff frequency f. = m, Vout can
be approximated by:
Vout ~ —Rrraly, (3.39)

where Rpra is the transimpedance gain in ).

Then, an analog to digital converter (ADC) samples and digitizes the signal.
Finally, the digital signal processor (DSP) applies a fast Fourier transform (FFT)
to the digital signal in order to extract the beat frequency.

The TTA electrical bandwidth BW,,.. and the ADC sampling frequency F§ there-
fore needs to be set according to the operating range R,,.. and velocity v,,,q. to be
detected. The ADC sampling frequency F should be larger than twice BW¢. to
satisfy the Nyquist-Shannon criterion. These lower bounds for BW,.. and Fy are
given by:

SZRmaz 2UTm(l.’L'

BW e > 3.40
1 p + \ ( )

S4R ez Armag
c A
As the range and velocity extractions are based on the beat signal intermediate

frequency (IF), the required TIA electrical bandwidth BW,,.. and the ADC sampling

frequency F; are below 1 GHz for long range automotive LIDAR.

Fy > 2BW. = (3.41)

In Fig 3.9, we compare two linear frequency chirps. The two chirps produce the
same range resolution AR as described by Eq. (3.31), as the frequency excursion B
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is the same. Nevertheless, for the same target maximum range R,,,, and velocity
Upmaz, chirp A requires a higher BW,.. and F} as the slope is steeper than for chirp
B. In terms of scanning speed using, chirp A has the advantage of requiring half the
measurement time of chirp B.

Frequency

Figure 3.9: Chirp resolution comparison.

3.5 Model description

In this section, we provide a model for deriving the FMCW LIDAR system link
budget and signal-to-noise ratio (SNR).

The Table 3.1 summarizes the inputs and outputs of our model.

Inputs Outputs

Components specifications : laser, passives, SNR and power budget
photodiodes, electronics

Environmental conditions LIDAR performances

Table 3.1: Summarize of our model inputs and outputs.

For this model, we considered an elementary tile composed of a single TX and
single RX. Adding a scanning unit would result in more insertion losses in the TX
path. We detail the different elements of Table 3.1 hereafter.

3.6 Free space loss

Once the light gets out of the FMCW LIDAR chip, it undergoes an important free
space attenuation Ly, that can be approximated by the one-way LIDAR equation
[10].

Liys=——=e Pﬁws(ﬁﬁ)natmnwwling (3.42)
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where :
- «v is the air attenuation factor which typical values are given in Table 3.2.
- R is the target distance to the LIDAR.
- p is the target reflectivity. A typical specified value is 10%.
- Dgx is the receiver aperture diameter as we considered a circular aperture.
- ¢ is the incident angle on the target.
- Natm 18 the atmospheric loss coefficient which can be ignored (74, = 1) for auto-
motive LIDAR.
- Neoupling 15 the light coupling loss from the photonic circuit to free space and vice-
versa.

Environmental conditions | « [neper/km]| | o [dB/km]
Clear weather 0.1e-3 0.43

Haze le-3 4.3

Fog 10e-3 43

Table 3.2: Table of air attenuation factor values from [38]

The effect of speckle noise is not included in our model. Speckle originates from
random interference effects after reflection on diffusive targets. In FMCW LIDAR,
the speckle noise usually affects the reflected signal intensity and phase [116].

In addition, the heterodyne efficiency 7y, could be added in Eq. (3.42) to describe
the mismatch in phase and amplitude between the local oscillator (LO) signal and
the received signal (RX) signal. As presented in [117][118], the heterodyne efficiency
Nhet 1S a complex entity which depends on several parameters such as the target
distance and aberrations in optical components. Thus, in the following, we assume
that the heterodyne efficiency is equal to unity while this factor can be modified
according to each LIDAR system.

The free space loss can be divided into three different loss contributions:
2
(%)
—2aR 2

(47rR2 ) atm
2

b) reflection on the target : p.cos(¢)

a) propagation in air : e

c¢) coupling efficiency : eoupling

The Fig. 3.10 a) gives an example of automotive LIDAR environment specifica-
tions, where a clear weather scenario is considered. The coupling efficiency neoupiing
is assumed to be -6 dB (-3 dB for each TX and RX couplers). The resulting loss
contributions are summarized Fig. 3.10 b) where total free space Ly, is -111.2 dB.
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Parameter Value -6.0dB 10.0 dB
Air attenuation factor a 0.43 dB/km '

Target range R 200 m I rropagation in air
Receiver aperture diameter Dpx 1 cm [ Reflection on target
Atmospheric loss coefficient 74, 1 [ Coupling

Target reflectivity p 10% Lig =-111.2dB
Incidence angle ¢ 0°
Coupling efficiency 7eoupting -6dB -95.2 dB
a) b)

Figure 3.10: a) Example of automotive LIDAR environment specifications and b)
contributions to the free space loss.

The major contribution comes from the air propagation term and more specifi-
cally the ratio D% /R?.

3.7 Attenuation due to polarization

During the free space propagation, the polarization can rotate depending on the
target surface. As the LIDAR TX and RX couplers are polarization sensitive, the
Malus law states that the intensity attenuation is proportional the cos? 3, where 3
is the angle between the two states of polarization (SOP), as shown on Fig. 3.11.

Attenuation (%)
© © ©
BN (e} (0]

o
[N

O L L 1
0 20 40 60 80

Polarization angle (°)

Figure 3.11: Attenuation due to polarization.

Polarization diversity coherent receiver [119] can be implemented to perform po-
larization mapping of the environment. Fig. 3.12 shows a schematic of a polarization
diverse coherent receiver, where the coherent receiver is duplicated to detect the two
orthogonal polarizations [109]. Such scheme provides additional information on the
target at the cost of increased complexity. For example, in [31], targets are classified
based on their material polarization signature using this type of receiver.
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Figure 3.12: Polarization diverse coherent receiver. PBS: polarization beam splitter.

In our model, we considered a single polarization coherent receiver and the LO
and RX states of polarization (SOP) are considered parallel.

3.8 Laser chirp nonlinearity

Any nonlinear distortion in the laser frequency chirp impacts the measurement accu-
racy of FMCW LIDARs [120]. Indeed, nonlinearities broaden the detected spectrum
and can create additional peaks in the detected spectrum due to intermodulation
distortions. This effect results in the apparition of ghost targets, creating false
alarms as shown in Section 3.8.

51\ RX g)\
S| X 2
: 5
o ©
b =
o[ _
Time Frequency

Figure 3.13: Illustration of nonlinear distortion on the beat signal.

Producing highly linear FMCW waveforms is challenging. This can be either
achieved through direct laser modulation or by using an external modulator with a
fixed laser frequency. For semiconductor lasers, direct modulation is based on the
modulation of the laser injection current. However, the relationship between opti-
cal frequency and injection current is nonlinear. The laser frequency modulation is
based on thermal and free-carrier plasma dispersion effects depending on the mod-
ulation frequency [121]. At low modulation frequencies (below 100 kHz), increasing
the injection current increases the refractive index and the cavity length due to ther-
mal heating of the junction, reducing the optical frequency (wavelength is increased
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: red shift). At high modulation frequencies (above 1 MHz), increasing the injection
current decreases the refractive index due to free-carrier plasma dispersion effect,
increasing the optical frequency (wavelength is increased : blue shift). Usually, a
nonlinear distortion, defined as the standard deviation of the optical frequency after
removal of a linear fit, below 0.1% is desired [122].

We further discuss this point in next chapter with the measurement of a silicon 1Q)
modulator with a monolithically integrated I1I-V /Si semiconductor optical amplifier
(SOA) to quantify chirp linearity. In this model, the LIDAR source produces an
ideal linear frequency chirp, while nonlinear distortion could be added in the future
as demonstrated in [123].

3.9 FMCW LIDAR link budget and noise study

In this section, we derive a noise model for the typical FMCW shown in Fig. 3.14.
The system noise sources are expressed in terms of their noise spectral density with
unit A%/Hz.

5 909 Pry coupler
Laser =={90/10 ¢ D\

10% IX
° Lo \
e

%:: 900 P_LO

BPD%_ hybrid ‘T;—D‘/ Target
—

RX coupler

Figure 3.14: Schematic of the FMCW LIDAR tile. 90/10: 90%-10% splitter; BPD:
balanced photodiodes.

The corresponding link budget using the free space loss scenario of Fig. 3.10 is
given in Table 3.3.

Power | Value [dBm]| | Value [mW]|
By 13.5 22.4
Prx 13 20
Pro 3.5 2.2
PRX -98.2 1.5e-10

Table 3.3: Link budget of the FMCW LIDAR system.

3.9.1 FMCW LIDAR signal

The FMCW LIDAR signal, without considering any laser phase noise and using
balanced photodetection with 3 dB coupler is given by Eq. (3.26).

This beat signal is digitized and a range estimation is performed in the frequency
domain using a Fourier Transform of this signal. As LIDAR measurements are
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performed at over each finite ramp period T', a window function w(t) is applied to
the produced photocurrent [,,(¢) [124]. We considered a rectangular window function
defined as :

1 ifft) <L
w(t) = rect(t) —{ pan< s (3.43)
Therefore, the windowed photocurrent Iy, (t) is given by:
Ly () = Ly(t)w(t) (3.44)

In the frequency domain, this product of functions appears as a convolution
product between the two Fourier transforms. From [90], the baseband photocurrent
spectrum SP (f) (without considering any laser phase noise) can expressed by:

T
SO (f) = 42 Pro Ppy T.sinc? (7"") (3.45)
Eq. (3.45) shows that time domain windowing leads to a broadening of the base-
band photocurrent spectrum (which would be a perfect Dirac distribution without
windowing), leading to the expression of the resolution given in Eq. (3.31).

3.9.2 Shot noise and receiver sensitivity

The shot noise consists of fluctuations in the detected photocurrent due to the
random photon arrival on the detector. The power spectral density of the shot noise
o2, ., generated at the receiver is given by :

02t = 2a1Pro + 2qnPrx + 2q14 ~ 2qnPro (3.46)

where ¢ is the charge of an electron, I; is the photodiode dark current. The shot
noise produced by the LO is dominant as Pro >> Prx, L4/

The receiver is in the fundamental quantum-limited regime when it reaches the
shot noise limited operation. In this case, the SNR over a measurement time window
T is proportional to the received optical power Prx and is given by:

-2
SNR = — (3.47)
O shot

where the windowed photocurrent spectrum is given by:

i2 = 4n*ProPrxT (3.48)

using Eq. (3.48) and Eq. (3.46), the shot noise limited SNR becomes independent
of P LO-
QUPR)(T
—
q
where N is the number of received photons over the measurement period T
Under shot noise elimited operation, the FMCW LIDAR is said to be single-photon
sensitive as it is proportional to the number of photons [10].

SNR = N (3.49)
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The receiver sensitivity, i.e. the minimum power Prx (or minimum number of
received photons N) to satisfy a threshold SN Ry, ensuring proper range and velocity
estimation is given by:

QSNRth
2nT

To satisfy SNRy, = 20 (13 dB) and by considering a photodiode responsivity
n of 1 A/W and a measurement period T" of 10 us, the received power Pry should
be higher than 0.16 pW (-98 dBm). Under the scenario described in Fig. 3.10, the
minimum transmitted power Pry should be 18 dBm. Reaching this amount of TX
power is challenging when using integrated I1I-V /Si lasers as shown in the Table 3.3
where typical laser output power is 13.5 dBm, corresponding to a transmitted power
Prx of 13 dBm. We therefore propose to integrate a booster semiconductor optical
amplifier (SOA) to amplify the transmitted signal, as shown in Fig. 3.15.

Ppx > (3.50)

90% coupler
Laser o 90/10 |Pinson SOA _P.'ITD\K
10% LO
:: 90° Pl_o RX I
BPD —_|hybrid P [ 1 Target
Ve RX" coupler

Figure 3.15: FMCW LIDAR architectures with a booster semiconductor optical
amplifier (SOA) added at the TX. 90/10: 90%-10% splitter; BPD: balanced photo-
diodes.

The corresponding link budget using the free space loss example of Fig. 3.10 and
considering a SOA gain of 10 dB, is given in Table 3.4.

Power | Value [dBm] | Value [mW]
By 13.5 22.4

Pinsoa 13 20
Prx 23 199.5
Pro 35 22
PRX -88.2 1.5e-9

Table 3.4: Link budget of the FMCW LIDAR system using a booster SOA.

Nevertheless, even if SOA can provide a gain larger than 20 dB [125], it also
adds noise due to amplified spontaneous emission (ASE), degrading the SNR. We
further discuss this point hereafter.

3.9.3 SOA noise

The noise in a semiconductor optical amplifier (SOA) is related to Amplified Spon-
taneous Emission (ASE). The SOA input signal interacts with the ASE noise during
propagation along the amplifier structure. This interaction generates 3 categories of
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2

. . . 2 . .
noise : the shot noise 0%, the signal-spontaneous beat noise o;_,, the spontaneous-

spontaneous beat noise o2, [126][127].

The shot noise power spectral density o2, of Eq. (3.46) is modified in the
presence of SOA and is given by:

020t = 2q0Prx (G) + 2qnPro + 2qnPase + 2q1Liark (3.51)
where Ppx(G) is the received power in the presence of a booster SOA in the

TX path, and Pagg is the amplified spontaneous emission (ASE) noise power at the
receiver (i.e. impacted by the free space attenuation) given by:

PASE = 2hVnspB0(G - 1)Lfs (352)

where we considered an optical filter with bandwidth By at the receiver, G is
the SOA gain, ny, is the population inversion factor, and Ly, is the free space loss
defined by Eq. (3.42).

For a two-level system, ng, is given by:

Ny
Ngpy X —————— 3.53
P ]\]2 _ Nl ( )
where N7 and N, are the carrier density at the ground and excited states respectively.
The population inversion factor is always greater than 1 with a theoretical limit

corresponding to complete carrier inversion when Ny = 0 i.e. ng, = 1.

As for Eq. (3.46), the received power Prx and the dark current term are negligible
compared to Pro. The ASE term is also negligible compared to the LO term [126],
yielding to the same expression as Eq. (3.46) :

ot ~ 240 Pro (3.54)

Nevertheless, the dominant noise added by SOA originates from the beating
between the amplified signal and the ASE, also known as signal-spontaneous beat
noise. The signal-spontaneous beat noise power spectral density af_sp is composed
of LO-ASE and RX-ASE beat noises and is given by [128] :

Ug—sp = J%O—sp+0%%X—sp = 4q77n$P<G_ 1)PLOLf5+4qnn8p(G_ 1)PRX(G>LfS (355)

As the LO-ASE beat noise is the dominant term, the Eq. (3.55) reduces to:

gg—sp ~ O—%O—sp = 4q77PLOnsp(G - 1)Lfs (356)

From Eq. (3.56), it can be seen that LO-ASE beat noise is strongly decreased by
free space attenuation Ly, the SOA being implemented in the LIDAR transmitter
path and not on the LO path (see Fig. 3.15).

Finally the spontaneous-spontaneous beat noise power spectral density Jgpfsp is
given by [128]:
Oap—sp = 40°Bon, (G — 1)° L, (3.57)

where By is the optical filter bandwidth used before photodetection.
The spontaneous-spontaneous beat noise is eliminated by the narrow band opti-
cal filter with bandwidth By placed at the receiver.
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Noise figure

The Noise Figure (NF) quantifies the noise added by the SOA. Assuming that the
major contribution to the noise figure (NF) comes from the beating between ampli-
fied signal and ASE. and is expressed as [129][126]:

Pask

NF ~ 10logyy (22—
IO\ GhuBoL;,

> ~ 10log19(2nsp) (3.58)

Therefore, for an ideal amplifier with total population inversion ng, = 1 the NF
theoretical limit of 3 dB is retrieved [126].

3.9.4 Thermal noise

Thermal noise is responsible for variations in the photocurrent due to thermal agita-
tion of electrons in conductor materials. The thermal noise spectral density afhermal
is given by :
9 B 4kT b
Uthermal - R

(3.59)

where k is the Boltzmann constant, T,,,, is the ambient temperature and R is the
photodiode load resistor, when no transimpedance amplifier (TTA) is considered.

3.9.5 NEP noise for PD with TTA

If a TTA is considered after photodetection, the Noise Equivalent Power (NEP)
of the optical receiver (PD+TIA) can be defined, which integrates thermal noise
and additive noise from TTA active circuitry. It corresponds to the PD minimum

detectable input power (i.e. the optical power producing a signal to noise ratio of 1
in a 1 Hz bandwidth).

The NEP of the TIA 0% p is given by:
oxpp = NEP?2? (3.60)

where the NEP is expressed in W/v Hz

3.9.6 Quantization noise

The quantization noise is the result of the converting analog values into discrete

digital values. The ADC quantization noise spectral density o7, tization 1S given by
[43]:
VADC)2 1
2
= 3.61
O'quantzzatwn <RT]A 12<2N . 1)2BWADC ( )

where N is the ADC effective number of bits (ENOB), Vape is the input voltage
range of the ADC and BW p¢ is the ADC bandwidth.
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3.9.7 Relative intensity noise (RIN)

The laser relative intensity noise (RIN) describes the optical output power stability
of a laser. The RIN is expressed by:

2
<AP(t)>

R

where AP(t) is the optical power fluctuations and Py is the average detected
optical power. The RIN can be easily measured by connecting the laser output on
a photodetector and analyze the photocurrent spectrum on an electrical spectrum
analyzer. The unit of RIN is Hz~! or dBc/v/ Hz in relative. The RIN power spectral
density 0%y is given by :

ohin =1 (Pfo + Pax)RIN ~ > P, RIN, (3.63)

RIN = (3.62)

as Prp >> Prx.

In our model, we consider ideal balanced photodiodes, which suppresses the RIN
contribution as described in Section 3.2.3.

3.9.8 Phase noise

Laser produces coherent light waves. At a given time, spatial coherence ensures that
all the points of the laser field located in a plane perpendicular to the propagation
direction have the same phase. Laser beams are narrow and directive due to spatial
coherence. At a given location, temporal coherence means that each emitted waves
are in phase at any times. Temporal coherence is related to the purity of the laser
spectrum [10].

As FMCW LIDAR relies on coherent detection, the temporal coherence is essen-
tial to ensure interferences between the LO and the RX signals over the operating
range. Temporal coherence is quantified in terms of coherence time 7., which cor-
responds to the propagation delay over which the temporal coherence of the signal
is ensured. Equivalently, the coherence length L. corresponds to the propagation
distance over which the temporal coherence is ensured.

In practice, laser sources are not perfectly monochromatic as they exhibit phase
noise due to spontaneous emission and external fluctuations, so the temporal coher-
ence is not infinite. The laser phase noise is usually quantified by the full-width at
half maximum (FWHM) of the laser spectrum, also known as the laser linewidth
Av.

Assuming a Lorentzian laser lineshape, the laser coherence length L. is inversely
proportional to the laser linewidth Avr and is defined as:

c

— .64
TAv (3.64)

L.=cr.=

where c is the speed of light in vacuum.

The Table 3.5 summarized the coherence length values for several laser linewidth.
Typical off the shelf DFB lasers have 1 MHz linewidth, corresponding to 95 m
coherence length. Note that for FMCW LIDAR, as the round-trip distance to the
target matters, the laser must be coherent within twice the coherence length 2L..
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Linewidth Ar | Coherence length L.
5 MHz 19 m
1 MHz 95 m
500 kHz 190 m
100 kHz 950 m
1 kHz 95 km

Table 3.5: Table of coherence length values L. for several laser linewidths Aw.

In the next section we describe the laser phase noise model that we implemented
and verify its validity with Monte Carlo simulations.

3.10 Laser phase noise model

The laser electric field in the presence of phase noise can be expressed by :

E(t) = cos(w(t)t + ©,(1)) (3.65)

where ®,,(¢) is a zero-mean stationary random Gaussian process.

Laser spontaneous emission produces a white laser frequency noise spectrum
S (w) equals to the laser linewidth Aw = 27 Av [130].

The baseband spectrum of the laser electric field S?(w) is expected to have a
Lorentzian shape with FWHM equals to the laser linewidth Aw in the presence of
white frequency noise, which is given by [131][90]:

Aw

K E e

(3.66)

To check the validity of the laser phase noise model, we verified, through Monte
Carlo simulations using Matlab, the Lorentzian broadening by averaging the laser
spectrum over multiple iterations. At each iteration, a frequency noise sample is
picked within zero-mean Gaussian distribution of variance o* = Av/(2m) corre-
sponding to a white frequency noise [90]. The frequency noise sample is integrated
over time to retrieve the laser phase noise. Using the computations in [90], we
computed the laser field autocorrelation with the cosine of the phase noise. For
a wide-sense stationary random process z(t), the autocorrelation function of x(t),
R, (u) is defined as:

R,(u)=E{x(t)x(t —u)}, (3.67)

where F {.} is the statistical expectation. For an ergodic random process, averaging
over time can replace expectation as:

R,(u) =< x(t)x(t —u) > (3.68)

where < . >, stands for averaging over time.

The laser baseband spectrum is obtained by taking the Fourier transform of the
autocorrelation and averaging of the spectrum if realized over multiple iterations.
Fig. 3.16 shows Monte Carlo simulations of the 1 MHz linewidth laser spectrum for
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a) 10 and b) 1000 iterations for averaging, showing the convergence to a Lorentzian
shape with FWHM equals to the laser linewidth Av. This confirms our model based
on the Lorentzian broadening starting with a white laser frequency noise.
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Figure 3.16: Monte Carlo simulations to validate the Lorentzian shape of the phase
noise considering a laser white frequency noise model with N=10 and N=1000
iterations for averaging, and a laser linewidth Av of 1 MHz.

This model can be adapted to any form of laser phase noise. In [132], it is
shown that the presence of 1/f noise broadens the laser spectrum into a Gaussian
lineshape. Therefore, a Voigt lineshape could be considered as in [133], to account
for the combined white frequency noise Lorentzian lineshape and 1/f noise Gaussian
lineshape. In [134], the same derivation is applied to the measured colored frequency
noise of a DBR laser.

In our model, we used a white frequency noise which gives a first good approx-
imation to evaluate the impact of phase noise on the laser spectrum. In the next
section, we describe the effect of the laser phase noise on the LIDAR photocurrent.

3.11 Impact of phase noise on the photocurrent

In the presence of laser phase noise, the chirped LO and RX electric fields are given
by :
ELo(t) = COS(CI)Lo(t) + q)n(t)) (369)

ERx(t,T) = COS(@Rx(t,T) —{—q)n(t—T)) (370)

where ®,,(t) is a phase noise contribution, ®;5(t) and ®rx(t) = Pro(t—7) given
by Eq. (3.22) and Eq. (3.25) respectively.

The resulting photocurrent I,(t, 7) detected at the output of the FMCW LIDAR
photodiode is given by:

Iy(t, 7) o< cos(Pro(t) — Pro(t — 7) + A, (t,7)) (3.71)

where A®,, (t,7) = ®,(t) — P, (t — 7).
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It is shown in [90] that the photocurrent baseband spectrum S?(w) over an
measurement period 7' is given by:

Te

L+ (%52)%

T .
Tsinc? <_w> 6_%—{—

S’,?(w) = 4772PRXPLO 2

1—6—%[cos(m)+ 2 sin(wT)}
( )

WTe

(3.72)

The first term of Eq. (3.72) corresponds to the beat signal tone. The cardinal

sine function is the result of the finite observation time 7. The second term of
Eq. (3.72) is the Lorentzian lineshape arising from the laser phase noise.

In the coherent regime where 7 << 7., the first term of Eq. (3.72) is dominant

and a clear beat tone is detected with a phase noise attenuation term ¢~ % almost
equal to 1.

For targets located beyond the coherence length i.e. 7 >> 7., the local oscillator
(LO) signal and the received (RX) signal are strongly uncorrelated. The exponential
in the first term of Eq. (3.72) converges to zero, while the second term converges to
the Lorentzian function with FWHM equals to 2Av i.e. twice the laser linewidth.

Fig. 3.17 illustrates the simulated spectra of the detected current for different
single-trip target ranges (i.e. different values of 7) considering a laser linewidth of 1
MHz, corresponding to a laser coherence length of 95m (47.5 m round-trip) and an
observation time 7" of 10 us. The ratio 7/7. ranges from 0.8 at 20m to 4.2 at 100m.
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Figure 3.17: Simulation of FMCW LIDAR photodetected current spectra for differ-
ent target ranges, considering a laser linewidth of 1 MHz, corresponding to a laser
coherence length of 95m (47.5 m single-trip, 95 m round-trip).

From Fig. 3.17, targets located within the laser coherence length have a cardinal
sine profile corresponding to the first term of Eq. (3.72). For targets that are lo-
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cated beyond the laser coherence length, the photocurrent spectrum broadens and
decreases in intensity to a Lorentzian profile corresponding to the second term of
Eq. (3.72).

3.12 Signal-to-noise ratio (SNR)

In this section, we perform SNR simulations for the FMCW LIDAR architecture
comprising a booster SOA as shown in Fig. 3.15. We considered a single TX and
RX LIDAR system without scanning module. The scanning module would add
insertion loss to the system, reducing the TX power.

The Table 3.6 summarizes the signal an noise formulas for SNR computations
at the beat frequency.

Parameter Power spectral density Units
Windowed signal s 4772.PR)(.PL0.T.6_% A%/Hz
Shot noise o2, 2q.1.Pro A%/Hz

. 2 2 _ 2T 2T 9
Phase noise 07,,.. N ProPrxT.|1 —e ™ (1 + 7_—) A*/Hz

4kjjamb

Thermal noise o2, Rora A%/Hz
ADC 10ise 0guaniization <V/}§C>2 12(2N — 11)23 Wapc A Hz
NEP 0% ,.p NEP?n? A%/Hz

SOA noise a2, 4qnPronsy(G — 1)Ly, A%/Hz

Table 3.6: Summary of formulas for SNR computation at the beat frequency.
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Therefore, the Signal to Noise Ratio (SNR) of the FMCW LIDAR system can
be expressed as :

82

SNRdB:1010g10< . _ ) (3.73)

2 2 2
phase + O shot + Uthermal/NEP + Jquantization + Us—sp

Note that, in Eq. (3.73), the photodected RIN has not been considered due
to balanced photodetection. It has been shown in [43] that thermal/NEP noise
contributions in Eq. (3.73) can be neglected by adjusting TIA design with large
TTA gain. Moreover, when TITA gain is large, the ENOB of ADC can be chosen
so that the ADC quantization noise is negligible [43]. As a consequence, for the
following link budget analysis, we will focus on shot noise, SOA noise and laser
phase noise contributions in the SNR.

As a comparison, when the LIDAR system does not comprise a SOA and when
the laser phase noise is negligible, the shot noise limited operation can be reached
for sufficient LO power Pro. The shot noise limited SNR is given by Eq. (3.49).

For detecting far targets (200m), high transmitted power Pry is needed due to
important free space losses making the use of SOA necessary. As the ASE noise is
attenuated by the free space loss term Ly,, the LO-ASE beat noise at the receiver
is strongly reduced and the system remains limited by the LO shot noise.

In the following part, we perform simulations on the system SNR comprising a
booster SOA to ensure the received signal amplitude is above the detector thresh-
old. We discuss the impact of laser linewidth Av, measurement period T', receiver
aperture D,, and environmental conditions on the SNR.

3.12.1 SNR against linewidth Av

As discussed in Section 3.11, the laser linewidth has an impact on the photodetected
spectrum.

The Fig. 3.18 shows simulations of the SNR against laser linewidth for different
target range obtained and using the parameters summarized in Table 3.7.

Parameter Value | Units
Measurement period T 10 1S
Target reflectivity p 10% -
Photodiode responsivity 7 1 A/W

SOA gain G 10 dB
SOA inversion factor ng, 1 -
Air attenuation factor « | 0.43 | dB/km
Coupling loss 1,5 6 dB
Receiver aperture D,., 1 cm
Laser output power F 13.5 dBm

Table 3.7: Summary of parameters for SNR simulation against linewidth.
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Figure 3.18: SNR against laser linewidth for several target ranges.

From Fig. 3.18, we observe that the laser linewidth is critical for the SNR beyond
a certain value, typically between 100 kHz. The observed plateau correspond to a
zone where the shot noise is dominant over phase noise. Below this value, lowering
the linewidth does not improve the SNR.

We therefore specify a laser linewidth lower than 100 kHz to avoid phase noise
limitations on the SNR.

3.12.2 SNR against measurement period T

From Eq. (3.49), the SNR is proportionnal to the measurement period 7. The
Fig. 3.19 shows the impact of the measurement period 7" on the SNR using a laser
linewidth of 100 kHz and the parameters in Table 3.7.

SNR (dB)

0 50 100 150 200 250 300
Target range (m)

Figure 3.19: SNR against target range for several measurement periods 7.
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As shown in Fig. 3.19, the measurement period 7" has an important impact on the
SNR. Increasing T is beneficial in terms of SNR, but in parallel, the scanning rate of
the system should be fast. This trade-off between scanning rate and operating range
(minimum SNR), can be solved by using multiplexing techniques. However, time
domain multiplexing (TDM) that makes use of one tile which acquires different
points of the FoV at different time slots, is a killer for the SNR. It is therefore
desirable to complement TDM with Space Division Multiplexing (SDM), i.e. using
multiple elementary tiles working simultaneously, each addressing different points
in the FoV. Wavelength Division Multiplexing (WDM) could also be considered, by
simultaneously sending different wavelengths to adress the different points of the
FoV. However, these parallelism techniques comes with higher footprint. Again,
tight integration is very precious in order to avoid bulky solutions.

To assess the performances of a single FMCW LIDAR tile first, we did not
consider parallelism in our model. Hence, we specify a measurement period 7" around
10 ps. Such measurement period corresponds to the measurement time for adressing
one point in the FoV plus the time to switch to the next point. Hence, 100,000 points
are measured in one second. This corresponds to 0.95%-1.35% of an automotive FoV
as described in Section 2.3.4.

3.12.3 SNR against receiver aperture D,,

As shown by Eq. (3.49), the SNR is proportional to the received power Prx. The
LIDAR equation presented in Section 3.6 shows that minimizing the free space
losses is essential for the link budget. Hence, large receiver aperture diameter D,
are highly desired.

Fig. 3.20 shows the impact of the receiver aperture diameter D,, on the SNR for
a 100 kHz laser linewidth and a 10 pus measurement period.
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Figure 3.20: SNR against target range for several receiver apertures D,..

The optical design of the scanning unit must ensure a high collection efficiency
of the RX signal by the grating coupler.
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3.12.4 SNR against environment alpha and target reflectiv-
ity

Fig. 3.21 shows the impact of a) the environmental conditions using the air atten-
uation coefficients o from Table 3.2 and b) target reflectivities p on the SNR for a
100 kHz laser linewidth and a 10 ps measurement period.
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Figure 3.21: SNR against target range for several a) environmental conditions and
b) target reflectivities p.

We observe in Fig. 3.21 a) that the SNR drops very fast under fog conditions,
as the exponential term of Eq. (3.42) goes to zero. From, Fig. 3.21 b), we notice
that targets with high reflectivity can improve the SNR and therefore the LIDAR
operating range. The reflectivity p depends on the car coating and color. For
instance, dark painting colors can be detrimental due to their absorption of NIR
wavelengths. In [135], the reflectivities of white, grey and black rectangular targets
were measured for emission wavelengths within the 400-2400 nm range and for an
incident angle ¢ of 10°. At 1550 nm, the measured reflectivities of the white, grey
and black targets were 90%, 50% and 5% respectively.

3.13 Target detection beyond the laser coherence
length

Due to the laser phase noise, FMCW LIDAR systems are usually restricted to
detection range below the laser coherence length. From the Fig. 3.17, we have
seen that the photocurrent spectrum peak degrades for long range targets due to
laser phase noise. The spectrum goes from a narrow cardinal sine function to a
broad Lorentzian. Therefore, the use of the same frequency estimation algorithm
for the two regimes is not efficient [136]. Embedded digital signal processing (DSP)
is a promising approach to extend LIDAR detection range beyond L.. In [43][136],
a Lorentzian least squares estimation (LLSE) algorithm is used to estimate target
range beyond the laser coherence length. In this section we did not consider the
other noise sources than phase noise, in order to validate only the proof of concept.

In this section, we also use a LLSE algorithm and test its functionality using
Monte Carlo simulations to evaluate the range and velocity precision beyond the
laser coherence length.
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Based on the laser phase noise description given in Section 3.10, a numerical
model based on Monte Carlo simulations was build to generate and process real-
istic FMCW LIDAR signals. The block diagram describing our model is given in
Fig. 3.22.

Beat Estimated
photocurrent Sl LLSE beat frequency

Range and fbeat,-

velocity precisions

iter += 1

Standard
deviation

Figure 3.22: Monte Carlo model building blocks. PER: periodogram; LLSE:
Lorentzian least squares estimation; iter: iteration.

The laser phase noise is again modeled as a flat frequency noise with power
spectrum density S, (f) depending on the laser linewidth Ar and is expressed as:

A
S (f) =5

The frequency noise samples are integrated in time to express laser phase noise
contributions ®,, as:

(3.74)

o, = /QWAth (3.75)
t

Then we computed the photodetected beat current, I, with beat frequency f,
as:

Iy = cos(2m fpt + P (t) — P (t — 7)) (3.76)

As we used a triangular waveform for frequency modulation, the beat frequency
fv equals fiin OF finae depending on the rising or falling ramp period.

Then, the periodogram (PER) of [, is evaluated over the measurement period
T. A Lorentzian least squares estimation (LLSE) algorithm is used to fit the PER
of I, and estimates f,,;, and f.., to derive R and v,.

First, we verified the shape of the photocurrent PER in the coherent and inco-
herent regimes, using a linewidth of 1 MHz and running 100 Monte Carlo iterations.
This linewidth corresponds to a laser coherence length of 95 m (47.5 m target range
to account for round-trip). The simulations are performed on static targets at 20
m (coherent regime) and 200 m (incoherent regime) as shown on Fig. 3.23. The
fitting function corresponds to the Eq. (3.72). The vertical line at a frequency f.
corresponds to the limit between coherent and incoherent regimes. As expected
from Eq. (3.72), in the coherent regime, a cardinal sine function corresponding to
the beat tone is obtained, while in the incoherent regime, the PER broadens to a
Lorentzian shape. The Lorentzian has a FWHM equals to 2Av, i.e. twice the laser
linewidth (2 MHz) confirming Eq. (3.72).
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Figure 3.23: PER for coherent and incoherent regimes based on 100 Monte Carlo
simulations, 1 MHz laser linewidth.

In the following, we only consider moving targets located beyond the laser coher-
ence length L. and we apply a Lorentzian least squares estimation (LLSE) algorithm
to find fin and fe.. The range and velocity are extracted using Eq. (3.34) and
Eq. (3.35), and the range and velocity precisions are computed by taking the stan-
dard deviation of the 100 estimated ranges and velocities.

The Table 3.8 details the system specifications that we used in these simulations.

Parameter Value
LIDAR transmitted power Prx 10 mW
Laser linewidth Av 1-10 MHz
Measurement period T’ 10 ps
Frequency excursion B 1 GHz
Attenuation coefficient in air & 0.43 dB/km
Target range R up to 200 m
Target velocity v, 60 km/h
Target reflectivity p 10%
Receiver aperture size Dryx 1 em?
Detector responsivity 7 1AW
Estimation algorithm LLSE

Table 3.8: System specifications.

We performed a sweep on the laser linewidth between 1 MHz and 10 MHz and
computed the range and velocity precision over 100 Monte Carlo iterations, for
target ranges between 57 m and 201 m.

The Fig. 3.24 shows the simulated range precision as a function of target range
and laser linewidth.
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Range precision (cm)

57 59.7 | 62.1 | 65.9
75 : 462 | 47.8 | 643 | 61.2
93 543  59.2  66.3
E111 546 | 524 589 |50
129 51 | 63.5 | 62.3
S 147 491 519 505 57.8
165 , 52 | 51 | 538 | 715 N30

183 2 | 485 556 | 535
201 482 | 505 594 546  60.3

1 2 3 4 5 6 7 8 9 10
Linewidth (MHz)

Figure 3.24: Range precision as a function of target range and laser linewidth and
for a target velocity v, = 60 km/h= 16.7 m/s.

From Fig. 3.24, we observe that the lower the linewidth, the higher the coherence
length and the better the precision. This originates from the SNR degradation due
to laser phase noise. As the signal is less attenuated for low laser linewidth, the
frequency estimation algorithm is more efficient. A relative range precision of less
than 1.2% is obtained over the whole span.

The Fig. 3.25 shows the velocity precision as a function of target range and laser
linewidth.

Velocity precision (cm/s)

75 274 266 | 26.2 | 259 | 256 | 255 | 257 | 259 | 259 | 26.2 | |25
93| 258 | 254 | 252 | 25 | 248 | 247 | 249 249 | 252 | 254
Em 25 | 248 246 245 244 244 244 246 248 25 20
85129 247 245 | 244 243 | 243 | 242 243 | 243 245 | 247
§147 245 | 243 | 242 | 241 241 | 241 242 242 243 243 |15
165 242 | 241 | 239 239 | 238 238 238 239 241 | 242
183| 24 | 239 | 239 238 238 238 239 24 24 241 |4
201 24 | 239 | 238 238 237 | 237 238 239 241 | 242

1 2 3 4 5 6 7 8 9 10
Linewidth (MHz)

Figure 3.25: Velocity precision as a function of target range and laser linewidth and
for a target velocity v, = 60 km/h= 16.7 m/s.

The same observation applies to velocity precision as the two frequency peaks at
fmin and fiqe are less attenuated for low linewidth lasers. According to Fig. 3.25,
a relative velocity precision of less than 1.7% is obtained over the whole span.

In both Fig. 3.24 and Fig. 3.25, we observed increasing precision values at small
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target ranges and 10 MHz laser linewidth. As the fit is defined between 0 and half
the ADC sampling frequency (F,/2), at small ranges, the beat frequency fy.in is
approaching zero and the fitting is less efficient. Note that the fit could be performed
over positive and negative frequencies using the 90° optical hybrid to avoid artefacts.

In conclusion, these simulations confirm that the detection of targets located
beyond the laser coherence length is possible and with good range and velocity
precisions. These simulations were performed under a realistic automotive FMCW
LIDAR scenario. In addition, this algorithm can be adapted to any form of laser
phase noise such as pseudo Voigt function or with prior-characterization of the laser
phase noise. These results were presented at Optique Dijon (SFO) 2021 conference.
Nevertheless, the efficiency of this technique needs to be evaluated in the context of
multiple target detection, since the presence of close Lorentzian functions in detected
spectrum may cause the LLSE not to identify the different Lorentzian functions with
a good accuracy.

3.14 Chapter Conclusion

In this chapter, we presented the theory behind FMCW LIDAR that makes use of
coherent detection. We described the range and velocity extraction using triangular
waveforms and the impact on the electronic circuits bandwidth. Based on this
knowledge, a model of a FMCW LIDAR tile was built. By computing the link
budget, we proposed to add a booster SOA at the transmitter to reach targets at
hundreds of meters. Based on the laser phase noise model, the influence of the
laser linewidth on the detected signal may also be detrimental. We simulated the
LIDAR SNR for several linewidths Av, measurement periods 7', receiver aperture
diameters Dgx, environmental conditions and target reflectivities p. Additionally,
we have implemented a digital signal processing technique to extend the range of
the LIDAR beyond the laser coherence length for a single target detection but this
technique needs to be developed and tested for multiple target detection. Finally,
we are able to set LIDAR component specifications for automotive application. The
Table 3.9 summarizes the silicon photonics component specifications to build the
FMCW LIDAR tile discussed in this chapter. The 90° hybrid specifications are
based on OIF Integrated Coherent Transmitter-Receiver Optical Subassembly (IC-
TROSA) [113] standard and [137]. Note that the aim of the IC-TROSA standard is
to specify the features and properties of current and future coherent communication
systems.
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Laser

Wavelength 1550 nm
Output optical power 10 dBm
Lorentzian linewidth <100 kHz
Frequency excursion B 1.5 GHz
Measurement period T’ 10 s
Chirp linearity RMS < 0.1% -
Wavelength tuning range C band : 1530-1565 nm
Amplification : SOA

Gain 10 dB
Noise Figure <8 dB
Saturation power >10 dBm
Coherent combiner: 90° optical hybrid

Insertion loss <0.5 dB
CMRR 30 dB
Imbalance <0.5 dB
Phase error -7.5 to +7.5 °
Detector: balanced photodiodes

Bandwidth 1 GHz
Responsivity n 1 A/W
CMRR >20 dB
Scanning unit: Focal Plane Switch Array

Number of antennas N 1200x 300 -
FPSA insertion loss <10 dB
FPSA power consumption <5 W
Scanning speed 1 MHz
Crosstalk -20 dB
Electronics: TIA, ADC and DSP

TIA Bandwidth BW,.. 1 GHz
ADC sampling rate Fj 2 GHz
DSP Max estimation and LLSE -

Table 3.9: Table of SiPh component specifications for an automotive FMCW LI-
DAR.

These component specifications will be used in the next chapter, where we de-
scribe the layout and characterization of FMCW LIDAR components and circuits
based on the Scintil Photonics technology in silicon photonics.
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Chapter 4

Realization of a silicon photonic

FMCW LIDAR

In this section we present the realization and characterization of a FMCW LIDAR
tile. The circuit is fabricated using the Scintil Photonics process enabling the inte-
gration of III-V material on silicon. We compare our measurement results with the
silicon photonic component specifications given in Chapter 3.

4.1 Layout and characterization overview

The elaboration of our chips includes several steps as shown in Fig. 4.1. We describe
these different steps hereafter. During my thesis, I have been involved in the layout
and the characterization steps.

Design Fabrication
& —> Layout [——> &
simulation inspection
Packa.ge . : Packaging | Wafer/d|§ Ie\{el
characterization characterization

Figure 4.1: Steps for the elaboration of the demonstrators.

The first step is design and simulation, that makes use of photonic simulation
softwares such as Lumerical to understand how light propagates and interacts with
complex elements built from different materials in order to implement a given optical
function.

The layout consists of drawing geometric surfaces into a graphic design system
(GDS) file in order to produce the lithography masks for fabrication. In our case
we interfaced KLayout with Matlab or Python to generate this file. Each geometric
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shape is defined by a layer and can be grouped into a set of other polygons to build a
component or a circuit. A layer corresponds to a process step, such as the N doping
of silicon material, or a metal patterning.

While many types of geometric shapes can be designed, some design rules should
be respected. Once the GDS file is ready, any violation to these rules will be detected
by the design rule checking (DRC). The final layout file includes all the layers making
it possible the mask fabrication. Fig. 4.2 shows an example of layout comprising
two components made of four different layers.

Cells AR W Layers
NN NN W, 2 RNAN A NN e
¥ components R RRRRENEN o pr e 0 10
component1 | ! { AN SO AN Lo 270
component2 AR SR ) PR SRR DNO
N N NN 2 N A A S 4/0
vors e e B N SNENENENE RN slees
component 1 N AN RN

component 2

Figure 4.2: Example of a layout consisting in two components made of 4 different
layers.

In the fabrication and inspection process, all the steps defined in the GDS file
are executed on the wafer by the foundry. Each step is monitored using inspection
tools. This step is very challenging, since small differences between fabrication and
simulation can degrade the component performances.

Once the silicon photonic wafer is fabricated, the components and circuits are
characterized at the wafer/die level.

The Fig. 4.3 shows the general measurement setup used for the wafer/die level
measurements.

Microscope Instruments
Powermeter
FA probe Sourcemeter

\ DC/RF
=y OSA

Wafer/Die
External laser

}
Probe tester PC

_1

Figure 4.3: Schematic of wafer level characterization setup. FA: fiber array.
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The wafer is loaded into a probe tester to perform statistical testing. A top-view
microscope is used for observation and alignment procedures. The probe tester is
sitting on an air pillow to isolate from vibrations. The chuck can also be controlled in
temperature to assess the performances of our components under several operating
temperatures. A set of instruments is used to generate and monitor the light beam
that is coupled in and out the chip. Such instruments include an external tunable
laser, an Optical Spectrum Analyzer (OSA), sourcemeters and powermeters. Dis-
crete components such as fibered splitters/combiners and polarization controllers
may also be used in our measurements. A personal computer (PC) is connected
to these instruments and to the probe tester to control the wafer displacement and
alignment, and to gather the measured data.

We can divide the characterization step into optical, electrical and electro-optic
measurements. Optical measurements concern passive devices. The optical coupling
is managed with optical fibers that are organized in arrays with well defined fiber
spacing (controlled with few pum precision). The fiber array (FA) is brought at a
height position Z = 420 pum on top of surface grating couplers to ensure high cou-
pling efficiency between the fiber and the photonic element on the wafer. The X and
Y positions can be adjusted manually or automatically using self alignment proce-
dures. Electrical measurements are performed using DC/RF probes in contact with
pads on the wafer. Electro-optical measurements use both electrical and optical sig-
nals. This includes laser, optical amplifier, modulator or photodiode measurements.

Walfer level testing is possible as the chuck can move from one die to another
without moving the fiber array and the DC probes. Statistical wafer testing is very
interesting as correlation can be made with some fabrication steps and known good
dies can be sent for packaging. The Fig. 4.4 shows a picture of the automatic probe
tester with a wafer, two DC probes and a fiber array.

Proe tester

Figure 4.4: Picture of the automatic probe tester with a fiber array (FA) and two
DC probes.
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In some measurements where a large number of elecrical 1/Os is needed, multi-
probes can be employed with a significant room save.

Leveraging this environment, we describe hereafter the design and characteriza-
tion of our components and circuits enabling the realization of a fully integrated
FMCW LIDAR tile.

The Table 4.1 shows an overview of the FMCW LIDAR building blocks that

have been investigated.

LIDAR blocks Name Tested components | Package or wafer/die
Coherent RX and FMCW LIDAR tile GC; MMI,; 90° wafer/die
SOA hybrid; PD; SOA

Tunable laser microrings package

Source and modulator resonators; GC
DBR laser GC; DBR laser wafer/die
1Q modulator with SOA SOA; IQ package

modulator; GC
Scanning module 4-emitter FPSA thermo-optic phase wafer/die

shifter; GC

Table 4.1: Overview of the FMCW LIDAR building blocks. GC: grating coupler;
MMI: MultiMode Interference coupler; PD: photodiode; SOA: semiconductor optical
amplifier; DBR: Distributed Bragg Grating.

4.2 FMCW LIDAR circuit overview

The Fig. 4.5 shows the designed and fabricated FMCW LIDAR circuit. It consists of
a transmitter (TX) and a receiver (RX) tiles, made up from a single fully integrated
circuit integrating Si, SiN, Ge and III-V layers. An external laser is coupled to the
circuit through a SiN surface grating coupler (GC in). In the TX path, a III-V/Si
booster SOA was placed to ensure a high transmitted power. A SiN 1x2 MultiMode
Interferometer (MMI) splits the laser signal into a first part that serves as a local
oscillator (LO) and a second part directed to a SIN GC (GC TX out). The echo
signal being reflected on a target is coupled back to the RX unit through a SiN GC
(GC RX in). A preamplifier SOA, not shown in Fig. 4.5, could also be added in
the RX path. The RX signal is then mixed with the LO on coherent receiver that
comprises 2x2 SiN MMI, SiN crossings and a pair of Ge balanced PDs. The circuit
dimensions are 0.8 mm x 4 mm.
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GC Tx GC
External in | booster | | ] TX out
P—— SOA (—1x2

laser i
RX m=—177 2x2[° L0
Ge/Si crossing
balanced PDs GC
— 2x2 2x2/ < RX in

Photonic Integrated Circuit

Figure 4.5: Schematic of the FMCW LIDAR core circuit architecture with I1I-V/Si
booster SOA, SiN 2x2 MMI coupler and Ge photodiodes.

We present the characterization results of each building block of this circuit
hereafter. This work was presented at the 2022 European Conference on Optical
Communication (ECOC) in Bassel, Switzerland. To our knowledge, this is the first
demonstration of monolithic integration with I11I-V/Si SOAs, Ge waveguide-PDs, Si
active and Silicon Nitride (SiN) passive devices.

4.3 Grating couplers

Light coupling from the chip to an optical fiber (and vice-versa) can be performed
with edge couplers or surface grating couplers (GC). During my thesis, I have mainly
manipulated surface grating couplers. Such component makes use of diffraction
gratings to create constructive light interferences at a certain angle corresponding
to the fiber direction, as illustrated in Fig. 4.6.

Two rays interfere constructively at an angle # if their phase difference is a
multiple integer m of 2w. This angle is given by [138]:

mA
sin(0) = " v (4.1)
NSi0,

where n.s¢ is the effective index of the grating, p is the diffraction period, A is

the wavelength and ng;po is the index of the SiO2 cladding.
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Figure 4.6: Schematic of a grating coupler.

Grating couplers are polarization dependent components. Hence, in all our mea-
surements, we use a fiber polarization controller to align the input light polarization
with the grating coupler.

To characterize the grating coupler from our circuit, we performed wafer level
measurements of shunt grating coupler over 10 dies. A shunt grating coupler test
structure is composed of two grating couplers connected by a short SiN waveguide.
By dividing by two the measured transmission loss and neglecting the propagation
loss induced by the short waveguide, the insertion loss of one grating coupler is
obtained. The Fig. 4.7 shows the measured transmission spectrum of one SiN grating
coupler within the 1500-1600 nm wavelength span, using a resolution of 10 pm.

Transmission (dB)

-7 —— dieb

_g die2 die7

— die3 = die8

-9 — die4 die9

-10 — dieb — diel0
1500 1520 1540 1560 1580 1600

Wavelength (nm)

Figure 4.7: Measured transmission response of one SiN grating coupler over 10 dies.

The measured transmission spectra in Fig. 4.7 are very consistent over the tested
dies. Fig. 4.8 a) and b) shows the statistical normalized distribution of the peak
wavelength and insertion loss respectively, for one SiN grating coupler. The mean
peak wavelength over the measured dies is 1564 nm. The mean insertion loss at this
peak wavelength among the measured dies is 4 dB.

106 Martin Peyrou



Chapter 4 Université Grenoble Alpes, 2022

nm)
=
[0, ]
(o)}
o)}
D
(o)}

—

B
~

1564 4

.

1 a) b)
SiN grating coupler 3.6 SiN grating coupler

=
o

Insertion loss (dB)
s
N

Peak wavelength
&
(@)
N

,_.
w1
o
=)

w

©

Figure 4.8: Wafer level characterization of SiN grating couplers on 10 dies showing
a) the peak wavelength and b) the insertion loss at the average peak wavelength.

4.4 MMI

In our FMCW LIDAR tile, the MMI is used to split the signal into the LO and TX
signals but is also in the coherent receiver. This MMI has been designed so that the
light is equally splitted at the output, i.e. 50% of the light is directed to the bar
output and 50% goes to the cross output.

The Fig. 4.9 shows the measured insertion loss of the SiN 2x2 MMI for the bar
and cross outputs. The solid line corresponds to the average insertion loss (IL) and
the width of the shadow region corresponds to twice the standard deviation over the
10 tested dies.
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Figure 4.9: Measured transmission of a 2x2 SiN MMI. IL: insertion loss.

From Fig. 4.9, we observe that the SiN 2x2 MMI is well balanced between bar
and cross outputs over the measured wavelength span. At the peak wavelength of
the grating coupler (1564 nm), the mean insertion loss is 3.5 dB for both bar and
cross outputs.
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As discussed in chapter 3, the 2x2 MMI can be used as a mixer in the coherent
receiver, but the 90° optical hybrid offers additional benefits.

4.5 90° optical hybrid

We first measured the 90° hybrid insertion loss, imbalance and CMRR using the
test structure shown in Fig. 4.10. The 90° hybrid is composed of four connected SiN
2x2 MMI. Then, the phase error is extracted using another dedicated test structure.

LO

90° optica

hybrid RY

1A2A3 4 A

GC OUT GC IN

Figure 4.10: Test structure for measuring the 90° hybrid insertion loss, imbalance

and CMRR.

4.5.1 Insertion loss

The hybrid insertion loss IL has been defined in Eq. (3.12). The Fig. 4.11 shows
the measured statistical insertion loss of the SiN 90° hybrid measured with both RX
and LO input ports, at the grating coupler peak wavelength (1564 nm).
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Figure 4.11: Measured insertion loss of the SiN 90° hybrid over 10 dies.
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The measured insertion loss is very consistent over the measured dies. Indeed,
the mean values for the IL are 0.45 dB and 0.64 dB when using the RX and LO
ports as the inputs, respectively. Nevertheless, when the light is coupled to the LO
input, one die presented high insertion loss that is responsible for the extreme value
of 1.8 dB in Fig. 4.11. When discarding this non-functional die (i.e. considering 9
good dies out of 10), the mean value of the IL drops to 0.5 dB using the LO port as
the input.

4.5.2 Imbalance

The imbalance has been defined in Eq. (3.15) and Eq. (3.16) for the I and Q paths,
respectively. For each measurement, only one input port (either RX or LO) is fed by
the external laser while the other is not used. The four output signals (see Fig. 4.10)
are measured and the four imbalance configurations (Imb I input RX, Imb Q input
RX, Imb I input LO, Imb Q input LO) are computed.

The Fig. 4.12 shows the measured imbalance of the SiN 90° hybrid over 10 dies,
at the peak wavelength of the SiN grating coupler (1564 nm).

1.5 0 Imb I'input RX E Imb I input LO
0 Imb Q input RX \ | Imb Q input LO
81'2
=2 T
©0.9
C — -
£ .
® 0.6 —
£ ' ]
~0.3 , == =
e | 1 T
0.0 SiN 90° hybrid

Figure 4.12: Measured imbalance of the SiN 90° hybrid at 1564 nm and over 10 dies.

From Fig. 4.12, the mean imbalance over the four measurements is 0.4 dB. When
using the LO input port, the average quadrature imbalance I'mg (in blue) is slightly
higher than the others. This could come from small MMI imbalance in the prop-
agation path. For the in-phase imbalances I'm; measured with both RX and LO
ports (orange and purple), the upper values does not originate from the same non-
functional die than for the insertion loss measurement.

4.5.3 CMRR

The common mode rejection ratio (CMRR) has been defined for the in-phase (I)
and quadrature (Q) arms in Eq. (3.13) and Eq. (3.14).

The Fig. 4.13 shows the CMRR at the peak wavelength determined in Fig. 4.8
of the SiN 90° hybrid measured with both RX and LO input ports.
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Figure 4.13: Measured CMRR of the SiN 90° hybrid at 1564 nm and over 10 dies.

The mean CMRR over the four measurements is -31 dB but the we observed a
large dispersion bewteen the tested dies resulting in a standard deviation of 10 dB.

4.5.4 Phase errors

We used the test structure shown in Fig. 4.14 to evaluate the hybrid phase errors.
A delay line interferometer (DLI) was placed before the 90° hybrid, where one arm
has an extra length AL. The Free Spectral Range (FSR) of the DLI is 8.3 nm and is
assumed constant over the observed wavelength region. We expect the four output
spectra to follow sinusoids with phase shifts of 0°, 90°, 180° and 270°. The same
principle is used in [111].

LO

AL
000 optical | | l— ) \_,
hybrid —T12X2 1x2
RX
- DLI
1]2]3 4[

GC OUT GC IN

Figure 4.14: Test structure for measuring the 90° hybrid phase error. DLI: delay
line interferometer.

The phase error is defined as the error from the expected 90° phase shift between

o )y =Frx+ Erpand By = Egx — jE10

o Iy = Frx — Erp and Es = Erx + jEr0
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Assuming constant FSR over the observed wavelength span, the phase errors are
expressed by:
360° x A)\El_m(nm)

0¢p1—pa = 90° — FSR(nm)

(4.2)

360° x A)\EQ_E;;(TL?’TL)
FSR(nm)

The Fig. 4.15 shows the measured transmission at the the four outputs using
the test structure shown in Fig. 4.14. As expected, the transmission spectra have
sinusoidal shapes (converted into dB scale) with period equals to the FSR. We fitted
the measured curves using a non-linear least squares algorithm in order to extract the
position of each gap in the transmission spectra from which AA\g;_gs and AXgs_g3
can be deduced.

0¢pa-p3 = 90° — (4.3)
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Figure 4.15: Spectral response of the four hybrid outputs using the error test struc-
ture.

The statistical measured phase errors over 10 dies for E1-E4 and E2-E3 are shown
in Fig. 4.16 a) and b), respectively. The whole phase error is comprised between
-5.7° and 0.6° which is in good agreement with the IC-TROSA specifications of -7.5°
to 7.5°.
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Figure 4.16: Histogram of a) E1-E4 and b) E2-E3 phase errors.
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4.5.5 90° hybrid summary

In Table 4.2, we compare the performances of our 90° hybrid with the Integrated Co-
herent Transmitter-Receiver Optical Subassembly (IC-TROSA) specifications and
a state-of-the-art demonstration of the 90° hybrid in a silicon photonics platform
[137].

Property IC-TROSA specifications [137] This work (mean value)
IL <0.5 dB <0.5 dB 0.5 dB

CMRR 30 dB 31 dB 31 dB
Imbalance <0.5 dB <0.25 dB 0.4 dB

Phase error -7.5° to +7.5° -1° to 0° -5.7° to 0.6°

Table 4.2: Comparative table summarizing the performances of our 90° hybrid with
IC-TROSA specifications and a reference publication [137].

As shown on Table 4.2, all the IC-TROSA specifications are fulfilled by our
90° optical hybrid. Nevertheless, note that the IC-TROSA standard specifies the
features and properties of current and future coherent communication systems and
not specifically for FMCW LIDAR. To our knowledge, no FMCW LIDAR standard
is available yet.

Compared to [137], our measurement results are very promising for building a
high performance coherent receiver.

4.6 Photodiodes

4.6.1 Ge photodiode

A photodiode is a transducer that converts an optical signal into an electrical signal
using the photoelectric effect. When photons with a certain energy are impinging
on the photodiode, they can be absorbed and generate electron hole pairs. These
carriers are collected and the produced photocurrent is measured. More precisely,
absorption occurs when the emitted photon energy is larger than the detector ma-
terial energy bandgap. Thus, the material choice is crucial in order to measure an
optical signal with specific energy or wavelength. A photon is absorbed if its energy
is higher than the material energy bandgap Ej :

1.24pum

E, =hvy, >FE Aoy, < ————
ph Vph g <7 Aph Eg(6V)

(4.4)
Direct bandgap materials are more likely to absorb photons since only photon
energy is required to create the electron hole pair. For indirect bandgap semi-
conductors, photons and phonons (lattice vibration) interaction is required. Thus,
direct bandgap semiconductors typically offer higher absorption, and therefore re-
quire smaller absorption volume leading to higher speed. The Table 4.3 shows the
absorption coefficient against wavelength for a set a photodetector materials.
Around 1550 nm, Ge and III-V photodiodes are good candidates. Ge has an
indirect bandgap but the energy difference between its direct and indirect band gap
is very small, enabling absorption of photons. In addition, Ge is CMOS compatible
material. Hence, photodiodes can be fabricated along with Si and SiNx waveguides.
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Material Bandgap | Typical wavelengths of operation
InGaAs Direct 1310-1550 nm

GaAs (AlGaAs) | Direct 800-900 nm

Si Indirect 800-900 nm

Ge Indirect 1310-1550 nm

Table 4.3: Materials used as photodiodes with their bandgap and typical wavelengths
of operation.

The measured Ge photodiodes are based on vertical PIN diodes [139]. A micro-
scope image of two vertical PIN Ge photodiodes in balanced configuration is shown
in Fig. 4.17.

Figure 4.17: Optical microscope view of two vertical PIN Ge photodiodes in balanced
configuration. P and N contacts are also indicated.

The photocurrent at the output of the Ge PD was measured for different input
optical powers, laser wavelengths and reverse biases. An external laser was coupled
to a grating coupler (GC) being connected to the Ge PD. To compute the respon-
sivity, the Ge PD input power was obtained by correcting the laser output power
with the loss from the GC. The Fig. 4.18 shows the Ge photodiode responsitivity R
against the laser wavelength and for several reverse biases.
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Figure 4.18: Ge photodiode responsivity as a function of wavelength for several
reverse bias.

The photodiode is 50 pm-long. We measured responsivities up to 0.9 A/W at
1510 nm wavelength.

The Fig. 4.19 shows the measured IV curve of the Ge photodiode. At -0.1 V
and -2 V bias, the PD dark current is 8 nA and 290 nA respectively. Note that the
photodiode bandwidth increases with more reverse bias. For automotive FMCW
LIDAR, the maximum beat frequency is few hundreds of MHz. Hence, the PD can
be biased at low reverse voltage to prioritize a low dark current over bandwidth. The
bandwidth of this photodiode was not measured. Nevertheless, from the design, the
simulated bandwidth is several tenth of GHz.
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Figure 4.19: Measured I-V curve of the Ge photodiode.

Balanced configuration

We measured the photocurrents (/; and I5) at the output of the two photodiodes
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(PD1 and PD2) in the balanced configuration, for several photodiode input optical
powers. We computed the CMRR using Eq. (3.20).

The Fig. 4.20 shows the measured CMRR at 1510 nm wavelength for several
values of the PD bias.
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Figure 4.20: Measured CMRR of the Ge balanced photodiodes at 1510 nm wave-
length for several PD biases.

The CMRR does not vary significantly with the applied PD bias. The measured
balanced PD CMRR is around -25 dB. In future works, we plan to integrate a TIA
after the BPDs. The CMRR obtained with TIA will be computed and compared
with the CMRR measured here.

We also plan to measure the response of the Ge photodiode at several tempera-
tures to quantify the change in dark current and responsivity as discussed in [140].

4.6.2 III-V photodiodes

We also characterized I1I-V/Si photodiodes but the electrical contacts between the
Tungsten DC probes and the thin metal layer deposited on the pads was very unsta-
ble. We tested another type of DC probes made of Beryllium Copper (BeCu) which
is more efficient on gold pads, but we did not manage to improve the contact. The
Fig. 4.21 shows a microscope view of the fabricated I1I-V/Si balanced photodiodes.
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Figure 4.21: Microscope image of the fabricated III-V/Si balanced photodiodes.

4.7 The semiconductor optical amplifier

4.7.1 SOA gain

The fabricated SOA is 800 pm long and consists of a I1I-V active region without any
mirror compared to a laser. The SOA gain was measured using the dedicated on-chip
test structure of Fig. 4.22. A tunable laser (TL) with a polarization controller (PC) is
coupled to the SiN “GC in” of the test structure. We measured the transmission loss
of the “reference” path (“GC in” to “GC outl”) and the “amplified” path (“GC in”
to “GC out2”) comprising exactly the same components of the “reference” path, but
with an SOA prior to the output GC. We varied the SOA input power between -20
dBm and -2 dBm by changing the tunable laser output power. The OSA resolution
bandwidth is 0.1 nm corresponding to 12.5 GHz at 1550 nm wavelength.

GC
GC out1
OO0 " 4,—(» 0SA/PM
L PC ' _J_) 1x2+——> 2x2
o | son - ¢->[05A
circuit GC
Photonic Integrated Circuit out2

Figure 4.22: Dedicated test structure for the measurement of SOA gain. OSA:
Optical Spectrum Analyzer, PM: Power meter.

The Fig. 4.23 shows the measured transmission loss of the “reference” path over
the 1510-1570 nm spectral range at several chip temperatures using the power meter.
As expected, negligible temperature dependence is observed as the “reference” path
comprises SiN passive components with temperature dependency <10 pm/°C.

Temperature variations strongly can affect the VI characteristic of semiconductor
diodes, as it modifies the carrier concentration at the junction and therefore the
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current flowing through the diode [141]. For the SOA, the gain G and the noise
figure NF can be affected by these temperature variations as shown in [142].
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Figure 4.23: Measured transmission loss of the “reference path” from (“GC in” to
“GC outl”) at several chip temperatures.

The SOA voltage against current curves (VI curves) at the three temperatures
are shown on Fig. 4.24, indicating that its power consumption for a 120 mA driving
current is ~ 220 mW. From Fig. 4.24, the measured VI characteristics are stable
within the measured temperature range.
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Figure 4.24: SOA VI curves at 20°C, 40°C and 60°C.

We then measured both the “reference” and “amplified” paths using the Optical
Spectrum Analyzer (OSA). The SOA gain is extracted by measuring the power at
the TL wavelength with and without the SOA. The Fig. 4.25 shows the measured
gain against chip temperature at several wavelengths and SOA currents. Two SOA
input optical power configurations were tested:

1) To investigate the SOA behaviour as a booster, we set the TL output power so
that the input power of the integrated SOA reaches -2 dBm (Fig. 4.25 top). At 20°C
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and 120 mA driving current, the SOA gain can be > 10 dB from 1510 to 1550 nm.
The gain decreases gradually as the chip temperature increases, down to ~ 5 dB at
60 °C. Above 80°C, the SOA shows no amplification at the measured wavelengths.
2) To assess the SOA behaviour as a preamplifier, we set the TL output power so
that the input power of the integrated SOA reaches -20 dBm (Fig. 4.25 bottom).
At 20 °C and 120 mA driving current, the SOA gain can be > 15 dB from 1510 to
1550 nm. The gain decreases gradually as the chip temperature increases, down to
~ 5 dB at 60 °C.

Isoa=80 mA Isoa=100 mA Isoa=120 mA
20 20 20
@15 15 15
z
PinSOA= 310 10 10
-2dBm J
? 5 5 5
%0 40 60 °20 40 60 220 40 60
20 20 20
@15 15 15
PinSOA= § 10 10 10 \
- <
20 dBm S s 5 5
% 40 60 %% 40 60 %0 40 60
Temperature (°C) Temperature (°C) Temperature (°C)

—»— 1510nm —— 1530nm —a— 1550nm

Figure 4.25: SOA gain against chip temperature at 1510, 1530 and 1550 nm for 80
mA, 100 mA and 120 mA SOA currents. The SOA input power is set to -2 dBm
(top) and -20 dBm (bottom).

4.7.2 SOA noise figure

The noise figure (NF) was also extracted to quantify the amount of noise added by
the SOA. The NF is expressed by Eq. (3.58).

P,sg is extracted from the amplified spectrum at that is measured at the SOA
output. An interpolation of the noise floor at the peak wavelength gives a good
estimate for Pygg as shown in Fig. 4.26.

In order to provide the on-chip noise figure, we measured and subtract the losses
before and after the SOA to get the power at the input and output of the SOA.
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Figure 4.26: Measurement of Psysr and G for noise figure extraction.

The Table 4.4 summarizes the measured gain (G) and noise figure (NF) for -2
dBm and -20 dBm SOA input powers, for a 1510 nm wavelength, a 120 mA SOA
current and at 20°C.

SOA input Gain (dB) at 1510 nm, | Noise figure (dB) at 1510 nm,
power (dBm) SOA current = 120 mA SOA current = 120 mA
-2 12 13
-20 17 13

Table 4.4: Summary table of the SOA gain and noise figure measured for -2 dBm
and -20 dBm SOA input powers, at A=1510 nm and with a SOA current of 120 mA.
The temperature is 20 °C.

In our measurements, the SOA input power was limited by the maximum output
optical power provided by the instruments and also due to the grating coupler losses.
In future works, we would try to increase the SOA input power even closer to the
saturation of the amplifier and compute the gain and the noise figure. Close to the
saturation, we expect a decrease of the gain and an increase of the noise figure [143].

To conclude, we presented a fully integrated silicon photonic circuit that mono-
lithically integrates II1I-V/Si SOA, Ge waveguide-PD and Si/SiN passive and active
components. The 90° optical hybrid meets the specifications given in Table 3.9,
with average values for the insertion loss of 0.5 dB, CMRR of 31 dB, imbalance of
0.4 dB and phase error between -5.7° and 0.6°. The measured Ge waveguide-PD
responsivity of 0.9 A/W compares well with the specification of 1 A/W, and the
measured CMRR meets the 20 dB requirement. The photodiode bandwidth was
not measured but we expect several tenth of GHz from simulation, which is much
larger than the specified value. Finally, we measured a SOA gain >10 dB at 20°C.
Nevertheless, the measured SOA noise figure of 13 dB is high compared to the 8 dB
specification, and the SOA saturates at 0 dBm input optical power which is lower
than the 10 dBm specification. This will be further investigated in future works.
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4.8 Low linewidth tunable laser

The use of tunable laser sources for FMCW LIDAR applications is relevant for sev-
eral reasons. First, the wavelength tunability of such lasers can be useful for Wave-
length Division Multiplexing (WDM). Indeed, FMCW signals at different wave-
lengths can be transmitted to adress different points of the FoV. In addition, as
described by Eq. (2.19), most 2D OPA scanners use wavelength tuning and diffrac-
tion gratings to steer the optical beam along the vertical axis. Tunability over 40
nm with a Side Mode Suppression Ratio (SMSR) of 35 dB was demonstrated in
[144] [145]. More recently, 60 nm tuning range with more than 46 dB SMSR have
been shown [146]. The second advantage, as with have seen during the SNR study
in Chapter 3, Section 3.12.1, laser phase noise should be reduced to about 100 kHz
to make it negligible the laser phase noise impact on FMCW LIDAR system perfor-
mances for target range <200 m. In [146], a hybrid integrated tunable laser is made
of a Reflective Semiconductor Optical Amplifier (RSOA) coupled to an external
cavity built from two ring resonators. The measured Lorentzian linewidth is <80
kHz across the entire C band. The same tunable laser structure but using hetero-
geneous integration is studied in [147]. A loop mirror is used instead of a reflective
surface on one side of the SOA and a 2 kHz Lorentzian linewidth is demonstrated.
Extending the laser external cavity by adding rings and cm-long spirals made of low
loss SiN material, increases the total quality factor, offering sub-kHz linewidths as
demonstrated in [148][147].

4.8.1 The tunable laser structure

Our tunable laser structure is described in Fig. 4.27. The active III-V waveguide is
a 800 pm long Semiconductor Optical Amplifier (SOA). The active layers include
InGaAlAs quantum wells (QW). The tuning section is composed of two cascaded
ring resonators made in silicon. The current injection in thermo-optic phase shifters
heats the waveguide which results in a phase shift A¢ [149]:

. 2 dneff
Ap= ( - )ATL, (4.5)

where )\ is the wavelength, dn.y¢/dT" is the thermo-optic coefficient of the silicon
waveguide, L is the thermo-optic phase shifter length and AT is the change of
temperature given by:

Pcons
Cppm LS’
where P.,,s is the power consumption of the heater, C, is the heat capacity of
the waveguide, p,, is the waveguide material density, and S is the cross-sectional

area of the waveguide. To quantify the efficiency of the thermo-optic phase shifter,
the power consumption of the heater to achieve a 7 phase shift P, is expressed as :

AT = (4.6)

W) CppmS (4.7)

The cavity modes can be selected based on Vernier effect i.e. by aligning the
two ring resonances to one of the cavity mode wavelength. Ring 1 and ring 2 have a
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Free Spectral Range (FSR) of 2.63 nm and 2.79 nm respectively that are given by:

(4.8)

with R; being the radius of ring i and n, the group index of the two rings. The
FSR of the whole filter based on the Vernier effect [150] is:

FSR,FSR,
|[FSR, — FSR,|

FSRVernieT = (49)

In our design F'SRyernier = 45.9 nm. Both rings have a bend radius of 20 pum.
Ring 1 and ring 2 have a physical length of 238.9 pym and 225.7 pm respectively.
We measured a Full Width at Half Maximum (FWHM) of 0.19 nm for both rings
at 1540 nm which results in a loaded quality factor QQ = 7700 [151]. The power
coupling coefficients for through and drop ports are both equal to 0.2. The rings
are made tunable using heaters implemented in a N-type doped Si waveguide, al-
lowing resonance shift. Changing the voltage on each heater enable to tune the ring
resonance over several FSRs. Resonators with high quality factor provide phase
noise reduction by decreasing the number of spontaneously emitted photons. For a
ITI-V/SiN resonator the quality factor is given by [80]:

Q7' =TQ7r_y + (1 - D)Qg}sin (4.10)

where I' is the confinement factor in the III-V material, Q;;;_y is the quality
factor of the III-V section dominated by absorption and Qg;/siy is the quality factor
of the passive silicon and silicon nitride section. Making Qs;/sin>>Q 17—y enables
to reach very low laser linewidth. One advantage of this tunable laser is that both
sections can be optimized separately. The SiN spiral is 2 cm-long and SiN surface
grating couplers enable to couple light from the photonic chip to a fiber. The
inputs/outputs associated with grating couplers are labelled with numbers from 2
to 5.

B | . .
cleaving | SOA+ SiN grating
. SOA- coupler
SiDBR ; ;
-VtoSi IVtoSi | Siwaveguide memaerg -
AHH'H' transition transition transition ""
Original output - SOA Ring 2 :@{-}Ru Output
| SitoSiN Rz: ['SitoSiN | o -
"" transition transition U
. . . SiN loo
Ring 1 £ R2+ SiN spiral , oop
R2- — mirror
L4 tfz:n:;ifilc?n tféﬁiifi'ffn i @
H

Figure 4.27: Schematic of the tunable laser.

Due to Distributed Bragg Grating (DBR) fabrication issues, we were not able to
measure the original output of the tunable laser. Therefore, we cleaved the left facet
of the SOA to produce a mirror with a reflection coefficient Reqveq given by the
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Fresnel equation [152]. Assuming a normal incidence of the beam at the III-V/air
interface, the Fresnel equation is given by :

NIrr—v — Nair \ 2
Rcleaved = ( ) 5 (411)
Nrrr—v + Nair

where ny_y = 3.23 is the effective index of the optical mode in the III-V
material at 1550 nm, and n,;. = 1 the refractive index of air. It results in a mirror
reflection coefficient R.jeqpeq = 28%.

We measured the output 3 for the laser output in order to keep the SiN spiral
in the light path while having maximum power. The new optical path is composed
of two drops (ring 2 and ring 1), the SiN spiral with the loop mirror, the drop of
ring 1 again and the through of ring 2. Due to this modification, the measured
output power is lower than expected and we observed some back reflections in the
cavity. Finally, the absence of phase tuning section has an impact on the varying
peak intensity at different wavelengths.

The tunable laser was packaged using a fiber array. It was mounted on a Ther-
moelectric Cooler (TEC) as shown in Fig. 4.28.

Figure 4.28: a) 3D view of the packaged tunable laser using vertical fiber coupling
and b) microscope image of the ring resonators.

4.8.2 Grating coupler measurement

The grating coupler insertion loss was evaluated by measuring the losses between 3
and 5 and neglecting the coupling loss of the through ports of ring 1 and ring 2 out
of resonance. This assumption is verified by simulation of ring 1 and ring 2 through
port transmissions, as shown in Fig. 4.29.
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Figure 4.29: Through port transmissions of ring 1 and ring 2.

The setup is composed of an external laser source with a polarization controller
before entering in 3, and a powermeter after the output 5. In order to obtain a
precise estimation of the grating coupler insertion loss, a voltage sweep on one ring
heater was applied and the spectrum for each voltage was recorded as shown in
Fig. 4.30 a). The applied voltage ranges from 0.1 V to 4.5 V with 0.2 V steps that
are represented by the different colors. Therefore, the envelope can be approximated
as the insertion loss of the two grating couplers. The insertion loss of one grating
coupler with a cubic interpolation is shown in Fig. 4.30 b). We estimate the insertion
loss per grating coupler to be 7.3dB at 1550nm.
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Figure 4.30: a) Transmission between 3 and 5. Light path includes two grating
couplers, through port of ring 2 and through port of ring 1. The superposed spectra
correspond to a voltage sweep on ring 1 b) Insertion loss of one grating coupler based
on cubic interpolation of the measured envelope in a).
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4.8.3 Ring filter characterization

The individual drop responses of ring 1 and ring 2 was measured as shown in Fig. 4.31
a) and b). For ring 1, light was coupled in port 4 and measured in port 5 for several
ring 1 voltages. For ring 2, light was coupled in port 3 and measured in port 2 for

several ring 2 voltages.

In the vicinity of 1550 nm, we measured FSR of 2.63 nm

and 2.79 nm for ring 1 and ring 2 respectively. Note that the grating coupler losses

are not removed in Fig. 4.31 a) and b).

|
=
o uwmo

FSR;=2.63nm

5 (dBm)

— /5 =0.1V
s Vg1 =1.1V

S

— Vg =2.1V
— p=3.1V

|
fary
w

-20
=25

(.
w w
w o

Opt Power out

-40

1548.0 1548.5 1549.0 1549.5 1550.0 1550.5 1551.0 1551.5 1552.0 1552.5

Wavelength (nm)

2 (dBm)
Ty
o v o

FSR,=2.79nm

— o =0.1V
. Vg =1.1V

— V=21V
— p=3.1V

-
-

=20
-25

b)

Opt Power out
& W
wum o

-40

1551.0 1551.5 1552.0 1552.5 1553.0 1553.5 1554.0 1554.5 1555.0

Wavelength (nm)

Figure 4.31: Drop port measurements of a) ring 1 for several ring 1 voltages and b)

ring 2 for several ring 2 voltages.

Based on these individual ring measurements, the filter response corresponding
to the drop of “ring 1 + ring 2” combination was computed as shown in Fig. 4.32.

FSR\,em,er = 46.4 nm
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Figure 4.32: Individual measurement response of ring 1 (blue) in out 5, ring 2 (green)
in out 2 and computed filter response ring 1 + ring 2 (red).

124

Martin Peyrou



Chapter 4 Université Grenoble Alpes, 2022

The extracted Vernier FSR is 46.4 nm which matches the theoretical value of
45.9 nm computed in Eq. (4.9).

In addition, we characterized the whole filter (drop ring 1 + drop ring 2) by
entering with the external laser in 4, exiting in 5, connecting a fiber between 5 to 3
and then exiting in 2. The measured spectra are shown in Fig. 4.33 a) and b), for
a voltage sweep applied to ring 1 and ring 2 respectively.
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Figure 4.33: Measurement of the filter response on output 3 with a) a voltage sweep
on ring 1 and b) a voltage sweep on ring 2.

As shown in Fig. 4.33 a) and b), the Vernier effect enables wide tunability over the
measured wavelength range. The measured Vernier FSR is 46.6 nm which matches
the theoretical value of 45.9 nm and the computed value of 46.4 nm from single
ring measurements. The extinction relative to neighbor peaks could be improved in
future designs by increasing the quality factors of the rings.

The electrical power consumption of ring 1 and ring 2 is shown in Fig. 4.34.
As expected from thermo-optic effect, a linear relationship is obtained between the
wavelength tuning and the electrical power consumption of the heater. The power
to achieve one FSR is 54 mW and 56 mW for ring 1 and ring 2, respectively.
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Figure 4.34: Ring heaters electrical power consumption.

4.8.4 Tunability measurement

We measured the laser tuning range by sweeping ring 1 and ring 2 voltages. As shown
in Fig. 4.35, the laser can be tuned over the entire C band (1530-1565 nm) with
Side-Mode-Suppression-Ratio (SMSR) larger than 35 dB. On the Optical Spectrum
Analyzer (OSA), the stacked spectra were taken with a 30 pm resolution and a
Video BandWidth (VBW) of 1 kHz.

-20 |

|
o
o

Opt Power out 3 (dBm)

|
~
o

|
)
o

1530 1535 1540 1545 1550 1555 1560 1565
Wavelength (nm)

Figure 4.35: Superposition of spectra measured at the output 3 by tuning the wave-
length across the C band (1530 nm-1565 nm) SMSR greater than 35 dB.

The variation of peak intensity across the C band between -19.5 dBm and -29.4
dBm can be solved by adding a phase tuning section in the laser cavity in order to
precisely align the position of the cavity modes with the ring filter.
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4.8.5 Linewidth measurement

The linewidth measurement setup is described on Fig. 4.36. Our tunable laser was
driven using a low noise current source (ILX LightWave LDX-3620) on a battery.
Due to internal losses, the optical power at the laser output was only -17dBm.
We first placed an isolator to mitigate back reflections into the laser cavity with
>40dB isolation and 1dB insertion loss. Then, an Erbium-Doped Fiber Amplifier
(EDFA) (Keopsys CEFA-C) with up to 30dB gain was used after the isolator. As
shown [153], adding an EDFA after the laser has negligible impact on the laser
linewidth. A tunable filter (Alnair Labs CVF-200CL) was used to filter the spectral
lines around the main laser peak. 10% of the signal was used for monitoring the
laser monomodicity on an Optical Spectrum Analyzer (Advantest Q8384), while
the remaining 90% was sent to the interferometer for linewidth measurement. The
linewidth measurement setup is based on a Delayed Self Heterodyne Interferometer
(DSHI) [154] [155], where one arm of the interferometer is delayed so that the two
interfering signals are uncorrelated. As we expected the laser linewidth to be around
100kHz (corresponding to 955m coherence length), we used a 12km fiber delay line
ensuring that the two arms of the interferometer are decorrelated. On the other
arm, a polarization controller was placed to match the polarization states of both
arms, and an Acousto-Optic Modulator (AOM) modulates the signal at 100 MHz.

The beating between both signals is produced on a InGaAs photodiode (Discov-
ery Semiconductor Lab Buddy) and sent to an Electrical Spectrum Analyzer (Rohde
and Schwarz FSU). The EDFA gain was increased until enough power reaches the
photodiode.

OSA

Tunable 10/90

filter

Laser Isolator EDFA

AOM

PC

50/50
Delay line

@

Figure 4.36: Linewidth measurement setup based on the Delayed Self Heterodyne
Interferometer technique. EDFA: Erbium- Doped Fiber Amplifier; PC: Polarization
Controller; AOM: Acousto-Optic Modulator; ESA: Electrical Spectrum Analyzer.

A s

Photodiode

The beat signal can be expressed as a function of the FM noise spectrum Sg(f)
by [148]:

S(f) :f[exp(—zl/oooSF(f)W

where F denotes the Fourier transform and 7, is the delay time.

(1 — cos(2m ffd))df)} (4.12)
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The Lorentzian linewidth is related to the Full-Width-Half- Maximum (FWHM)
of the Power Spectral Density observed at the ESA.

The measured laser output power was -17 dBm. Adding 1 dB of loss due to the
isolator, the EDFA input power was -18 dBm. We biased the EDFA at 200 mA and
measured an optical power after the EDFA of 15 dBm resulting in a gain of 33 dB.

4.8.6 Results and discussion

To check the validity of our linewidth measurement setup, we connected a reference
DFB laser (Alcatel 1905 LMI) and used a 12 km delay line. The spectrum measured
at the Electrical Spectrum Analyzer (ESA) is shown in Fig. 4.37.
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Figure 4.37: Linewidth measurement of a reference DFB laser (Alcatel 1905 LMI).

We measured a -3 dB linewidth of 0.9 MHz that agrees the fabricant specification

of 1 MHz. This ensures that the two arms of the interferometer are decorrelated
after 12 km of fiber delay.

Then, we connected our tunable laser to the linewidth measurement setup. The
measured ESA spectrum for a tunable laser bias current of 82 mA and the TEC
Temperature of 29°C is shown in Fig. 4.38. A pseudo-Voigt fit is applied to the
measured data to account for technical noise (Gaussian contribution) and intrinsic
laser phase noise (Lorentzian contribution) [156]. The fitted Lorentzian linewidth is
184 kHz while the Gaussian linewidth is 177 kHz.
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Figure 4.38: Linewidth measurement of the tunable laser fitted with pseudo-Voigt
function.

The Lorentzian linewidth could even be reduced by increasing the quality factor
of the cavity. To do so, the losses inside the passive region must be reduced while
longer cavities can be designed [154].

During our measurements, we observed that the tunable laser is extremely sen-
sitive to temperature variations. Any fluctuations in the SOA applied current or
TEC temperature can misalign the cavity modes with the ring filter, and degrade
the laser spectral response. For a given SOA bias current, we varied the TEC tem-
perature and we observed at the OSA that laser peak was moving at 0.07 nm/°C,
as shown in Fig. 4.39.
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Figure 4.39: Spectra measured at the OSA for several TEC temperatures and at 82
mA SOA current.

From Fig. 4.39, the optical spectra are polluted by peaks with lower intensity
around the main ray. This could originate from self injection into the laser cavity
due to internal reflections at the grating couplers interface for instance.

As a conclusion, we reported on a III-V on silicon backside processed fully in-
tegrated tunable laser. We reported on wavelength tuning over the C band with
>35 dB SMSR. Measurements based on DSHI technique show 184 kHz Lorentzian
linewidth. The measured value does not meet the linewidth specification of 100 kHz
given in Table 3.9. In future tunable laser implementations, we will mitigate internal
reflection and use the dedicated output laser port for linewidth measurements.

4.9 DBR laser

Another option that was evaluated for the FMCW LIDAR source was the Dis-
tributed Feedback (DFB) laser. A DFB laser uses a Bragg grating along the active
region to provide the optical feedback. A phase shift is usually created in the cen-
ter of the periodic grating, ensuring single mode laser operation. Moreover, DFB
lasers can produce frequency chirps with large frequency excursion by modulating
the injection current [105][122]. However, due to the same grating fabrication issue
as the tunable laser, the DFB laser gratings were not resolved properly. In the next
fabrication run, we had the opportunity to replace this initial DFB laser into a Dis-
tributed Bragg Grating (DBR) laser. Our DBR laser is formed by an active I1I-V
laser active region that is sandwiched between a 60% reflectivity broad band (BB)
silicon loop mirror and a 60% reflectivity narrow band (NB) Bragg mirror defined in
the silicon nitride (SiN), as shown in Fig. 4.40. On the side of the BB Si loop mirror,
we use a SiN grating coupler “GC 1” to couple the light outside from the chip. On
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the NB DBR mirror side, the light is directed towards the rest of the circuit. The
measurements presented hereafter make use of “GC 1”7 as the output.

The measurement setup is shown in Fig. 4.40. We used a 10%/90% tap at the
“GC 1”7 output in order to simultaneously measure the optical flux at the powermeter
and the spectrum at the OSA.

Sourcemeter

SiN GC 1 SiN Bragg mirror
10% 60% NB
(—’(—-1 EEEEEEEE > to circuit
90%
Powermeter Si loop mirror
60% BB DBR laser

A microscope image of the fabricated DBR is shown in Fig. 4.41 with the two
electrical pads for the cathode and the anode. The metal layers are designed with
large width (several hundreds of um) to withstand several hundreds of mA of injec-
tion current. The DBR laser is 800 pym long.

Figure 4.40: DBR laser measurement setup.

Figure 4.41: Microscope image of the fabricated I1I-V/Si DBR laser.

Prior to the laser characterization, the insertion loss of one SiN GC was measured
on a dedicated shunt test structure as shown in Fig. 4.42. Over the 7 measured dies,
the peak wavelength is 1570 nm and the average insertion loss of one grating coupler
is 6 dB at this wavelength.
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Figure 4.42: Insertion loss (IL) of one SIN GC over 7 dies.

The light-current-voltage (LIV) curves of the DBR lasers over 7 dies are shown
in Fig. 4.43. The flux is measured on the powermeter after a 90% tap and the
sourcemeter measures the voltage under the applied laser current. First, we iden-
tified die 5 as a non functional die due to its zero measured flux and flattened IV
characteristic. The measured laser threshold current is around 37 mA except for
die 7 where the threshold is 50 mA and the measured flux is three times lower than
for the other dies. The LI curves show some fluctuations when the injection current
increases. This is typical when the laser mode hopes, i.e. when the laser suddenly
switches to another mode. Considering die 2 and an injection current of 150 mA,
the laser approximately consumes 200 mW.
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Figure 4.43: LIV curve of the DBR laser measured at “GC 1”7 over 7 dies.

The spectra of the DBR laser in die 6 under several laser currents for a wide
and narrow wavelength span are shown in Fig. 4.44 a) and b) respectively. For the
wide span (1510-1570 nm), the OSA resolution is 0.1 nm while for the narrow span
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(1542.6-1543.8 nm) the OSA resolution is 4 pm. To recover the on chip optical
power (in the Si waveguide), we should add 17dB because of the 10% tap and the 7
dB of GC loss around 1543 nm. The resulting on chip power at the laser output is

around -1 dBm (0.8 mW). From Fig. 4.44 b), we measured a Side Mode Suppression
Ratio (SMSR) > 40 dB.
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Figure 4.44: Measured a) wide wavelength span spectrum and b) narrow wavelength
span spectrum for the DBR laser in die 6.

On the other dies, the spectrum was highly multimode especially when increasing

the laser injection current. The superimposed spectra for a DBR laser current of
150 mA are shown in Fig. 4.45.
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Figure 4.45: Measured spectra at 150 mA of the DBR laser over the 7 dies.

We did not perform direct frequency chirp measurement on either the DBR and
tunable laser. Nevertheless, in the following section, we present indirect frequency

chirp linearity measurement using an external laser coupled to a integrated 1Q mod-
ulator made in silicon.
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4.10 Frequency chirp with IQ modulator

In addition to the low linewidth requirement, the FMCW LIDAR source should
also have high chirp linearity. In this section, we present our work on a Silicon 1Q
modulator with a monolithically integrated I1I-V /Si semiconductor optical amplifier
(SOA) to demonstrate highly linear chirp generation. This work has been submitted
as an article to Photonics Technology Letters journal.

Nonlinear distortion of the frequency chirp broadens the detected signal spec-
trum, degrading the SNR and resolution [120]. Chirping the FMCW LIDAR signal
can be either achieved through direct laser modulation or by using an external
modulator with a fixed laser frequency. Direct modulation suffers from the non-
linear relationship between optical frequency and injection current. To mitigate
non-linearities, resampling methods [157], iterative learning pre-distortion of the
driving signal [158], optical phase locked loop (OPLL) [159], or engineering of the
laser structure [122] can be used. However, these chirp linearization methods may
add latency, complexity, and cost to the system. Another drawback of direct laser
modulation is a degradation of the laser linewidth due to the unwanted intensity
modulation [160]. External modulation is therefore preferable for solving the narrow
linewidth and chirp linearity challenges independently. The low linewidth tunable
laser described in Section 4.8 could be combined with IQ modulator to produce
high linear frequency chirps at several wavelengths. External modulation also offers
flexibility in the transmitted signal as shown in [161], where a fibered 1Q modulator
generates two independent linear frequency chirps in the lower and upper side bands
(LSB and USB) for simultaneous measurement of the target range and radial veloc-
ity, reducing the time allocated to each pixel. Nevertheless, IQ modulation comes
with high loss as the modulation is made at the carrier suppression point. In [88], a
fibered FMCW LIDAR comprising an IQ modulator followed by an Erbium doped
fiber amplifier (EDFA) has been reported but the chirp linearity was not measured.

Our PIC is composed of a Si based high speed 1QQ modulator and a ITI-V/Si SOA
fabricated on the same platform. The 1Q) modulator consists of two nested Mach-
Zehnder Modulators (MZM I and MZM Q) that are DC biased at the minimum
transmission point. A phase shift of 7/2 is inserted between the two MZMs. Light
is coupled in and out of the chip by a fiber array aligned to surface Grating Couplers
(GCs) defined in the Si. The PIC is mounted on a thermoelectric cooler (TEC) to
ensure stable temperature operation. An electronic control board, including RF
drivers was developed to command the PIC. The motherboard is fed by a 12 V
power supply. The Fig. 4.46 shows a picture of the fabricated package.
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fiber array

Figure 4.46: Picture of the PIC package with its motherboard.

The schematic on Fig. 4.47 shows the working principle for FMCW LIDAR
frequency synthesis in our circuit. An external laser having an optical power P, =
13 dBm and an optical frequency fi,s = 195.9 THz (corresponding to a wavelength
of 1530 nm) feeds the on-chip IQ modulator and SOA. To produce the frequency
chirp, a complex RF modulating signal u(t) is applied to the IQ modulator as:

u(t) = ur(t) + jue(t) (4.13)

where u;(t) and ug(t) are the RF chirped signals applied to MZM I and MZM
Q respectively. To produce the u;(t) and ug(t) signals, we used a 24 GHz RADAR
phase-locked loop (PLL) composed of a phase detector, a low pass filter and a voltage
controlled oscillator (VCO) [162].
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Figure 4.47: Schematic of our FMCW LIDAR frequency synthesis scheme. The I
and Q RF signals generation are applied to the PIC composed of an 1Q modulator
and I1I-V/Si SOA.

We performed triangular modulation composed of symmetric up- and down-
ramps with period duration T of 154 us. The calculations are done for the signal
under an up-ramp, while the same derivation applies to a down-ramp. Over an
up-ramp period 7', the PLL provides a RF output signal sg(t) given by:

sgr(t) o cos (271'th + %ﬂ), (4.14)

where sg(t) describes an up linear frequency chirp starting at fr = 24 GHz with
frequency excursion f....

A local oscillator (LO) sine-wave spo(t) (fro = 21.2 GHz) is generated as:

spo(t) o cos (27TfLot>, (4.15)

sr(t) and spo(t) are then mixed within the IQ mixer followed by Low Pass Filters
(LPFs) to produce the u;(t) and ug(t) signals [88]:

U[(t) = (XRF COS <27Tf[Ft + ﬂ-;xct2> (416)
ug(t) = agrsin (27Tf[Ft + ﬂjfmctQ), (4.17)

where fir = fr-fro = 2.8 GHz and agp is the amplitude of the RF signal.
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The two RF signals are applied to the I and Q ports of the modulator to produce
a Linear Frequency Modulation (LFM) with optical field, Ep gy (t) by:

. T Jexe
ELFM(t) = Elas(t).eacp [j (27Tf[Ft + th], (418)

where Ej,5(t) is the external 1 laser field. The time domain evolution of the LEM
frequency frrar(t) is described on the insert of Fig. 4.47. In our measurement, we
produced a frequency excursion f.,. of 1.5 GHz.

The chirped signal is then amplified by a SOA biased at 120 mA to produce a
measured optical gain of Ggpa = 10 dB.

The Fig. 4.48 describes the chirp linearity measurement setup. It is based on
delayed self-heterodyne interferometry (DSHI), where one arm of the interferometer
is delayed so that the beat signal produced by the two interfering signals can be
processed to assess the frequency chirp linearity [158]. We used a L = 2 m fiber
delay line corresponding to a delay time 7 = 9.8 ns in the first arm. In the other
arm, a polarization controller was placed to match the polarization states of both
arms.

LIDAR [

frequency
synthesis

Sbeat(t)#
PD+TIA

PinSOA POutSOA

Figure 4.48: Measurement setup to evaluate the chirp linearity from the I1QQ modu-
lator. PC: polarization controller; SOA: semiconductor optical amplifier; DL: delay
line; PD: photodiode; TIA: transimpedance amplifier; DSO: digital storage oscillo-
scope.

The computed optical power budget of the measurement setup is described in
Table I considering ideal splitters and lossless polarization controllers. The IQ mod-
ulator insertion loss IL;q is computed from:

ILio = 4.SI*.EL. (%)2.0@ (4.19)

where we note SL the splitter loss, E'L the MZM excess loss, V is the voltage
to achieve 7 phase shift, and arp is the amplitude of the RF signals. A V, of 6.5
V was measured on each MZM with a delivered amplitude agpr of 2 V. The MZMs
are 3 mm-long, and we measured a propagation loss due to the doped silicon of 2
dB/mm, resulting in a MZM excess loss EL of 6 dB. Considering ideal splitters (SL
= 0.5), the IQ modulator insertion loss is estimated around 18 dB.
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Labels | Optical powers | Units
P 13 dBm
Ppe 13 dBm

Pinsoa -5 dBm

PoutSOA 5 dBm

P)in PD 2 dBm

Table 4.5: Computed optical power budget of the chirp linearity measurement setup.

The beat signal speq(t) is produced from the recombination of the two arms on
an external photodiode. A transimpedance amplifier (TTA) with gain Grra = 10
V/A amplifies the photocurrent and converts it into a voltage. The beat signal is
expressed by:

Sbeat(t) X T].PinpD.GT[A. COS(QWfbeat(t).t) (420)

where 7 is the photodiode responsivity (1 A/W), P;,pp is the optical power at
the photodiode input and freat(t) = foear(t) - freat(t-7) is the beat signal frequency.
For 7 << T, the beat frequency can be approximated by its 1st order Taylor series
expansion, i.e. fpear(t) ~ f1pp(t).7. In our experiment, 7/7T=1/15306 << 1, which
validates this approximation.

The beat signal phase ®peq(t) can then be extracted using a Hilbert transform
(HT) over the ramp period T' [157][158]:

Dpeqi(t) = 27?7'/ iy (O dt =277 fr e () (4.21)
T

The instantaneous frequency frras(t) is then obtained through:

q)beat(t)
t)= ———= 4.22
Fumn(t) = Tt (422
The Fig. 4.49(a) and (b) show the VCO command signal Vi,.vco(t) and the
resulting time domain beat signal sp.q(t) respectively, observed on a digital storage

oscilloscope (DSO).
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Figure 4.49: Measured a) VCO command signal, Vinevco(t) and b) time domain
beat signal, Speq:(t) on the DSO.

The Viuneveoo(t) curvature in Fig. 4.49(a) originates from the VCO nonlinearity
compensation, ensuring linear frequency chirps at the PLL output. We focus on
the up-ramp of the frequency modulation for evaluating the linearity. Fig. 4.50(a)
shows the instantaneous frequency retrieved from (9) and taken over 5%-95% of the
up-ramp period 7. The measured frequency excursion f.,. over this segment is 1.38
GHz. The frequency chirp nonlinearity, as plotted on Fig. 4.50(b), is evaluated as
the difference between the measured instantaneous optical frequency data and their
best linear fit [159]. The superimposed curves on Fig. 4.50(b) correspond to 30 up-
ramp periods. The standard deviation of the mean of these 30 curves is 24.3 MHz,
which corresponds to 1.8% nonlinear distortion for a 1.38 GHz frequency excursion.
From Fig. 4.50(b), we noticed that the initial and final portion of the up-ramp are
responsible for high nonlinearities. In these regions, the optical frequency undergoes
sharp transitions. By considering 20%-80% of the chirp period T', the nonlinear
distortion reduces to 0.4%. Iterative learning pre-distortion algorithms [158] could

be used to reach a nonlinear distortion below 0.1% for automotive applications, as
detailed in Table 3.9 .
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Figure 4.50: a) Retrieved instantaneous frequency profile over 5%-95% of the up-
ramp period T. b) Chirp nonlinearity obtained by subtracting the instantaneous
frequency profile with a linear fit.

FMCW LIDAR ranging measurements can be used as an alternative method
for evaluating chirp nonlinearity, since the dependency between the beat frequency
and the fiber length is linear for an applied linear frequency chirp. We performed
these measurements for several fiber delay lengths (from 2-18 m). For each fiber
delay line, the polarization controller in the interferometer was adjusted to match
the polarization state of the two arms. An estimate of the beat signal frequency is
given by the maximum peak frequency of the Fast Fourier Transform (FFT) applied
to the beat signal over 5%-95% of the period T'. The measured spectra for each fiber
length are superimposed on Fig. 4.51.

FFT Amplitude (dB)

480 0.2 04 06 0.8 1.0
Frequency (MHz)

Figure 4.51: Measured FF'T spectra for several fiber lengths.

In Fig. 4.52, the measured beat frequencies are plotted against fiber length. We
obtained a high linear coefficient of determination (R?=0.999), confirming the chirp
linearity measurement results. We measured the slope v of the data plotted in
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Fig. 4.52, the frequency excursion f.,. can be obtained as:

fexc = ViTQO% (423)
g
where ¢ is the speed of light in vacuum, n, is the group index in the single
mode fiber (1.4675 at 1550 nm) and Tyoy corresponds to the 5%-95% portion of the
up-ramp period T, Tygy, = 138 ps.
We measured a fitted slope v of 48.2 kHz/m corresponding to a frequency ex-
cursion f,,. of 1.36 GHz that matches the 1.38 GHz frequency excursion measured
previously. This translates into a range resolution of 11 cm [158].
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Figure 4.52: Beat frequency against fiber length showing high linear dependency
(R?=0.999).

In conclusion, we perform laser frequency chirping with a silicon photonic circuit
integrating on the same chip a silicon 1Q) modulator and a III-V/Si SOA. The lin-
earity of the generated chirp was measured and showed nonlinear distortion as low
as 1.8% over 5% to 95% of the chirp period. These results were confirmed through
range measurements with several fiber delay lines (2 to 18 m) with good resolution.
In the future, this PIC will be integrated with the coherent receiver to allow long
range FMCW LIDAR operation. Shorter modulation periods will be evaluated in
order to satisfy the FMCW LIDAR scanning speed.

4.11 Beam scanning unit

As shown in chapter 2, quantifying the power consumption and the scanning speed
of the beam steering unit is essential as it may differ between techniques. Our
circuit has been fabricated on our integration platform that makes use of Si, SiN,
Ge for building switches and monitoring photodiodes. As this circuit was part of a
multi project wafer (MPW) run, we did not integrate I1I-V material. Therefore, the
light is coupled into the circuit using an external laser and no optical amplification is
used. Through DC characterization, the circuit power consumption is extracted. AC
characterization is then described for obtaining the scanning speed of our circuit.
In order to evaluate the switch functionality, we designed a 4-emitter focal plane
switch array (FPSA).
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In this section, we present this fully integrated circuit structure and its charac-
terization.

4.11.1 The structure

The circuit is shown in Fig. 4.53. It is composed of three switches based on Mach-
Zehnder interferometers (MZI) with thermo-optic phase shifters on one arm. By
tuning each phase shifter, the input optical power can be directed towards the left
(L) or right path (R) of the switch output.

An external laser feeds the circuit through a SiN grating coupler (“GC in”). The
light enters the switch 1 (S1) and is directed towards the second stage of switches
composed of switch 2 and switch 3. Depending on the voltage applied to switch
1, the light can either be directed to S2 or S3. In between S1 and S2, a 10%/90%
power tap was placed to monitor the signal intensity either on an integrated Ge
photodiode or to a grating coupler for external measurement. If the light is coupled
to S3, using the same principle, the light can be either directed towards GC A, GC
B or GC C emitters. If light is directed to S2, either GC D, GC E or GC F can
be used as emitters. The emitters are equally spaced by a distance d of 127 pum, to
match standard fiber array pitch. Not shown on Fig. 4.53, we also placed taps in
the opposite arms where no monitoring PD was placed, in order to compensate for
losses and balance the circuit.

Phase shifter

External
laser

GCD

»— GCG

Photonic chip

Figure 4.53: Schematic of the 4-emitter focal plane switch array circuit. GC: grating
coupler; S1: switch 1; S2: switch 2; S3: switch 3; PD: photodiode; tap: 10%/90%
tap.
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We present the characterization of this circuit that enables to select one of the
four switch outputs as the emitter. The idea of this work is to evaluate the switch
performances using a small scale array.

A microscope view of the fabricated FPSA circuit is shown in Fig. 4.54. The
chip dimensions are 1 mm x 1.5 mm.

Tl === T 1L

GC GC GC GC GC GC GC GC
in G F E D C B A

Figure 4.54: Microscope view of the fabricated 4-emitter FPSA circuit. GC: grating
coupler; PD: photodiode; S: switch.

4.11.2 Characterization overview

First, we performed electrical measurements to characterize the three thermo-optic
phase shifters in terms of resistance and power consumption. Then, we connected the
input grating coupler “GC in” to an external laser and we performed electro-optical
measurements to extract the insertion loss of an individual switch. We identified
the switch heater combinations for commuting power between the steering circuit’s
outputs. In addition, the optical crosstalk corresponding to the optical power mea-
sured at the undesired outputs was obtained. We also did AC characterization of the
thermo-optic phase shifter to extract the response time of the switch. Rise and fall
time measurements are reported. Finally, we checked electrical and optical power
stability over time.

4.11.3 Grating coupler measurement

We first characterized the SiN grating coupler using a dedicated shunt test structure.
An external laser emitting at 1550 nm is coupled to the circuit through a SiN grating
coupler. The spectral response is shown in Fig. 4.55, with -4.3 dB insertion loss at
1568 nm.
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Figure 4.55: Measured transmission of one SiN grating coupler.

4.11.4 Heater characterization

We swept the voltage applied to each p-doped Silicon heater between 0 and 12 V
and measured the current on a sourcemeter. The measured current-voltage (I-V)
characteristics of the three heaters are shown in Fig. 4.56. The three electrical
characteristics are very consistent. The corresponding resistance is around 1.44 kS).
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Figure 4.56: Measured IV curves of the three of thermo-optic phase shifters.
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4.11.5 Switch insertion loss

In order to extract the insertion loss of one switch, we connected an external laser
emitting at 1568 nm wavelength and with 10 dBm output power, to the input grating
coupler “GC in”. We focus on the insertion loss of the switch 1 for simplicity but we
also performed the same measurements for S2 and S3. Hence, for S1, we connected
the monitoring output grating coupler “GC G” to a powermeter and we swept the
voltage applied on the heater 1. The measured output power against the heater
electrical power of heater 1 is shown in Fig. 4.57.
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Figure 4.57: Measured optical power at the output of switch 1 “GC G” against the
electrical power of heater 1. P,, is the required heater electrical power to produce
a 27 phase shift.

We measured a maximum received optical power of -12.3 dBm for heater elec-
trical powers Pbl = 17.5 mW and Pb2 = 68 mW, corresponding to applied voltage
bias Vbl = 4.6 V and Vb2 = 9.9 V respectively. These two bias points correspond
to states where the light is commuted towards switch 2. In order to quantify the
insertion loss X of S1, we computed the link budget as shown in Fig. 4.58 a) and b).

Parameter Value Unit
" [)las 10 dBHl
External Plas‘ GCin P4 -~ Switch 1 IL GC in 43 dB
laser IL=XdB P 5.7 dBm
p IL switch 1 X dB
y 2 P, 5.7-X dBm
IL tap and MMI 13 dB
P P
"+—1GCG |« 3 | TapiodB P -73-X dBm
MMI 3dB ILGC G 4.3 dB
Pmeas = 116 - X = - 123 dBHl
a) b)

Figure 4.58: a) Link budget to compute the IL of switch 1 and b) table of corre-
sponding powers and IL.

From Fig. 4.58 b), the insertion loss X of the switch 1 is only 0.6 dB to direct the

Martin Peyrou 145



Université Grenoble Alpes, 2022 Chapter 4

light towards S2. This measured value is comparable to the 0.5 dB N-doped silicon
MZI switch insertion loss reported in [163].

4.11.6 Heater electrical power consumption

To quantify the heater electrical power consumption, we usually measure the re-
quired power to achieve a 7 phase shift (P;) or a 27 phase shift (P,,). From Fig. 4.57,
we measured a switch 1 heater electrical power to produce a 27 phase shift, P, of
50 mW (corresponding to a P, of 25 mW). In this section we verify that the power
consumption of the switch 2 heater is comparable to this value by monitoring the
output signal on an integrated Ge photodiode. Again, the external laser emitting at
1568 nm and 10 dBm output power is connected to “GC in” (Fig. 4.53) and we bias
heater 1 at the maximum transmission point obtained in Fig. 4.57 to direct the light
towards S2. Then, we swept the voltage applied to heater 2 between 0 and 12 V
and we monitored the output optical power on the PDy;, Ge integrated photodiode.
Fig. 4.59 a) shows the photocurrent measured at the output of PDyy, as a function
of electrical power consumed by the switch 2 heater. Fig. 4.59 b) shows the electric
power consumed by this heater versus the produced phase shift.
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Figure 4.59: a) Measured photocurrent at the output of the internal photodiode
PD,y, (in log scale) and b) produced phase shift as a function of electrical power
consumed by the switch 2 heater.

Even though the photocurrent amplitude is small (in the pA range) due to the
10% tap, it is possible to retrieve the P,. From Fig. 4.59 b), to achieve 7 phase shift
with heater 2, a P, of 27 mW electrical power is required. This value is consistent
with the P, of 25 mW measured for the heater of switch 1.

4.11.7 Crosstalk

We also performed crosstalk measurements. Our methodology was to bias each
switch heater so that maximum power is obtained on each of the four FPSA out-
puts consecutively. The optical power of the four outputs is measured with the
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powermeter. The results are summarized in Table 4.6 where the expected outputs
have been highlighted in green.

Outputs
B C D E
-1.65 | -15.7 | -17.5 | -16.6
-23 -1.44 -17.9 -15.4
-21.6 -24.1 -2.04 -26.4
-30.8 | -234 | -16.5 -14

Power (dBm)

Table 4.6: Measured crosstalk on the four emitter FPSA circuit.

The measured power at the undesired outputs is -20.7 dBm on average, which
is 18 dB lower than the measured power in the expected output. In futur designs,
crosstalk can be improved by acting on the extinction ratio of the MZI to reach -25

dB to -30 dB.

4.11.8 Power stability

To assess the power stability of the heater, we measured the heater 1 electrical power
evolution over 10 minutes as shown in Fig. 4.60. Over this time period, the electrical
power is very stable with 0.002% maximum deviation from the mean value.
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Figure 4.60: Evolution of heater 1 electrical power consumption over a 10 minute
time period.

In a real system, an automatic control loop could be used to set the exact elec-
trical power to the heater by monitoring the optical outputs of the switch.

4.11.9 AC characterization

Finally, we performed AC characterization to quantify the switch temporal response.
The AC measurement setup is shown in Fig. 4.61.
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Figure 4.61: AC measurement setup to assess the switch 2 temporal response.

We focused on switch 2 for this part. We bias heater 1 at Vbl = 4.6 V to
direct the light towards S2 with maximum transmission. A waveform generator
operating in square mode is connected to heater 2. The voltage step waveform is
applied between the voltages producing the maximum and minimum of transmission
of the switch (4 to 7.5 V for switch 2). The optical signal is sensed by an on-chip
Ge photodiode. The photocurrent is then converted into a voltage by mean of a
resistance. This signal is observed on the oscilloscope to measure the rise and fall
times of the switch.
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Figure 4.62: Measured temporal square voltage input waveform and output voltage
response.

From Fig. 4.62, we observed overshoot at the voltage square waveform transi-
tions. Overshoot occurs as the photodiode load resistance of 900 k{2 was not matched

148 Martin Peyrou



Chapter 4 Université Grenoble Alpes, 2022

with the oscilloscope impedance of 1 M(2, resulting in reflections of the EM wave.
In the response signal measurement, these reflections add to the measured voltage.
In future works, overshoot will be suppressed by using proper terminations. To de-
termine the rise and fall times of our switch, we fitted the response signal with the
response of a first order system.

A rise time measurement of switch 2 is shown in Fig. 4.63. The rise and fall
times correspond to the time duration within 10% to 90% of the final value. From
Fig. 4.63 a rise time of 26 us was measured.
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Figure 4.63: Measurement of the response measurement of switch 2 showing 26 us
rise time.

Rise and fall times for the 3 switches were measured and the values were com-
prised within 16-33 ps limiting the scanning rate to 62.5 kHz. While these values
indicate slower operation than the automotive specification of < 10 us, future ap-
proaches will be studied to decrease it. For instance, switches based on electro-optic
free-carrier plasma dispersion effect could solve the speed limitation of the thermo-
optic effect.

To summarize, we demonstrated and characterized an elementary tile of a FPSA
circuit composed of 4 emitters. DC tests show 27 mW heater electrical power con-
sumption for achieving 7 phase shift. As a comparison, in [164], two thermo-optic
phase shifters made in TiN and N++ doped silicon were fabricated and character-
ized with P, equal to 21.4 mW and 22.8 mW respectively. The measured crosstalk
is lower than -15 dB across all the outputs. The electrical power consumed by the
heater is stable after 10 minutes, and future developments would ensure stability
for continuous operation. Finally, AC tests show tens of us switch temporal re-
sponse. This could be improved in order to reach automotive LIDAR scanning rate.
Compared to the set of specifications given in Table 3.9, this 4-emitter circuit is a
first step towards large scale FPSA. From our individual switch measurement, if we
consider a FPSA of 1200 emitters corresponding to 11 cascaded MZI switch stages,
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the total insertion loss and power consumption would be 6.6 dB and 300 mW, re-
spectively. By adding a SOA (consuming 200 mW on average) at each emitter, the
static power consumption is only 500 mW.

4.12 Chapter conclusion

In this chapter, we presented the structure and characterization of fully integrated
FMCW LIDAR building blocks. First, a FMCW LIDAR single TX/RX comprising
a III-V/Si amplifier and a coherent receiver made of a SiN 90° optical hybrid and a
pair of Ge photodiodes was designed and fully characterized at the component level.
The coherent receiver fulfils the specifications from the IC-TROSA standard and
matches well with the state-of-the-art [137]. The key advantage of Scintil Photonics
platform is to integrate this high performance coherent receiver with lasers and
amplifiers based on III-V materials. The SOA provides an on-chip amplification >
10 dB in the C band and can operate at temperatures between 20-60 °C. Then, we
implemented two types of integrated lasers based on DBR mirrors : a tunable laser
and fixed DBR laser. We measured a 184 kHz Lorentzian linewidth for the tunable
laser with a wide wavelength tunability. We also reported on the measurements
of a III-V/Si DBR laser. Some fabrication defects did not enable to reach the
power performance. However, we believe the laser should stay outside, temperature
controlled and with an optical isolator, to feed the rest of the chip. In order to
evaluate the frequency chirp linearity, we presented our results on the IQ modulator
with SOA packaged circuit, demonstrating FMCW LIDAR measurements using fiber
delay lines. Finally, we described the structure and characterization of a 4-emitter
FPSA circuit for investigating the FMCW LIDAR beam scanning module. The
switch shows low insertion loss (<0.6 dB), low power consumption (27 mW) and
the crosstalk between emitters is <-15 dB. The measured switch temporal response
(16-33 us) indicates that thermo-optic effect might be a limiting factor to achieve
the targeted automotive LIDAR scanning rates.

The integration of ITI-V material with Si, SiN and Ge is beneficial for build-
ing a chip-scale FMCW LIDAR. Indeed, integrated laser sources presenting low
linewidth can be chirped with high linearity using a Si 1) modulator. A III-V/Si
booster SOA can compensate the modulator losses, ensuring a high transmitted sig-
nal power. Finally, an on-chip coherent receiver made of SiN 90° hybrid and Ge
balanced photodiodes is used to detect the target range and radial velocity with
high precision.

150 Martin Peyrou



Chapter 5

Conclusion and perspectives

5.1 Conclusion

The aim of this work was to evaluate the feasibility and the challenges related to
the integration of FMCW LIDAR components and circuits on a III-V/Si photonic
chip. The first objective of this work was to identify the FMCW LIDAR architecture
and establish the system level specifications in the context of automotive applica-
tion. The second step consisted in deriving the photonic component specifications.
The final objective was the realization of the FMCW LIDAR components and cir-
cuits based on Scintil Photonics ITI-V/Si integration platform and characterize their
performances.

We started by identifying the potential of FMCW LIDAR for automotive appli-
cations compared to its counterparts, and we have defined the main performance
metrics for the considered scenario. Considering the illumination unit, we have high-
lighted the benefits of integrated beam scanning compared to commercial mechani-
cal scanners. Based on a detailed comparison between Optical Phased Array (OPA)
and Focal Plane Switch Array (FPSA), we selected the FPSA architecture for its
reduced power consumption, crosstalk and complexity. We presented an overview of
the FMCW LIDAR integration approaches with the aim of improving the footprint,
the weight and the power consumption. Scintil Photonics integration platform has
the unique advantage of integrating III-V material with Ge, Si and SiNx to build
high performance components and circuits. Based on automotive LIDAR specifica-
tions, we concluded that integration of FMCW LIDAR is necessary to answer this
demand for high level of parallelism. Afterwards, we provided a numerical model to
understand the FMCW LIDAR system performances and limitations. This model
showed the critical importance of laser linewidth on FMCW LIDAR performances.
A digital processing technique has been proposed to extend the detection range
of the FMCW LIDAR system beyond the coherence length of the laser source. An
overall link budget has been evaluated, showing the need to integrate a booster SOA
for detecting targets at hundreds of meters. We also analyzed the different noise
contributions in the system through SNR simulations under several conditions, and
proposed a set of silicon photonics component specifications. A FMCW LIDAR
circuit architecture was identified and the layout was drawn based on the III-V/Si
elementary components (MMI, GC, SOA, 90° hybrid, PD, ring resonators, heaters,
DBR gratings, etc...). A single TX/RX FMCW LIDAR tile comprising a booster
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amplifier and a coherent receiver was described and fully characterized. To our
knowledge, this is the first monolithic integration of 1II-V/Si SOAs, Ge waveguide-
PDs, Si active and Silicon Nitride (SiN) passive devices on a photonic integrated
circuit (PIC). The coherent receiver meets the IC-TROSA standard specifications
and the SOA provides on-chip amplification in the C band in a temperature range
between 20-60 °C. The FMCW LIDAR source was also investigated with measure-
ments of a 184 kHz Lorentzian linewidth tunable laser and high chirp linearity using
a silicon 1QQ modulator followed by a SOA. We also explored a DBR integrated
laser source and reported on its characterization. Finally, a 4-emitter FPSA beam
scanning unit was realized to assess the performances of thermo-optic based MZI
switches. We concluded on the power consumption and crosstalk benefits of this
approach. We also highlighted the limitation in terms of scanning rate, which could
be overcome using the electro-optic effect.

Therefore, the main conclusions of this work can be summarized as follows :

e The integration of the FMCW LIDAR components and circuits on a silicon
photonics chip is possible using the unique I1I-V/Si integration platform de-
velopped by Scintil Photonics. The integration offers many improvements over
bulk systems in terms of power consumption, footprint, coupling losses and
risk of mechanical failure.

e The FMCW LIDAR source is a critical building block, as the laser phase noise
and the chirp nonlinearities should be minimized. Laser linewidth <100 kHz
will enable the detection of targets at 200 m and IQQ modulators can be used
to produce high linearity frequency ramps.

e The on-chip gain provided by the semiconductor optical amplifier (SOA) en-
ables to meet the FMCW LIDAR power budget.

e The coherent detection is a centerpiece of the FMCW LIDAR system, en-
abling high sensitivity, reduced receiver bandwidth and immunity to back-
ground noise.

e Digital signal processing techniques could be used to alleviate the constraints
on component/system specifications. For example, an estimation algorithm
can be used to realize power spectrum density detection in the measured spec-
trum, to detect target beyond the laser coherence length, reducing the con-
straint on laser linewidth specification. Additional work needs to be carried
on to evaluate the possibility of multiple target detection.

e Focal Plane Switch Array (FPSA) is a promising solid-state beam scanning
technique for high resolution and wide field-of-view imaging.

e High level of repeatability between components will be essential to the mass
deployment of integrated FMCW LIDAR. Wafer level characterization offers
statistical representation of the fabricated elements. The component drift due
to temperature should also be monitored.

Some perspectives have also been identified to complete this work. First, the in-
vestigation of the optical coupling interface between the scanning unit and free space
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is essential to transmit collimated beams and ensure a high receiver aperture. This
is one of the main challenge before running free space FMCW LIDAR measurements
with our single TX/RX tile. For this circuit, we could also implement the detection
algorithm and verify the ability to detect close targets by extracting their range
and velocity. The second proposed area of improvements concerns the components
performance optimization to reach higher SNR levels. Indeed, low noise figure SOA
are highly desirable. PIN photodiodes could be replaced by avalanche photodiodes
(APD) to provide additional gain at the receiver, but the additional noise should
not be limiting. The investigation of multiplexing techniques will also be essential
to meet the requirements of next-generation automotive LIDAR. Other integrated
laser structures such as comb lasers could be interesting for future FMCW LIDAR
systems.

In parallel, the FMCW LIDAR system model could be strengthen by integrating
each component specifications (such as the phase errors of the 90°, the chirp non-
linearity etc...) to evaluate more precisely the impact of each specification on the
SNR and the accuracy of the estimated target distance and speed.

Concerning the digital processing technique, it would be interesting to evaluate
if the detection algorithm can detect multiple targets and how efficiently. We could
also adapt it to identify ghost targets.

Lastly, the integration of new materials such as Lithium Niobate (LiNbO3) or
Barium Titanate (BTO) with silicon (Si) to boost the performances of current mod-
ulators, shows the great versatility of this platform. This could pave the way to a
wide range of applications where integration will replace bulky solutions.
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