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Résumeée

Les derniéres décennies ont été témoins d’une flambée sans précédent du trafic de données, nécessi-
tant un besoin urgent de liaisons optiques ultra-rapides. Cela a donné I'impulsion aux systemes de
transmission optique a haute capacité de nouvelle génération. Dans ces systémes, des modulateurs
optiques intégrés ayant une bande passante élevée, économe énergétiquement, compacts, stables et

adaptés a une intégration a grande échelle sont trés demandés.

La plate-forme de photonique sur silicium (SiP), bien qu’elle souffre de ’absence d’effets électro-
optiques inhérents dans la silice, s’est néanmoins avéré étre une solution rentable pour les trans-
metteurs de haute capacité puisqu’elle tire parti du processus CMOS mature. Par conséquent, un
effort considérable a été consacré au développement d’appareils de haute performance sur cette
plate-forme. Cette thése se concentre sur les transmetteurs SiP pour la prochaine génération de
réseaux optiques ou I’espace, en tant que derniére dimension physique, est proposé pour surmonter

le « manque de capacité » associé a la technologie actuelle.

Pour construire de tels transmetteurs, il faut intégrer un ensemble de modulateurs optiques
dans une seule puce. Ces modulateurs doivent simultanément se caractériser par un fonctionne-
ment a grande vitesse, une faible consommation d’énergie, un encombrement réduit et une grande
stabilité. Les modulateurs SiP bien connus, tels que les modulateurs & micro-anneaux (MRM) et les
modulateurs Mach-Zehnder (MZM), ne répondent pas a tous les critéres susmentionnés. Les MRM
présentent une faible performance en termes de stabilité et les MZM sont gourmands en énergie.
C’est pourquoi nous étudions des modulateurs SiP nouveaux et avancés dans deux chapitres de cette
thése. Pour la premiére fois, nous faisons la démonstration de modulateurs SiP basés sur la conver-
sion de mode. Lorsqu’opérés en réflexion, les modulateurs de Bragg offrent un rendement élevé ainsi
qu’un fonctionnement a grande vitesse. Cependant, les modulateurs fonctionnant en réflexion sont
génés par le manque de circulateurs sur puce. Nous abordons cette question et présentons expéri-
mentalement un modulateur SiP basé sur des guides d’ondes asymétriques a réseau de Bragg suivis
d’un coupleur directionnel asymétrique (ou jonction Y asymétrique), offrant des opérations en ré-
flexion sans avoir besoin de circulateurs et avec de faibles pertes sur la puce. Dans notre deuxiéme
contribution, nous faisons la démonstration du premier modulateur a lumiére lente basé sur des
résonateurs a réseau de Bragg couplés (BGR), un MZM assisté par des BGR couplés. Les BGR, com-

posés de cavités a faible facteur Q en série, ralentissent les ondes optiques dans une large bande
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passante optique (quelques nanomeétres). Cela permet au modulateur d’améliorer la modulation de
phase sur une gamme de longueurs d’onde de fonctionnement relativement large, ce qui se traduit
par des performances plus stables par rapport aux modulateurs a résonance unique (p. ex., les MRM).
Atteignant un bon équilibre dans les indicateurs de performance, le MZM assisté par les BGR peut
étre reconnu comme un choix potentiel pour les futurs systemes de multiplexage par répartition en
longueur d’onde/espace (SDM/WDM).

Suite a notre démonstration pionniere, nous étudions, comme troisiéme contribution, I'impact
de l'effet de lumiére lente sur la performance des modulateurs SiP, le compromis existant entre effi-
cacité et vitesse en particulier. Lorsque Pefficacité est améliorée dans des modulateurs SiP typiques,
soit en augmentant la capacité de la jonction PN (dans les MZM), soit en introduisant des structures
hautement résonantes (dans les MRM), cela entraine également une augmentation de la constante de
temps RC ou de la durée de vie des photons, respectivement, et donc une diminution de la largeur de
bande électro-optique (EO). Dans ce chapitre, nous proposons de remettre en question ce compromis
pour les modulateurs a lumiére lente et d’étudier s’ils sont capables de surpasser les modulateurs SiP
typiques. A cette fin, il est nécessaire de disposer de modéles complets de la réponse EO de ces mo-
dulateurs, intégrés soit avec des électrodes en bloc, soit avec des électrodes mobiles. A T’aide de ces
modeles, nous comparons les modulateurs a lumiére lente avec les MZM convectifs. Nous examinons
également différentes méthodes de conception pour réduire les V; des modulateurs SiP afin qu’ils
puissent répondre aux exigences des pilotes COMS et des interfaces électriques pour la prochaine

génération de transmetteurs SiP.

Dans notre quatrieme contribution, nous faisons état d’un modulateur tout silicium a lumiere
lente qui permet un fonctionnement a grande vitesse du PAM sans utiliser de convertisseur numérique-
analogique (CNA) électrique. Les BGR sont intégrés dans chaque bras d'un MZM afin de ralentir les
ondes optiques, ce qui améliore la modulation de phase sur une bande passante optique relativement
importante. Le signal optique PAM a 4 niveaux est généré par une conception segmentée dans des
déphaseurs a lumiére lente avec deux signaux de commande binaires, ce qui élimine le besoin d’un
CNA a grande vitesse. Ce modulateur combine les avantages d’'un encombrement ultra-compact,
d’une faible consommation d’énergie, d’'une large bande passante électro-optique et d'un fonctionne-
ment stable en présence de variations de température. Les guides d’ondes a lumiere lente présentent
de bonnes performances avec de faibles variations de la longueur d’onde centrale et de la largeur de
bande sur la plaquette. Ce modulateur devrait étre singulierement intéressant pour les applications

qui nécessitent un groupe de modulateurs compacts sur une seule puce.

Enfin, pour notre cinquiéme contribution, nous poursuivons I'objectif de développer des trans-
metteurs optiques SDM a haute performance adaptés aux systemes de transmission optique a haute
capacité de la prochaine génération. Nous proposons des transmetteurs optiques présentant un ren-
dement énergétique élevé, une densité de bande passante élevée, une stabilité relativement élevée et
entiérement intégrés dans la plateforme SiP (une solution rentable). Nous discutons des méthodo-

logies de conception et des exigences de ces transmetteurs SDM qui consistent en des modulateurs
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a lumiére lente (MZMs assistés par des BGRs) suivis d’'un multiplexeur modal sur puce. Nous ci-
blons les systémes a courte et longue portée en concevant respectivement des modulateurs PAM a
électrodes groupées et des modulateurs IQ a électrodes & ondes progressives. Afin de multiplexer
spatialement les signaux provenant des modulateurs, nous faisons la démonstration d’une concep-
tion de multiplexeurs modaux sur puce basée sur des coupleurs directionnels asymétriques. Nous
mettons en cascade trois de ces coupleurs pour créer quatre canaux spatiaux (TE0, TE1, TE2 et TE3).
Pour réaliser une transmission MDS complete. Cette sortie multiplexée spatialement doit étre injec-

tée dans une fibre a noyau elliptique faiblement multimode supportant les mémes modes.



Abstract

Recent decades have witnessed an unprecedented surge in data traffic, necessitating an urgent need
for ultra-fast optical links. This has provided the impetus for the next-generation high-capacity op-
tical transmission systems. In these systems, integrated optical modulators that are high-bandwidth,

power efficient, compact, stable, and suited-for-large-scale-integration are highly demanded.

The silicon photonics (SiP) platform, although it suffers from the lack of inherent electro-optic
effects in silicon, has nevertheless offered a cost-effective solution for high-capacity transmitters
leveraging the mature CMOS process. Hence, a tremendous effort has been dedicated to developing
high-performance devices in this platform. This thesis focuses on SiP transmitters for the next gen-
eration of optical networks where space, as the last physical dimension, is offered to overcome the

“capacity crunch” associated with the current technology.

To build such transmitters, a set of optical modulators is required to be integrated into a single
chip. These modulators should simultaneously feature high-speed operation, low energy consump-
tion, compact footprint, and stability. Well-known SiP modulators, such as micro-ring modulators
(MRMs) and Mach-Zehnder modulators (MZMs), do not meet all the aforementioned criteria. MRMs
present a poor performance in terms of stability and MZMs are energy-hungry. Hence, we inves-
tigate novel and advanced SiP modulators in two chapters of this thesis. As our first contribution,
for the first time, we demonstrate mode-conversion based SiP modulators. If operated in reflec-
tion, Bragg modulators offer high efficiency as well as high-speed operation. However, modulators
operating in reflection are hindered by the lack of on-chip circulators. We address this issue and ex-
perimentally present a SiP modulator based on asymmetric Bragg grating waveguides followed by
an asymmetric directional coupler (or asymmetric Y-junction), offering operation in reflection with-
out the need for circulators and with low on-chip loss. In our second contribution, we demonstrate
the first slow-light modulator based on coupled Bragg-grating resonators (BGRs), an MZM assisted
by coupled BGRs. BGRs, composed of low-Q-factor cavities in series, slow down optical waves in
a broad (a few nanometers) optical bandwidth. This enables the modulator to enhance phase mod-
ulation across a relatively wide operating wavelength range, resulting in more stable performance
compared to single-resonance-based modulators (e.g., MRMs). Achieving a good balance in the per-
formance indicators, the MZM assisted by BGRs can be recognized as a potential choice for future

space/wavelength division multiplexing (SDM/WDM) systems.
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Following our pioneering demonstration, as the third contribution, we study the impact of the
slow-light effect on the performance of SiP modulators, the existing trade-off between efficiency and
speed in particular. When efficiency is enhanced in typical SiP modulators, either by increasing PN
junction capacitance (in MZMs) or by introducing highly resonant structures (in MRMs), it also leads
to increasing the RC time constant or the photon lifetime, respectively; thus, spoiling the electro-
optic (EO) bandwidth. In this chapter, we aim to challenge this tradeoff in slow-light modulators and
investigate whether they are capable of outperforming typical SiP modulators. To this end, compre-
hensive models for the EO response of these modulators integrated either with lumped electrodes
or with travelling-wave electrodes are required. Using these models, we compare slow-light mod-
ulators with convectional MZMs. We also examine different design methodologies for reducing V
of SiP modulators so that they can meet the requirements of CMOS drivers and electrical interfaces

for the next generation of SiP transmitters.

In our fourth contribution, we report a slow-light all-silicon modulator that enables high-speed
PAM operation without using an electrical digital-to-analog converter (DAC). BGRs are integrated
into each arm of a MZM in order to slow down optical waves, enhancing the phase modulation
over a relatively large optical bandwidth. Optical 4-level PAM signal is generated using a segmented
design in slow-light phase shifters with two binary driving signals, eliminating the need for a high-
speed DAC. This modulator combines advantages of ultra-compact footprint, low energy consump-
tion, large electro-optic bandwidth, and stable operation in the presence of temperature variations.
The slow-slight waveguides show good performance with small variances in center wavelength and
bandwidth across the wafer. This modulator should be singularly interesting for applications that

require a group of compact modulators on a single chip.

Finally as our fifth contribution, we pursue the goal of developing high-performance optical
SDM transmitters suited for next-generation high-capacity optical transmission systems. We pro-
pose optical transmitters featuring high power efficiency, high bandwidth density, relatively high
stability, and fully integrated in the SiP platform (a cost-effective solution). We discuss design
methodologies and requirements of these SDM transmitters which consist of slow-light modulators
(MZMs assisted by BGRs) followed by an on-chip mode multiplexer. We target both short-reach and
long-haul systems in designing PAM modulators with lumped electrodes and IQ modulators with
travelling-wave electrodes, respectively. In order to spatially multiplex the signals coming from
the modulators, we demonstrate a design of on-chip mode multiplexers based on asymmetric direc-
tional couplers. We cascade three of these couplers to create four spatial channels (TE0, TE1, TE2,
and TE3). To realize a full SDM transmission, this spatially multiplexed output should be injected

into a few-mode elliptical-core fiber supporting the same modes.

vii



Contents

Résumé

Abstract

Contents

List of Tables

List of Figures

Abbreviations

Variables

Acknowledgement

Foreword

I Introduction

L1
I.2
I3
L4
L5

Silicon photonic technology . . . . . .. ... ... oo o
Silicon photonic modulators . . . .. ... ..o L L Lo
Segmented silicon photonic modulators . . . . . .. ... ... oL
Space division multiplexing . . . . . ... ... Lo
Thesis structure . . . . . . .. ... L

1 Mode-conversion-based silicon photonic modulator loaded with different PN
junction profiles

1.1
1.2
1.3

1.4

Introduction . . . . ...
Mode-conversion modulator loaded with lateral PN junctions . . . ... ... ..
Mode-conversion modulator loaded by a combination of lateral and interleaved

P-jJunctions . . . ... L e
Conclusion . . . . . .. .. .

2 Slow-light silicon photonic modulators: a Mach-Zehnder modulator assisted
by coupled Bragg grating resonators

2.1
2.2
2.3
24

Introduction . . . . . . . L
Modulator operating principle . . . . . . ... Lo o oo
Design and optimization . . . . ... ... .. ... L
Dynamicresponse . . . . . . . . . ...

viii

iii

vi

viii

xi

xviii

xXXi

XXV

Xxvi

O N N =

11
12

17
19
20

26
34

36
38
39
40
50



2.5
2.6

Characterization of MZM assisted by Bragg grating resonators . . . . . . ... ..
Conclusion . . . . . ... ... .

3 Efficiency-speed tradeoff in slow-light silicon photonic modulators

3.1
3.2
3.3
34
3.5

Introduction . . . . . . ...
SL-MZMs with lumped electrodes . . . . . . ... ... ... ... . ..
SL-MZMs with TW electrodes . . . . . . . ... ... ... ... ... .......
V: reduction in silicon photonic modulators . . . . ... ... ... ... ... ..
Conclusion . . . . . . ...

4 DAC-less PAM-4 slow-light silicon photonic modulator providing high effi-
ciency and stability

4.1
4.2
4.3
4.4

Introduction . . . . . . . ...
Modulator design . . . . . ... L
Modulator characterization . . . . . . . .. .. ... ... ...
Conclusion . . . . . . . . e

5 Fullyintegrated designs of SDM transmitters with compact footprint and power-
efficient operation

5.1
5.2
5.3
54
5.5
5.6

Introduction . . . . ... L
Mode multiplexer . . . . .. ... .
Silicon photonic modulator designs . . . . . ... ... ... o Lo
SDM transmitter designs . . . . . . . .. ...
Transmission power penalty of slow-light modulators . . . . . ... ... ... ..
Conclusion . . . . . . . ..

Conclusion and future works

Publication list

Bibliography

ix

55
61

63
65
67
75
80
83

85
87
88
90
97

99
102
103
105
110
113
120

122

126

128



List of Tables

3.1 Alist of the parameters used in the simulation of lumped-electrode SL-MZM . . . . . 70
3.2 Alist of the parameters used in the simulation of TW SL-MZM . . . . . . ... .. .. 77
3.3 Comparing different design strategies based on their operating parameters . . . . . . 82
5.1 The parameters of the designed directional couplers . . . . . .. ... ... ... ... 105



List of Figures

L1  SiP applications, Silicon Photonics 2018 report, Yole Développment, January 2018,
http://www.yolefr . . . . . ...
L2  SiP ecosystems, Silicon Photonics 2018 report, Yole Développment, January 2018,
http://www.yolefr . . . . . . ... L
I3  Trendin SiP transceiver [45] . . . . . . . . . . ...
L4  Cross-section of typical SiP CMOS process [47] . . . . . . . . . . oo v i i
L5 Schematic of the coherent transceiver demonstrated by Infinera, its cross section, and
its flip-chip assembly [56] . . . . . . . . ...
L6 Cross-sections of carrier depletion, carrier injection, and carrier accumulation [24] . .
L7  Schematic of a single-drive push-pull SiP MZM combined with TW electrodes and
its cross-sections [65] . . . . . . ... e e e e
L8  Schematic of an vertical PN junction in different reverse voltages [68] . . . . . . . ..
L9  Schematic of a U-shaped PN junction in different reverse voltages [69] . . . . .. ..
110 Schematic of SISCAP device and SEM image of fabricated device [70] . . . ... ...
I.11 Schematic of an MRM and its cross-section [21] . . . . . ... ... .. ... .....
I.12 Schematic of an Bragg grating modulator and it operational wavelength in transmis-
sion and reflection [73] . . . . . . . . .
L13 Schematic of a SL modulator based on photonic crystal waveguides [76] . . . . . . . .
I.14 Schematic of a SL modulator based on micro-ring resonators [23] . ... ... . ...
L15 Schematic of a SL modulator based on Bragg grating waveguides [25] . . . . .. ...
L.16 Schematic of our work on SL modulator based on Bragg grating resonators presented
N [80] . . . e
L17 Schematic and micrograph of a segmented MZM [82] . . . .. ... ... ... ....
[.18 Schematic of segmented MRM, its cross-section and its micrograph [40] . . . . . . ..
L19 Schematic of segmented Bragg grating modulator and its cross-section [20] . . . . . .
1.20 System capacity trends per fiber in optical communications in research and commer-
clalization [86] . . . . . . . . e e e
121 The five physical multiplexing dimensions and their contribution in enhancing the
link capacity [87] . . . . . . . .

1.1  a)Schematic of the modulator, b) design and SEM picture of the asymmetric Y-branch
and its SEM picture, c) schematic and SEM picture of asymmetric Bragg grating
waveguide. All dimensionsarein pum. . . . . .. ... ... oL

1.2 a) Transmission in TEO and TE1 mode when the TE0 mode is excited in the input
port, b) Transmission to the input port and the drop port when the power in TE1
mode is excited in through port. Insets show the field distribution. . . . . . . ... ..

xi

[o)}

(o RN B e =)

O O O @



1.3

1.4

1.5

1.6

1.7

1.8

1.9

1.10

1.11

1.12

1.13

1.14

1.15

1.16

1.17

1.18

1.19

1.20
1.21

a) Schematic of the ASBG, b) transmission and reflection of ASBG in different modes.
In (a), black curve shows the lithography effect simulated by Pyxis. Note that the
simulation was performed considering A = 310 nm, while in the demonstrated design,

A is 320 nm. All dimensions are in pym. T: Transmission, R: Reflection . . . . . .. ..

Refractive index variations for TEO and TE1 modes, and the Bragg wavelength shift

as a function of the PN junction offset at a reverse bias of 2 V for lateral PN junctions.

a) Design of back-to-back asymmetric Y-branch, b) the spectrum of Y-branch for dif-

ferent output and input ports. . . . . ... L

a) Optical spectrum of the modulator, b) the operating point of the modulator at the

edgeof thestopband. . . . .. .. ... ...

Measured EO scattering parameter S21 as a function of the applied reverse bias.

Experimental setup used to measure BER and eye diagram. . . . . .. ... ......

a) Eye diagram for a bit rate of 20 Gb/s, b) BER as a function of received power for

different bitrates. Both measured atabiasof -2 V. . . . . . . .. ... .. ... ....

Schematic of (a) the full modulator structure, (b) the asymmetric directional coupler,
(c) the taper between the asymmetric directional coupler and the asymmetric Bragg
structure, (d) the asymmetric Bragg grating waveguide loaded by a C-LI PN junction

and its cross-section. The parameter values arein pm. . . . . . ... ... ... ...

Spectral response of the asymmetric directional coupler simulated in Lumerical-FDTD
showing the transmission of the input TEO mode to the through port (blue) and the

transmission of the reflected TE1 mode to the drop port (red). . ... ... ... ...

Schematic of (a) lateral, (b) interleaved, and (c) C-LI PN junctions. (d) Sum of refrac-
tive index modulation for TEO and TE1 modes (Ang+ An;) as function of reverse

bias for different PN junction profiles. . . . .. ... ... ... ... ... .. ...

Refractive index variations for TEO (blue line) and TE1 (red line) modes as well as

sum of them (Ang+ Any) as a function of junction offset. . . . ... ... ... ...

SEM picture of (a) the directional coupler, (b) the asymmetric Bragg grating waveg-

uide. ..o

Measured spectra of the asymmetric directional coupler when (a) the power is input
in port 1 and coupled to the TEO mode in the multimode waveguide, and (b) the

power is input in port 4 and coupled to the TE1 mode in the multimode waveguide. .

Reflective index variation of asymmetric Bragg grating modulators with different PN

junction profiles as a function of the reverse voltage. . . . . . . . ... ... ... ...

Zoom on the edge of the optical spectra, where the modulator is operated, of the
asymmetric Bragg grating waveguide for reverse bias voltages of 0 V and 2 V.
Small-signal measurement of the asymmetric Bragg grating modulator for different

reverse Voltages. . . . . . . ...
Block diagram of the experimental setup. . . . . .. ... ... ... ... ... ...
BER as a function of the received power for different modulation speeds. . . . . . . .

a) Measured BER as a function of bitrate without and with applying DD-MMSE equal-
izer, b) Histograms of detected bits (one sample per symbol) used for BER calculation
at bitrate of 45 Gb/s and c) 55 Gb/s. The dashed lines show the Gaussian distributions

in(b)and (C). . . . . . . .. e

xii

22

24
24
25
25

26

27

28

29

30

30

31

32

32

33

33
34

35



2.1

2.2
2.3

2.4

2.5

2.6

2.7

2.8
2.9

2.10
2.11

2.12

2.13

2.14

2.15

2.16
2.17

2.18
2.19

Schematic of the BGR-MZM showing a) the configuration of the BGR-MZM, b) the
phase-shifted IBG present in each arm, c) the cross-section showing the p-n junction
and the three doping levels, and d) the phase-shifted IBG cavity. TH: Thermal ele-
ment, PS: Phase-shifted cavity, M1: Metal 1, M2: Metal 2, NOP: Number of periods of
the resonator mirrors on each side, NOR: number of resonators. All dimensions are

shown in micrometers. . . . . . . ... ... e
Simulated photonic band-structure of the IBG. . . . . .. .. ... ... ... .....

Power transmission (black line) and phase response (colored lines) of an IBG with
multiple phase shifts. The transmission is calculated for NOP = 15 and NOR = 6.
Phase shifts are plotted for NOP = 15 and different values of NORs. NOR: number

of resonators, NOP: number of periods. . . . .. ... ... ... ... .........

Variation of the rib waveguide effective refractive index and absorption loss of p-n

junction as a function of reverse voltage for simple phase shifters. . . . ... ... ..

Phase variation as a function of applied reverse voltage for NOP = 15 and various
NORs. RPS: a reference phase-shifter (waveguide with p-n junction that has a length
equal to the length of the IBG with NOR = 6 and NOP = 15. NOR: number of res-

onators, NOP: number of periods. . . . . ... .. ... ... ... .. ... ... ...

Group index (solid line) and transmission (dashed line) versus wavelength for NOP

= 15 and NOR = 6. NOR: number of resonators, NOP: number of periods. . ... ..

a) Enhancement factor, b) 3-dB optical bandwidth of the transmission peak, c) Effi-
ciency factor, and d) FOM; all as functions of NOR and NOP. Star and dot markers

show two designs chosen for long- and short-distance applications, respectively. . . .
Delay-bandwidth product as a function of NOP for various NORs. . . . .. ... ...

a) OMA and b) 3-dB OMA bandwidth as functions of NOR and NOP. Star and dot
markers are the designs chosen for long- and short-distance applications respectively

asinFig. 2.7. . . . . oL
Design process flowchart of Bragg grating resonators. . . . . . . ... ... ......

a) OMA and b) ER as functions of V},, and Ayg for NOP = 17 and NOR = 15. c)
OMA and d) ER as functions of V},, and Ay for NOP = 15 and NOR = 6. Star
and dot markers are the designs chosen for long- and short-distance applications

respectively (asin Fig. 2.7and Fig. 2.9). . . . . . .. ... ... ... ...

a) Static optical modulation calculations for NOR = 6 and NOP = 15 (blue curves);
and for NOR = 15 and NOP = 17 (black curves), b) OMA as a function of voltage for

these two designs. In (a), dashed-line and solid-line show off and on states, respectively.

OMA spectra calculated for a) NOR = 15 and NOP = 17 (black line), and b) NOR =
6 and NOP = 15 (black line). In (a), OMA calculated with temperature variations of
AT = -12.5 °C (blue line) and AT = 12.5 °C (red line) are also plotted. In (b), OMA
calculated with temperature variations of AT = -25 °C (blue line) and AT = 25 °C

(redline) are alsoplotted. . . . . . . . . . . ...

a) Transient time of the FDTD model at A\g normalized to Ejy, b) normalized steady

state value of each node for the forward and backward fieldsat Ag. . . ... ... ..

Time response of BRG-MZM for a) 30 Gb/s, b) 70 Gb/s, and ¢) 110 Gb/s when applying

RF voltage of 4 V,,,, on each arm at the reverse voltage of -2 Vandat Ag.. . . . . . ..
Eye diagrams calculated for BGR-MZM operated at (a) 30 Gb/s, (b) 70 Gb/s (c) 110 Gb/s.

Capacitance (blue) and resistance (red) of p-n junction as a function of reverse volt-

age. The resulting electrical cut-off frequency (black) is also shown. . . . . . ... ..
Normalized EO impulse response. . . . . . . . ... ...
Small-signal EO response of BGR-MZM. . . . . . .. ... ... .. ... ... . ...

xiii

40
42

42

43

44

44

45
46

47
47

49

51

53

53

54

55
55



2.20
2.21

2.22

2.23

2.24

2.25

2.26

2.27

3.1

3.2

3.3

34

35

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

OMA as a function of bitrate. . . . . . . ... .. ... ... ... .
a) Modulator schematic, b) modulator cross-section, ¢) SEM picture of the two arms
with their resonators. (Dimensions in a) and b) are in gm). . . . . . . ... ... ...
a) Simulated transmission amplitude and phase responses of the IBGR b) Transmis-
sion amplitude and phase responses of the IBGR measured with a LUNA OVA. . . . .
Measured EO scattering parameter S21 for different operational wavelengths at a
reverse biasof 1V. . . . . . L
OMA spectra measured for bitrates of 10 Gb/s (black curve), 20 Gb/s (blue curve),
and 30 Gb/s (red curve) at a Vp;,5 of -1.5 V. Symbols are experimental measurements,
the curves are guides for the eye. The inset is the eye diagram for a bitrate of 20 Gb/s.
Setup used to measure OMA, BER, and eye diagram. . . . . . . ... ... .......
BER as a function of the received power for different bitrates. Results are measured
at Vijas of -1.5Vand A\gof 1570 nm. . . . . . . . .. ...
BER vs. wavelength for different bitrates at Vp;qs of -1.5V. . . . . ..o

Schematic of a SL-MZM based on Bragg grating resonators and a) lumped electrodes,
and b) TW electrodes. A C-MZM with TW electrodes is showninc).. . . ... .. ..
a) Schematic of a single-drive push-pull MZM with lumped electrodes. b) Equivalent
RF circuitmodel. . . . . . . . . .. .
The changes in the refractive index and the p-n junction absorption loss as a function
of reverse voltage for a simple waveguide. . . . . . .. ... .. ... ... ...

Normalized S21 of SL-MZM with lumped electrodes (v =7, Vy;qs =-1Vand Lsr,—przym =

162 pum). Dash-colored lines are measurement results for different operational wave-
lengths. The solid black line is the EO response predicted by the model. . . . . . ..
Eye diagram of SL-MZM with lumped electrodes at 20 Gb/s a) simulation b) mea-
surement with V,, = 3.5V on each arm, Vj;qs = 1.5V and \g = 1570 nm. . . . . . . .
The EO bandwidth as a function of reverse voltage for different enhancement factors
and Lgr—przar = 162 m. . . o o o o e e e e e e e e
Normalized S21 for SL-MZMs with lumped electrodes and the C-MZM. Lo_przp =
48 mm, Lgy_przyp =4.8/ymm, and Viyes =-1Vo o o0 0oL
FOM for OOK modulation format (M = 2), without considering loss (o« = 1 dB/cm
for both cases), as a function of baudrate for lumped-electrode SL-MZMs and the
C-MZM. Lc_przy = 4.8 mm, Lgr,_przy = 4.8/ymm, and Vies =-1V. L L L L L L.
FOM for OOK modulation format (M = 2), considering loss (cve—przar = 12.5 dB/cm
for C-MZM and a1, —arzar = 17.5xy dB/cm), as a function of baudrate for lumped-
electrode SL-MZMs and the C-MZM. Lo _nzy = 4.8 mm, Lgp_prza = 4.8/ mm,
and Vs = -1 V. o o o e
EO response of SL-MZMs combined with TW electrodes with Lgy_przy = 1 mm
atareversebiasof 1V. . . . . . . L
The EO bandwidth as a function of enhancement factor at the reverse voltages of 1
V.Lo_pzy =48mmand Lgp_pzy =4.8/ymm. ... ... ... ... ......
EO bandwidth of SL-MZMs with TW electrodes as a function of the enhancement
factor for different Vi;os. Lo—nzar = 48 mmand Ly, przy = 4.8/y mm. . . . ..
FOM for OOK modulation format (M = 2) a) without b) with considering loss of
the SL waveguides as a function of baudrate for TW SL-MZM and the C-MZM.
Lo_pzy =48 mm, Lsp_pzyp = 4.8/ymm, and Vs =-1V. oL L L L.

Xiv

56

56

57

59

60

60

61
61

66

67

68

71

71

72

73

74

75

77

78

78

79



3.14 Phase modulation multiplication factor, total loss, and RC constant of a simple p-n
junction as a function of the normalized doping density factor (a normalized doping
density factor of 5 means doping concentrations of 5x N4 and 5xNp with Ny =

55107 ecm™2 and Np =3x107 em™3). . . ... 81
3.15 FOM of the different approaches for V. reduction through phase modulation en-
hancement as a function of baudrate. . . . .. .. ... ... L oL 83

4.1 a) Schematic of the DAC-less PAM-4 SL-MZM, b) cross-section of the modulator (the

labeled parameters are in pum), c) close view of the fabricated modulator, d) SEM

picture of a part of the fabricated modulator (inset is a zoom on the Bragg grating),

and e) modulator underthetest. . . . ... ... ... .. .. ... . ... ... . ... 89
4.2 a)and b) are respectively schematics of the test configuration used to measure trans-

mission and reflection of each arms in the test structure; c) and d) are respectively

the transmission and reflection spectra of the test structure for different input/output

POTES. . . o e e 91
43 a) Bragg wavelength and b) optical bandwidth of measured on chips from different
wafer locations. . . . . ... L 92

4.4 a) Transmission and reflection spectra of the SL-MZM, b) transmission of the two
ports of the adiabatic coupler (located at the end of the modulator for recombining
optical wave) as a function of the heater power. T1: output power from portl of
the adiabatic coupler, T2: output power from port2 of the adiabatic coupler, T1@QP:

Transmission of the port 1 at the quadrature point.. . . . . . ... ... ... ..... 92
4.5 Transmission spectra for different combination of applied voltages (see inset table)
to generate four levels (in linear scale in the inset figure). . . . . . .. ... ... ... 93

4.6 a) S11 of LSB and MSB segments. RF crosstalk between LSB and MSB segments

(black) also is shown b) EO responses of MSB and LSB segments for different reverse

voltages, c) 3-dB EO bandwidth spectra of MSB and LSB segments. . . . . . . ... .. 94
4.7 Block diagram of the experimental setup. . . . . ... ... ... oo L 95
4.8 BER spectral measurement when modulating either the a) MSB and b) LSB segments,

for OOK modulation at different bitrates. Dashed and dotted lines show 7% and 20%

FEC thresholds, respectively. . . . . . . .. ... ... . . 96
4.9 BER spectral measurement of DAC-less SL-MZM for PAM-4 format. Dotted and dash-
dotted lines show 7% and 20% FEC thresholds, respectively. . . . . . .. ... ... .. 97

4.10 Histograms of detected bits (one sample per symbol) used for BER calculation at
different bitrates (30, 50, 70 and 90 Gb/s) and operational wavelengths (1561, 1562
and 1563 M), . . . . ... e e 97

5.1 TE and TM modes supported by in the highly-elliptical-core fiber. . . . . . ... ... 103
5.2 a) Schematic of an asymmetric directional coupler b) effective refractive indices of
TEO0-TE4 as a function of width of the waveguide (W) ¢) mode coupling as a function
of waveguide width (or super-mode simulation). The inset in (c) shows the simulation
area in Lumerical-mode where the simulation area is defined on the cross-section of
the coupling area (i.e., including bus waveguide with width of W and the waveguide
with width of 500 nm) . . . . . . . .. .. ... . . .. ... 104

XV



5.3 Simulation results of asymmetric directional coupler when designed for coupling a)
TEO into TE1 b) TEO into TE2 ¢) TEO into TE3. The insets show the mode propagation
for coupling of each design to desired mode in the bus waveguide as well as their
cross-sections. In the simulations, the power monitors are placed after the coupling

areaplus 20 pm . . ... L 106
5.4 Schematic of the mode multiplexer based on cascaded asymmetric directional couplers. 107
5.5 Schematic of PAM SL modulators based on Bragg grating resonators with two seg-

ments and four DC elements to set the operating point and bias the modulator . . . . 107
5.6 a)Layout of PAM SL modulators designed in Pyxis b) a close view of Bragg grating

structure. . . . . .. e 107
5.7 Schematic of IQ SL modulators based on Bragg grating resonators . . . . . ... ... 108
5.8 a) Layout of IQ SL modulators designed in Pyxis b) a close view of Bragg grating

structure. . . . . .. 109
5.9 Loaded TW electrode with "T" shaped extensions to increase the RFindex . . . ... 109

5.10 a) Four-channel SDM transmitter based on PAM4 SL modulators, b) a close view of
on-chip mode multiplexers, c) a close view of a back-to-back configuration of mode
multiplexers . . . . . . 110
5.11 Simulation results of the cross-section of the mode multiplexer output a) index pro-
file, b) TEO mode profile, c) TE1 mode profile, d) TE2 mode profile, e) TE3 mode
profile. The capital letters show the same information for the highly-elliptical-core

fiberin [95] . . . . .. 112
5.12 Lens-based coupling scheme between the on-chip mode multiplexer and the highly
elliptical core fiber . . . . . . . .. 112

5.13 a) Four-channel SDM transmitter based on IQ SL modulators, b) a close view of on-
chip mode multiplexers, c) a close view of a back-to-back configuration of mode
multiplexers . . . . . . 113
5.14 a) Schematic of our model to calculate the total TPP of PAM SL modulators with
lumped electrodes at baudrate of 50 GBaud, b) eye diagram of generated data, c) eye
diagram of electrical signal after pulse shaping, d) eye diagram of electrical signal
after applying bandwidth limitation of DAC, e) eye diagram of electrical signal after
pre-compensating the DAC, f) EO response of the MSB segment, g) eye diagram of
the pre-distorted signal due to the finite bandwidth of modulator, h) eye diagram of
electrical signal after RF amplifier, i) eye diagram of applied signal to the modulator,

k) eye diagram of optical modulated signal. . . . . . ... ... ... ... ... ... 115
5.15 Total transmission power penalty as a function of length of SL phase shifters for

different enhancement factors () at baudrate of 50 GBaud for PAM4 format. . . . . . 116
5.16 Total transmission power penalty as a function of baudrate for the designed PAM SL

modulator introduced in section 5.3.1. . . . . . .. ... Lo 117

5.17 a) Schematic of our model to calculate the total TPP of IQ SL modulators with TW
electrodes at a baudrate of 100 GBaud, b) eye diagram of generated data, c) eye di-
agram of electrical signal after pulse shaping, d) eye diagram of electrical signal af-
ter applying bandwidth limitation of DAC, e) eye diagram of electrical signal after
pre-compensating the DAC, f) EO response of the modulator, g) eye diagram of the
pre-distorted signal due to the finite bandwidth of modulator, h) eye diagram of elec-
trical signal after RF amplifier, i) eye diagram of applied signal to the modulator, k)

constellation diagram of optical modulated signal . . . . ... ... ... ....... 118
5.18 Constellation diagram of modulated IQ signal for different scenarios at a baudrate of
100 GBaud for a) 16 QAM and b) 64 QAM. . . . . . . . . ... ... 119

xvi



5.19 Total transmission power penalty as a function of length of SL phase shifters for

different enhancement factors () for the 16 QAM format at a baudrate of 50 GBaud. . 119
5.20 a) Total transmission power penalty and b) probability error factor of the designed

IQ SL modulator introduced in section 5.3.2 as a function of baudrate for different

modulation formats. . . . .. ..o L L 120
5.21 Total transmission power penalty of IQ SL modulators with a  of 6 (red line) and

conventional MZMs (blue line) as a function of phase shifter length at 50 GBaud. The

red dash line shows the TPP of an SL-MZM that presents less loss. The dot on the

blue line shows the TPP of the reference conventional IQ MZM presented in [61], the

dot on the red line represents the TPP of the designed IQ SL MZM, and finally the

dot on the red dash line shows the better TPP of the structurally improved IQ SL MZM. 120

xvii



Abbreviations

A-IBG Asymmetric Integrated Bragg Grating
ASBG Asymmetric Sidewall Bragg Grating
BER Bit Error Rate

BOX Buried Oxide

EDFA Erbium-Doped Fiber Amplifier

EO Electro-Optic

C-LI Combination of Lateral and Interleaved
CMOS Complementary Metal Oxide Semiconductor
CPS Coplanar Strip line

CPWwW Coplanar Waveguide

DSP Digital Signal Processing

EAM Electro Absorption Modulator

ER Extinction Ratio

FOM Figure Of Merit

HPC High-Performance Computing

IBG Integrated Bragg grating

IBGR Integrated Bragg grating resonator

InP Indium Phosphide

1Q In phase Quadrature Modulator

ISI Inter Symbol Interference

xviii



LiNbO3
LSB
MMSE
MOSCAP
MSB
MUX
MWP
MZM
MRM
NRZ
OBPF
OFDM
OOK
OSNR
PAM-4
PRBS
QAM
OMA
RF
RTO
SDM
SiP
SISCAP
SOI
TDM

TPP

Lithium Niobate

Least Significant Bit

Minimum Mean Square Error

Metal Oxide Semiconductor Capacitor
Most Significant Bit

Multiplexer

Multi Project Wafer

Mach-Zehnder Modulator

Micro-ring Modulator

Non Return to Zero

Optical Band-Pass Filter

Orthogonal Frequency-Division Multiplexing
On-Off Keying

Optical Signal to Noise Ratio
Four-level Pulse Amplitude Modulation
Pseudo Random Bit Sequence
Quadrature Amplitude Modulation
Optical Modulation Amplitude

Radio Frequency

Real Time Oscilloscope

Space Division Multiplexing

Silicon Photonics

Semiconductor Insulator Semiconductor Capacitor
Silicon On Insulator

Time Division Multiplexing

Transmission Power Penalty

Xix



™ Travelling-wave
WDM Wavelength Division Multiplexing

3D Three Dimension

XX



Variables and Symbols

C; Capacitance

D Distance between two adjacent points in constellation diagram when there is no

impairment from IQ SL modulators

d Distance between two adjacent points in constellation diagram in the presence of

impairments from IQ SL modulators

Gbaud Giga baud

Gb Giga bit

GHz Giga hertz

L Inductance of traveling wave electrodes
Lsi—ymzm Length of the phase shifter in an SL modulator
Lo_ymzm Length of the phase shifter in a conventional MZM
M Modulation order in PAM modulation

n Dopant type n

ng Group index of the optical signal

NRF RF effective index of the loaded transmission line
P Dopant type p

pJ Pico joule

ps Pico second

P, Input optical power

Pout Output optical power

R Resistance

Vin Input voltage

Vo Peak to peak voltage

XX1



Ao

°C

Bias voltage

RF voltage

DC voltage

Bias voltage

Half wave voltage of the modulator

Optical attenuation constant

Phase shift from a pn doped optical waveguide due to applied reverse voltage
Initial phase deference between two arms of a MZM
Operating temperature range

Operating wavelength range

Ohm

Enhancement factor in phase modulation
Operational wavelength

Centigrade

xxii



To my darling better half, Rizan

my beloved mother, Shahla
my inspiring father, Gholam Ali
and my adorable brother, Saeed

XXiii



“A goal without a plan is just a wish.”

Antoine de Saint-Exupéry

XX1V



Acknowledgement

I would like to express my sincere gratitude to Professor Sophie LaRochelle and Professor Wei Shi
for giving me this unique opportunity to study in an outstanding research center. I cannot thank
them enough for their continued support of my research. I encountered many challenges during my
Ph.D. studies but never felt alone in this way. Their constant supports and encouragements greatly
motivated me to accomplish my tasks. Sophie is someone you definitely love to work with because
of her ambitious in science, leadership, and great professionalism. She is an excellent example of
a professor who manages projects and guide students in the best manner possible. I enjoyed every
discussions we had on our projects and I truly learn a lot from her. Wei is someone who grabs your
attention instantly as he makes science fun and exciting for you. He supports your ideas, gives you
freedom and encourages you to pursue your goals. I like how we engaged in our discussions and

couldn’t notice the time pass.

Next, I cannot thank Hassan Sepehrian enough who kindly helped me in many aspects at the
beginning of my studies. I would also like to thank my colleague Sasan Zhalehpour who helped me
in processing the captured data in the lab. Furthermore, I would love to thank all of my friends at
COPL for all their helps and interesting discussions. And a special thanks to my officemate for all

their supports from the beginning of my study: Charles, Antoine, Alessandro, Gabriel, and Long.

Last but not least, a special thanks to my family. Words cannot express how grateful I am to
my mother, father, brother and fiancée for all of the sacrifices that they have made on my behalf.
Their prayer for me was what sustained me thus far. Especially, throughout my academic studies,
my beloved fiancée has always been the one who inspired and motivated me to overcome obstacles
along the way. She helped me to find out my courage, strengths, weaknesses, and faith. I cannot

imagine myself to get along in this bumpy path without her SUPPORTS.

XXV



Foreword

Four chapters of this thesis (chapter 1, 2, 3, and 4) are based on materials published in conference
and journal papers. Most of the contents in these four chapters are the same as the journal papers;
however, some modifications are made for better coherency. I was the first author and the main
contributor of these papers. I designed, simulated, and experimentally characterized the devices
presented in the following chapters. Professor LaRochelle and Professor Shi helped me in developing
ideas and debugging the lab issues. We had many scientific discussions to accomplish each task. My
co-author, Sasan Zhalehpour, also helped me in the offline digital processing during measurement of
devices presented in chapter 1 and 4. Moreover, the other co-author, Hassan Sepehrian, helped me
with the typeout of devices presented in chapter 2. The other co-author, Jiachuan Lin, also helped

me with BER measurement results presented in our ECOC paper, which is a part of chapter 1.

Chapter 1: O. Jafari, W. Shi, and S. LaRochelle, “Silicon Photonic Modulator using Mode Conver-
sion with Asymmetric Sidewall Bragg Gratings”, 2018 IEEE International Conference
on Group IV Photonics (GFP). IEEE, 2018.

O. Jafari, J. Lin, W. Shi, and S. LaRochelle, “Mode-conversion-based silicon photonic
modulator using asymmetric Bragg grating and Y-branch”, European Conference on
Optical Communication (ECOC), 2019.

O. Jafari, S. Zhalehpour, W. Shi, and S. LaRochelle, “Silicon photonic modulator loaded
by a combination of lateral and interleaved p-n junctions”, OSA Advanced Photonics
Congress (APC), 2020.

O. Jafari, S. Zhalehpour, W. Shi, and S. LaRochelle, “Mode-conversion-based Silicon
photonic modulator loaded by a combination of lateral and interleaved p-n junctions”,
OSA Photonic Research, 9 (4), 2021.

These papers demonstrate a novel design of silicon photonic modulators based on the mode con-
version in the active area. This mode conversion enables the modulator to operate in reflection
without adding significant on-chip loss. The mode conversion is achieved by an asymmetric Bragg
grating waveguide, realized by introducing a half-period offset between sidewall gratings. Using an

asymmetric Y-branch or asymmetric directional coupler as a mode splitter, we retrieve the reflected

XXVi
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Introduction

Last decades have seen a boom in using stream video, online games, sensor networks, financial
transactions, and cloud communication. This results in a dramatic increase in Internet traffic, in-
troducing a rapidly growing demand for storing, transferring, and manipulating "Big Data" in data
centers. Studies show that on-chip, chip-to-chip, board-to-board, and rack-to-rack data transmission
is the main constraint of data centers’ performance [1,2]. These heavy interactions necessitate the

need for a data center featuring high bandwidth, low latency, and low energy consumption [3, 4].

Optical interconnect leveraging optical components is a promising technology to meet the
aforementioned criteria, specifically energy efficiency [5-7]. Three figures of merit (FOMs) have

been defined to evaluate optical networks [6]:

L. Gbps/mm3: bandwidth density per volume of transceivers
II. PJ/bit or MW /Gbps: energy consumption of links

III. $/Gbps: cost per speed

Different techniques for multiplexing data are combined to enable optical interconnects offering high
bandwidth density: time division multiplexing (TDM), wavelength division multiplexing (WDM), or-
thogonal frequency-division multiplexing (OFDM), and space division multiplexing (SDM). There-
fore, with all-optical networks, data centers save energy up to 75% due to the unique properties of

optical components and the above techniques [8, 9].

Nevertheless, at the beginning, such data centers were not as cost-effective as traditional ones
[10]. Indeed, cost and scaling were the important impediments to widely implement optics in data
centers. The new technology should be able to offer optics as ubiquitous as copper, but at a similar
cost [10]. To this end, the best solution is to leverage the large investment made in the mature CMOS

process and use this technology to fabricate optical chips [11,12].

Silicon photonic (SiP) technology has demonstrated a great potential to bridge this chasm. In-
deed, since silicon is a compatible material with the CMOS technology, silicon-based components

fabricated with standard CMOS processes have been widely reported for generating [13-16], mod-



ulating [17-26], manipulating [27-31], and detecting [32-36] light. Therefore, reusing the CMOS

manufacturing process paves the path for the SiP technology to reach large-scale productions.

I.1 Silicon photonic technology

SiP technology emerged in 1980s where Soref and Lorenzo demonstrated the first all-silicon integrated-
optical components [37]. Following this pioneering work, tremendous efforts have been dedicated
to delivering today’s SiP integrated circuits, for example 112 Gb/s PAM-4 SiP transmitter based on
micro-ring modulators (MRMs) [38-40] and 1.6 Tb/s SiP integrated circuit using 16-channel 50-
Gbaud PAM-4 MRMs [41] both presented by Intel, 400 Gb/s SiP transceiver demonstrated by Analog
Photonics [42], and 400 Gb/s SiP coherent transceiver exhibited by Ciena [43].

Nowadays, SiP technology plays a crucial role not only in data centers but also in high perfor-
mance computing (HPC), telecom, aeronautics aerospace, sensors, medical, and autonomous cars as
shown in Fig. 1.1 [44]. The key driving force behind SiP technology is the compatibility with mature
CMOS manufacturing processes, leading to a cost reduction in R&D process and mass production.
Hence, many companies are in the SiP’s value chain, resulting in day-by-day breakthroughs and

progresses in this technology. Fig. 1.2 shows ecosystems of the SiP technology.

Figure 1.3 refers to the evolutionary trend in SiP transceivers considering industry form fac-
tors. The trend indicates a path towards not only higher bandwidth (or speed) but also high-density
integration, low power consumption, and large operating temperature range. Scaling performance
is expected to be a bumpy path because of some intrinsic limitations related to integrated laser,

CMOS-photonics co-design, and electro-optic (EO) efficiency of SiP modulators.

i

SI PHOTONICS =

Figure 1.1 — SiP applications, Silicon Photonics 2018 report, Yole Développment, January 2018,
http://www.yole.fr



« Integrated laser. Figure 1.4 displays a typical cross-section of SiP CMOS process. As shown,
current SiP CMOS processes offer all key optical components for EO integration except laser
source due to the low emission efficiency in silicon. Hence, an extensive research effort is
undergoing to find promising solutions based on porous silicon, silicon nanocrystals, silicon
Raman laser, etc. [46]. An ideal on-chip laser source should allow significant reduction in
energy consumption and high density in integration. Nevertheless, thermal stabilization is a
challenging issue in this case. On the contrary, off-chip laser sources show good efficiency and

stability; however, they suffer from a large chip-to-chip coupling loss and costly packaging.
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« CMOS-photonics co-design. Monolithic integration of CMOS drivers with SiP modulators
has been recognized as a promising technology, offering a cost-efficient and power-efficient
electrical connection to the transceiver circuit chip [48]. The main advantage of monolithic
SiP integration lies in minimizing the parasitic capacitance induced by the interconnection of
SiP and CMOS dies. Also, this technology provides a shorter RF path from CMOS drivers to
SiP modulators, resulting in reduced RF loss especially in higher frequencies. It thus becomes
necessary for bandwidth scaling for the next generation of optical transceivers (expected to be
106 Gb/lane [42]). To achieve these substantial advantages, this process requires simultaneous
optimization of photonic and electronic devices. This means that transistors in the monolithic
process should tolerate modifications of the fabrication process due to optical components [48].
To this end, these transistors are usually fabricated using older CMOS processes (for example,
90nm SOI CMOS demonstrated by IBM [49] or 45nm SOI CMOS presented by Ayar Lab [48]).

In contrast, non-monolithic platforms, also called hybrid integration, offer independent op-
timization of photonic and electronic devices. This means that fabricating optical compo-
nents imposes no restrictions on the electronic process and offers full flexibility in choos-
ing technologies. Therefore, hybrid integration makes it possible to target the full potential
of CMOS process from both electronic and photonic perspectives. However, the additional
parasitic capacitance and inductance introduced by micro-bumps or wire-bondings at the in-
terfaces between SiP and CMOS dies increase the required optical and electrical power bud-
gets [48]. Moreover, at future target speeds, i.e., >100 Gb/lane, RF propagation loss dramati-
cally increases in a way leading to RF transmission lines inside the package becoming critically

energy-hungry [42].

« EO efficiency of SiP modulators. Sensitivity of optical properties of materials to the ap-
plied electrical field determines EO efficiency of modulators. Some materials such as lithium
niobate (LiNbO3) [50-52] and III-V semiconductor [53-55] provide a strong EO efficiency.
These materials are not, however, compatible with standard CMOS process, leading to a sig-
nificantly costly integration. Nevertheless, Infinera has recently demonstrated a 1.6 Tb/s co-
herent transceiver based on InP modulators as shown in Fig. 15 [56]. There are also some

companies doing thin-film LiNbO3 on silicon.

Grating Coupler Ge Photodetector  Waveguide Modulator MOSFET

Figure 1.4 - Cross-section of typical SiP CMOS process [47]



On the other hand, silicon shows a poor EO sensitivity. Indeed, pure silicon presents ex-
tremely weak Pockels effect, Kerr effect, and Franz—Keldysh effect at the telecommunication
wavelengths [24,57]. Hence, there is on-going research on how to add these effects to the sili-
con platform. For example, IBM has recently demonstrated a hybrid BTO/silicon technology—
combining Barium titanate (BTO) with SiP platform—that is capable of considerably enhancing

Pockels effect in silicon-based devices [58].

The common method to gain EO modulation in silicon has been the plasma dispersion effect
wherein refractive index variation is achieved by modulating carrier concentrations [57]. In
1987, Soref and Bennett reported an experimentally derived model for refractive index varia-

tion as a function of the change in free carrier concentrations, presented in Eq. 1.1-1.3 [59].

An=—[88x107%* x An. +85x 107 x Anp®] @ A=155um  (L1)

An=—[62x1072% x An, +6.0 x 107" x Anj®] @ A =13um (L2)

ffs E*AnE ds

[[E°E ds t3)

Anep =

where An, and Any, are the changes in electron and hole carrier concentrations, respectively;
and F is the electrical field of optical modes. As indicated, the effective refractive index varia-
tion depends on the changes in free carrier concentrations and the overlap between electrical
and optical modes [47]. Three mechanisms have been widely used for manipulating electri-
cal charge distribution as shown in Fig. 1.6: carrier depletion, carrier injection, and carrier

accumulation [24]. Among these mechanisms, SiP modulators based on the carrier depletion
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Figure 1.5 - Schematic of the coherent transceiver demonstrated by Infinera, its cross section, and
its flip-chip assembly [56]



have demonstrated a large EO bandwidth and been extensively utilized for high-speed ap-
plications [60-64]. Despite this advantage, the carrier depletion introduces less modulation

efficiency compared to the two others, leading to longer and energy-hungry phase shifters.

I.2 Silicon photonic modulators

MZMs combined with traveling wave (TW) electrodes have been the most commonly-used SiP mod-
ulators in industry so far because of their reliability and speed. Fig. 1.7 displays a single-drive push-
pull SiP MZM integrated with TW electrodes and its cross-section [65]. These modulators present
a broad thermal operating range due to their wide optical bandwidth and offer a chirp-free oper-
ation if driven under a push-pull configuration. Nevertheless, nowadays, high-density integration
and low power consumption are two determining performance criteria in next-generation optical
transmitters. Considering these criteria, MZMs lose their popularity. This is because RF crosstalk
between adjacent TW electrodes does not allow to place MZMs very close to each other, depriving
optical transmitters of high-density integration [66,67]. In Ref. [66], a minimum distance of 600 ym
is suggested between two adjacent TW electrodes with a length of 4 mm to keep crosstalk lower
than 30 dB. In addition, dissipating RF power at 50-(2 terminations, as well as losing RF power along

loaded TW electrodes, make MZMs energy-hungry.

Enhancement in modulation efficiency is required in order to shorten phase shifters and com-
bine MZMs with lumped electrodes. To do so, one approach is to reconfigure PN junctions in the
way that the overlap between the depletion region and optical modes is enhanced. Vertical PN
junctions (see Fig. 1.8 [68]) and U-shaped PN junctions (see Fig. 1.9 [69]) increase the overlap, how-
ever, at the cost of reducing EO bandwidth. Silicon Insulator Silicon CAPacitor-SISCAP (see Fig.

.10 [70])-demonstrated by Cisco is another promising candidate to address low efficiency of the
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Figure 1.7 — Schematic of a single-drive push-pull SiP MZM combined with TW electrodes and its
cross-sections [65]



plasma dispersion effect [70,71]. SISCAP is formed by poly-silicon layer at the middle of waveguide
(like a metal gate in CMOS capacitor). However, high insertion loss and complicated fabrication

process become the biggest impediments for further development of this technology.

Resonance based modulators, usually known as micro-ring modulators (MRMs), are recognized
as the leading candidate to achieve power-efficient and ultra-compact transmitters. Fig. 1.11 illus-
trates a schematic of MRMs [21]. Formed by a high-Q-factor resonator, MRMs are characterized by
low energy consumption (a few femto joules per bit [21]) and compact footprint. Furthermore, due
to their short phase shifters, MRMs are loaded with lumped electrodes, making them a perfect solu-
tion for high-density integration. Nevertheless, their resonance nature creates a narrow wavelength
range wherein MRMs can operate. This results in unstable operation and limited speed. MRMs have
an operating wavelength range of < 0.1 nm, corresponding to < 10 °C operating temperature range.
Therefore, a temperature stabilizer circuit to find and lock the resonance wavelength is a vital part of
MRM-based transmitters, which in turn consumes more power than MRMs themselves. In addition
to this, high photon lifetime restricts EO bandwidth, resulting in a sharper roll-off in EO response of
MRMs compared to that of MZMs. Hence, MRMs cannot operate at a baudrate that is much larger
than their 3-dB bandwidth. Furthermore, when modulating optical signal amplitude, MRMs also
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Figure 1.8 — Schematic of an vertical PN junction in different reverse voltages [68]

1.0 Doping 1.04 Doping
0.8 Conc;n;rsa;b:?zécm V) 0.84 Con:ﬂ;:l::gcm 3)
o 00 oV e P -1V Yaers
§L 04 .?3154;:::1 g 0.4+ _5?154;:114
T o2 i SR —a e
-0i2 P.do.pin.g T T y N. do-pln.g -0:2- v r v - T T T T T
-1.2 -09 -06 -0.3 00 03 06 09 1.2 -1.2 -09 06 -03 00 03 06 09 1.2
X (um) X (um)
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Figure 1.10 — Schematic of SISCAP device and SEM image of fabricated device [70]



manipulate output phase, resulting in chirpy pulses.

When operated at the edge of the stop band, Bragg grating waveguides can also be exploited
for modulating optical waves, as shown in Fig. 1.12 [18, 25,72, 73]. Bragg grating modulators are
versatile because their performance, depending on their designs, can be tuned to provide features
close to those of MZMs [25] or MRMs [18]. This means that these modulators can reach a compromise

between speed and energy consumption.

Slow-light (SL) SiP modulators recently received extensive attention because of their unique
performance in improving the intrinsic tradeoff between stability and efficiency [23, 25,74-80]. In-
deed, slowing down optical waves inside phase shifters enables SL modulators to enhance the modu-
lation efficiency in a relatively large optical bandwidth. These modulators combine advantages of low
energy consumption, compact footprint, stable operation (nm-scale operating wavelength range),
and chirp-free modulation if operated with a push-pull configuration. Different structures have been
proposed to slow down optical waves such as photonic crystal waveguide (see Fig. 1.13 [76]), micro-
ring resonators (see Fig. 1.14 [23])), Bragg grating waveguide (see Fig. .15 [25]), and our work on
Bragg grating resonators (see Fig. 1.16 [80]). These modulators will be discussed in detail in chapters
2 and 3.

I.3 Segmented silicon photonic modulators

Increasing the number of bits per symbol is a viable approach to meet the growing speed require-
ment. Providing a compromise between data rate and complexity, pulse amplitude modulation (PAM)
is a great means to increase the speed in short-reach systems where power efficiency and cost are

important criteria. PAM only requires the direct detection, without the need for a complex digital
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Figure 1.11 — Schematic of an MRM and its cross-section [21]
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signal processing (DSP), resulting in reduced complexity and cost in comparison to the quadrature
amplitude modulation (QAM) [65]. This motivates targeting 4-level PAM (PAM-4) to reach the IEEE
400 Gb/s Ethernet standard as reported by its task force [38-42,81]. This speed can be achieved
by 25 Gbaud PAM-4 using 8 wavelength channels or 50 Gbaud PAM-4 using 4 wavelength chan-
nels. PAM is generated either by multi-level CMOS drivers (digital-to-analog converters (DACs)),
resulting in added complexity to CMOS circuits, or by on-chip segmented modulators. Segmented
SiP modulators have been demonstrated based on different structures, such as MZMs [63,64,82-84],
MRMs [21,38-40,85], and Bragg grating modulators [20].

MZMs with several series segments, shown in Fig. 1.17 [82], have been probably the most com-
mon configurations to generate the DAC-less PAM-4 format because they offer high-speed opera-
tion (>100 Gb/s) and have a wide band response, resulting in no need for temperature stabilization.
Moreover, they do not require any customized manufacturing process due to their simple struc-
ture [63, 64, 82, 83]. Also, since segmented MZMs are composed of several shorter phase shifters
instead of one long phase shifter, their EO bandwidth is enhanced due to the reduction in the RF

loss.

A novel design of MRMs with two segments has been recently demonstrated (see Fig. 1.18) [40].
With an optimized PN junction profile and a reshaped PN junction (a lateral-vertical PN junction),
the modulator improves the tradeoff between bandwidth and efficiency. This modulator features
high-speed operation of 128 Gb/s, compact footprint, low energy consumption (18 fJ/bit for PAM-4),
and large electro-optic (EO) bandwidth of 50 GHz. This remarkable enhancement in EO bandwidth
compared to other MRM demonstrations is achieved by using high doping levels. This leads to
significantly increasing the absorption loss of PN junctions, resulting in reduced photon lifetime (or
Q factor) [38-40].

A dual phase-shifted Bragg grating modulator has been also reported for generating PAM-4 sig-
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Figure 1.18 — Schematic of segmented MRM, its cross-section and its micrograph [40]
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nals as shown in Fig. .19 [20]. In this demonstration, two cascaded resonators are driven with a push-
pull configuration, reducing modulation chirp. Furthermore, the modulator provides larger optical
bandwidth, resulting in decreased temperature sensitivity compared to that of single-resonance-
based modulators [20, 65]. A modulation speed up to 60 Gb/s was achieved using this segmented
modulator [20].

I.4 Space division multiplexing

In 1948, Claude Shannon showed that the maximum information-carrying capacity in any addi-
tive white Gaussian noise communication channel is dictated by its available bandwidth (BW) and
signal-to-noise ratio (SNR), C' = BWlog2(1 + SN R), known as Shannon limit. In practice, pa-
rameters such as performance margin, component quality, and nonlinear impairments, reduce the
achievable capacity. Fig. 1.20 [86] projects the evolution of the capacity per fiber in research and
commercialization. During the last decade, TDM, OFDM, WDM, and coherent techniques have en-
abled optical communication systems to keep up with growing demand. Nevertheless, nowadays,

exploiting these techniques pushes the capacity of single mode fibers (SMFs) to its maximum, i.e.,
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we are reaching the Shannon limit and optical networks are faced with a "capacity crunch" [87,88] .

As predicted in Fig. 1.20, a potential solution to tackle the capacity shortage lies in exploiting the
space as the last physical dimension for orthogonally multiplexing data [86-91]. Fig. 1.21 displays
the five physical dimensions and their contributions in enhancing the fiber capacity. It is shown
that the SDM technique is capable of making a leap in the capacity by introducing spatial channels.
These channels can be realized by multi-core fibers (MCFs) [92,93], few-mode fibers (FMFs) [94-96],
or even a combination of them [90].

The trend toward utilizing SDM/WDM systems necessitates the need for optical transmitters
built by a large set of SiP modulators. Hence, all features including footprint, power consumption,
modulation speed, and reliability are crucial in choosing the best SiP modulator candidate for EO
integration. Indeed, none of these features should be sacrificed to improve another. Thus, a desirable

option is a candidate providing a good balance in all features.

I.5 Thesis structure

1.5.1 Motivation

SDM/WDM transmitters enable future optical interconnects to leverage spatially parallel data paths
through a single fiber to answer growing bandwidth demands. Harnessing the full potential of these
transmitters demands high-density integration as well as low-crosstalk and compact mode multi-
plexers. To this end, a new design of SiP modulators is needed to provide a compromise in perfor-
mance considering power efficiency, bandwidth density, stability, scalability, and cost. Below, we list

these properties and the requirements they place on the design.

» Power efficiency — highly efficient phase shifters and low energy dissipation in the driving
scheme
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« Bandwidth density — compact footprint, large EO bandwidth, and ability to perform higher
order modulation formats

« Stability — insensitive to operational wavelength

« Scalability — ultra-low RF crosstalk between TW electrodes or capable of being loaded by
lumped electrodes, compact footprint, and low power consumption

« Cost — compatible with generic SiP manufacturing process

Next, from the integration perspective, an on-chip mode multiplexer featuring low crosstalk, broad-
band response, compact footprint and mode selectivity is a key component. This thesis aims to
explore novel SiP modulators and on-chip mode multiplexers that make it possible to bridge the ex-
isting gap between SDM efforts and SiP integration. It is divided into five chapters as described in
the following paragraphs. Chapters 1 and 2 examine novel modulators, chapters 3 and 4 evaluate

system impacts, and the final chapter provides a vision for future SDM transmitters.

I.5.2 Chapter 1: Mode-conversion-based silicon photonic modulator loaded with

different PN junction profiles

Analysis of Bragg grating dynamics reveals that faster modulation can be achieved in reflection [73].
However, this operating mode is precluded by the lack of on-chip circulator that inevitably leads to
a 6-dB insertion loss when a 3-dB coupler or Y-branch is used. In this chapter, for the first time,
we report a SiP modulator operated in reflection employing an asymmetric Bragg grating structure
followed a mode splitter. The asymmetric Bragg grating can be realized by a half-period offset be-
tween the two-sidewall gratings, leading to a contra-directional coupling between two orthogonal
modes. This mode conversion enables us to design another component at the modulator input that
will guide the incident signal, in the TEO mode, into the asymmetric Bragg grating. Whereas, the
reflected modulated signal in the TE1 mode is directed to the drop port in the TE0 mode. Asymmetric

Y-junction and asymmetric directional couplers are components giving this functionality.

Main contributions:

a) Demonstrate the first mode-conversion-based SiP modulator operating in reflection with-
out the need for circulators

b) Design and characterize asymmetric Bragg grating waveguide to convert incident TEO
mode into reflected TE1 mode

c¢) Design and characterize mode-splitters component using asymmetric Y-junctions and
asymmetric directional couplers

d) Optimize the position of lateral PN junction to enhance the phase modulation

e) Design and characterize an asymmetric Bragg grating modulator loaded with a novel PN

junction, named lateral-interleaved PN junction, to enhance the phase modulation
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I.5.3 Chapter 2: Slow-light silicon photonic modulators: an MZM assisted by

Bragg grating resonators

SiP modulators use the plasma dispersion effect as the principal means to achieve electro-optic (EO)
modulation, which results in a relatively low modulation efficiency. Conventional MZMs are thus
characterized by large device footprint and high power consumption, requiring travelling-wave
electrodes to reach high speed. Modulation enhancement through the use of optical resonators
is a promising solution to overcome these limitations. MRMs offer a very compact footprint and
low-power-consumption operation. However, these beneficial attributes are associated to impor-
tant drawbacks such as significant chirp and a narrow optical bandwidth that makes them highly
temperature and wavelength sensitive. In this chapter, we demonstrate the first SL SiP modulators
based on Bragg grating resonators that is capable of achieving a compromise between the high mod-
ulation efficiency of MRMs and the stable operation of MZMs. We use low-Q-factor resonators to
enhance optical bandwidth. Then, to reach a sufficient phase modulation, we cascade several of these
resonators along the waveguide, each resonator generating a part of the total required phase shift.
The modulator thus reduces power consumption and footprint compared to conventional MZMs and
provides larger operating temperature range than MRMs. This design is based on coupled resonators
rather that cascaded ones, which leads to further performance improvement, easier development for
generating advanced modulation formats (PAM and QAM), and significantly relaxed measurement

setup because there is no need to fine-tune each cavity individually.

Main contributions:

a) Demonstrate the first SL MZM based on Bragg grating resonators

b) Develop a model for simulating photonic band-structure of Bragg gratings

c¢) Simulate superstructured integrated Bragg gratings using transfer matrix method

d) Develop a methodology for designing SL MZMs based on phase shifted Bragg gratings

e) Develop a dynamic model for MZMs assisted by Bragg grating resonators by solving
time-dependent coupled-mode equations using FDTD

f) Optimize the lateral PN junctions to reach a compromise between optical loss and EO

bandwidth

I.5.4 Chapter 3: Efficiency-speed tradeoff in slow-light silicon photonic

modulators

In this chapter, we reveal the impact of SL effect on modulation speed and examine the efficiency-
speed tradeoff in SL modulators. To do so, we require a model for EO response of these modulators.
Hence, we will derive complete models for SL modulator integrated either with lumped electrodes
or with traveling-wave electrodes. Next, we compare them with conventional MZMs considering
the transmission power penalty (TPP). At the end of this chapter, we also discuss different design

strategies to reduce V as well.
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Main contributions:

a) Study the speed-efficiency tradeoff in SL SiP modulators

b) Introduce the EO interaction time as a limiting factor leading to bandwidth reduction in
SL MZMs with lumped electrodes

c¢) Derive a comprehensive model for EO response of SL MZMs integrated with lumped
electrodes

d) Develop a comprehensive time-domain model for SL MZMs with TW electrodes by solv-
ing coupled equations of the forward and backward RF waves using FDTD

e) Perform a system-oriented comparison between SL MZMs and conventional MZMs con-
sidering the TPP including propagation loss, modulation loss, and finite bandwidth

f) Examine and compare different design strategies to decrease V: 1) longer phase shifters,
2) higher doping densities, and 3) the SL effect

I.5.5 Chapter 4: DAC-less PAM-4 slow-light silicon photonic modulator: high

efficiency and stability in operation

To meet the IEEE 400 Gb/s Ethernet standard, four-level pulse amplitude modulation (PAM-4) has
been recognized as a standard modulation format in short-reach systems. Given that electrically
generating multi-level signal increases the cost and power consumption of CMOS drivers, SiP mod-
ulators with multi-series electrodes have emerged as an enabling solution, acting as an optical DAC.
Segmented modulators are widely reported based on MZMs and MRMs. Despite their attractive
properties, they are not able to meet all performance requirements: power efficiency and bandwidth
density (speed per unit footprint [Gb/s/m?]) in the former case and stability and cost efficiency in the
latter case. In this chapter, we present a novel design of segmented MZMs that is capable of providing
a balance in the performance. After proposing SL MZMs in chapter 2 and analysing the SL effect in
chapter 3, in this chapter, We use this concept to report the first DAC-less PAM-4 SL MZM based on
Bragg grating resonators. What makes this design unique is employing cascaded coupled cavities,
which leads to resonating almost all resonators in a same wavelength. Therefore, the mechanism for
tuning cavities separately is not necessary, resulting in highly relaxed measurement process. Also,
since Bragg gratings are 1-D photonic crystals, instead of 2-D, they are inherently less sensitive to
fabrication errors compared to photonic crystal waveguides and are routinely fabricated with CMOS
compatible fabrication process using UV lithography. The modulator experimentally shows that is
an enabling candidate for accomplishing IEEE Ethernet task force with featuring simultaneously
high power efficiency, high bandwidth density, large operating wavelength range (stable operation),

and compatibility with standard CMOS manufacturing process (cost-effective design).

Main contributions:

a) Demonstrate the first DAC-less PAM-4 SL MZM based on Bragg grating resonators
b) Design and optimize super-structured integrated Bragg grating with a large number of

resonators
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¢) Experimentally study the reliability and uniformity of the design on whole wafer
d) Experimentally examine the similarity of the two super-structured Bragg gratings that
are integrated into the two arms of the MZM

e) Experimentally investigate the RF crosstalk between the two series lumped electrodes

I.5.6 Chapter 5: Fully integrated designs of SDM transmitters with compact

footprint and power-efficient operation

As a discussion of all results presented in previous chapters, this chapter aims to propose a vision
of four-channel SDM transmitters using SL SiP modulators combined with an on-chip mode mul-
tiplexer. We target both short-reach systems in designing PAM modulators and long-haul trans-
missions in designing IQ modulators. Instead of using conventional MZMs and MRMs, we employ
MZMs assisted by cascaded Bragg grating resonators (MZM-BGRs). In these modulators, BGRs slow
down optical waves in a broad (a few nanometers) optical bandwidth, enhancing phase modulation
across a relatively wide operating wavelength range to achieve more stable operation compared to
MRMs. For short-reach applications, we design MZM-BGRs with two series lumped electrodes for
PAM-4 formats without the need for DACs. We placed four of these modulators in parallel with
a careful RF engineering to suppress inter-channel crosstalk. We also design IQ modulators based
on MZM-BGRs integrated with travelling-wave electrodes to generate QAM signals. We discuss
the TPP of SDM transmitters presenting complete models. The models include the dynamic power
penalty coming from the DAC compensation and pre-distortion of signal due to finite bandwidth of
SiP modulators. Also, the models take into account the static power penalty caused by the propa-
gation loss and the modulation loss. These modulators are multiplexed by a mode multiplexer that
generate TEO, TE1, TE2, and TE3 modes.

Main contributions:

a) Propose all-silicon designs for SDM transmitters based on IQ SL modulators and PAM
SL modulators followed by an on-chip mode multiplexer

b) Develop a model to estimate the TPP of the SDM transmitter composed of IQ SL modu-
lators with travelling wave electrodes

c) Simulate and predict the TPP of the SDM transmitter consisting of PAM SL modulators
with lumped electrodes

d) Propose a new design of mode multiplexers
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Chapter 1

Mode-conversion-based silicon
photonic modulator loaded with

different PN junction profiles

Résumé — Dans ce chapitre, nous présentons une nouvelle conception de modulateurs SiP basée sur
le guide d’ondes a réseaux de Bragg asymétrique qui introduit la conversion de mode dans la zone
active, permettant au modulateur d’opérer en réflexion sans générer de perte supplémentaire sur la
puce. Nous introduisons un décalage d’une demi-période entre les réseaux a parois latérales afin de
réaliser la conversion de mode, en convertissant le mode TEQ se propageant vers ’avant en un mode
TE1 se propageant vers I'arriére. En placant une branche Y asymétrique a I'entrée des réseaux de
Bragg intégrés (IBG), le signal modulé peut étre récupéré avec une faible perte et sans avoir besoin
d’un circulateur. Avec un encombrement réduit de 240 pm, le modulateur chargé de jonctions PN
latérales peut opérer en modulation de type OOK jusqu’a 30 Gb/s avec une énergie de commuta-
tion estimée a 150 {J/bit. Ensuite, nous améliorons la conception pour obtenir ’augmentation de la
modulation de phase en utilisant une nouvelle forme de jonction PN : la jonction PN a intercalation
latérale. Nous montrons expérimentalement que la combinaison de la jonction PN latérale et entre-
lacée (C-LI) augmente la modulation de phase de 67% par rapport a la jonction PN latérale, avec des
caractéristiques de conception qui respectent les exigences des procédés de fabrication standards.
Le modulateur amélioré démontre une vitesse de modulation allant jusqu’a 45 Gb/s avec un taux
d’erreurs (BER) inférieur du seuil de 7 % de correction d’erreur directe (FEC) (et jusqu’a 55 Gb/s avec

un seuil FEC de 20 %) ainsi qu’une faible consommation d’énergie de 226 f]/bit.

Abstract — In this chapter, we present a novel design of SiP modulators based on the asym-
metric Bragg grating waveguide that introduces mode conversion in the active area, allowing the
modulator to operate in reflection without generating additional on-chip loss. We introduce a half-
period offset between sidewall gratings in order to achieve mode conversion, converting forward

TEO mode into backward TE1 mode. By placing an asymmetric Y-branch at the input of the inte-
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grated Bragg gratings (IBGs), the modulated signal can be retrieved with low loss and without the
need for a circulator. With a compact footprint of 240 pm, the modulator loaded with lateral PN
junctions operates OOK up to 30 Gb/s with an estimated switching energy of 150 fJ/bit.

Next, we upgrade the design to gain the phase modulation enhancement using a novel PN
junction shape: lateral-interleaved PN junction. We experimentally show that the combination of
lateral and interleaved (C-LI) PN junction increases the phase modulation by 67 %, compared to
the lateral PN junction, with design features that respect the requirements of standard fabrication
processes. The upgraded modulator demonstrates a modulation speed up to 45 Gb/s with a bit error
rate (BER) below the 7 % forward-error-correction (FEC) threshold (up to 55 Gb/s with 20 % FEC)

and a low power consumption of 226 fJ/bit.
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1.1 Introduction

Photonic integration leverages design Kkits of silicon photonic (SiP) components to achieve high yield
and reduced costs using the mature complementary metal oxide-semiconductor (CMOS) manufac-
turing process. A key element of integrated transceivers are SiP modulators that have received con-
siderable attention during the last decade. SiP Mach-Zehnder modulators (MZMs) and micro-ring
modulators (MRMs) have thus been demonstrated with high-speed operation and high stability in
the former case, and low energy per bit with ultra-compact footprint in the latter case [21,40,61,97].
Despite these attractive properties, the narrow optical bandwidth of MRMs makes them difficult to
stabilize, while the long phase shifters MZMs are energy-hungry. Bragg grating modulators, through
careful optimization of their structure, offer the potential to improve this performance trade-off, i.e.

offering a compact solution with reduced stabilization requirements [25, 80, 98].

Analysis of Bragg grating modulators reveals that operating the device in reflection is more ef-
ficient than using it in transmission [73]. More specifically, when operated in reflection, the grating
strength can be lower for a given optical modulation amplitude, thereby introducing less time delay
and improving modulation speed [73]. However, operation in reflection is typically characterized by
higher loss due to the lack of on-chip circulators. Therefore, the signal from Bragg grating modula-
tors operated in reflection is typically retrieved by either an external circulator, adding complexity

and cost, or by an on-chip splitter, e.g., a Y-junction that introduces an additional loss of 6 dB.

In this chapter, we propose a novel IBG-based modulator that can operate in reflection with
low loss and without a circulator. The modulator configuration is composed of two main parts:
an asymmetric integrated Bragg grating (A-IBG) in a multi-mode waveguide and an asymmetric Y-
branch. The A-IBG performs mode conversion by introducing contra-directional coupling between
the forward TEO and the backward TE1 modes. It is formed by introducing a half-period offset
between the two sidewall gratings. Because of this mode conversion upon reflection, the reflected
power can be directed towards the drop port of the asymmetric Y-branch, eliminating the need for
a circulator. We experimentally characterize, for the first time, the operation of the A-IBG as a
modulator. The structure has a short phase-shifter length of only 240 ;m and shows a low power
consumption of 150 f]/bit at a bias of -2V. The asymmetric Y-branch has a 1 dB insertion loss, which

is a significant reduction compared to the 6 dB of standard Y-branch.

Following our pioneering demonstration, to optimize the phase modulation, we introduce a
novel design of an asymmetric Bragg grating modulator loaded with the combination of lateral and
interleaved (C-LI) p-n junctions. In our initial work presented at ECOC, we used an asymmetric
Y-branch to filter the reflected mode and phase modulation was achieved by a standard lateral PN
junction. We experimentally show that in our upgraded design, the C-LI p-n junction increases the
phase modulation by 67 %, compared to the lateral p-n junction, with design features that respect
the requirements of standard fabrication processes. We further propose an asymmetric directional

coupler, instead of an asymmetric Y-branch, to reduce insertion loss and crosstalk. This optimized
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design, with a phase shifter length of 290 ym, demonstrates modulation speed up to 55 Gb/s with an

estimated power consumption of 226 fJ/bit.

1.2 Mode-conversion modulator loaded with lateral PN junctions

1.2.1 Design and Modulator Structure

Figure 1.1 shows a schematic of the modulator (Fig. 1.1 (a)) and of its two main parts: the asymmetric

Y-junction (Fig. 1.1 (b)), and the asymmetric Bragg grating waveguide (Fig. 1.1 (c)).

Asymmetric Y-junction. An ideal asymmetric Y-branch (Fig. 1.1 (b)) should operate as follows:
when the TEO mode is excited in the input arm, all the power couples to the TE0 mode of the multi-
mode waveguide (MMW). On the other hand, when the power is reflected in the TE1 mode, all of
the reflected power goes to the drop arm of Y-branch. The proposed Y-branch consists of two single
mode arms with different widths, a multi-mode interference (MMI) section, and an output MMW.
The width of the input and drop arms are 650 nm and 490 nm, respectively. the width and length of
the MMI are 1.38 um and 4.3 um, respectively, with a 50 nm distance before the start of the MMI. The
width of the MMW is 1.14 um. Fig. 1.2 (a) shows the electrical field distribution and transmission
spectra in the TEO and TE1 modes of the MMW (TEO mode is excited at the input port, simulations
are done in Lumerical FDTD). Transmission into the TEO mode is around 85%. Fig. 1.2 (b) shows

a) [Sio2
PN junction oftset=0.25
0.13 |

p

Figure 1.1 — a) Schematic of the modulator, b) design and SEM picture of the asymmetric Y-branch
and its SEM picture, c) schematic and SEM picture of asymmetric Bragg grating waveguide. All
dimensions are in pm.
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Figure 1.2 — a) Transmission in TEO and TE1 mode when the TEO mode is excited in the input port, b)
Transmission to the input port and the drop port when the power in TE1 mode is excited in through
port. Insets show the field distribution.

the power transmitted into the input and drop ports when the reflected TE1 mode is excited at the
through port. It shows that more than 83% of the reflected power is coupled to the TEO mode in the
drop port, while only 4% goes to the input port. Therefore, the use of the asymmetric Y-branch also
avoids strong optical feedback to the input port. A taper length with a length of 10 ym (Fig. 1.1 (a))

is used to convert the modes of the 1.14 um strip waveguide to the ridge waveguide.

Asymmetric Bragg grating waveguide. In an asymmetric sidewall Bragg grating (ASBG) with 7
phase shift between the two gratings, unlike symmetric gratings, the coupling coefficient between
the fundamental forward and backward modes is zero. On the other hand, the coupling between
an odd mode and an even mode can be efficient if the phase matching condition is satisfied; in the
present case this is A\p = (ng + n1)A, where ny and n; are the effective indices of the TE0 and TE1
modes, respectively, and A is the grating period. The asymmetric grating, shown in Fig. 1.3 (a), is
designed with 50% duty cycle corrugations and A = 320 nm in a ridge waveguide with a width of 800
nm, a height of 220 nm and a slab height of 90 nm. The lateral corrugation is 500 nm. A simulation
of the UV lithography effect on the proposed design (black curve in Fig. 1.3 (a)) shows that when
the 800 nm width is increased to 1.018 um, the corrugation acquires a sinusoidal shape with a depth
of 300 nm. We simulated the spectral response of the ASBG with the lithography effect. Because of

memory limitation, we simulated only 50 periods. Fig. 1.3 (b) shows the simulated transmission and

21



a) 0.31

=y
o s
O -

=
a

o
.

<o
o

Transmission and
Reflection

0 NS ——
.51 153 1.39 157 139
Wavelength (um)

Figure 1.3 — a) Schematic of the ASBG, b) transmission and reflection of ASBG in different modes.
In (a), black curve shows the lithography effect simulated by Pyxis. Note that the simulation was
performed considering A = 310 nm, while in the demonstrated design, A is 320 nm. All dimensions
are in ym. T: Transmission, R: Reflection

reflection spectrum for the various modes (incident power in the TEO mode). It is seen that most of
the reflection occurs in the TE1 mode (note that the reflectivity would be much larger if we simulated

a large number of periods).

PN junction position. The modulation efficiency of this modulator strongly depends on the PN
junction position. For example, if a lateral PN junction (shown in Fig. 1.1 (a)) is placed at the middle of
the waveguide, the overlap between the optical TE0O mode and the depletion region will be maximum.
However, in this case, a low overlap between the optical TE1 mode and the depletion region will
occur because the optical power for TE1 mode field is close to zero in this region. Therefore, the total
phase modulation, which depends on the refractive index change of both TE1 and TE0 modes, will
not be maximized. In Fig. 1.4, we examine the Bragg wavelength shift (i.e., AAp = (Ang+ Any)A,
where Ang and An; are the refractive index change for TEO and TE1 modes, respectively) as a
function of the PN junction offset. It is seen that Ang is maximum when the PN junction is located
at the middle of the waveguide, while An; becomes maximum when the offset is 320 nm. The Bragg

wavelength shift therefore peaks at an offset of 250 nm where Ang and An; reach a compromise.
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Figure 1.4 — Refractive index variations for TEO and TE1 modes, and the Bragg wavelength shift as
a function of the PN junction offset at a reverse bias of 2 V for lateral PN junctions.

1.2.2 Modulator characterization

The modulator was fabricated in a multi-project wafer run (CMC Microsystems) using a standard-
193-nm-lithography process at the IME (AMF) A*STAR. The thickness of the silicon layer is 220 nm
and the thickness of buried oxide 2 ym. Fig. 1.1 (b) and (c) show the SEM picture of fabricated
asymmetric Y-junction and the ASBG waveguide, respectively. The phase shifter has a length of 240
pm (750 grating periods). The PN junction has three doping levels.

Asymmetric Y-branch. The asymmetric Y-branch should operate in such a way that when light
is reflected in the TE1 mode, it is coupled to the drop port, while light reflected in the TEO mode is
coupled back to the input port. In our layout, we placed two Y-branches back-to-back to measure
its performance as shown in Fig. 1.5 (a). Fig. 1.5 (b) shows the measured transmission spectra for
different output and input ports. From S3; spectrum (input port 1 and output port 3), it is seen that
the power in TE1 mode in MMW is directed to the port 3 (or the drop port in Fig. 1.1 (b)). In addition,
S42 measurement indicates that the incident power in TEO mode at the port 2 (or the input port in
Fig. 1.1 (b)) couples almost completely to the TEO mode in MMW. Therefore, the results show that

the total on-chip loss of the asymmetric Y-junction is around 1.5 dB at the operational wavelength.

DC and EO characterization. Figure 1.6 (a) shows the optical spectrum of the modulator. It is seen
that the ASBG provides a stop band of approximately 30 nm where the TEO mode is reflected in TE1
mode before being coupled to the TE0 mode of the Y-branch drop port. For modulation, we operate
the device at the edge of the stop band; in the present case at an operational wavelength of A\g =

1533.55 nm as shown in Fig. 1.6 (b).

The total insertion loss of the modulator is 23 dB, including the coupling loss of 17 dB between
the fiber and the chip (two un-optimized grating couplers with 8.5 dB loss). There is also a loss of 6
dB coming from the optimization of the operating point at the edge of the stop band as shown in Fig.

1.6 (b). Moving the operating point towards higher transmission would result in a lower extinction

23



lFit.} A4 ¢ TEOQ . lE'l’}

Port 2 SXT : _L BN Port 4
’ 1y 270 XV ‘ t :

Port 1 =i-wg : ; ; = Port 3
b) TEO date “TEO

Operational

wavelength
|

Transmission (dB)

S8 — 831
S42 !
-12f —s41 !
S32 :
|
1515 1525 1535 1545

Wavelength (nm)

Figure 1.5 - a) Design of back-to-back asymmetric Y-branch, b) the spectrum of Y-branch for different
output and input ports.

1533.2

a -
a %) | e TTANS M = Reflection
=
S
=]
5]

o - - Wavelength!
= 3 .
b} )
~ g
=-20} 5-12
— 7]
) =
Q

g [
-2 -16
7z
=-30f
g
ol
g
<
—
H

1530 1540 1550 1560 1570
Wavelength (nm)

Figure 1.6 — a) Optical spectrum of the modulator, b) the operating point of the modulator at the
edge of the stop band.

ratio.

We measured the EO bandwidth of the modulator at different bias voltages using a PNA Net-
work Analyzer (Agilent N5227A 10 MHz-67 GHz). Fig. 1.7 shows the S21 measurement, indicating
that the modulator has a 3-dB EO bandwidth of 22 GHz at a bias of -2 V. The energy consumption
per bit of the modulator for OOK is calculated from E} = C Vp2p /4. The p-n junction capacitance at a
bias of 2 V is 1 pF/C. Considering a 240 um phase shifter length, the total capacitance is estimated at
24 {fF. We use a RF signal with a peak-to-peak voltage of 5 V and, as a result, the power consumption
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Figure 1.8 — Experimental setup used to measure BER and eye diagram.

is estimated to be 150 f]/bit.

Large signal response. We measured the modulator performance with OOK using the experimental
setup shown in Fig. 1.8. We first generated a pseudo-random bit sequence with a length of 231-1
using a bit pattern generator (BPG) (SHF 12103 A) and then amplified the RF signal to a peak-to-
peak voltage of 5 V (RF amplifier bandwidth of 50 GHz). The DC and RF signals were combined by a
bias-T and applied to the modulator. The laser power was 15 dBm before coupling to the chip and a
polarization controller (PC) was adjusted to maximize the coupling into the fundamental TE mode.
The modulated optical signal was amplified by an erbium-doped fiber amplifier (EDFA) followed
by a tunable optical bandpass filter (TOBP, 0.5 nm 3-dB bandwidth). Finally, an inline attenuator
controlled the received power. To capture the eye-diagrams and measure the BER, we used an 80
GHz bandwidth sampling oscilloscope (SO) and a bit-error-rate analyzer (SHF 11100 B with 32 GHz
SHF 41211 optical receiver), respectively. The wavelength was fine-tuned by +0.025 nm around A
= 1533.55 nm. Fig. 1.9 (a) shows the eye diagram of the modulated signal having an extinction ratio
(ER) of 4 dB at a bit rate of 20 Gb/s with a bias of -2 V. The BER curves measured as a function of
the received power and at a bias of 2 V are shown in Fig. 1.9 (b). Assuming 7 % FEC threshold, the

modulator can operate up to 30 Gb/s without additional digital signal processing.
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Figure 1.9 — a) Eye diagram for a bit rate of 20 Gb/s, b) BER as a function of received power for
different bitrates. Both measured at a bias of -2 V.

1.3 Mode-conversion modulator loaded by a combination of

lateral and interleaved p-n junctions

In this section, we examine an improved version of the modulator in which 1) the refractive index
variation is increased by using a combination of lateral and interleaved p-n junctions and 2) asym-
metric directional coupler is used as a mode splitter which offers less crosstalk, less loss and more

broadband response compared to the asymmetric Y-branch.

1.3.1 Design and modulator structure

Figure 1.10 (a) presents the modulator schematic and operating principle. It shows that the launched
TEO mode is guided into the asymmetric Bragg grating waveguide using a directional coupler and a
taper. Thereafter, due to half period offset between two side-wall gratings, contra-directional cou-
pling converts the incident TEO mode into a reflected TE1 mode. Then, the reflected signal is directed
to the drop port using the asymmetric directional coupler, shown in Fig. 1.10 (b), that converts the
TE1 mode to TEO mode at the output. The combination of asymmetric Bragg grating and asymmetric

directional coupler thus overcomes the need for an on-chip circulator.

Asymmetric directional coupler. Ideally, the asymmetric directional coupler should transmit all
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Figure 1.10 — Schematic of (a) the full modulator structure, (b) the asymmetric directional coupler,
(c) the taper between the asymmetric directional coupler and the asymmetric Bragg structure, (d)
the asymmetric Bragg grating waveguide loaded by a C-LI PN junction and its cross-section. The
parameter values are in ym.

of the incident power, launched in the TEO mode, to the TEO mode of the multimode waveguide
output; while all of the reflected power in the TE1 mode should be coupled to the TEO mode of the
drop port. Fig. 1.10 (b) shows the design of the asymmetric directional coupler consisting of a 500-
nm-width input waveguide and a taper with a length of 12 ym followed by bus and drop waveguides
with respective widths of 1.03 ym and 500 nm. The coupling section has a length of 30 ym and a gap
150 nm. Design and simulations of the asymmetric coupler were performed using Lumerical-Mode
and Lumerical-FDTD. Fig. 1.11 shows the simulation results, showing negligible insertion loss for
transmission of the TEO through the device (see blue arrows in Fig. 1.10 (b), blue line and left inset
in Fig. 1.11) and less than 0.5 dB loss when coupling the reflected TE1 to TEO modes (see red arrows
in Fig. 1.10 (b), red line and right inset in Fig. 1.11).

Finally, note that a taper, shown in Fig. 1.10 (c), is placed between the directional coupler
multimode output and the multimode waveguide with the asymmetric Bragg grating in order to
insure mode-matching. Simulations showed that a taper length of at least 10 ym was required to

guarantee low loss for both modes. We chose a 20 ;um taper length.

Asymmetric Bragg grating waveguide. The asymmetric Bragg grating consists of a waveguide
whose sidewall grating are placed with a 7 phase shift, as shown in Fig 1.10 (d). This 7 phase shift
suppresses the Bragg reflection of the fundamental TEO mode but allows contra-directional coupling
between the two TEO and TE1 modes if the phase-matching condition is satisfied. The asymmetric
grating is designed with a 50% duty cycle, lateral corrugations of 500 nm on each side, and a pitch

of A =325 nm in a ridge waveguide with a 800 nm width.
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Figure 1.11 - Spectral response of the asymmetric directional coupler simulated in Lumerical-FDTD
showing the transmission of the input TE0 mode to the through port (blue) and the transmission of
the reflected TE1 mode to the drop port (red).

In Fig. 1.13, we examine the modulation of refractive indices for positive and negative junction
offsets. As indicated, although the optical modes are symmetric with respect to the middle of the
waveguide, index modulations for TEO (blue line) and for TE1 (red line) are not due to unequal index
modulations introduced by holes and electrons. Nevertheless, their sum values for optimum junction
offset (hpy = 250 nm) and its negative value (hpx = -250 nm) are almost identical (see the blue dots
marked on the black line in the figure 1.13). Given that the sum of them (i.e., Ang+ An;) determines
the Bragg wavelength modulation, we assume that the lateral p-n junctions can offer the same phase
modulation if placed in one section with a positive optimum offset and in the next section with a
negative optimum offset. Such a doping profile, with a half-period Apy, is shown in Fig. 1.10 (d).
This doping profile helps to gain modulation enhancement because, in addition to the lateral PN
junction, it creates an additional phase modulation resulting from the presence of the interleaved
section. In Fig. 1.12 (d), we examine the refractive index variations of TEQ and TE1 modes (Ang+
Any) as a function of the reverse voltage for the three doping shapes: lateral PN junction with hpy
= 250 nm (Fig. 1.12 (a)), interleaved PN junction with Apy =1 pum (Fig. 1.12 (b)), C-LI PN junction
with hpy =250 nm and Apx =1 um (Fig. 1.12 (c)). For the interleaved and C-LI, the refractive index
change is averaged over one doping period and simulations were done in Matlab. Fig. 1.12 (e) shows
that C-LI PN junction introduces significantly more phase modulation than a lateral PN junction but

less than the sum of interleaved and lateral.

1.3.2 Device characterization

Modulators and test structures were fabricated in a multi-project wafer run (CMC Microsystems)
using a standard-193-nm-lithography process at the Advanced Micro Foundry (AMF). The thickness
of the silicon layer is 220 nm and the thickness of buried oxide 2 pm. The modulator phase shifters
have a length of 290 um (900 grating periods). Fig. 1.14 (a) and (b) show the SEM pictures of the
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fabricated directional coupler and asymmetric Bragg grating waveguide, respectively.

Asymmetric directional coupler

We experimentally evaluate the performance of the directional coupler using a four-port back-to-
back test structure shown in the inset of Fig. 1.15. Fig. 1.15 (a) shows the spectra when the power
is launched from port 1. As expected, most power is captured from port 2. The crosstalk, i.e. the
power from port 3, is lower than 30 dB over the C-band. Also, the reflected power captured from port
4 is negligible. In this case, there is no mode conversion, ¢.e. the TE0 mode is transmitted through
the device (input waveguide, bus waveguide, and output waveguide). Fig. 1.15 (b) illustrates the
results when the power is launched from the port 4. In this case, the mode conversion occurs at both
directional couplers (i.e. the TE1 mode propagates in the bus waveguide) and most power exit from
the port 3. The insertion loss is lower than 2 dB and the crosstalk (524) is less than 30 dB in the
C-band. Finally, the reflected power detected at port 1 is very small, close to the noise floor of the

measurement.

Compared to the asymmetric Y-branch in the previous case, the directional coupler has a broader
spectral response, lower loss over the C-band, and significantly less crosstalk. The asymmetric Y-
branch was characterized by an operating bandwidth of 15 nm, an insertion loss of 1.5 dB, and a
crosstalk of 7 dB, while the directional couple improves these parameters to 35 nm, 1 dB, and 30 dB

respectively.
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Figure 1.14 — SEM picture of (a) the directional coupler, (b) the asymmetric Bragg grating waveguide.

Modulator characterization.

We first evaluate the phase modulation enhancement using several modulators, with the five dif-
ferent doping profiles but with the same passive structure, fabricated on the same die. Fig. 1.16
shows the refractive index variations measured from the shift in Bragg wavelength when applying
reverse voltage for a lateral PN junction with a hpy of 250 nm, an interleaved PN junction with a
Appn of 2 ym, and three C-LI junctions with a same hpy of 250 nm and Apy of 1, 2, and 10 pm.

During measurement, the device slightly heats as the bias voltage is applied. We estimate that the
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temperature increase depends quadratically on the applied DC voltage with a maximum change of
1.3 °C at a reverse voltage of 6 V. Note that the wavelength shift due to the change in the temper-
ature is equal to 82 pm/°C [99]. This contribution was subtracted from all curves on Fig. 1.16. In
terms of the phase modulation, the C-LI PN junction outperforms the lateral PN junction as well as
the interleaved PN junction. In addition, Fig. 1.16 illustrates that the C-LI junction with 2 pum pitch
demonstrates the best performance, with 67% enhancement in phase modulation in comparison to
the lateral PN junction. The reason is that smaller pitch A py for the PN junction increases the num-
ber of interleaved sections, enhancing phase modulation. However, the pitch size is also limited by
the fabrication process. Consequently, the C-LI junction with the smaller pitch (i.e., Apy = 1 pum)
shows a poorer phase modulation since it corresponds to the minimum feature size of the standard
implantation process at AMF. Therefore, for the transmission experiment, we selected the modulator

having a C-LI PN junction with a pitch of Apx = 2 pum.

Figure 1.17 zooms on the reflected spectral response, at edge of the stop band, where this mod-

ulator is operated. The sharp response at the edge comes from employing strong corrugations in our
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Figure 1.17 — Zoom on the edge of the optical spectra, where the modulator is operated, of the
asymmetric Bragg grating waveguide for reverse bias voltages of 0 V and 2 V.

design (AW = 500 nm). However, the strong corrugations also lead to a high insertion loss of 2 dB.

Figure 1.18 shows the EO response of the modulator measured with a PNA Network Analyzer
(Agilent N5227A 10MHz-67GHz). Note that we used a 50-{2-terminated RF probe because of the lack
of on-chip termination. It is seen that 3-dB EO bandwidth is 7.9 GHz for a reverse bias of 2 V. The
EO bandwidth is limited not only by the RC time constant of the lumped electrode, but also by the
response time of the strong grating structure characterized by an increased group velocity near the
band edge. Slow light has the benefit of increasing the interaction time between the optical wave

and the uniform RF voltage along the lumped electrode.

We tested the large signal response of the modulator by measuring the bit error rate (BER) using

the setup shown in Fig. 1.19. We first generated a PRBS with a length of 2!5-1 using a bit pattern
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Figure 1.18 — Small-signal measurement of the asymmetric Bragg grating modulator for different
reverse voltages.
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Figure 1.19 - Block diagram of the experimental setup.

generator (SHF 12103 A), the signal was amplified with a RF amplifier (bandwidth of 50 GHz and
Vyp of 5 V) and applied to the modulator using a bias-T (bandwidth of 50 GHz) that combined the RF
signal and DC bias voltage (Vp;qs=-2 V). Considering a lumped electrode with a length of 290 pm, the
total capacitance is estimated to be 36.25 fF at the reverse bias of 2 V [98]. The energy consumption
per bit is thus calculated as E = C Vgp /4 = 226 fJ/bit.

In the optical part, we set the laser power to 15 dBm and adjusted the polarization with a polar-
ization controller before coupling the light into the chip. After modulation, the signal was amplified
by an EDFA followed by a tunable optical bandpass filter with a fixed bandwidth of 0.7 nm. The
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Figure 1.20 — BER as a function of the received power for different modulation speeds.

output optical signal was converted to an electrical signal using a photodetector (SHF 41211 with
a 32 GHz bandwidth) and then digitalized by a real-time oscilloscope (RTO) with a sampling rate
of 80GSa/s and bandwidth of 60 GHz. At the receiver side (Fig. 1.19), the digital signal processing
consisted of filtering (10th order super Gaussian low pass filter (LPF)), resampling, time synchro-
nized, and downsampling. The bit error rate (BER) is calculated with and without using a decision-
directed minimum mean square error (DD-MMSE) equalizer with 2% taps. The signal is demapped
for BER calculation. Fig. 1.20 presents the BER measurement results as a function of the received
power showing that the modulator can reach a speed of 45 Gb/s with 20% FEC without DD-MMSE.
The large degradation between 15 Gb/s to 20 Gb/s comes from the modulator bandwidth. Also, the
second degradation between 30 Gb/s to 35 Gb/s is imposed by the setup due to the bandwidth lim-
itation of some equipment, photo-detector in particular. 1.21 (a) also displays BER after applying a
DD-MMSE equalizer at the maximum received power. Using a blind equalizer, transmission speeds
up to 55 Gb/s can be reached with 20% FEC. Fig. 1.21 (b) and (c) show histograms of the detected bits
at modulation speeds of 45 Gb/s and 55 Gb/s, respectively, presenting the quality of eye-openings.

1.4 Conclusion

We have demonstrated the first mode-conversion-based modulator with a half-period offset between
sidewall gratings. We employed asymmetric Bragg grating waveguide to convert the incident TEO
mode to a reflected TE1 mode in order to direct the modulated signal to a drop port either by using an
asymmetric Y-junction or by using an asymmetric directional coupler. The whole structure therefore
acts similarly to an on-chip circulator and avoids the usually high insertion loss of Bragg grating
modulators. The modulator in the first demonstration had a compact structure, which results in a
low power consumption of 150 fJ/bit. The BER measurement showed that the modulator can be
operated below the 7% FEC threshold up to 30 Gb/s.
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Figure 1.21 — a) Measured BER as a function of bitrate without and with applying DD-MMSE equal-
izer, b) Histograms of detected bits (one sample per symbol) used for BER calculation at bitrate of 45
Gb/s and ¢) 55 Gb/s. The dashed lines show the Gaussian distributions in (b) and (c).

Thereafter, we presented a mode-conversion based SiP modulator that takes advantage of lateral
and interleaved p-n junctions, simultaneously, to enhance phase modulation. The modulator gains
a 67% improvement in the phase modulation when loaded by the C-LI p-n junction compared to the
lateral one. The experimentally demonstrated modulator had a phase shifter length of 290 pm, an
insertion loss of 2 dB, and the power consumption of 226 fJ/bit. The modulator operated up to 45
Gb/s (55 Gb/s) with BER below the 7 % (20 %) FEC threshold showing great potential for high speed,

low cost, power efficient transmissions.
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Chapter 2

Slow-light silicon photonic
modulators: a Mach-Zehnder
modulator assisted by coupled Bragg

grating resonators

Résumé — Nous proposons une nouvelle conception d’'un modulateur SiP qui a une grande effica-
cité de modulation et qui est tolérant aux variations de température. Une série de réseaux de Bragg
déphasés est placée dans chaque bras d’un interférométre Mach-Zehnder afin de fournir une mo-
dulation de phase améliorée. L’effet de lumiére lente dans ces résonateurs couplés ultra-compacts
améliore I'efficacité de la modulation de phase par rapport aux déphaseurs conventionnels en sili-
cium. Ces cavités de réseaux de Bragg sont concues de telle sorte que la bande passante optique est
supérieure par rapport a d’autres modulateurs basés sur la résonance, tels que les modulateurs en
anneau. Cette bande passante supérieure réduit la sensibilité des appareils a la température. Nous
présentons en détail comment optimiser ces modulateurs en tenant compte de propriétés telles que
Pefficacité de modulation (V; x L), 'amplitude de modulation optique (OMA) et la largeur de bande
optique (A gw); cette derniére propriété déterminant la plage de température d’opération (AT). A
titre d’exemples, nous présentons deux conceptions qui répondent a des cibles de spécifications diffé-
rentes pour les applications a courte et a longue portée. Nous fournissons également un modele, basé
sur la théorie des modes couplés, pour étudier la réponse dynamique du modulateur proposé. Une
analyse des grands signaux est effectuée en utilisant la méthode du domaine temporel a différence

finie (FDTD) afin de simuler la modulation en tout ou rien (OOK) et le diagramme de 'ceil.

Ensuite, nous faisons la démonstration expérimentale d’'un modulateur sur SiP de type Mach-
Zehnder (MZM) assisté par des réseaux de Bragg déphasés. Fabriqué selon un procédé de fonderie
compatible au CMOS, le dispositif a obtenu un petit signal V; x L de 0.18 V.cm, ce qui est sept

fois moins qu'un MZM classique en silicium fabriqué selon le méme procédé. Le dispositif a un
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encombrement réduit, avec une longueur de 162 ym seulement, et présente une largeur de bande de
modulation de 28 GHz avec une polarisation inverse de 1 V. La modulation de non-retour a zéro est
démontrée a 30 Gb/s avec un taux d’erreur sur les bits (BER) inférieur au seuil de correction d’erreur
directe (FEC) de 7% sur une largeur de bande de AAgy = 3.5 nm. Cette largeur de bande devrait se

traduire par une plage de température d’opération supérieure & AT > 40 °C.

Abstract- We propose a novel design of a SiP modulator that has a high modulation efficiency
and is tolerant to temperature variations. A series of phase-shifted Bragg gratings are placed in each
arm of a Mach-Zehnder interferometer in order to provide enhanced phase modulation. The slow
light effect in these ultra-compact coupled resonators improves phase modulation efficiency com-
pared to conventional silicon phase shifters. These Bragg grating cavities are designed such that the
optical bandwidth increases compared to other resonance-based modulators such as micro-rings.
This improved bandwidth reduces the temperature sensitivity of the devices. We present in detail
how to optimize these modulators considering properties such as modulation efficiency (V; x L),
optical modulation amplitude (OMA), and optical bandwidth (A pgyy); the latter property determin-
ing the operating temperature range (AT)). As examples, we present two designs that meet different
target specifications for short-reach and long-haul applications. We further provide a model, based
on coupled mode theory, to investigate the dynamic response of the proposed modulator. A large
signal analysis is performed using finite difference time domain (FDTD) in order to simulate on/off

keying (OOK) modulation and eye diagrams.

Next, we experimentally demonstrate a SiP Mach-Zehnder modulator (MZM) assisted by phase-
shifted Bragg gratings. Fabricated using a CMOS-compatible foundry process, the device achieved
a small-signal V; x L of 0.18 V.cm, which is seven times lower than a conventional silicon MZM
fabricated with the same process. The device has a compact footprint, with a length of only 162
pm, and shows a modulation bandwidth of 28 GHz at a reverse bias of 1 V. Non-return-to-zero
modulation is demonstrated at 30 Gb/s with a bit-error-rate (BER) below the 7%-overhead forward
error correction (FEC, 3.8x1073) threshold over a bandwidth of AXgy = 3.5 nm. This bandwidth

should translate into an operating temperature range greater than A7 > 40 °C.
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2.1 Introduction

Optical communications are the backbone of modern communication systems that provide high-
speed access and exchange of data stored around the world. Research in electro-optic (EO) modu-
lators is currently playing a critical role in the ongoing development of future optical interconnects
needed to improve the performance of data communication networks [57,100]. SiP modulators are
currently being considered as a key technology because of their compatibility with complementary
metal oxide semiconductor (CMOS) fabrication processes, which ensures low-cost large-scale pro-
duction. However, the performance of SiP modulators is impaired by the lack of significant EO or
electro-absorption effects [57]. Plasma dispersion, therefore, becomes the preferred means to mod-

ulate the refractive index of silicon.

Conventional silicon Mach-Zehnder modulators (MZM) require long phase shifters combined
to travelling RF waveguides to achieve the required phase modulation. These MZMs are typically
characterized by low efficiency and high power consumption [62, 97, 101-103]. Notwithstanding,
conventional MZM have a wide optical bandwidth, which also translates into a large temperature
operating range. MZMs further present the significant advantage of small chirp when operated in
a push-pull configuration. Resonator-based SiP modulators (RBMs) [18, 20-22, 104], in contrast to
conventional MZMs, have a more compact footprint and lower power consumption. This results
from the resonance phenomenon, and its associated cavity lifetime, that leads to phase-shifts that
are much more sensitive to the applied voltage, resulting in sharply increased modulation efficiency.
However, RBMs generate chirped pulses and are very sensitive to temperature variations due to
their narrow optical bandwidth. It is worth pointing out that the active stabilization of micro-ring

modulators (MRMs) consumes significantly more energy than the modulator driver [21].

Combining resonators and a Mach-Zehnder interferometer (MZI) structure can improve mod-
ulator performance. In [105, 106], ring resonators are introduced into the arm of an MZI to increase
modulation efficiency. This further makes the device more compact, but is achieved at the expense of
a reduced optical bandwidth, which raises its temperature sensitivity significantly. Cascaded rings
have been inserted in each arm of a MZI to overcome optical bandwidth limitations; however, this
design also suffers from uncoupled resonators [23]. In another approach, photonic crystal waveg-
uides (PCWs) were proposed for phase modulation enhancement that achieve high delay-bandwidth
product [74,75,107]. However, PCW-based designs are very challenging for large-wafer fabrication
processes with UV lithography and their performance is highly sensitive to parameter variations.
In [108], it is reported that fluctuation of the hole radius by only 1% results in a propagation loss
of 150 dB/cm. Consequently, most PCW-based devices typically require highly accurate fabrication
process such e-beam lithography [109]. Bragg grating devices, which are 1-D photonic crystals, are
less sensitive to fabrication errors and are routinely fabricated with CMOS compatible fabrication
process using UV lithography [18,20,110-114].

In this chapter, we propose and characterize a novel SiP modulator design based on phase mod-
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ulation enhancement in a MZI using coupled Bragg grating resonators (BGRs). This modulator ex-
hibits properties that achieve a compromise between the high modulation efficiency of MRM and the
wide optical bandwidth of conventional MZM. The coupled BGRs are used in low-dispersion slow
light (LDSL) regime and, compared to other RBMs, they show an improved delay-bandwidth product,
which is the fundamental limitation of slow-light-based devices. High time delay, corresponding to
large group index, offers modulation enhancement. Wider optical bandwidth results in lower sensi-
tivity to temperature. Consequently, the proposed design is more stable and has a broader operating
temperature range than the MRM. In comparison to conventional MZMs, it requires a lower peak-
to-peak voltage and offers a much more compact footprint. Furthermore, due to its short length, the

modulator can be operated with lumped electrodes, even at high speed.

2.2 Modulator operating principle

In silicon waveguides, light propagates with a group velocity equal to ¢/ng where c is the speed
of light in vacuum and the group index, ng, is typically equal to about 3.8 for rib-waveguides. The
group index depends on the first-order dispersion that can be sharply enhanced by the presence of
a resonance [115]. Ring resonators [116-118], photonic crystals [119,120], and Bragg gratings [121-
123] are all resonating structures that can result in slow-light behavior for optical frequencies close
to their band gap. The cost associated with the beneficial attributes of slow light is that the second-
order dispersion also increases, consequently making the optical bandwidth narrower [115, 124].
Therefore, using slow light to improve the efficiency of modulators could have important benefits for
optical interconnects by offering a solution with high speed, small size, and low energy consumption.
However, optical structures providing wider optical bandwidth and improved stability must first be

demonstrated.

Figure 2.1 (a) shows the configuration of the proposed modulator that we will refer to as a Bragg
grating resonator assisted MZM (BGR-MZM). To take advantage of slow light, one superstructured
IBG with a uniform period is inserted in each arm. These IBGs have coupled resonators created by
introducing 7-phase shifts as shown in Fig. 2.1 (b). The coupled resonators are designed with a low-
quality factor to make the optical bandwidth wider while maintaining a large phase enhancement.
In other words, each resonator operates in the LDSL regime to achieve a wide optical bandwidth;
thereafter, the large enhancement in phase modulation is achieved by placing a series of coupled
resonators. Therefore, the modulation efficiency is similar to other RBMs but with a higher optical
bandwidth, conferring a larger achievable temperature operating range without thermal stabiliza-
tion. Lastly, the whole IBG length (L) remains quite small, even when a large number of resonators
are inserted, because the IBGs are designed with a strong coupling coefficient that is obtained by

large sidewall corrugations.
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Figure 2.1 - Schematic of the BGR-MZM showing a) the configuration of the BGR-MZM, b) the
phase-shifted IBG present in each arm, c) the cross-section showing the p-n junction and the three
doping levels, and d) the phase-shifted IBG cavity. TH: Thermal element, PS: Phase-shifted cavity,
M1: Metal 1, M2: Metal 2, NOP: Number of periods of the resonator mirrors on each side, NOR:
number of resonators. All dimensions are shown in micrometers.

2.3 Design and optimization

In this section, we first calculate the static response of the BGR-MZM and then optimize the IBG
design through numerical simulations. We consider IBGs with a uniform period of A = 310 nm in
each arm. As can be seen in Fig. 2.1 (c) and (d), the gratings are designed using sidewall corrugations
with a duty cycle of 50% in a ridge waveguide having a maximum width of 850 nm, minimum width
of 300 nm, ridge height of 220 nm, and slab height of 90 nm. Each resonator of the Bragg grating
structure is composed of two mirrors with NOP periods and a phase shift of half a period, resulting
in a total length for the structure that scales with NOR as indicated in Fig. 2.1 (a). The NOP and
the NOR are varied to obtain the desired modulator properties. The total corrugation amplitude and
average waveguide width are 550 nm and 575 nm, respectively. The aforementioned parameters
are considered constant during the optimization of the NOR and NOP. Under the application of the
driving voltage, we assume that the modulator is operated in a single drive push-pull configuration.
Thermal elements are placed in both arms in order to adjust the modulator phase bias. The p-n

junctions are formed over the entire IBG length.

2.3.1 Spectral response

After the 3-dB adiabatic coupler, the input light goes through an IBG in each arm of the MZI. To
determine the transmission power and phase responses of the IBGs, we use the transfer-matrix im-

plementation of the solutions to the coupled-mode equations. Propagation through an IBG can be
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calculated using [124],

., T =(APAM (2.1)

where F' is the slowly varying envelope of the forward propagating mode, B is the backward propa-
gating one, M is the number of phase-shifts in the IBG, A is transfer matrix that represents the IBGs
on each side of the phase-shift resonators, and P is the matrix representing propagation through the

phase-shift region. These matrices are defined as,

Air Agg
Ao Ago

Avr = Ajy = cosh (V2 = 852) + % sinl (17— A52) 23)

A12 = —AQ]_ = J\/K/QiiAIBQ sinh (lm) (24)

A= (2.2)

_ Py Ppo (2.5)
Py1 Po
A
Piy = Py =exp <252> (2.6)
Py =Py =0 (2.7)

where [ is the length of grating on one side of a resonator which is | = N(1,,9) X A, where Ny = N
is the number of periods on each side of the cavities and A is the grating period. Also, x is the
coupling coefficient, and A3 represents the wavenumber detuning (or momentum mismatch [124]),

which is defined as AS = § — w/A, where 3 is the propagation constant.

To estimate the grating coupling coefficient, «, we first calculate the IBG photonic band gap,
AAppg, using a commercial software (FDTD-Lumerical). Then, the coupling coefficient for IBG

modeling is extracted using [47],
TgAApBG
= 2.8
where ). is the central wavelength of A\ppg and ng is the average group index. Fig. 2.2 shows
the band-structure of the IBG. The photonic bandgap, AA\ppg = 82 nm, corresponds to a coupling

coefficient of kK = 402370 m~!.

The goal of using an IBG with a large photonic band gap is that a lower number of periods is
needed to achieve the required 3-dB optical bandwidth, resulting in an extremely short IBG length
that translates into a low modulation power. In other words, we keep grating strength (x x L) high
but grating length small. Note that an IBG with strong corrugation is likely to exhibit significant
radiation loss, and consequently a higher attenuation coefficient per unit length but the total average

loss remains in reasonable range as will be discussed in the section 2.3.5.
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Figure 2.2 — Simulated photonic band-structure of the IBG.
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Figure 2.3 — Power transmission (black line) and phase response (colored lines) of an IBG with multi-
ple phase shifts. The transmission is calculated for NOP = 15 and NOR = 6. Phase shifts are plotted
for NOP = 15 and different values of NORs. NOR: number of resonators, NOP: number of periods.

Figure 2.3 (solid black line) shows the spectral response of an IBG with multiple phase shifts.
The transmission amplitude is plotted for NOP = 15 and NOR = 6. The 3-dB optical bandwidth is
AXpw = 3.15 nm, confirming that the proposed modulator will have improved thermal stability

compared to usual RBMs.

2.3.2 Phase response

When voltage is applied to the IBGs, modification of the width of the depletion region causes a

variation of the waveguide refractive index. For high-speed operation, the p-n junction is operated
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Figure 2.4 — Variation of the rib waveguide effective refractive index and absorption loss of p-n
junction as a function of reverse voltage for simple phase shifters.

in a carrier depletion mode using a reverse bias. Fig. 2.4 plots the variation of the effective refractive
index, Anyy, as a function of reverse bias voltage modeled in [125]. As can be seen, An, s remains
below 2.5 x 10~ due to the weak plasma dispersion effect in silicon and to the small overlap between

the optical mode and the depletion region in the lateral-junction configuration.

Figure 2.3 shows how resonators can improve the phase modulation. The colored lines represent
the phase of the transmitted signal for NOP = 15 and different values of NOR. The phase response is
becoming steeper with increasing NOR for wavelengths transmitted through the transmission peak
created by the resonating cavities. We define the operational wavelength, \g, as the central peak
wavelength, which is, in the present case, Ay = 1547.3 nm. Therefore, phase modulation enhance-
ment is achieved, which means that a lower V), is needed to reach the required phase modulation.
Fig. 2.5 shows the absolute value of the transmitted phase modulation as a function of voltage for
a NOP of 15 and various NORs. Comparison to the reference phase shifter in the conventional rib
waveguide (solid blue line with square marker) shows a substantially increased slope in the phase

response.

2.3.3 Phase modulation enhancement

To further investigate the LDSL regime, we examine Fig. 2.6 that shows the spectral dependence of
the calculated ng for NOR = 6 and NOP = 15 on each side of the resonators. The group index curve
shows a plateau near the peak wavelength with ng ~ 20, which is several times larger than the ng of
a rib waveguide. On the edge of the passband, ng reaches values near 60, but over a narrow optical
bandwidth, which makes the operation of the modulator at these wavelengths unstable, similar to

RBMs.

To quantify the slow light effect, we introduce an enhancement factor, v, which is defined as
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Figure 2.6 — Group index (solid line) and transmission (dashed line) versus wavelength for NOP =
15 and NOR = 6. NOR: number of resonators, NOP: number of periods.

the ratio between the values of the derivative of the transmitted phase with respect to the applied
voltage for an IBG with multiple resonators to the derivative calculated for a conventional phase

shifter (waveguide with p-n junction) of the same length. We write

_ Yy
Peufgy

where V' is the applied voltage, and ¢ and ¢,, are the transmitted phase of the IBG and of a simple

gl (2.9)

rib waveguide, respectively. Fig. 2.7 (a) shows 7 as functions of both NOP and NOR. As can be
seen, a larger NOP results in a more efficient modulator. However, as shown in Fig. 2.7 (b), this

enhancement comes at the cost of reduced 3-dB optical bandwidth because of the increased quality
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Figure 2.7 - a) Enhancement factor, b) 3-dB optical bandwidth of the transmission peak, c) Efficiency
factor, and d) FOM; all as functions of NOR and NOP. Star and dot markers show two designs chosen
for long- and short-distance applications, respectively.

factor of the resonators. Therefore, the choice of NOP is a compromise between the operational
temperature range and modulation efficiency, i.e., delay-bandwidth product. Fig. 2.8 shows the
aforementioned tradeoff between bandwidth and time delay with respect to NOP for various NORs.
From Fig. 2.7 (a) and (b), we also see that the enhancement factor and 3-dB optical bandwidth remain
almost constant as the number of cavities is increased. More precisely, when the NOR is increased,
some small ripples appear in the amplitude response, but the changes in the 3-dB optical bandwidth
are negligible.

To examine modulation efficiency, we also plot in Fig. 2.7 (c) the value of the derivative of the
transmitted phase with respect to the applied voltage at Ag. We refer to this quantity as the efficiency
factor. Fig. 2.7 (c) shows the variation of the efficiency factor with respect to both NOP and NOR.
From Fig. 2.7 (b) and (c), it is clear that adding resonators improves phase modulation (larger time
delay) while the 3-dB optical bandwidth remains almost constant, leading to an enhanced delay-
bandwidth product. Fig. 2.8 confirms the product enhancement. However, a larger NOR results in a

higher optical loss that will be considered in the discussion of OMA.

The FOM defined as V; x L is often used to characterize the efficiency of a modulator. Fig. 2.7
(d) shows the FOM calculated as functions of NOR and NOP; note that NOP is directly linked to the
enhancement factor (Fig. 2.7 (a)) and the NOR is mostly related to the IBG length (L). A given FOM
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Figure 2.8 — Delay-bandwidth product as a function of NOP for various NORs.

can therefore be achieved with different sets of NOR and NOP. For example, to design a modulator
with a FOM of 1 V.cm, we can choose NOR = 13 and NOP = 15 (L = 121 um, v = 5), NOR = 10
and NOP = 16 (L = 100 um, v = 6), or NOR = 7 and NOP = 17 (L = 74 pm, v = 7.2). From Fig.
2.7 (b), their 3-dB bandwidths are approximately 4 nm, 3 nm, and 2 nm, respectively. If we target
a smaller enhancement factor (corresponding to lower NOP), the 3-dB optical bandwidth will be
larger resulting in a more stable operation of the device. In this case however, the NOR will have to

be increased in order to achieve a specific phase modulation.

2.3.4 Optical modulation amplitude (OMA)

These IBGs are phase modulators that need to be inserted in a MZI to produce amplitude modulation.
The quality of the amplitude-modulated signal is thus examined by calculating the OMA of the BGR-
MZM at . In this section, we calculate the OMA from the static response, ¢.e., as a function of DC
voltage. The dynamic response will be examined in section 2.4. The output power of the MZI is

calculated assuming ideal input and output 3-dB power splitters,
Pyt = Py, exp (—al) cos? (Apy) (2.10)

koAn, (V) vL + Ao
Ap, = ff 5

where P, is the input power and « is the propagation loss coefficient. The total phase difference

(2.11)

between the two MZI arms is Ay,. Ay represents the initial phase difference between the two
arms. The phase modulation is calculated from the variation of the waveguide refractive index,
Ane s multiplied by . Finally, kg is the wavenumber equal to 27/\g. At the BGR-MZM output, the
OMA is calculated using

(2.12)

OMA = 101og Output Power,, — Output Power,y
Input Power
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Figure 2.9 — a) OMA and b) 3-dB OMA bandwidth as functions of NOR and NOP. Star and dot markers
are the designs chosen for long- and short-distance applications respectively as in Fig. 2.7.
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Figure 2.10 — Design process flowchart of Bragg grating resonators.

Figure 2.9 (a) shows the OMA at \g as functions of NOR and NOP with V,, of 4 V on each
arm, Va5 is -2 V, and Agy is 7/2. The lower OMA (the bottom-left corner) comes from the lower
efficiency factor, which results in a closed eye. The opposite corner (i.e., the top-right corner) also
shows a lower OMA although this corresponds to a region with a high-efficiency factor. In this
case, it is the long IBG length that induces high loss, which reduces the power level of bits “1”.
Consequently, there are some IBG parameter sets (NOR and NOP) that maximize the OMA (yellow
color in Fig. 2.9 (a)). High OMA is a key parameter in long-distance applications. In Fig. 2.10, we

summarize the whole design flow of Bragg grating resonators.

The 3-dB OMA spectral bandwidth (BW-OMA) can be used to examine the stability of the mod-

ulator operation with respect to temperature variations, i.e., a larger BW-OMA corresponds to a
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lower thermal sensitivity. Fig. 2.9 (b) shows the BW-OMA versus NOR and NOP for a V},, =4V on
each arm, Vj;qs = -2 V, and Apy = 7/2. From Fig. 2.9 (b) and Fig. 2.7 (b), it can be seen that the
BW-OMA variations follow the 3-dB optical bandwidth of the transmission peak.

2.3.5 Loss

The on-chip loss of the modulator comes mostly from the absorption due to the carriers in the pn-
junction and the scattering loss produced by the IBG with strong corrugations. The simulated ab-
sorption loss of the pn junction for a simple phase shifter is plotted in Fig. 2.4, showing 9 dB/cm
absorption loss for bias voltage of -2 V. Assuming that the absorption loss increases linearly with the
enhancement factor and considering an average enhancement factor of 8 (see Fig. 2.7 (a)), the ab-
sorption loss of our structure is 72 dB/cm. Furthermore, according to Xu. et al. [126], at up to 160 nm
corrugation, no significant excess loss in IBGs is observed compared to simple waveguides. Since the
corrugations of the IBGs in our proposed modulator structure are significantly larger, we performed
3D FDTD simulations to estimate loss. Due to memory limitations, we simulated a uniform IBG
with a length of about 15.5 pm (50 periods) and corrugations of 550 nm (275 nm on each side). The
simulated device was surrounded by perfectly matched layer (PML) boundaries and power monitors
were placed at the IBG output and the input to calculate the transmission (1) and reflection (R). The
IBG excess loss calculated as 1 — (7' + R) was negligible ( < 0.003) both outsides its bandgap and
in its stopband over the spectral bandwidth where it is operated as a modulator. As a best estimate,
we therefore assume that the results reported in [126] are also valid in the case of our device and
set the loss of the IBG structure of our modulator at 2.5 dB/cm, similarly to the scattering loss of a
simple waveguide as in [126]. Now, considering an average enhancement factor of 8, and assuming a
linear relationship between the enhancement factor and the scattering loss, our best estimate for the
scattering loss of the modulator is 20 dB/cm. Despite this large loss, the total loss of our modulator
remains reasonable because of the very small lengths involved. Considering a typical phase shifter

length of 100 pm, the loss of the modulator structure is of the order of 1 dB.

2.3.6 Examples of modulator designs

We now examine two specific modulator designs: [NOR = 15, NOP = 17] and [NOR = 6, NOP =
15]. Their characteristics are marked as a black-star and a black-dot respectively in Fig. 2.7 and Fig.
2.9. The first design, with a larger number of resonators and grating period, achieves higher OMA
but requires higher driving power due to the longer IBG length (L = 160 pm). The second design is
a compact modulator (L = 56 um) that compromises on the OMA to reduce driving power require-
ment. The longer design would, therefore, be appropriate for systems requiring higher performance,
such as high-order modulation formats, while the shorter one would be of interest for short-reach
data links.

When optimizing the electrical bias, both OMA and energy consumption should be considered.

Energy consumption is a function of V},, and is written as Ej, = C'V; /4 for OOK modulation. The

2
pp
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Figure 2.11 — a) OMA and b) ER as functions of V},, and Ayq for NOP = 17 and NOR = 15. ¢) OMA
and d) ER as functions of V},, and Ay, for NOP = 15 and NOR = 6. Star and dot markers are the
designs chosen for long- and short-distance applications respectively (as in Fig. 2.7 and Fig. 2.9).

driving voltage, V,,,, decreases when the NOR increases but this increase in L also results in a larger
capacitance. Nonetheless, to lower energy consumption, it is beneficial to choose V},, as low as
possible. Fig. 2.11 (a) and (b) show OMA and extinction ratios (ER) at ¢ as functions of Ay and
Vpp on each arm. We consider that Vj;qes is —V},;,/2 . Unsurprisingly, Fig. 2.11 (a) demonstrates that
the highest OMA is reached when Ay = 7/2, called the quadrature point. Therefore, biasing the
modulator at the quadrature point ensures that the lowest V},, will be needed to reach a given OMA,
and will result in the lowest energy consumption. Note that the ER increases as functions of both
Ay and V), as indicated in Fig. 2.11 (b). We consider Agg = 7/2 and V), = 4 V in all the simulation
results presented below. This corresponds to the black-star markers in Fig. 2.11 (a) and (b) for NOP
= 17 and NOR = 15. Fig. 2.11 (c) and (d) demonstrate similar results for the second design. In Fig.
2.7, Fig. 2.9, and Fig. 2.11, simulations are performed with NOP and NOR that are integer numbers
which would result in block type graphs. To aid in identifying the trends, we smoothed the block
type color graph using the Contourf command in MatLab.

Figure 2.12 (a) shows the modulation of the transmission for these two designs using V,,, =4V
on each arm, Vj;,s = -2V, and Ay = 7/2. As can be seen, the ON/OFF ERs are 6.1 dB and 1.4 dB.
Fig. 2.12 (b) shows how OMA is improved when increasing V,,,. Furthermore, in Fig. 2.12 (a), note

that the BW-OMA is reduced, from approximately 4 nm to 2 nm, when increasing the enhancement
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Figure 2.12 — a) Static optical modulation calculations for NOR = 6 and NOP = 15 (blue curves); and
for NOR = 15 and NOP = 17 (black curves), b) OMA as a function of voltage for these two designs.
In (a), dashed-line and solid-line show off and on states, respectively.

factor by using larger NOPs. Fig. 2.13 (a) and (b) zoom on the OMA spectrum of both designs and
show the impact of temperature change. For IBGs in silicon waveguides, typical peak wavelength
shift with temperature is AA/AT = 80 pm/°C [21]. A 3-dB reduction of operating OMA, therefore,
leads to a temperature operating range of AT ~ + 12.5 °C and AT ~ =+ 25 °C for the two designs
as shown in Fig. 2.13. For comparison, a single resonator MRM can tolerate only a few kelvins of

temperature variations [21].

2.4 Dynamic response

In this section, we develop a dynamic model of BGR-MZMs to examine their frequency response.
The model is based on the time-dependent coupled-mode equations (see for example [127]) that take
into account the response of the resonating structure. The differential equation set is solved using
FDTD in MatLab [128]. Because of memory limitation, we numerically investigate only the second
design that has a shorter length with NOP = 15 and NOR = 6. The IBG starts at z = 0 and ends

50



— Wavelength drift~ -1nm Wavelength drift~ Onm

Wavelength drift~ 1nm

5 a) W arveleugth drift- = lnm -)p Opleratioual telluperature r‘ange ~25°C

g ‘ |
TR
@) B ! ! g ! ! ! L ]

—— Wavelength drft~ -2nm Wavelength drift~ Onm Wavelength drift~ 2nm

— -5 b) W a‘veleugth drift- + 2nm -—) Oi)eratioual t'eulpe1'atu1‘e‘1'a11ge ~50°C |
% |
Sas| [ Z - . i * ~ i ~
O 1 Il Il Il L 1 | L Il
1543 1545 1547 1549 1551
Wavelength (nm)

Figure 2.13 - OMA spectra calculated for a) NOR = 15 and NOP = 17 (black line), and b) NOR = 6
and NOP = 15 (black line). In (a), OMA calculated with temperature variations of AT = -12.5 °C
(blue line) and AT = 12.5 °C (red line) are also plotted. In (b), OMA calculated with temperature
variations of AT = -25 °C (blue line) and AT = 25 °C (red line) are also plotted.

at z = L. The phase shifts are located at = = L/12,3L/12,5L/12,7L/12,9L/12,11L/12. We
write the input signal as E.,, = Epexp(i(Sz — wt)). The equations representing the propagation of
the envelopes of the forward and backward propagating mode fields (F' and B, respectively), in the
waveguide section with a Bragg grating structure (BGS) and in the sections where the waveguide is

uniform to create a phase-shift segment (PSS), are as follow,

OF | ness(t) OF

= ikBexp(—i2Afz)

0z c Ot
BGS (2.13)
aaB — nefs( )886 = —ikF exp(i2Afz)
z c
OF | meps(t)OF _
0z c ot
PSS (2.14)
9B _neys(t) 0B _
0z c ot

where c is the speed of light in vacuum. Also, n.s¢(t) is the waveguide effective index described as
Neff(t) = neps — Aneypr(t) where neyy is effective index of unperturbed waveguide and Any (1)
is the time-dependent perturbation resulting from the applied voltage as represented in Fig. 2.4 . Eq.

2.13 and Eq. 2.14 can be rewritten using normalized parameters,

g% - _77(1) [gg —ikLBexp(—i2AB(T)L )}
BaS (2.15)
g? - n(lT) [gg + ik LF exp(i2AB(T)L )]
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PSS (2.16)
0B _ 1 9B
oT  n(T)oZ
where )
Z =7 (2.17)
C
= Ty (2.18)
Neff — Angre(t
n(T) = ~%1 1) (2.19)
Neff
2w T
AB(T) = = (nepsr — Anegp(t)) = (2.20)

The FDTD method is used to solve Eq. 2.15 and Eq. 2.16 [128]. We take discrete values for Z
and T: jAZ and nAT, where j an n are integers. AZ = 1.3x10~* is considered, corresponding
to node number of 7320. We define the Courant number as I' = AT /AZ. Courant number should
be between 0 and 1 to achieve a convergence [128]. Considering I' = 0.5, AT is 6.5x107°. The
discretized forms of Eq. 2.15 and Eq. 2.16 are as follow,

Pt = By = AT [ S5 — i B exp(—i2A6"LAZ )]

BGS ! W=7 g (2.21)
Byt — By 4 AL x |22 i LF) exp(+i2A8"LAZ j)]
F"n,—‘rl —_ Fn _ AT an_F]n—l
pss { 7 s A, (2.22)
B?HZB;‘L""M .V

where F" is I’ (nAT, jAZ). The same definition holds true for BY. At Z =0 (or j = 1), the forward
field is equal to 1/ /2 of the CW beam and the backward field should be continuous. Also, at Z = 1
(or j =7320), the forward field must be continuous and the backward field is equal to zero. Therefore,

the boundary condition for each IBG are introduced as,

F(0,T) = Eo/V2 , aFéZZ’T) =0 (2.23)
Z=1
dB(Z,T) B B
.7 M 0, B(1,T)=0 (2.24)

We first calculate the steady state condition of Eq. 2.21 and Eq. 2.22 using initial values of F} = 1,
Fj1 21 =0,and le- = (. The transient time is around 20 ps as shown in Fig. 2.14 (a). The steady state
values of the nodes are illustrated in Fig. 2.14 (b) where six peaks appear, corresponding to the six

coupled resonators.

We use pseudorandom binary bit sequence 2°-1 as input of the simulation. Fig. 2.15 shows the
time response of the BGR-MZM at bitrates of 30 Gb/s, 70 Gb/s, and 110 Gb/s; and their respective
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Figure 2.15 — Time response of BRG-MZM for a) 30 Gb/s, b) 70 Gb/s, and c) 110 Gb/s when applying
RF voltage of 4 V;,, on each arm at the reverse voltage of -2 V and at \.

eye diagrams are plotted in Fig. 2.16 when applying RF voltage of 4 V,,, on each arm at the reverse
voltage of -2 V and at A\g. Note that the calculated eye diagrams are noiseless and therefore the

quality factor of eye diagram would be further reduced in the presence of noise.

The EO bandwidth of the BGR-MZM is limited by the electrical and optical dynamics that are
usually quantified using the RC time constant and the quality factor of the Bragg grating filter (or
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Figure 2.17 — Capacitance (blue) and resistance (red) of p-n junction as a function of reverse voltage.
The resulting electrical cut-off frequency (black) is also shown.

the photon lifetime, 7). The EO 3-dB cutoff frequency, f¢, of the small signal response of BGR-MZM

is estimated by
1 1 1

R

where frc represents the cutoff frequency of the RC circuit modeling a reverse biased p-n junction,

(2.25)

and f; is the optical cutoff frequency, given by f. = 1/(277). The resistance and capacitance of
the p-n junction are modeled as in Ref. [125] and are shown as a function of reverse bias in Fig.
2.17. The junction capacitance and resistance are equal to 1.6 pF/cm and 1.4 Qcm at Vp;ps = -2V,

corresponding to frc = 69 GHz.

The EO cutoff frequency is estimated by injecting an ultra-short electrical pulse and calculating
the transmitted optical pulse using the full dynamic model described above (see Fig. 2.18). Then,
we take the Fourier transform of the time response to extract the EO frequency response. Fig. 2.19
illustrates the EO response of the grating structure, showing that fc is 41 GHz. Considering Eq. 2.25,
fr is calculated to be 50 GHz, which corresponds to 7 = 3.1 ps. Fig. 2.20 also displays the dynamic
OMA as a function of bitrate. The blue dot markers are the OMA values calculated with the full
dynamic model at various bitrates while the line is a guide to the eye. As indicated, OMA sharply
reduces after 3-dB EO bandwidth ( fo = 41 GHz) because of the dynamic power penalty.
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Figure 2.19 — Small-signal EO response of BGR-MZM.

2.5 Characterization of MZM assisted by Bragg grating resonators

Based on the modeling discussed in the previous sections, we now present experimental results of
the MZM assisted by Bragg grating resonators. In the following section, we discuss the modulator
structure and design. Then, we report the modulator performance considering modulation efficiency,
loss, EO bandwidth, optical bandwidth (or modulation stability). Finally, we present the large-signal

performance of the modulator through evaluating Bit error rate at different modulation speeds for a

wide range of operating wavelengths.

2.5.1 Design and modulator structure

Figure 2.21 (a) shows the modulator schematic. In section 2.3, we discussed how to engineer the IBGR
slow-light effect, taking into account the tradeoff between efficiency and stability. The key idea is
to ensure that the resonance optical bandwidth remains large by employing cavities with a low-
quality factor. The required phase modulation is then obtained by cascading such resonators. The

modulator offers a compact footprint and low power consumption (similar to MRM). It also presents
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Figure 2.21 — a) Modulator schematic, b) modulator cross-section, ¢) SEM picture of the two arms
with their resonators. (Dimensions in a) and b) are in pm).

a stable operation and a high EO bandwidth (similar to conventional MZM), achieving a balance in
the performance. An IBGR, with a uniform period of A = 300 nm and six-coupled resonators, is
placed in each arm of the MZM. Each resonator consists of a phase-shifted section with 45 grating
periods on each side. The Bragg gratings consist of sidewall corrugations with a duty cycle of 50% in
a ridge waveguide having an average width of 625 nm, a ridge height of 220 nm and a slab height of
90 nm. The maximum and minimum widths are 1100 nm and 150 nm, respectively. Such ultra-large
corrugations allow us to keep the number of grating periods low, resulting in a short phase shifter
length. Fig. 2.21 (b) shows the symmetric lateral p-n junctions and the three doping levels used to

minimize optical loss and keep the resistance low.

Because of fabrication imperfections, four thermal elements are included in the design to adjust
the modulator. We placed two thermal elements on top of the integrated Bragg grating resonators
(IBGRs) to match their stopbands. In each arm, we also put a thermal element to bias the modulator at
the quadrature point. Also, we placed an on-chip 50 ) load between RF pads for impedance matching.
The modulator was fabricated in a multi-project wafer run using a standard 193-nm lithography
process at the IME (AMF) A*STAR with a silicon layer thickness of 220 nm and a 2 pym buried oxide.
Fig. 2.21 (c) shows SEM pictures of parts of the fabricated modulator.
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Figure 2.22 - a) Simulated transmission amplitude and phase responses of the IBGR b) Transmission
amplitude and phase responses of the IBGR measured with a LUNA OVA.

2.5.2 Transmission spectrum

Figure 2.22 (a) illustrates the simulated transmission amplitude and phase of the IBGR close to the
resonance peak. The simulated resonant peak has a bandwidth of 4 nm; however, the measured
spectrum (in Fig. 2.22 (b)) shows only a 2.9 nm bandwidth. This difference can be explained by
fabrication errors that result in the resonators of the IBG structure not being perfectly matched, i.e.,
not having the exact same central wavelength. The MZI response also shows that the quadrature
point at Ag = 1570 nm is obtained by applying a voltage of 1.9 V to the heater of the bottom arm.
The extinction ratio (ER) of the MZI structure is 28 dB.

2.5.3 Modulation Efficiency

The phase-shifted IBGs are operated in transmission as phase modulators, and therefore they must
be placed into a MZI to produce amplitude modulation. Assuming ideal directional couplers, the
MZI output is given by Eq. 2.10. The modulation efficiency can be evaluated by the typical figure of
merit (V; x L) and the required energy per bit.
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The on-chip 50-(2 termination does not allow us to measure the large-signal V.. That is because,
when applying DC voltages to RF pads, the DC current passing through the termination causes
a change in the temperature of the chip, resulting in an unwanted shift in the optical spectrum.
Therefore, to avoid heating caused by large-signal V;; X L, we provide an estimation of V; by applying
a small signal at a low frequency; and we assume that the variation of phase as a function of voltage
is linear around the bias point. Using this approach, the modulator records a small-signal V; x L
of 0.18 V.cm. For the purpose of comparison, we perform a similar measurement on a conventional
MZM that has been fabricated with the same manufacturing process. Note that the p-n junctions of
both modulators are identical. The conventional MZM is characterized by a small-signal V; x L of
1.27 V.cm. This shows that the IBGR structure provides an enhancement factor of v = 7, or, in other
words, this means that the length of its phase shifters can be seven times shorter to obtain the same

phase shift.

In order to compare our structure with the other Bragg-grating-based MZMs [25] and [26], we
refer to delay-bandwidth product (or y-bandwidth product). Note that a larger enhancement factor
means a larger delay. Reference [25] reported a y-bandwidth product of 2.6 nm (enhancement factor
of 2 and optical bandwidth of 1.3 nm); also reference [26] demonstrated two ~y-bandwidth products
of 12 nm (enhancement factor of 3 and optical bandwidth of 4 nm) and 4.8 nm (enhancement factor
of 6 and optical bandwidth of 0.6 nm). Our modulator provides the enhancement factor of 7 while
the optical bandwidth is 2.9 nm, recording a y-bandwidth product of 20.3 nm. Furthermore, our
modulator has much more compact footprint (L = 162 pm) compared to references [25] (L = 500
pm), and [26] L = 2000 pm).

The energy consumption per bit of the modulator for the OOK modulation format is calculated
by Ep = C V;)zp /4. The p-n junction model illustrated in 2.17 shows that the capacitance of the p-n
junctions at the reverse bias (Vj;q4s) of 1.5 V is 1.7 pF/cm [125]. Considering a 162 pm phase shifter
length, the total capacitance is 27.5 fF. As a result, the estimated power consumption is 84 fJ/bit.

2.5.4 Loss

The total on-chip loss is 22.5 dB, of which 17 dB comes from the un-optimized grating couplers and
fiber arrays, 1 dB from the two 3-dB adiabatic couplers, 2.5 dB propagation loss from 1 cm-long
routing waveguide, and 2 dB from the modulator (i.e., propagation loss of 123 dB/cm for IBGRs).

2.5.5 EO Bandwidth

Figure 2.23 shows EO bandwidth of the modulator at V;, s of -1 V measured with the PNA Microwave
Network Analyzer (Agilent N5227A 10 MHz - 67 GHz). The 3-dB bandwidth is about 28 GHz for
different operational wavelengths. The EO bandwidth is usually described by considering the photon
lifetime of the IBGR, f; = 1/(277), and the RC time constant of the p-n junction, frc = 1/(27RC).
The 3-dB EO bandwidth of the modulator is therefore calculated using Eq. 2.25. The RC time constant
of the modulator modeled in Fig. 2.17 is equal to 2.8 ps for Vj;45 0f -1V, resulting in cut-off frequency
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Figure 2.23 — Measured EO scattering parameter S21 for different operational wavelengths at a re-
verse bias of 1V.

of frc = 55 GHz. From the measured EO bandwidth and the calculated frc , we estimate f; of 32.5
GHz, which corresponds to a photon lifetime (7) of approximately 5 ps. Fig. 2.23 also shows that the
small-signal bandwidth of the modulator is similar over a wavelength range of 3 nm, which should

reduce the modulator sensitivity to the temperature variations compared to usual RBMs.

2.5.6 Optical modulation amplitude (OMA) and modulator stability

To evaluate the quality of the modulated signal, we measured the OMA of the modulator. The OMA
is computed using OM A = P; — Py, where P; and P, are output powers corresponding to bit
“1” and bit “0”, respectively. Fig. 2.24 displays the OMA spectra for different bitrates measured
on a commercial optical receiver (SHF 41211 C) that has an internal RF amplifier. Fig. 2.24 shows
that the modulator exhibits good performance in terms of OMA over a wavelength range of 3.5
nm. Considering a typical resonant shift of 80 pm/°C [21], the operating temperature range of the
modulator is estimated to be larger than 40 °C. Compared to single-resonator modulators such as
MRM, the requirement on the thermal control is significantly relaxed, leading to reduced cost and

control-circuit complexity.

2.5.7 Large-signal performance

The modulator performance was evaluated with an OOK modulation format using the setup shown

231-1 using a bit pattern

in Fig. 2.25. We first generate a pseudo-random bit sequence with a length of
generator (BPG) (SHF 12103 A). Next, the signal is amplified by a 30 GHz bandwidth RF amplifier

(SHF 807), resulting in a peak-to-peak modulation voltage of 3.5 V on each arm of the modulator.

The input laser signal, with a power of 15 dBm goes through a polarization controller (PC) to im-
prove fiber-to-chip coupling in the fundamental TE mode. After modulation, the signal is amplified
by two stages of erbium-doped fiber amplifier (EDFA) and tunable optical bandpass filter (TOBP). An
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Gb/s (red curve) at a Vp;,s of -1.5 V. Symbols are experimental measurements, the curves are guides
for the eye. The inset is the eye diagram for a bitrate of 20 Gb/s.
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Figure 2.25 — Setup used to measure OMA, BER, and eye diagram.

inline attenuator controls the signal power at the optical receiver (SHF 41211 - 32 GHz). We use an
80 GHz bandwidth sampling oscilloscope and a bit-error-rate analyzer (SHF 11100 B) to respectively
capture the eye-diagrams and measure the BER. Note that all of the results are obtained without

digital signal processing (DSP).

The inset of Fig. 2.24 shows the eye diagram of the modulated signal at 20 Gb/s. BER curves,
measured as a function of the received power at A\g of 1570 nm and V};,5 of -1.5 V, are shown in Fig.
2.26. Assuming a 7% FEC threshold, the modulator provides error-free operation up to 30 Gb/s. Fig.
2.27 shows the measured BER as a function of wavelength for different modulation speeds, clearly
showing that the modulator can be operated over a wavelength range of 3.5 nm with a BER below

the 7% FEC threshold. This bandwidth should provide an operating temperature range > 40 °C as
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Figure 2.27 — BER vs. wavelength for different bitrates at Vj;,5 of -1.5 V.

previously discussed.

2.6 Conclusion

We proposed a novel SiP modulator design based on a resonant structure with coupled cavities that
uses the slow-light effect to improve the modulation efficiency and the operating temperature range
simultaneously. The key idea is to use an IBG structure operated in transmission as a phase modula-
tor. When inserted in a MZI structure, the resonance enhancement of the phase modulation allows
a reduction of the phase shifter length, which improves efficiency in comparison to conventional
MZM. Also, the cavities are designed with a low-quality factor to widen the optical bandwidth and
significantly increase the tolerance to thermal variations (up to AT = +25 K) when compared to
modulators based on the use of micro rings. Despite cascading many resonators, the modulator size
is remarkably compact due to the use of Bragg gratings with a large photonic band gap. By solv-
ing the time-dependent coupled mode equations, we numerically investigated the dynamics of this

modulator that exhibits an EO 3-dB cutoff frequency of 41 GHz for the specific design considered.
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Furthermore, we experimentally demonstrated this modulator: an MZM assisted by coupled
resonators in an IBG structure. The modulator significantly improves modulation efficiency and
footprint. The results are obtained using low-quality-factor resonators in order to have an operating
range of several nanometers. The use of coupled resonators provides more degrees of freedom for
optimization and leads to significant improvement over previous demonstrations. This modulator
is thus characterized by a low power consumption (84 fJ/bit), an improved modulation efficiency
(small-signal V; x L = 0.18 V.cm), and a compact footprint (L = 162 pum). The BER measurement
shows that the modulator can be operated up to 30 Gb/s below the 7% FEC threshold and that it
should be stable over a temperature range larger than AT > 40 °C.

These results show the demonstrated modulator is promising for low-power, high-speed opti-
cal interconnects. The demonstrated modulator with cascaded resonator waveguides could also be
adopted in other 1D photonic crystal structures with stronger dielectric corrugations to achieve a
higher delay-bandwidth product and a smaller footprint, but these devices would face the challenge
of implementation using UV lithography [129].
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Chapter 3

Efficiency-speed tradeoff in slow-light

silicon photonic modulators

Résumé- Le but de ce chapitre est double. Tout d’abord, nous discutons du compromis efficacité-
vitesse dans les modulateurs photoniques au silicium (SiP) a lumiére lente (SL). Pour cela, un modéle
complet de la réponse électro-optique (EO) des modulateurs Mach-Zehnder a lumiére lente (SL-
MZM) et a électrodes localisées est présenté. La validité du modéle est vérifiée en le comparant a
des expériences.Notre analyse montre que le ralentissement de I'onde optique permet d’améliorer
Pefficacité en augmentant le temps d’interaction entre 'onde optique et la tension uniforme sur les
électrodes localisées, mais au prix d’une limitation de la bande passante EO. Ensuite, nous étudions
les SL-MZM avec des électrodes a ondes progressives (TW) dont 'interaction dynamique est prédite
a aide d’un modele de circuit distribué. Ayant été résolu par la méthode du domaine temporel a
différence finie (FDTD), le modéle montre que les TW SL-MZM sont capables d’améliorer a la fois
Pefficacité et la vitesse lorsque leffet SL est optimisé. Nous comparons également les SL-MZM avec
les MZM conventionnels (C-MZM) en considérant une valeur de mérite (FOM) qui combine des
parametres clés tels que I'efficacité, les pertes et la bande passante EO. Nous montrons que la perte
supplémentaire des guides d’ondes SL a un impact significatif sur le choix du type de modulation
préféré a différentes vitesses de transmission. Le deuxieme objectif de ce chapitre est d’examiner
différentes stratégies de conception pour réduire le V: des C-MZM pour répondre aux exigences du
pilote CMOS en utilisant 1) un déphaseur plus long, 2) des densités de dopage plus élevées, et 3 )
Peffet SL. De ces trois stratégies, il a été démontré que leffet SL offre les meilleures performances
globales. En effet, seul 'effet SL offre une amélioration simultanée de V;, de I'encombrement et de la
bande passante EO; les autres approches fournissent une réduction de V;, mais au prix d’une vitesse

réduite ou d’un encombrement plus important (voire des deux).

Abstract- The purpose of this chapter is twofold. First, we discuss the efficiency-speed tradeoff
in slow-light (SL) silicon photonic (SiP) modulators. For this, a comprehensive model for the electro-
optic (EO) response of lumped-electrode SL Mach-Zehnder modulators (SL-MZMs) is presented. The
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model accuracy is verified by comparing it to experiments. Our analysis shows that slowing down
the optical wave helps to enhance efficiency by increasing the interaction time between the optical
wave and the uniform voltage across lumped electrodes, but at the cost of limiting the EO bandwidth.
Then, we investigate SL-MZMs with traveling-wave (TW) electrodes whose dynamic interaction is
predicted using a distributed circuit model. Having been solved by the finite-difference time-domain
(FDTD) method, the model shows that TW SL-MZMs are capable of improving both efficiency and
speed under an optimized SL effect. We also compare SL-MZMs with conventional MZMs (C-MZM)
considering a figure of merit (FOM) that combines key parameters such as efficiency, loss, and EO
bandwidth. We show that the additional loss of SL waveguides significantly impacts the preferred
modulator choice at different baudrates. The second aim of this chapter is to examine different
design strategies to reduce V; of C-MZMs in order to meet the requirement of CMOS driver using 1)
a longer phase shifter, 2) higher doping densities, and 3) the SL effect. It is shown that the SL effect
provides the best overall performance among the three. Indeed, only the SL effect offers simultaneous
improvement in V, footprint, and EO bandwidth; the other approaches provide V; reduction but at

the cost of reduced speed or enlarged footprint (or even both).
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3.1 Introduction

Silicon modulators are one of the key components needed to provide cost-effective and energy-
efficient photonic integration of optical transceivers. Tremendous efforts have recently been dedi-
cated to improving the performance of SiP modulators. Notwithstanding, three fundamental trade-
offs still exist between: efficiency-stability, efficiency-speed, and efficiency-loss. The efficiency of

modulators is described by either their V; or power consumption in energy per bit.

Among SiP modulators, MZMs loaded with TW electrodes are preferred devices in commercial
optical systems because of their stability and high-speed operation. However, they are generally
energy-hungry and have a large footprint. In contrast, resonator-based modulators, for example,
micro-ring modulators (MRMs), offer a highly efficient operation with energy consumption of only
a few femtojoule per bit and a compact footprint. However, MRMs are unstable and sensitive to the

operational wavelength. Moreover, their speed is limited by the photon lifetime of their cavities.

SL-MZMs recently demonstrated outstanding potential to improve SiP modulator efficiency and
stability, simultaneously. Indeed, slowing down the optical waves can enable significant modulation
enhancement over a large optical bandwidth while offering an operating condition insensitive to
temperature fluctuations. For instance, using 2-D photonic crystal waveguides loaded into an MZM,
Ref. [74] reports a group index of about 10 over the whole C-band with a phase shifter length of
200 pm. In Ref. [23], micro-ring resonators are used to slow down optical waves inside an MZM
and the authors report an operating temperature range of 54 °C with a compact phase shifter length
of 110 um and an enhancement factor of v = 8. Here, the enhancement factor is defined as v =
Ng,s1/Ng, Where ng g1, and ng ~ 3.8 are the group indices of SL waveguides and simple waveguides,
respectively. In Ref. [25], an MZM based on 1-D photonic crystal (Bragg grating) waveguides was
proposed. This modulator is characterized by a group index of 8 over an optical bandwidth of 1.3 nm
with a footprint length of 500 pum. In chapter 2, we also demonstrated an MZM assisted by Bragg
grating resonators which achieved v = 7 over an optical bandwidth of 3.5 nm (equivalent to an

operating temperature range of 40 °C) with a phase shifter length of 162 yum.

Although SL-MZMs are capable of enhancing both efficiency and stability, their operating speed
is typically limited. Conventional SiP modulators (such as MRMs and MZMs) are characterized by an
efficiency-speed tradeoff: modulation efficiency is enhanced either by increasing p-n junction capac-
itance or photon lifetime at the cost of compromised EO bandwidth. In the case of SL-MZMs, because
of their short phase shifter, they are typically implemented with lumped electrodes and their speed
is restricted not only by the RC time constant but also by the interaction time between the optical
signal and the uniform voltage along electrodes [130,131]. This interaction time is increased by the
low optical group velocity. The SL effect therefore imposes an intrinsic restriction on the modulator
speed. Studies show that specially designed TW electrodes can mitigate this issue. For example, in
Ref. [132], a SL-MZM combined with meander-line electrodes was proposed to compensate for the

velocity mismatch between RF and optical waves.
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Figure 3.1 — Schematic of a SL-MZM based on Bragg grating resonators and a) lumped electrodes,
and b) TW electrodes. A C-MZM with TW electrodes is shown in c).

In order to investigate the efficiency-speed tradeoff in SL-MZMs, a deeper understanding of the
dynamic interaction between electrical and optical waves in SL-MZMs is required. Many efforts have
been dedicated to modeling lumped-electrode modulators [130,133-135], and TW MZMs [125,136—
138]; however, none of these previous models incorporated the SL effect. In this chapter, we present
and experimentally validate a dynamic model for SL-MZMs combined either with lumped electrodes
or with TW electrodes. Such a model is currently missing from the literature. We investigate the EO

response of SL-MZMs in comparison to C-MZMs considering efficiency, loss, and EO bandwidth.

The rest of this chapter is organized as follows. In the next section, we first develop a model
to predict the EO response of lumped-electrode SL-MZMs, as shown in Fig. 3.1 (a). We validate the
model with experimental measurement. Thereafter, we expand the model for SL-MZMs to include
TW electrodes as illustrated in Fig. 3.1 (b). The model is obtained by solving the coupled equations
of TW electrodes using the FDTD method. Afterwards, we compare the three modulators: lumped-
electrode SL-MZM, TW SL-MZM, and C-MZM shown in Fig. 3.1 (c). We consider the EO bandwidth
and a FOM that combines performance indicators such as efficiency, loss, and EO bandwidth. Finally,
we examine and discuss three design strategies to reduce V; of MZMs: increasing the phase shifter

length (IPSE), increasing doping density (IDD) of p-n junctions, and using the SL effect.
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Figure 3.2 — a) Schematic of a single-drive push-pull MZM with lumped electrodes. b) Equivalent RF
circuit model.

3.2 SL-MZMs with lumped electrodes

3.2.1 EO model

In this section, we develop a general model of the EO response of lumped-electrode SL-MZMs with
analysis of both RF circuit and optical waveguide. The model can be employed for SL-MZMs based
on different passive structures. Our case study is the lumped-electrode SL-MZM based on Bragg

grating resonators (BGRs) (shown in Fig. 3.1 (a)).

RF analysis: An equivalent electrical circuit for a loaded transmission line (TML) is required to
calculate the effective RF power applied on p-n junctions. Fig. 3.2 shows the cross-section of the
modulator operated with the single-drive push-pull configuration, as well as its equivalent electrical
circuit. The impedance mismatch between the TML and the RF source introduces a RF transmission

coefficient (T'rps1,) as

1 —1
2 [(ij +2Rpy + 2(jwcpN)*1) + ijo]

3.1)

Tryve(w) = - =
[(ij +2RpN + Q(jWCPN)_l) + jwco} + Zy

where Cpy and Rpy are capacitance and series resistance of a single p-n junction, respectively. L
represents the electrode inductance. Cy is the pad parasitic capacitance. The characteristic impedance
of the source is represented by Zy. After that, the effective voltage (V) on each p-n junction as a

function of the source (Vrp) is calculated as

2
/jwC
Vepe(w) = 2 JWPN T w)Verr(w
#1) 2ij+2RpN+2/ijpN )V () 3.2)

= Tcircuit W) Travn(w)Verr(w)

Optical analysis: In this step, we derive an expression of the optical phase shift, produced by carrier

depletion in the p-n junction, as a function of the effective voltage. The changes in the effective index
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Figure 3.3 — The changes in the refractive index and the p-n junction absorption loss as a function
of reverse voltage for a simple waveguide.

and the absorption loss due to the applied voltage is given as

— ffS E*(x,y)An(x,y,V(w))E(x,y) dCEdy
ffSE*(l‘ay)E(x’y) dl‘dy

[fs E*(z,y)Aa(z,y,V(w)E(z,y) dxdy
ffS E*(.T,y)E(:IZ,y) dxdy

where F is the mode electrical field, and An and A« are described as

Aners(V(w)) (33)

(3.4)

Aaerf(V(w)) =

An(z,y, V) = —3.64 x 107'9X2ANp (z,y,V) — 3.51 x 107 1ON2ANL8 (2,4, V) (3.5)

Aa(z,y, V) =3.52 x 107N\2ANp (z,y, V) + 2.4 x 107N2AN, (z,y,V) (3.6)

where A is the optical wavelength, and AN 4 and ANp are the carrier densities of holes and elec-
trons, respectively. We simulate the electrical field for the fundamental optical waveguide mode in
a rib waveguide using Lumerical-Mode. Afterward, we numerically compute the integrals in Eq. 3.3
using MatLab to calculate the changes in the refractive index as a function of the effective voltage,
as shown in Fig. 3.3 (blue line) [21,125].

For a given phase shift, SL-MZMs require shorter phase shifter length (Lsr—arzas) compared
to conventional MZMs. Considering that, the partial derivative of the phase shift (§A ) is calculated

along a very small length of the electrode (6 Lsr—prznr) as
dAp(V (1)) = ko x An(V (t)) x 6Lsr—mzm (3.7)

where k is equal to 27 /\. Considering that light speed is constant along the waveguide, § Lsr,—nrza

can be expressed as
5LSL—MZM = <C/’Yng> X Ot (38)
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where c is the light speed in free space. Finally, the total phase shift along the electrode is computed

as

Lsi—
Ay (V(t) _ko/Aneff ) dt, tozw (3.9)

Equation 3.9 gives the phase shift in the time domain that is rewritten and solved in the frequency

domain as
Ap(V(w)) = ko%F [Anesp(V () xu(t) —Anesr(V(E)) * ult — to)] (3.10)
BeplV (@) = ks [Aneys (V) x (5 +m0() - o1
Aneps(V(@)) x (75 +78(w) ) x e73e0]
c it 1
Ap (V(w)) = kUTng (1—e7v") x [Aneff (V(w)) x <]w + 776(w))] (3.12)

Equation 3.12 represents a direct expression of the phase shift as a function of the refractive index

change in the frequency domain.

The amplitude response of MZMs at the quadrature point is given as

| S (w)’2 —F [e_aLSL—A{ZNICOSQ <W>:| (3.13)

o1 ()2 = F {e_aLS;MZM (1 + cos (Ap(V, 1) — 7r/2))] (3.14)
—aLlsp—mzm

|S91(w)[> =F [62 (1 4+ sin (Ap(V, t)))] (3.15)

By excluding the DC component, the frequency response, S21, of SL-MZMs is derived as

e—olsL—mzm

|So1 (w)|* = 5

F{sin (F ' [A¢ (V,w)]) } (3.16)

where I and F~! represent the Fourier- and inverse-Fourier transform, respectively, and « is the

attenuation coefficient.

3.2.2 Model validation

The parameters of the lumped electrode, such as Cy, Rpy, Cpy, L, can be estimated using the
measured S11 that is an all-electrical process. Indeed, these parameters can be extracted with curve
fitting of the measured S11 and the back reflection formula of the TML, which is equal to Rrprr, =
Trymr — 1. In addition to that, there are numerical models to estimate their values. Under the

reverse-bias operation, the capacitance and the series resistance of a p-n junction have been modeled
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in [125,133], as shown in Fig. 2.17. The per-unit-length inductance of coplanar strip (CPS) is also
approximated as [139],

120 1+VE 1
vRFln<2%¢R> L <K <1
L - 120 A .
[H/m] Q(LW) 0< K < 5 (3.17)
VirrIn
ET (VR
K= STML K =+/1-K?2 (3.18)

stvmr + 2w’
where sppsr, and wppy g, are the distance between two metals and the width of the metals in a CPS,
respectively. Moreover, Cj is estimated to be around 26 fF [134]. All parameters with their vales that

have been used in the simulation of lumped-electrode SL-MZM are listed in Table 3.1.

Table 3.1 — A list of the parameters used in the simulation of lumped-electrode SL-MZM

Parameters Notation Values
Electrode inductance [nH] L 0.167
Pad parasitic capacitance [{F] Co 26
Impedance characteristic of the source [2] A 50
p-n junction capacitance [pF/cm] Cpn Fig. 2.17
p-n junction resistance [{2.cm] Rpn Fig. 2.17
Doping for n-dopants [cm ] Np 3x 1017
Doping for p-dopants [cm 3] Ny 5x 1017
Group index ng 3.8
Loss per enhancement factor for SL-MZMs [dB/cm]  asp—azum 17.5
Loss for the C-MZM [dB/cm] AO—MZM 12.3
Optical wavelength [nm] A 1550

We verify our model using measurement results of the MZM assisted by BGRs reported in
section 2.5.5. The modulator demonstrates an enhancement factor of v = 7 over an optical bandwidth
of about AApy =3.5 nm with a phase shifter length of Lgy_ sz = 162 pm. The colored dashed
lines in Fig. 3.4 show the measured S21 for different operational wavelengths with 3-dB bandwidths
close to 28 GHz at a reverse bias of 1 V. The solid black line in Fig. 3.4 illustrates the EO response
of the SL-MZM predicted by our model, showing a good agreement with the measurement. We also
perform a large-signal analysis and plot the optical eye diagram in Fig. 3.5 (a). These simulations
considered a peak-to-peak voltage of 3.5 V on each arm, a reverse bias voltage of 1.5 V, an operational
wavelength of 1570 nm, and a modulation speed of 20 Gb/s. Comparing it with Fig. 3.5 (b), the model

provides a satisfactory estimation of the measured eye diagram reported in section 2.5.7.

3.2.3 EO bandwidth of SL modulators with lumped electrodes

After obtaining a reliable model, we perform an analysis to understand the impact of the enhance-

ment factor and the bias voltage on the EO bandwidth of lumped-electrode SL-MZMs. Fig. 3.6 shows
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Figure 3.4 - Normalized S21 of SL-MZM with lumped electrodes (y = 7, Vjies = -1 V and
Lgsi—przym = 162 um). Dash-colored lines are measurement results for different operational wave-
lengths. The solid black line is the EO response predicted by the model.
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Normalized time

Figure 3.5 - Eye diagram of SL-MZM with lumped electrodes at 20 Gb/s a) simulation b) measurement
with V},, = 3.5 V on each arm, Vj;4s = 1.5V and A\g = 1570 nm.

the EO bandwidth of SL-MZMs with a phase shifter length of Lg;,_prz3r = 162 um as a function of
the reverse bias (V;,5) for different enhancement factors. As expected, the EO bandwidth increases
as Vpiqs becomes larger; however, the increase is inversely related to the enhancement factor. In
other words, as Vj;4s changes from 0 V to -20 V, the increase for v = 3 is 33 GHz, whereas it is 3.1
GHz for v = 13. Indeed, if a strong SL effect is exploited, the EO bandwidth saturates as it becomes
limited by the interaction time. It is also seen that for larger enhancement factors, the EO bandwidth

saturates at lower Vj;4; ¢.€., the saturation voltage is 10 V for v = 7, whereas it is 6 V for v = 10.

3.24 Comparing SL-MZMs to C-MZMs

We compare the performance of SL-MZMs with lumped electrodes to a C-MZM with TW electrodes,
by considering the EO bandwidth as well as a FOM introduced in [140]. In Ref. [61], an MZMs with
TW electrodes was designed and demonstrated for operation above 400 Gb/s. This modulator is
characterized by a V; ~ 7V, a phase shifter length of Lc_psz3 = 4.8 mm, and an insertion loss of
12.3 dB/cm, including the propagation loss ( 2.5 dB/cm) and the absorption loss ( 9.8 dB/cm). Utilizing
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Figure 3.6 — The EO bandwidth as a function of reverse voltage for different enhancement factors
and Lgr_arzym = 162 pm.

the time-domain model reported in [125], we estimate this MZM EO bandwidth as 15.8 GHz at Vj;4

of -1 V. We choose this modulator as a reference in our analysis.

SL-MZMs are typically characterized by high insertion loss of more than 100 dB/cm, which is
caused by the highly structured passive SL waveguides that generate loss through sidewall roughness
and lithographic inaccuracies. This loss typically scales with group index. We reported an insertion
loss of 123 dB/cm for our MZM assisted by BGRs with v = 7 in section 2.5.4. In [141,142], it is shown
that the propagation loss in SL waveguides scales linearly with v and, therefore, we assume in our

assessment that the proportionality factor is 17.5 dB/cm (e.g., asr—prza = 35 dB/cm for v = 2).

To make a fair comparison, we consider an operating condition under which both modulators
(SL-MZMs and the C-MZM) possess similar V.. To this end, the phase-shifter length of the C-MZM
must be equal to the length of SL-MZMs multiplied by the enhancement factor, as expressed in Eq.
3.19 or, in the following analysis, Lo_ 7y = 4.8 mm and Lgy— przp = 4.8/ mm. Also, note that

we set Vj;qs = -1 V for all calculations.
Le-ymzv = Lsp—mzm X (3.19)

EO bandwidth

The calculated EO bandwidth of the SL-MZMs with lumped electrodes and the C-MZM with TW
electrodes, under the condition of Eq. 3.19, are shown in Fig. 3.7. As mentioned previously, the
EO bandwidth of the C-MZM is 15.8 GHz, while the “SL-MZM” with lumped electrode and no SL
effect (y =1 and Lgr—przym = 4.8 mm) provides only a 6 GHz bandwidth. When slowing down the
light (v > 1), the EO bandwidth first improves and then saturates. Up to v = 5 (Lsr—pzym = 960

pm), the EO bandwidth is increased to 9 GHz and, thereafter, it remains almost unchanged. Indeed,
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Figure 3.7 — Normalized S21 for SL-MZMs with lumped electrodes and the C-MZM. Loz = 4.8
mm, Lsy,_ a7y = 4.8/ mm, and Ve = -1 V.

larger enhancement factors (7 > 5) allow a reduction in the phase shifter length and, consequently,
a decrease in the RC time constant; however, this comes at the cost of an increase in the interaction
time. The reduction in the RC constant and the increase in the interaction time compensate each

other, resulting in an EO bandwidth that remains fixed.

It is also observed in Fig. 3.7 that the C-MZM offers an EO response with a smooth roll-off,
which is a key advantage to operate modulators at much larger baudrate than their EO bandwidth.
In the present case, the 10-dB bandwidth is 33 GHz for the C-MZM, whereas it is only 14.5 GHz for
SL-MZM with v =9 (Lsr,—amzm = 533 pm). Note that the small fluctuation in the results in Fig. 3.7

comes from numerical errors associated with FFT and IFFT operations.

FOM

A SiP modulator FOM grouping efficiency, loss, and EO bandwidth was derived in [140]. A classi-
cal FOM is FOM = V; X a X Lpg, where Lpg is the phase shifter length. This FOM is derived
considering the static transmission power penalty (TPP) generated by the modulation loss and the
propagation loss. In addition to this static TPP, a dynamic TPP occurs due to intersymbol interfer-
ence (ISI) resulting from the finite EO bandwidth. The impact of ISI is particularly important when
modulators operate at baudrate exceeding their EO bandwidth. The classical aforementioned FOM
does not take this into account. In Ref. [140], it was theoretically shown that the normalized optical
modulation amplitude (OMA) is a more reliable means to represent the dynamic and static TPPs.
From the definition of OMA, the authors add another term to the FOM, that is now as expressed as

M-1

FOM =V aLpg
1-— % . exp (—4.43

W2, (3.20)
BR?
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Figure 3.8 - FOM for OOK modulation format (M = 2), without considering loss (o = 1 dB/cm for
both cases), as a function of baudrate for lumped-electrode SL-MZMs and the C-MZM. Lo_przp =
4.8 mm, Ly, przy = 4.8/ mm, and Vi = -1 V.

where BWg is the EO bandwidth, B R the target baudrate, and M is the modulation level of the

modulation format. For future discussion, note that smaller FOM indicates better performance.

We carry out our FOM analysis with and without loss in order to examine its impact on the
performance of SL-MZMs. Fig. 3.8 illustrates the FOM for the C-MZM (dash line) and lumped-
electrode SL-MZMs (solid lines) with different v as a function of baudrate without including loss (o =
1 dB/cm for both cases). As depicted, lumped-electrode SL-MZMs demonstrate superior performance
if the light is slowed down enough (v > 4). Indeed, larger enhancement factors (y > 4) make phase
shifter more compact (Lsr— a7y < 1.2 mm), which leads to a drastic reduction in the FOM’s value.
Including the excess loss due to the SL waveguide in the evaluation has an important impact in the
lumped-electrode SL-MZMs FOM, as shown in Fig. 3.9 (i.e., ac—pzpm = 12.5 dB/cm for C-MZM
and asr,—przym = 17.5%y dB/cm). The SL-MZM no longer presents a better performance, even with
strong SL effects. The two FOMs are diverging rapidly for baudrates > 20 Gbaud and, for example,
at baudrate of 80 Gbaud, the FOM¢c_aszs is 8.7, whereas the FOMgr,_arzas is 36 under with v =9

(Lsr—mzm = 533 pm).

3.2.5 Discussion: lumped-electrode SL-MZMs vs. C-MZMs

The C-MZM offers a larger EO bandwidth than lumped-electrode SL-MZMs (under the condition of
Eq. 3.19). Furthermore, the EO response of C-MZM is more suitable to push the operation to high
baudrate due to its smooth frequency response roll-off. As a result, lumped-electrode SL-MZMs
enhance efficiency but at the cost of reduced speed. These modulators therefore do not present
a solution to the efficiency-speed tradeoff. One way to improve the performance of SL-MZMs is

to optimize their passive structures and the fabrication processes to reduce the excess loss of SL
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Figure 3.9 - FOM for OOK modulation format (M = 2), considering loss (cc—przar = 12.5 dB/cm for
C-MZM and asy,—przm = 17.5%7 dB/cm), as a function of baudrate for lumped-electrode SL-MZMs
and the C-MZM. Lo_przy = 4.8 mm, Ly arza = 4.8/ mm, and Vy;es = -1 V.

waveguides, which is out of the scope of this paper. Another way is to manipulate the electrodes in

order to improve the EO bandwidth, which will be discussed in the following section.

3.3 SL-MZMs with TW electrodes

In this section, we investigate SL-MZMs with TW electrodes (Fig. 3.1 (b)) and examine whether
TW electrodes enable SL-MZMs to address the efficiency-speed tradeoff and present an improved

performance compared to C-MZMs.

3.3.1 Small signal model for TW SL-MZMs

In Ref. [125], a comprehensive time-domain model for C-MZMs with TW electrodes is reported. We
now expand this model such that it also incorporates the SL effect. The model is based on coupled
propagation equations of the forward and backward RF waves along the TML. The forward and

backward RF waves along the TML whose the coupled equations are given as

OV (z,t) OVr(zt) _

9. T Ko—pg;
OVa(z,1) (3.21)
K [VF (Z,t) + Vg (Z,t) — V] (Z,t)] — KoVieon (Z,t) — KgT’

BVR(th) 8‘:/R(th) I
5. — Ko~ =

K1 [V (2,8) + Vi (2,8) = Vj (2,8)] — KaVeon (2, ) — K32 E0

where Vp and Vg are the forward and the backward voltages, respectively, and the other terms are

(3.22)

described as

1 LU Zunload
0 9 unloadCU + Zunload ) 1 2RPN 2

(3.23)

1 Ly
= K3 = | ZuntoadCr —
9’ 3 unload“U Zunload
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8VJ (Zv t)
ot
VR (Z, t) - VF (Z, t)
Zunload

Vj(Z,i) =V (z,t) + Vr(2,t) — RpnCpn (3.24)

Veon (27 t) = Zcon(t) * (3.25)

where Z, 11004, CU, and Ly represent the characteristic impedance, capacitance, and inductance of
the unloaded TML, respectively. Z..,,(t) is the inverse Fourier transform of Z.,,,(f) that represents
the frequency-dependent conductor impedance [125, 137]. Using the first-order difference approxi-
mation, Eq. 3.21,Eq. 3.22, and Eq. 3.24 are rewritten as

Ve (z+1,t)—VE(z,t) + KO Ve(z,t4+1)—Vp(z,t) _

Azrp At - (3.26)
—K1 [VF (2,t) + VR (2,t) = Vj (2,t)] — K2Veon (2, 1)

VR(41LO)=VR(2t) _ pr Ve(t+D-Va(zt) _
Berr ’ N - (3.27)
Ky [VF (Zat) + Vg (Z’t> - V] (Zat>] — KoVeon (Z,t)
VF (Z,t)+VR (Z,t) RPNCPN
Vi(z,t 3.28
At + RpnCpy At+ RpnCpy (1) (3.28)
where Azrr and At are the RF mesh size and the time step, respectively. Also, the optical filed is

Vi(at 4 1) =

numerically described as [125, 143]

Erp(z,t) = exp{[—Aa(z — Azop, t — At)/2

3.29
—iAB(z — Azopt,t — At)] Azop} Er(z — Azopt, t — At) (329)

where A« and Af represent the changes in the attenuation coefficient (shown in Fig. 3.3 with a red
line) and the propagation constant because of the applying voltage, respectively. Azp,; is the optical
mesh size and is equal to Azp, = Vj 51, X At, where V;, 51, = ¢/v/ng is the optical group velocity
in the SL waveguide. In order to consider the velocity mismatch in the simulation, the following

conditions between optical mesh size, RF mesh size, and time step should be satisfied.
n n
AZpp = "L AZop, At =" AZoy (330)
NRF C
where nrr is the RF index, which is equal to around 2.7 for T-shaped-extensions TW electrodes [62].

Figure 3.10 shows the EO response of a TW SL-MZM with a fixed phase shifter length of 1 mm
for different enhancement factors. As can be seen, the TW MZM with no SL effect (y = 1) provides
an EO bandwidth of about 40 GHz, while the TW SL-MZM with v = 5 presents a bandwidth of
around 20 GHz. This reduction in the EO bandwidth comes from the increased velocity mismatch
between the electrical and optical signals when the light is slowed down. All parameters with their
vales that have been used in the simulation of TW SL-MZM are listed in Table 3.2.

3.3.2 Comparing TW SL-MZMs with C-MZMs

In this section, similarly to the section 3.2.4, we compare a TW SL-MZM to the C-MZM consider-
ing the EO bandwidth and the FOM. As was done previously, the respective lengths of the MZM

structures are chosen in accordance to Eq. 3.19.
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Table 3.2 — A list of the parameters used in the simulation of TW SL-MZM

Parameters Notation Values
Impedance characteristic of the source [{2] Zy 50
Characteristic impedance of the unloaded TML [€2] Zunload 50
Capacitance of the TW electrode [pF/cm] Cu 1.30
Inductance of the TW electrode [nH/cm] Ly 6.33
p-n junction capacitance [pF/cm] Cpn Fig. 2.17
p-n junction resistance [{2.cm] Rpn Fig. 2.17
Doping for n-dopants [cm 3] Np 3x 10'7
Doping for p-dopants [cm ] Ny 5% 1017
Group index ng 3.8
Loss per enhancement factor for SL-MZMs [dB/cm]  asp—azm 17.5
Loss for the C-MZM [dB/cm] QCO—MZM 12.3
Optical wavelength [nm] A 1550
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Figure 3.10 — EO response of SL-MZMs combined with TW electrodes with Lg;_przp = 1 mm at
a reverse bias of 1 V.

EO bandwidth

Figure 3.11 shows the EO bandwidth estimated for lumped-electrode SL-MZMs and TW SL-MZMs as
a function of the enhancement factor. We also plot the 3-dB bandwidth of the C-MZM as a reference
value (black dash line). As can be seen, the TW SL-MZM offers a larger EO bandwidth compared to
C-MZM in a specific range of the enhancement factor. In this range, TW SL-MZM require shorter
electrodes to operate with the same V., which leads to a reduction in the RF attenuation. The small

length and the reasonable SL effect (y =~ 9) also limit the EO velocity mismatch.

Figure 3.11 also indicates that the EO bandwidth reaches a maximum at an optimum enhance-
ment factor of v = 9 (Lsr—arzym = 533 pm). The optimum -y represents a compromise between
the two limiting factors of the EO bandwidth (RF loss and EO velocity mismatch), for v < 9 the
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Figure 3.11 — The EO bandwidth as a function of enhancement factor at the reverse voltages of 1 V.
Le-mzym =48 mmand Lsp—yvzyv = 4.8/ mm.
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Figure 3.12 - EO bandwidth of SL-MZMs with TW electrodes as a function of the enhancement factor
for different Vy;s. Lo—przav = 4.8 mmand Lgr, przar = 4.8/ mm.

EO bandwidth is limited by the RF loss and while its limited by the EO velocity mismatch v >
9. Indeed, the group velocity of the optical wave is reduced by the enhancement factor, whereas
the RF group velocity remains the same. The difference in traveling time therefore increases as
Le_yvzm % (ng —ngr/7) /¢, which contributes to limiting the EO bandwidth in larger enhance-
ment factors. In Fig. 3.12, we examine the EO bandwidth for different Vj;,s, showing that the op-
timum + is voltage-dependent and shifts to larger value with increasing Vp;,s, ¢.€., the optimum

values are v = 9, 12, 14, and 16 at V45 = -1V, -2V, -3V, and -4 V, respectively.

Finally, Fig. 3.11 illustrates that the substitution of lumped electrodes by TW electrodes allows a
significant improvement in the EO bandwidth of SL-MZMs. For example, aty =9 (Lsr,—przam = 533
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Figure 3.13 - FOM for OOK modulation format (M = 2) a) without b) with considering loss of the
SL waveguides as a function of baudrate for TW SL-MZM and the C-MZM. Lo_jprzy = 4.8 mm,
LSL—MZM = 4.8/’}’ mm, and ‘/bias =-1V.

pm), the TW SL-MZM offers a 23 GHz bandwidth, while it is only 9 GHz for the lumped-electrode
SL-MZM.

FOM

We evaluate the FOM expressed in Eq. 3.20 for the TW SL-MZMs and the C-MZM. Fig 3.13 (a) shows
the results without including loss in the analysis (o« = 1 dB/cm for both cases). The TW SL-MZM,
for all v, outperforms the C-MZM in terms of efficiency and EO bandwidth. This is because the
TW SL-MZM requires a shorter length for the same V; (e.g., Lsr—nzy = 0.96 mm at v = 5 vs.
Lo_przy = 4.8 mm), and provides a larger EO bandwidth (for example, fsr—arza = 20.7 GHz at
v =5vs. fo_mzm = 15.8 GHz).

In Fig. 3.13 (b), showing both FOMs in the presence of the loss, when the light is not slowed
down enough (v = 3) or is slowed down too much (y = 15), the C-MZM still outperforms TW SL-
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MZMs at all baudrates. The reason is that for v = 3, the long length of the phase shifter results in a
high RF loss; and for 7 = 15, the velocity mismatch between the RF and optical waves is too large.
On the other hand, if the light speed is reduced by factors of 5 to 13 (5 < v < 13), the best modulator
depends on the target speed (baudrate); for example, considering v = 9, the C-MZM operates better
at lower speed (< 35 Gbaud), while it is the TW SL-MZM for higher speed (> 35 Gbaud). Indeed,
for baudrates below 35 Gbaud, the additional loss associated with SL waveguides does not allow the
total TPP of the SL-MZM to become smaller than the one of the C-MZM. On the other hand, for
high-speed operations (> 35 Gbaud), the EO bandwidth is the determining factor to minimize the
total TPP, and thus the TW SL-MZM demonstrates superior performance.

Finally, Fig. 3.13 (b) shows that the optimum ~ defined in the previous section (y = 9), demon-
strates the lowest FOM for high baudrates in this case as well. Considering now a modulation
speed of 100 Gbaud, which is being targeted for designing the next generation of SiP transmitters,
the C-MZM presents the FOM of 13.25, whereas the TW SL-MZM reduces this value by 3.75, i.e.,
FOMgsr_pizm = 9.5.

3.3.3 Discussion: TW SL-MZMs vs. C-MZM:s

TW SL-MZMs can exhibit significant improvement in both efficiency and speed. At the optimum
enhancement factor, they improve the EO bandwidth by 7.5 GHz due to their much reduced length
for the same V. Therefore, SL-MZMs with TW electrodes offers a solution to the efficiency-speed
tradeoff. As shown in Fig. 3.13 (b), the TW SL-MZM under an optimum design is a promising can-
didate to substitute the C-MZM. Indeed, despite the additional loss associated with SL waveguides,
TW SL-MZMs reduces the total TPPs compared to C-MZMs because of their large EO bandwidth.

3.4 V; reduction in silicon photonic modulators

Due to constraints in CMOS drivers and electrical interfaces, the required swing voltage for driving
SiP modulators should be as low as possible. Indeed, implementation of CMOS drivers with swing
voltages of more than 2.5 V is very challenging because of the reliability concerns although there are
some demonstrations on co-design SiP modulators with a high-swing CMOS driver [39,144,145]. In
addition, the high RF propagation loss at high-speed operations (> 50Gbaud) is an important lim-
itation to bandwidth scaling that can be somewhat relaxed by a reduction in the electrical power
budget. It is therefore of high interest to reduce the energy per bit consumption (£3) of SiP modula-
tors, which scales with the peak-to-peak voltage (i.e., Fp Vpr).

Improvement in SiP modulators V. requirements is thus necessary for high-performance inte-
gration system. The C-MZM in our study was characterized by a V; of 7 V with a length of Lpg =
4.8 mm, which is not compatible with current CMOS drivers. For example, in [48], the authors have

reported a modulator driver with a peak-to-peak voltage of 2.5 V using a partially depleted SOI 45-
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Figure 3.14 — Phase modulation multiplication factor, total loss, and RC constant of a simple p-n

junction as a function of the normalized doping density factor (a normalized doping density factor

of 5 means doping concentrations of 5x N4 and 5x Np with N4 = 5x10'7 em™3 and Np = 3x10'7
-3

cm™°).

nm process. In order to meet this voltage range, the aforementioned V; should reduce by a factor of

3 (i.e., Vz = 2.33V). Three design strategies are examined below.

3.4.1 Design strategies to reduce V.
Increasing phase shifter length (IPSL)

Considering the phase shift equation (7 = ko x An(Vz) X Lo—arzum), the easiest way to reduce
the V; is to make phase shifters longer. According to the index variation versus the applied voltage
shown in Fig. 3.3, the C-MZM will offer a V; of 2.33 V if its length increases by a factor of about two
(i.e., Lo_arzy = 10 mm).

Increasing doping density (IDD)

Increasing the doing level allows an enhancement in the efficiency of phase shifters. Our studied
devices (the lumped-electrode SL-MZM and the C-MZM) have been fabricated under an estimated
doping concentrations of Ny = 5x10'7 cm™ and Np = 3x10'7 cm ™2 for holes and electrons,
respectively. When the doping level increases, Fig. 3.14 shows that an enhancement in the phase
modulation is achieved but at the cost of significantly higher loss. Also, higher doping levels results
in larger junction capacitance, leading to significantly increasing the microwave propagation loss of
the TML, therefore dramatically limiting the EO bandwidth of TW MZMs. According to Fig. 3.14,
in order to reduce the V from 7 V to 2.33 V, the doping density of the C-MZM with TW electrodes
should increase by a factor of 6, which would increase the phase modulation by a factor of 2 (i.e.,
N4 =30x10'" cm™3 and Np = 18x10'7 cm™3).
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Slow-light effect

As discussed in this paper, the SL effect is another means to decrease the V.. According to the phase
shift equation (7 = ko x An(Vz) X v X Lsr—mzm), a SL-MZM loaded by TW electrode with an
optimized enhancement factor of v = 12 and a phase shifter length of Lgr_przar = 833 pm offers
aV,of233V.

3.4.2 Discussion

Table 3.3 compares the performance characteristics of these various approaches considering EO
bandwidth, loss, and phase shifter length. As shown, the IPSL is not an effective way to lessen the
V because it leads to a significantly reduced bandwidth. Indeed, with exploiting this approach, the
EO bandwidth shrinks due to the RF loss, moreover the footprint is increased. The IDD approach
provides a low V. of 2.33 V with the same phase shifter length as the C-MZM, but at the cost of
introducing a significant loss (33 dB) mainly originated by the absorption loss of p-n junctions, as
well as a dramatically shrunk EO bandwidth due to the heavy doping that increases the conductor
loss and the dielectric loss considerably, resulting in increased RF loss. On the other side, the SL-
MZM combined with TW electrodes is capable of reducing V;; from 7 V to 2.33 V, improving the EO
bandwidth from 15.8 GHz to 17.6 GHz, as well as shortening the phase shifter from 4.8 mm to 833
pm. Compared to the IDD scheme, the SL design also offers a better compromise on loss (17 dB vs.
33 dB). Finally, we examine the three approaches considering the FOM expressed in Eq. 3.20. The
simulation results are shown in Fig. 3.15. As can be seen, the SL approach presents the optimum
FOM compared to the other approaches. For example, at the 80 Gbaud, the FOM’s values are 35.34,
238.5, and 21 for the IPSL, the IDD, and the SL effect approaches, respectively.

Table 3.3 — Comparing different design strategies based on their operating parameters

Reference MZM [61] IPSL IDD SL effect

Vi (V) 7 233 233 233

EO bandwidth (GHz) 15.8 11.8 6.9 17.6

Phase shifter length (mm) 4.8 10 4.8 0.833
Loss (dB) 5.9 123 33 17

Recently, the IDD approach was used to bring down V; x L of SiP C-MZMs [42]. However,
according to our assessment, using the SL waveguide with an optimized enhancement factor is a
better solution for this purpose. As discussed, the SL approach not only improves significantly ef-
ficiency under a stable operation but also provides a larger EO bandwidth. On the other hand, the
slight improvement in the efficiency using the IDD approach is provided at the expense of a dramatic

reduction in EO bandwidth and severe increment in the absorption loss of p-n junctions.

The next generation of the integrated SiP platform should leverage TW SL-MZMs to enable

a new class of SiP transmitters that feature best-in-class performance in key parameters such as
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Figure 3.15 - FOM of the different approaches for V;: reduction through phase modulation enhance-
ment as a function of baudrate.

high stability, low power budget, high EO bandwidth, and compact footprint. These modulators are
capable of providing a very low V. (< 2.5 V) with a compact phase shifter length (< 1mm). Therefore,
the requirements on the RF amplification and the thermal control are significantly relaxed, leading
to reduced cost and complexity of control circuits and CMOS drivers. The additional loss associated

with SL waveguides can be compensated by high-performance optical amplifiers.

3.5 Conclusion

We have presented an investigation of the benefits and tradeoffs of SL-MZMs with either lumped
electrodes or TW electrodes. We compared these two SL modulators to the C-MZM through cal-
culation of their EO bandwidth and FOM, the latter being derived from the reduction of the static
and dynamic TPPs. To this end, we developed a RLC circuit model to simulate the dynamic behav-
ior of lumped-electrode SL-MZMs. Our model was validated with experimental measurement of an

SL-MZM. Key findings are summarized below:

1) Due to the high loss and low bandwidth of the SL waveguides, the lumped-electrode SL-
MZMs did not show any performance improvement over C-MZMs. In addition to the RC time
constant, the interaction time between the lumped electrodes and the optical signal also limits the
modulator speed. Simulations show that a C-MZM with a V; of 7 V and a phase shifter length of
Lo_przym = 4.8 mm is characterized by an EO bandwidth of 15.8 GHz, while the lumped-electrode
SL-MZM with the same V. (Lsr,_yzn = 4.8/7y mm) demonstrated a maximum EO bandwidth of 9
GHz.

2) SL-MZMs can offer remarkable benefits when implanted with TW electrodes. In this case,
their EO bandwidth reaches 23 GHz at the optimum SL value of v = 9 (Lsr—aza = 533 pm). The
FOM calculations show that the optimum SL-MZMs can then outperform C-MZMs at high-speed
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operations.

3) Furthermore, compared to the other strategies currently considered to reduce V; of C-MZMs,
employing the SL effect is the best-in-performance solution. Compared to the C-MZM, the optimized
SL design allowed reducing the V; from 7 V to 2.33 V, compacting the MZM arm length from 4.8
mm to 833 um, improving EO bandwidth from 15.8 GHz to 17.6 GHz. These good performances are
reached despite the additional loss of waveguides that can be compensated by an optical amplifier.
Future progress in the design and fabrication process of SL waveguides should further reduce the
propagation loss and make these modulators even more attractive for applications requiring arrays

of high-speed, compact and energy efficient modulators.
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Chapter 4

DAC-less PAM-4 slow-light silicon
photonic modulator providing high
efficiency and stability

Résumé- Nous rapportons un modulateur a lumiére lente en silicium qui permet une opération PAM
a grande vitesse sans 'utilisation d’'un convertisseur numérique-analogique (DAC) électrique. Les
résonateurs a réseau de Bragg, intégrés dans chaque bras d'un modulateur Mach-Zehnder, améliorent
la modulation de phase grace a un effet de lumiere lente. Le signal PAM optique & 4 niveaux est généré
en pilotant directement le déphaseur segmenté, que nous avons concu, avec deux signaux binaires.
Ce modulateur a une empreinte ultra-compacte (Lsy,—przy = 570 pm), une faible consommation
d’énergie (73 f] / bit) et une bande passante électro-optique élevée (> 40 GHz). Jusqu’a 90 Gb/s sont
obtenus en opération sur une bande passante ayant une plage spectrale de 'ordre nanométrique
(AABw = 2 nm). Comparée a d’autres modulateurs basés sur des résonateurs a basse énergie, tels
que les micro-anneaux, cette bande passante d’opération offre une plus grande stabilité avec une
plage de température de fonctionnement potentielle de AT = 50 °C. Nous examinons également
la robustesse de la conception proposée face aux variations de fabrications par des mesures des
propriétés spectrales au niveau spatial inter-gaufre. Ce modulateur est d’un intérét particulier pour
certaines applications, telles que les communications de données a courte portée qui nécessitent

plusieurs modulateurs compacts et écoénergétiques sur une seule puce.

Abstract- We report a slow-light silicon modulator that enables high-speed PAM operation
without using an electrical digital-to-analog converter (DAC). Bragg grating resonators, integrated
into each arm of a Mach-Zehnder modulator, enhance the phase modulation through the slow light
effect. The optical 4-level PAM signal is generated by driving directly the segmented phase shifter de-
sign with two binary signals. This modulator presents an ultra-compact footprint (Lsz,—arza = 570
pm), low energy consumption (73 f]/bit), large electro-optic bandwidth (> 40 GHz). Up to 90 Gb/s is

achieved over an nm-range spectral operation bandwidth (A gy = 2 nm). Compared to other low-

85



energy resonator-based modulators, such as micro-rings, this operating bandwidth confers higher
stability with a potential operating temperature range of AT = 50 °C. We further examine the ro-
bustness of the proposed design to fabrication variations by measurements of spectral properties
across the wafer. This modulator is of particular interest for applications, such as short-range data

communications that require multiple compact and energy-efficient modulators on a single chip.
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4.1 Introduction

Silicon photonics (SiP) is an enabling technology that leverages advanced CMOS process to ma-
nipulate electrons and photons on the same platform [45]. SiP modulators featuring high-speed
operation, low power consumption, compact footprint, and stable operation are demanded to ad-
dress the growing bandwidth requirements of the data centers. For this application, pulse amplitude
modulation (PAM) is increasingly considered as one of the best solutions for higher data rates with
a good compromise between spectral efficiency and system complexity. The latter results from the
intensity-modulation direct-detection nature of the PAM format that simplifies the receiver com-
pared to coherent formats [65]. Consequently , 4-level PAM (PAM-4) is a main contender to accom-
plish the IEEE 400 Gb/s Ethernet task force [81]. The 400 Gb/s target can be achieved by 25 Gbaud
PAM-4 using 8 wavelength channels, or 50 Gbaud PAM-4 using 4 wavelength channels.

Mach-Zehnder modulators (MZMs) with two-segment phase shifters are a popular configura-
tion to generate DAC-less PAM-4, reaching high-speed operation (> 100 Gb/s) [82]. However, due
to the weak index modulation created by the plasma dispersion effect in silicon, long phase shifters
are required in order to keep V; low. As a result, MZMs are energy-hungry, have a large footprint,

and require traveling-wave electrodes or distributed drivers to reach a high modulation bandwidth.

Resonator-based modulators have been proposed to reduce footprint and energy requirements.
Recently, Sun et al. developed a micro-ring modulator (MRM) in lateral-vertical PN junctions and
achieved a data rate of > 100 Gb/s per wavelength [40]. This modulator features a compact footprint,
an energy consumption of 18 fJ/bit for PAM-4, and a 50 GHz electro-optic (EO) bandwidth. This
remarkable enhancement in EO bandwidth compared to other MRM demonstrations is gained by
using a higher doping level, which leads to a significant increase in absorption loss introduced by
PN junctions, which, in turns, results in a reduced photon lifetime (or quality factor). Despite the
impressive performance, MRMs have a narrow operating spectral bandwidth (< 0.1 nm). Therefore,
temperature fluctuations may cause a large variation in the modulator response; additional feedback
circuits are needed to perform the temperature stabilization and lock the resonance wavelength.
Moreover, the modulator requires process customization for vertical junctions, which is not widely
available. Also, MRMs require pre-distorted driving signals to generate higher order PAM in order
to compensate the nonlinearity in the roll-off of the resonator transfer function and achieve equally

spaced levels in the optical eye [65].

Slow-light (SL) SiP modulators are another enabling design choice to address the tradeoff be-
tween stability and efficiency. Providing that the enhancement in phase modulation occur over a
wide optical bandwidth, they are not as sensitive as MRMs to temperature variations. Also, com-
pared to MZMs, they require several times shorter phase shifters and consume significantly less en-
ergy per bit. Nevertheless, operation of SL modulators have been mostly reported with OOK formats
because of foreseen difficulties in upgrading their designs to generate PAM or QAM. For example, in

the case of photonic crystal waveguides (PCW), longer PCW is needed to generate DAC-less PAM
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with a segmented configuration (two phase shifters placed in series). These longer PCWs result in
higher susceptibility to fabrication imperfections [108]. Although, PCW-based MZM using a paral-
lel configuration is proposed in [146] to generate DAC-less PAM-4 modulation, the performance is
limited to 15 Gbaud. In addition to PCWs, cascaded micro ring resonators have been utilized to slow
down the optical wave. In this case, PAM signal generation requires a large number of uncoupled
ring resonators (more than 20 cavities), whose resonance wavelengths are often different because
of fabrication imperfections. Tuning all cavities independently to generate PAM becomes almost

impossible due to thermal crosstalk.

In this chapter, we report a new design of a DAC-less PAM-4 SL-MZM based on Bragg grating
resonators (BGRs). In section 2.5, we demonstrated an MZM assisted by BGRs for OOK modulation.
What makes this design unique is the presence of cascaded coupled cavities, which leads to res-
onators sharing the same resonating wavelength. Therefore, it is not necessary to tune the cavities
independently, which eases the measurement process. Also, since Bragg gratings are 1-D photonic
crystals, instead of 2-D, they are inherently less sensitive to fabrication errors compared to PCWs and
are routinely fabricated with CMOS compatible fabrication process using UV lithography. Hence, in
this paper, we adapt the SL-MZM based on BGRs design reported in section 2.5 for DAC-less gener-
ation of PAM-4 optical signal. We experimentally demonstrate that this modulator has the potential
to meet the recommendations of the IEEE Ethernet task force since it features compact footprint,
low power consumption, and stable operation simultaneously. It is therefore an appropriate choice

when a large set of optical modulators need to be integrated in a single photonic chip.

In the following sections, we present the segmented modulator design and characterize the
variations of its spectral response across the wafer. We then perform RF and EO bandwidth charac-
terizations of both phase shifters of the modulator. Finally, we present bit-error-rate measurement.
Our results show that the modulator is characterized by a phase efficiency of V; x L = 0.51 Vcm, an
energy consumption of Ej, = 73 fJ/bit, and an EO bandwidth of > 40 GHz. The modulator operates
up to 90 Gb/s below 20% FEC threshold over an operating wavelength range of AAgy = 2 nm.

4.2 Modulator design

Figure 4.1 (a) shows the modulator schematic. Slowing down the optical wave in each arm, BGRs
help to enhance the phase modulation. These coupled resonators are designed with a low quality
factor in order to achieve the enhancement across a larger spectral bandwidth. In section 2.3, we
discussed in detail how to engineer the SL effect using BGRs. Each arm of the MZM is loaded by
a BGRs superstructure with a uniform period of A = 300 nm, a duty cycle of 50%, a maximum
waveguide width of 1000 nm and minimum waveguide width of 250 nm (corrugations of 375 nm
on each side), and 26 coupled resonators. Each resonator consists of a phase-shifted section with 38
grating periods on each side. We loaded the first 15 resonators and the last 10 resonators with PN

junctions to introduce the two phase shifter segments placed in series, called “most significant bit
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Figure 4.1 — a) Schematic of the DAC-less PAM-4 SL-MZM, b) cross-section of the modulator (the
labeled parameters are in pm), c) close view of the fabricated modulator, d) SEM picture of a part of
the fabricated modulator (inset is a zoom on the Bragg grating), and e) modulator under the test.

(MSB) segment” and “least significant bit (LSB) segment”, respectively. Note that one cavity remains
unloaded in order to separate these two segments. Figure 4.1 (b) illustrates the cross-section of the
modulator, showing that the silicon waveguide is formed by the partial etch with a slab height of 90
nm and a ridge height of 220 nm. The lateral PN junction is designed to reach a compromise between
absorption loss and EO bandwidth.

Figure 4.1 (c) displays a close view of the fabricated modulator, showing that the modulator
is driven using lumped electrode. We placed four thermal elements (labeled H1, H2, H5 and H6)
on top of each segment in order to fine-tune the resonance wavelengths of each BGRs segment if
necessary. Also, two heaters (labeled H3 and H4) were placed in each arm to set the operating point
of the modulator. The modulator operates in the depletion mode (negative bias voltage) under a

single-drive push-pull configuration. Pads, labeled B1 and B2, are used for adjusting the bias point
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of the LSB and MSB segments, respectively. The modulator was fabricated in a multi-project wafer
run using a standard 193 nm lithography process at the IME (AMF) A*STAR with a silicon layer
thickness of 220 nm and a 2 yum buried oxide. Figure 4.1 (d) shows an SEM picture of the two arms

and the inset shows a close-up view of a cavity in the BGR structure.

4.3 Modulator characterization

4.3.1 Optical spectrum

In order to examine the reliability and repeatability of the passive structure, which is composed of
26 coupled cavities in each arm, we perform measurements of the optical response of the passive
structure. We first examine the reflection and transmission of the components to compare the re-
sponse from the two arms, then we examine the uniformity of the Bragg wavelength and spectral

bandwidth across the wafer.

Component-level testing

Figure 4.2 (a) and (b) show the schematic of the test structure. It differs from the modulator structure
by the presence of two directional couplers at the input of each arm. Figure 4.2 (a) shows the input
and output ports to measure the transmission from the upper Mach-Zehnder arm (blue), lower Mach-
Zehnder arm (red) and full structure (black). Figure 4.2 (b) shows the configuration for reflection
measurements. Figure 4.2 (c) presents the normalized transmission spectra for the upper arm (blue),
the lower arm (red) and the whole structure (black). As depicted, the resonance wavelengths and
their bandwidths are almost identical in all three cases, indicating good fabrication uniformity of the
resonators between the two arms of a single device. Similarly, figure 4.2 (d) presents the reflected

spectra.

Wafer-uniformity testing

To assure repeatability and uniformity of the design over the whole wafer, we picked randomly sev-
eral dies and examined the resonance wavelength (or Bragg wavelength) and the optical bandwidth.
Each die has a size of 3x15.8 mm?. As indicated in figure 4.3 (a), the resonance wavelength of the
BGRs was quite uniform with a value of 1563 nm on average with a standard deviation of 2.5 nm.
Figure 4.3 (b) shows the optical bandwidth of the transmission band, having an average of 3.27 nm

with a standard deviation of 0.25 nm.

Device-under-test (DUT) spectrum

Figure 4.4 presents the measured characteristic of the modulator structure chosen for RF measure-
ments and data transmission. Figure 4.4 (a) zooms on the transmission and reflection spectra close
to the resonance wavelength. The 3.2 nm optical bandwidth, much larger than typical resonating

structure, results from the low quality factor cavities. Also, the insertion loss of the modulator is 5.5
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Figure 4.2 — a) and b) are respectively schematics of the test configuration used to measure trans-
mission and reflection of each arms in the test structure; ¢) and d) are respectively the transmission
and reflection spectra of the test structure for different input/output ports.

dB (i.e., propagation loss of 92 dB/cm). This loss is caused by the discontinuity in the waveguide
modes and effective indices of the rib waveguide at the start and end of the Bragg grating struc-
ture, and by high propagation loss due to sidewall roughness and lithographic inaccuracies in the
highly structured waveguide. The loss can be mitigated by improving design, for example through
waveguide tapering or grating apodization at the interface between slow and fast regimes, and us-
ing fabrication processes with a better resolution. Note that losses are expected to decrease as SiP
fabrication processes improve. Figure 4.4 (b) illustrates the transmission through both arms of the
modulator structure at the operational wavelength of A\g = 1562 nm when the relative phase is ad-
justed using the thermal element (heater labeled H3). Results show that the MZI structure provides
an extinction ratio of 15 dB. Moreover, about 10 mW of power is needed to set the modulator at the
quadrature point. The modulator spectrum at the quadrature point is shown by the green line in
figure 4.4 (a).

4.3.2 DC characterization

The output of a MZM incorporating SL elements in its arms is given by,

Pyut = Py, exp(—aL)cos? ("I\Anesp(V)vL +T/y) (4.1)
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o -5

= by o et oS

§ P I

g ) % ‘I;{ “ )\

5 sy

- el ¢ ' N "W

- gJJ 1 1 h \’\

& E LN s

5" 2 15 \ ] '

7)) © ' ! It

K] — 1 ! v

5- \ .

2 &

@ i 20 z

= 1554 1557 1560 1563 1566 1569 0 10 20 30 40
Wavelenath (nm) Heater power (mW)

Figure 4.4 — a) Transmission and reflection spectra of the SL-MZM, b) transmission of the two ports
of the adiabatic coupler (located at the end of the modulator for recombining optical wave) as a
function of the heater power. T1: output power from portl of the adiabatic coupler, T2: output

power from port2 of the adiabatic coupler, TI@QP: Transmission of the port 1 at the quadrature
point.

where P, is the input power, « is the propagation loss coefficient, and ) is the operational wave-
length. The modulation of the waveguide effective refractive index with applied voltage is Anyy,
while the factor « is the enhancement factor. The latter represents the phase modulation enhance-
ment produced by the BGRs compared to a simple phase shifter in a rib waveguide with the same
length. Modulation efficiency of the SL phase shifter can be described by the typical figure of merit
(Vx x L where L is the phase shifter length). The modulator experimentally records a V; X L of 0.51
Vem. In order to evaluate the enhancement provided by the SL effect, we compare our SL modulator

with a typical MZM fabricated with the same process. The regular MZM is characterized by a V; x L
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Figure 4.5 — Transmission spectra for different combination of applied voltages (see inset table) to
generate four levels (in linear scale in the inset figure).

of 3.15 Vcm, and thus, we find a phase modulation enhancement factor of v = 6.

Figure 4.5 shows the transmission spectra at the quadrature point when applying the DC volt-
ages specified in the inset table, to the MSB and LSB segments. Figure 4.5 indicates that the modulator
can generate four-level transmission with a total DC extinction ratio (ER) of ~ 4.4 dB over the op-
tical bandwidth. The transmission, displayed in linear scale in the inset of figure 4.5, shows four
well-spaced levels. The modulator can therefore be driven in single-drive push-pull configuration
using reverse bias and two by RF signals with peak-to-peak voltages of 7 V},, and 6 V,,, applied to
the MSB and LSB segments, respectively.

4.3.3 EO bandwidth

We measured S21 using a PNA Microwave Network Analyzer (Agilent N5227A 10 MHz - 67 GHz).
We used RF probe with 50-() termination, allowing to keep S11 below -15 dB, as shown in figure 4.6
(a) (color dashed lines). Figure 4.6 (a) also reports the RF crosstalk (black line) between the adjacent
segments, showing that a slight leakage between the two segments occurs (less than 35 dB over 67
GHz bandwidth), and thus, distortions associated with electrical crosstalk are negligible. Figure 4.6
(b) shows the frequency response of the modulator at the operational wavelength of Ag = 1562 nm.
Both segments present a 3-dB EO bandwidth of more than 40 GHz at the zero-voltage bias. As the
reverse bias increases, the EO bandwidth only slightly increases, showing that the SL effect imposes
a limit on the EO bandwidth. In fact, frequency response of SL modulators with lumped electrodes is
restricted by not only RC time constant but also by the SL effect that increases the interaction time

between optical wave and uniform RF signals along the electrodes.

Figure 4.6 (c) illustrates the spectra of the 3-dB EO bandwidth, indicating that each segment
offers a similar EO response over a wavelength range of A\ = 2 nm. This shows that the modu-

lator should be able to operate with no or little distortion in the presence of temperature fluctuations
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40]. This larger operating bandwidth also eliminates the dependence of the frequency re-

4.3.4 High speed characterization

94

Figure 4.6 — a) S11 of LSB and MSB segments. RF crosstalk between LSB and MSB segments (black)
also is shown b) EO responses of MSB and LSB segments for different reverse voltages, c) 3-dB EO
bandwidth spectra of MSB and LSB segments.

that shift the spectrum within AApy = 2 nm, which is about one order of magnitude larger than

sponse on frequency detuning that causes dynamic nonlinear responses in MRM [21].

Figure 4.1 (e) displays the device under test (DUT) and figure 4.7 shows the schematic of the mea-
surement setup to evaluate the bit error rate (BER). We first generated a PRBS with a length of 21°-1

1563.5
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Figure 4.7 — Block diagram of the experimental setup.

using a 56-Gb/s bit pattern generator (SHF 12103 A). Then, we boosted the RF signal applied to the
MSB (LSB) segment with an RF amplifier having a bandwidth of 30 GHz (40 GHz) and obtained a
peak-to-peak voltage of 7 V,, (6 V). Thereafter, we used bias-T (bandwidth of 50 GHz) as DC
blocks. In the optical part, we set the laser power to 15 dBm and adjusted the polarization with
a polarization controller before coupling the light into the chip. After modulation, the signal was
amplified by a two-stage EDFA and each stage is followed by a tunable optical bandpass filter (one
of them with a fixed bandwidth of 1 nm and the other one with a tunable bandwidth). The output
optical signal was converted to the electrical signal using a photodetector (SHF 41211 with a 32 GHz
bandwidth) and then digitalized by a real-time oscilloscope (RTO) with a sampling rate of 80 GSa/s
and a bandwidth of 63 GHz. At the receiver side, digital signal processing (DSP) is applied to the
signal following the steps shown in figure 4.7. The signal is filtered by a 10*" order super Gaussian
low pass filter (LPF), resampled, time synchronized, and down- sampled. BER is calculated using a
decision-directed minimum mean square error (DD-MMSE) equalizer with a tap number of 2* taps.

The signal is de-mapped for BER calculation.

We first evaluate the performance of each segment using OOK modulation. The MSB (LSB)
segment operates under a peak-to-peak RF voltage of 3.5V, (3 V) on each arm. The junction ca-
pacitance is 1.7 pF/cm at a reverse bias voltage of 1.5 V. Therefore, the MSB (LSB) segment introduces
a total capacitance of 58 fF (38 fF), corresponding to an energy consumption of 170 {J/bit (85 fJ/bit).
Figure 4.8 (a) and (b) shows the BER spectra for MSB and LSB segments, respectively. It is shown
that both segments can achieve up to 60 Gb/s with BER below the 20% FEC threshold. As bitrate
decreases, the operating wavelength range increases; for example, the operating wavelength range
at 45 Gb/s is around AA gy = 4 nm, corresponding to an operating temperature range of AT = 100
°C assuming a heterogeneously integrated laser with 40 pm/°C wavelength drift between laser and
SiP modulators [40].
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Figure 4.8 — BER spectral measurement when modulating either the a) MSB and b) LSB segments,
for OOK modulation at different bitrates. Dashed and dotted lines show 7% and 20% FEC thresholds,

respectively.

We then applied the two RF signals to the MSB and LSB segments to generate DAC-less PAM-4.
Figure 4.9 illustrates the BER, measured over a AApyy = 2 nm optical bandwidth, when the mod-
ulator is driven for generating the PAM-4 format at different bitrates. As indicated, the modulator
is capable of providing a modulation speed up to 90 Gb/s with BER below the 20% FEC threshold.
Figure 4.10 shows histograms of the detected symbols for different bitrates at different operating
wavelengths. Note that an operating wavelength range of AApy = 2 nm would correspond to a

temperature range of AT = 50 °C. The energy consumption for PAM-4 can be calculated using [65]

cvz M i\ 2
_ pp -
= Wog ) 2 M~ (M - 1)

where, M = 4 is the modulation level and C represents the junction capacitance. Using Eq. 4.2, the

total energy consumption is estimated to be 73 £]/bit for PAM-4 format.

Optical-signal-to-noise ratio (OSNR) has a significant impact on maximum speed achieved. One
way to improve OSNR is to reduce loss. Several design strategies can help to mitigate this issue.
Firstly, using edge coupling can considerably decrease the chip-to-fiber coupling loss. In the present
modulator, we use vertical couplers that typically generate a coupling loss of 13 dB (two grating
couplers in a back-to-back configuration). State-of-the-art edge couplers offer a back-to-back loss

below 2 dB. This 11-dB reduction in the coupling loss would significantly improve the maximum
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Figure 4.9 — BER spectral measurement of DAC-less SL-MZM for PAM-4 format. Dotted and dash-
dotted lines show 7% and 20% FEC thresholds, respectively.
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Figure 4.10 — Histograms of detected bits (one sample per symbol) used for BER calculation at dif-
ferent bitrates (30, 50, 70 and 90 Gb/s) and operational wavelengths (1561, 1562 and 1563 nm).

data rate achievable by the modulator. Secondly, as discussed above, gradually adapting the routing
waveguide to the slow-light waveguide should also decrease insertion loss. Modulation speed of 100
Gb/s therefore seem within reach for this modulator with PAM-4.

4.4 Conclusion

In this paper, we demonstrated a new design of DAC-less PAM-4 SiP modulators based on the SL
effect. BGRs integrated into each arm of a MZM structure slowed down the optical wave, leading to
enhancement in the phase modulation, i.e., a factor of 6 in the present case. In contrast to MRMs,

this enhancement is achieved over a larger optical bandwidth, resulting in increased stability in per-
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formance and enlarged EO bandwidth. The phase modulation enhancement results in a modulator
with a compact footprint (Lsz—arza = 570 pm) and low power consumption (only 73 {J/bit). The
SL-MZM was characterized by an EO bandwidth of > 40 GHz and was operated up to 90 Gb/s over
an operating wavelength range of AApy = 2 nm. This wavelength range guaranties an opera-
tion without any distortion in presence of temperature fluctuations up to AT = 50 °C. Therefore,
compared to MRM, the requirements on the thermal control are significantly relaxed, leading to re-
duced cost and complexity of the control circuit. Our DAC-less PAM-4 SL-MZM is clearly capable
of addressing the tradeoff not only between efficiency and speed, but also between efficiency and

stability.
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Chapter 5

Fully integrated designs of SDM
transmitters with compact footprint

and power-eflicient operation

Résumeé- Dans ce chapitre, nous proposons des conceptions d’émetteurs SDM a quatre canaux uti-
lisant des modulateurs SiP a lumiére lente (SL) intégrés a un multiplexeur modal sur puce. Nous
utilisons des modulateurs Mach-Zehnder (MZM) assistés par des résonateurs a réseau de Bragg en
cascade (présentés dans la section 2.5) au lieu d’autres modulateurs SiP typiques (MZM convention-
nels ou modulateurs & micro-anneau (MRM)). Comme discuté dans la section 2.3.3, les modulateurs
SL fournissent un équilibre dans les indicateurs de performance tels que lefficacité de modulation,
la stabilité, Pefficacité énergétique et la vitesse de modulation. En effet, dans ces modulateurs, les
résonateurs a réseau de Bragg ralentissent les ondes optiques dans une bande passante optique de
l'ordre du nm, améliorant la modulation de phase sur une plage de longueurs d’onde relativement
large pour obtenir un fonctionnement plus stable par rapport au modulateur de résonance unique
(e.g., MRMs).

Nous concevons un émetteur SDM pour les systémes a courte portée basé sur des modulateurs
SL a deux segments pilotés avec deux signaux binaires (démontré dans la section 4.2). Les deux seg-
ments SL sont congus de telle sorte que la diaphonie RF intra-canal (fuite RF entre les deux déphaseurs
série) est minimisée comme décrit dans la section 4.3.3. Entrainés par des électrodes localisées, les
modulateurs PAM SL peuvent étre situés trés prés les uns des autres sans souffrir de diaphonie RF
inter-canal (diaphonie entre deux modulateurs SL adjacents), permettant une densité de bande pas-
sante élevée (vitesse par unité d’encombrement [Gb/s/m?]). Nous placons quatre de ces modulateurs
PAM en configuration paralléle pour réaliser quatre canaux spatiaux. Nous ciblons également les
transmissions de longue distance lors de la conception de modulateurs SL en phase et en quadrature
(IQ) intégrés a des électrodes a ondes progressives (TW). Comme expliqué dans la section 3.3, les

électrodes TW permettent aux modulateurs SL d’offrir simultanément des opérations a faible V. et a
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grande vitesse. Nous utilisons quatre de ces modulateurs IQ SL en paralléle avec une conception RF
minutieuse pour supprimer la diaphonie RF inter-canaux. Les deux modéles (émetteurs SDM basés

sur PAM et IQ) présentent une densité de bande passante élevée et une efficacité énergétique élevée.

En outre, nous présentons un modéle complet pour évaluer la pénalité de puissance d’émission
totale (TPP) des émetteurs SDM pour les deux scénarios (modulateurs PAM SL et modulateurs IQ
SL). Le modeéle incorpore des pénalités de puissance dynamiques, initiées par de la compensation
DAC et de la pré-distorsion du signal en raison de la bande passante finie des modulateurs SiP, ainsi
que des pénalités de puissance statique, résultant de la perte de propagation et de la perte induite

par la modulation. Le modéle indique que les deux conceptions fournissent des TPP optimaux.

Enfin, les signaux modulés provenant des modulateurs SL sont multiplexés spatialement par un
multiplexeur modal sur puce. Le multiplexeur de mode congu est composé de trois coupleurs direc-
tionnels asymétriques en cascade pour générer des modes d’ordre supérieur (dans ce cas, les modes
TEO, TE1, TE2 et TE3). Nous avons déja évoqué l'utilisation de cette structure comme séparateur de
mode dans la section 1.3.2. En utilisant un mécanisme, ces signaux multiplexés spatialement sont
dirigés vers une fibre a coeur elliptique faiblement multimode qui guide les modes mentionnés. Le

multiplexeur modal sur puce nous permet de proposer des émetteurs SDM entiérement intégrés.

Abstract- In this chapter, we propose four-channel SDM transmitter designs using slow-light
(SL) SiP modulators integrated with an on-chip mode multiplexer. We exploit Mach-Zehnder mod-
ulators (MZMs) assisted by cascaded Bragg grating resonators (presented in section 2.5) instead of
other typical SiP modulators (conventional MZMs or micro-ring modulators (MRMs)). As discussed
in section 2.3.3, SL modulators provide a balance in the performance indicators such as modulation
efficiency, stability, power efficiency, and modulation speed. Indeed, in these modulators, Bragg
grating resonators slow down optical waves in a nm-range optical bandwidth, enhancing phase
modulation over a relatively broad wavelength range to achieve more stable operation compared to

single-resonance-based modulators (e.g., MRMs).

We design an SDM transmitter for short-reach systems based on two-segment SL modulators
driven with two-binary signals (demonstrated in section 4.2). The two SL segments are engineered
in the way that the intra-channel RF crosstalk (RF leakage between the two series phase shifters) will
be minimized as discussed in section 4.3.3. Driven by lumped electrodes, PAM SL modulators can be
located very close to each other without suffering from inter-channel RF crosstalk (crosstalk between
two adjacent SL modulators), allowing high bandwidth density (speed per unit footprint [Gb/s/m?]).
We place four of these PAM modulators in parallel configuration to realize four spatial channels.
We also target long-haul transmissions in designing in-phase-and-quadrature (IQ) SL modulators
integrated with travelling wave (TW) electrodes. As elaborated in section 3.3, TW electrodes enable
SL modulators to simultaneously offer low V. and high-speed operations. We employ four of these
IQ SL modulators in parallel with a careful RF engineering to suppress inter-channel RF crosstalk.

Both designs (PAM- and IQ-based SDM transmitters) feature high bandwidth density and high power
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efficiency.

Furthermore, we present a comprehensive model to evaluate the total transmission power
penalty (TPP) of SDM transmitters for both scenarios (PAM SL modulators and IQ SL modula-
tors). The model incorporates dynamic power penalties, initiated by the DAC compensation and
pre-distortion of signal due to finite bandwidth of SiP modulators, as well as static power penalties,
resulted from propagation loss and modulation loss. The model indicates that both designs offer
better TPPs.

Finally, the modulated signals coming from the SL modulators are spatially multiplexed by an
on-chip mode multiplexer. The designed mode multiplexer is composed of three cascaded asymmet-
ric directional couplers to generate higher order modes (in the present case TEO, TE1, TE2, and TE3
modes). We already reported using this structure as a mode splitter in section 1.3.2. Using a mech-
anism (for example, using 3D polymer waveguide), these spatially multiplexed signals are directed
to a few-mode elliptical-core fiber that supports the mentioned modes. Having an on-chip mode

multiplexer enables us to propose fully integrated SDM transmitters.
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5.1 Introduction

During the last decade, time division multiplexing (TDM), polarization division multiplexing (PDM),
wavelength division multiplexing (WDM), and coherent techniques enabled continuous evolution of
optical communication systems with the fast growing demand. These techniques push the capacity
of single mode fibers (SMFs) close to the Shannon limit, having little possibilities to increase capacity.
The potential solution to tackling this limit lies in exploiting space as the last physical dimension for
multiplexing data, an approach known as space division multiplexing (SDM). These spatial channels
can be realized by multi-core fibers (MCFs), few-mode fibers (FMF), or even a combination of them.
The trend toward utilizing SDM/WDM systems necessitates the integration of a large number of op-
tical transmitters. Crucial considerations include footprint, power consumption, modulation speed,
and reliability of integrated electro-optic (EO) devices. A solution optimizing all these requirements

is desired.

Most existing efforts in SiP modulators for higher-order modulation formats have been focusing
on MZMs due to their large optical bandwidth. However, because of the low modulation efficiency
of the carrier dispersion effect, long phase shifters with TW electrodes are required, which brings
other issues such as large RF loss, power consumption, and footprint. Also, due to the RF crosstalk
between the long TW electrodes, these MZMs should be placed far enough from each other, de-
creasing bandwidth density. MRMs have been proposed to address these issues; however, they are
quite sensitive to the operational wavelength so that they need additional complex circuits to achieve

thermal stabilization, which consumes a large amount of energy.

In this chapter, we pursue the goal of developing high-performance optical SDM transmitters
suited for next-generation high-capacity optical transmission systems: low-power, high-bandwidth,
ultra-compact, stable, and fully integrated in SiP. The MZM assisted by coupled Bragg grating res-
onators increases phase modulation efficiency in each arm using resonators carefully designed to
have larger optical bandwidth. This design simultaneously achieves advantages of low-power con-
sumption, compact footprint, and relaxed requirements on the thermal control, leading to a sig-
nificant reduction in cost and control circuit complexity. Their compact footprint allows for high-
density integration for high-capacity SDM transceivers. Furthermore, we design an on-chip mode
multiplexer with low crosstalk, broadband response, and compact footprint. This paves the path for
a fully integrated SDM transmitter. We also present a system-performance study on SiP modulators
via estimating the total transmission power penalty (TPP) in an unamplified link for PAM and QAM
operations. It will be shown that SL modulators under an optimized design can simultaneously of-
fer more compact footprint and reduce total TPP (reduced by 10 dB at 100 Gbaud) compared to the
convectional MZM presented in Ref. [61] .
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5.2 Mode multiplexer

5.2.1 Different schemes for mode division multiplexing

Two strategies have been pursued to couple lights from optical chips to SDM fibers (MCFs or FMFs).
The first strategy is to couple the modulated signals from optical chips to single mode fibers (SMFs),
and then couple them from SMFs to SDM fibers, introducing off-chip mode division multiplexing
(MDM). The off-chip MDM might be easier to implement, however at the cost of introducing a bulky
transmission setup [90, 147]. The second strategy is to directly couple the lights from optical chips
to SDM fibers, employing the on-chip MDM which offers ultra-compact transmitter [148].

In the off-chip MDM, to couple light from SMFs to MCFs, free space coupling and fiber cou-
pling devices are demonstrated. Free space coupling is basically based on lens systems to combine
multiples beams [90], offering low crosstalk; however, at the cost of introducing a bulky and sophisti-
cated transmitter. Fiber coupling devices present a relatively more compact and simpler transmitter.
This method is based on directly connecting the MCFs to the SMFs, for example, using tapered fiber
bundle or multi-core connectors [147]. However, this scheme might suffer from crosstalk. For cou-
pling SMFs to FMFs, other techniques have been proposed such as using phase plates, mirrors, beam
splitters, q-plates, and fiber-based approach including photonic lantern, [90, 148-150]. These tech-
niques are essentially based on free-space optics. These approaches feature a good mode selectivity.

However, this benefit comes at cost of high insertion loss and cumbersome setups.

On the other hand, the on-chip MDM leveraging SiP technology offers a coupling scheme to
FMFs with compact footprint. Last but not least, the on-chip MDM eliminates the need for a cumber-
some setup and facilitates the path for a fully EO integrated transmitter. There have been different
demonstrations on generating orbital-angular-momentum (OAM) modes [148,151,152] and linearly
polarized (LP) modes [153].

In the following section as an example, we propose an on-chip mode multiplexer based on
cascaded asymmetric directional couplers to generate TE modes (TE0, TE1, TE2, and TE3). These
four spatial channels are guided into a few-mode highly-elliptical-core fiber that was fabricated in
COPL [95]. Fig. 5.1 illustrates the mode profiles propagating in the fiber, showing that the fiber
supports the expanded shapes of TE mode profiles that propagate in SiP waveguides, which will be

discussed in details in section 5.4.1.
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Figure 5.1 — TE and TM modes supported by in the highly-elliptical-core fiber.
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Figure 5.2 — a) Schematic of an asymmetric directional coupler b) effective refractive indices of TEO-
TE4 as a function of width of the waveguide (W) c¢) mode coupling as a function of waveguide width
(or super-mode simulation). The inset in (c) shows the simulation area in Lumerical-mode where the
simulation area is defined on the cross-section of the coupling area (i.e., including bus waveguide
with width of W and the waveguide with width of 500 nm) .

5.2.2 Mode multiplexer design

In the SiP platform, directional couplers are the most common solution for combining and splitting
optical powers due to their broadband response and low insertion loss under an optimized design.
As shown in Fig. 5.2 (a), the concept of directional couplers can be also utilized to introduce the
on-chip multi-mode SDM optical interconnects [154]. Optical powers in the fundamental mode will
be entirely coupled to another mode in the bus waveguide if the phase matching, expressed in Eq.

5.1, is satisfied.
B1Ly — B2l =0 (5.1)

where 31 and 32 represent propagation constants of the two waveguides, L, is the coupling length.
We designed the asymmetric directional couplers for coupling different modes using Lumerical-

Mode and Lumerical-FDTD. Fig. 5.2 (b) presents effective refractive indices of TE0-TE4 as a function
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of width of the waveguide (W) as well as the effective index of the waveguide with a width of 500
nm. Fig. 5.2 (c) shows the effective refractive index of the coupled mode as a function of the width
of the bus waveguide at Ay = 1550 nm. It shows that, for example, to couple TEO to TE1 (the black
line), the width of the bus waveguide should be 1 < W < 1.5. Any chosen width (W) within
this range corresponds with a specific coupling length (L;). We specified the design values using
Lumerical-FDTD (listed in Table 5.1) and their simulation results are shown in Fig. 5.3. As indicated,
the coupling loss for the three cases is lower than 1 dB in the whole C-band. In addition, a slight
power is coupled to undesired modes with crosstalk of less than 30 dB over the C-band. Finally, we
cascade these asymmetric directional couplers, as displayed in Fig. 5.4, in order to spatially multiplex

optical signals into four spatial channels.

5.3 Silicon photonic modulator designs

5.3.1 PAM transmission

Figure 5.5 shows the schematic of the PAM SL modulators that are proposed for the SDM transmitter
targeting short-reach systems. In section 2.3.3, we elaborated the potential of using multiple cascaded
low-Q-factor resonators to enhance phase modulation, improve energy efficiency, and offer a stable
operation. Each arm of an MZM is loaded by a Bragg grating superstructure with a uniform period
of A =300 nm, a duty cycle of 50%, a minimum width of 250 nm, and a maximum width of 1000 nm.
We introduce 30 phase-shifted sections along a uniform Bragg grating superstructure. Then, each
resonator consists of a phase-shifted section with 38 grating periods on each side. We loaded the
first 17 resonators and the last 12 resonators with PN junctions to introduce the two series segments,
called “most significant bit (MSB) segment” and “least significant bit (LSB) segment”, respectively.
Therefore, one cavity remains unloaded in order to minimize intra-channel RF crosstalk between

these two segments.

As shown in Fig. 5.5, we considered two thermal elements to control the PAM SL modulator.
The thermal element, labeled "1", is utilized for shifting the superstructure’s spectrum if necessary.
The other thermal element (labeled "4") is placed in order to set the operating point of the modulator
at the quadrature point. The modulator operates in the depletion mode under a single-drive push-
pull configuration. The other two DC connections, labeled "2" and "3", are used to adjust the bias
point of LSB and MSB segments, respectively. Fig. 5.6 (a) illustrates the modulator’s layout designed

in Pyxis, showing that the modulator is driven with lumped electrodes. Using lumped electrodes

Table 5.1 — The parameters of the designed directional couplers

Wilpm]  Glpm]  Wlum]  Lg[pm]

TEO to TE1 0.5 0.15 1.03 32
TEO to TE2 0.5 0.15 1.565 40
TEO to TE3 0.5 0.15 2.095 50

105



2,

0
——TEO to TEO s
@ 10 |.——TEO to TE1 T —— 1.
o\ 7 L
: 05 \
ke,
é -20 1550 15.00
2
& -30
|_
1500 1520 1540 1560 1580 1600
b) Wavelength (nm)
0
—— TEOto TEO S
& 10— TEOto TE1 ’
o — TEOto TE2
5 0 Cross-section o9
k7
N 1 :
,,,,,,,,,,,,,,,,,, 1500 1550 160}
£ -30
c
i
= 40 -
S0

1500 1520 1540 1560 1580 1600

0) Wavelength (nm)
—— TEOto TEO

o -10— TEOto TE1

) —— TEOto TE2

c -20f|—— TEOto TE3

2

w

© 30

=

@ m

5 -40

= \/

-50

\/\

-6
1500 1520 1540 1560 1580 1600
Wavelength (nm)

Figure 5.3 — Simulation results of asymmetric directional coupler when designed for coupling a) TEO
into TE1 b) TEO into TE2 ¢) TEO into TE3. The insets show the mode propagation for coupling of
each design to desired mode in the bus waveguide as well as their cross-sections. In the simulations,
the power monitors are placed after the coupling area plus 20 pm

106



TEO to TE2 mpr m

TEO to TEO ->

TEO to TE1 -» Spatlally
multiplexed

TEO to TE3 m signals

Figure 5.4 — Schematic of the mode multiplexer based on cascaded asymmetric directional couplers.

Figure 5.5 — Schematic of PAM SL modulators based on Bragg grating resonators with two segments
and four DC elements to set the operating point and bias the modulator

Figure 5.6 — a) Layout of PAM SL modulators designed in Pyxis b) a close view of Bragg grating
structure.

enhances power efficiency and eliminates the intre-channel RF crosstalk if several of these PAM

modulators are placed close to each other, resulting in enhanced bandwidth density.

Figure 5.6 (b) show a close view of the Bragg grating structure loaded with lateral PN junctions.
As displayed, compared to our design in section 4.2, we use a four-layer PN junction, instead of six
layers, loading the MSB and LSB segments with P++ | P+ | N+ | N++ junctions. Although it increases
the insertion loss of the modulator, it enables the SL phase shifters to present higher modulation
efficiency. In addition, it helps to slightly widen EO bandwidth. Our calculations shows that highly
doped SL modulators increase phase modulation by 42% compared to that of a normal-doped SL
modulator. The extra loss introduced by highly doped PN junctions remains in an acceptable range
(additional loss of 1 dB) as the length of the phase shifters is small. In our model, we use the following
doping densities: P+= 1018 cm ™3, N+= 108 cm ™3, P= 5% 1017 cm ™3, and N= 3x 1017 cm™—3
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Figure 5.7 — Schematic of IQ SL modulators based on Bragg grating resonators

5.3.2 Coherent transmission

To realize an SDM transmitter for long-haul applications, we design an IQ SL modulator. Fig. 5.7
shows the modulator schematic consisting of the two MZMs assisted by Bragg grating resonators
and a Mach-Zehnder interferometer (MZI) to adjust optical power between I and Q branches. As
displayed, there are two inputs and two outputs (labeled by "1" and "2") for the whole IQ modulator.
In addition, using the input and output labeled "3" ("4"), it is possible to monitor only I branch (Q

branch), helping to characterize each modulator individually.

An integrated Bragg grating resonator, with a uniform period of A =300 nm and thirty-coupled
resonators, is placed in each arm of MZMs. Each resonator is composed of a phase-shifted section
with 38 grating periods on each side. The Bragg gratings consist of sidewall corrugations with a duty
cycle of 50% in a ridge waveguide having an average width of 625 nm, a ridge height of 220 nm and

a slab height of 90 nm. The maximum and minimum widths are 1000 nm and 250 nm, respectively.

We employ eight thermal elements to control the IQ SL modulator. The four thermal elements
labeled "2", "3", "4", and "5" are placed on top of each segment in order to fine-tune the resonance
wavelength of each integrated Bragg grating resonator if required. The heaters labeled "8" and "9"
are used to set operating point of the I- and Q-branch of the IQ modulator, respectively. The heater
labeled "10" is used to introduce a 7/2 phase shift between I- and Q-modulated signals. Finally, the
thermal element labeled "1" is placed in one arm of the MZI to adjust the split power ratio between
I- and Q-branch of the IQ modulator. The modulators are driven with the single-drive push-pull
configuration using the depletion mode. The two other DC connections, labeled "6" and "7", are

utilized to adjust the bias point of I and Q modulators, respectively.

Figure 5.8 (a) shows the modulator layout designed in Pyxis, showing that the modulator is
driven with TW electrodes. As discussed in section 3.3, SL modulators are capable of reaching a good
compromise between speed and efficiency if integrated with TW electrodes. The TW electrodes are

designed based on coplanar stripline (CPS) configuration as illustrated in Fig. 5.9. In order to reduce
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Figure 5.8 — a) Layout of IQ SL modulators designed in Pyxis b) a close view of Bragg grating struc-
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Figure 5.9 — Loaded TW electrode with "T" shaped extensions to increase the RF index

velocity mismatching between RF and optical signals, we add "T" shaped extensions to the CPS
transmission line. These extensions introduce an additional metal capacitance while keeping the RF
impedance 50 €). As a result, they help to slow down RF signals, achieving a better match between RF
and optical indices. The TW electrodes are terminated with on-chip 50 €2 loads. The TW electrode
design is explained in details in [61]. Despite the advantage of TW electrodes, the RF crosstalk
between two adjacent TW electrodes necessitates a larger distance between these electrodes, losing
bandwidth density (speed per unit footprint [Gb/s/m?]). In [66], it is reported that the minimum
distance between TW electrodes with a length of 4 mm should be 800 ym to assure possessing a
crosstalk of < -30 dB. The advantage of our IQ SL modulators compared to conventional TW MZMs
is that we can place them much closer to each other since their length is several times shorter. In

our design, we consider a distance of 400 ym between two adjacent TW electrodes.
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Figure 5.10 - a) Four-channel SDM transmitter based on PAM4 SL modulators, b) a close view of
on-chip mode multiplexers, c) a close view of a back-to-back configuration of mode multiplexers

5.4 SDM transmitter designs

5.4.1 PAM transmission

Figure 5.10 (a) shows our design for a four-channel SDM transmitter targeting short-reach systems.
It requires a space of 2.85 x 2.1 mm? and consists of four PAM SL modulators described in section
5.3.1 and an on-chip mode multiplexer based on cascaded asymmetric directional couplers discussed
in section 5.2.2. We positioned the modulators in a compact footprint (~ 1.1 x 1.2 mm? ) due to
the beneficial attributes related to lumped electrodes. There are two sets of RF pads. The one in left
(right) side is connected to MSB (LSB) segments. Each set is composed of 10 pads that can be driven
with an RF probe with configuration of ”GSGSGGSGSG”, which is commercially available with
a fixed pin distance of 125 pum. Therefore, it is possible to use the full potential of the transmitter
without performing RF packaging. Note that due to the lack of on-chip load and in order to keep
S11 low, the RF probes should be terminated with 50 €2 loads.

There are twenty pads for DC connections. Each channel requires five of them for the MZM
control as shown in Fig. 5.5. Note that one pad has been designed as common grounds of the all
heaters to save the required space. In the case where DC packaging is not performed, all pads can

still be connected with a DC probe with twenty pins.
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Total number of optical inputs and outputs (I/Os) is fifty. We put edge couples for chip-to-fiber
light coupling because it offers less coupling loss compared to vertical couplers. The expected im-
provement is around 11 dB which has a significant impact on optical-signal-to-noise ratio (OSNR).
The fifty optical I/Os have been distributed as 12 edge couplers for PAM SL modulators, 10 edge cou-
plers for a back-to-back mode multiplexer, 4 edge couplers for a test mode multiplexer, and the rest
used in a back-to-back configuration for different purposes. Using well-spaced routing waveguides,
we connected three optical-I/O ports in each channel, named "Input 1", "Input 2", and "output 1" in
Fig. 5.5, to the three edge couplers, being able to monitor each channel individually. The other port

in Fig. 5.5, labeled "Output 2" is linked to the on-chip mode multiplexer.

The mode multiplexer, shown in Fig. 5.10 (b), is located in the right edge to provide a four-
channel spatially multiplexed output. In addition to the main mode multiplexer, we placed a test
mode multiplexer with a distance of 20 yum from the main one. This test structure is directly con-
nected to four of the edge couplers, allowing us to recognize the impact of the on-chip MDM on
transmitted data. It can be also used to design a post-processing scheme to guide lights from the
on-chip mode multiplexer to the highly-elliptical-core fiber. The scheme can be either based on 3D
tapered polymer waveguide or based on special lenses. Fig. 5.11 shows profiles of the modes prop-
agating in the fiber and the mode multiplexer (cross-section of the mode multiplexer output). In
Lumerical-Mode, the simulation geometry for the mode multiplexer is defined as 16.5 times smaller
than that of for the fiber (3.03 x 3.03 um? vs. 50 x 50 um?). As indicated in Fig. 5.11, the shapes of
the mode profiles are almost similar; however, their sizes are different. Placing a 3D tapered poly-
mer waveguide between these two components can be a possible solution by which the modes are
allowed to be expanded in both horizontal and vertical directions. From the EO integration per-
spective, it is a desired solution with a potential of offering low coupling loss. The other solution is
based on free space optics, using special lenses to magnify the mode size in horizontal and vertical
directions as shown in Fig. 5.12. The required magnifications are approximately 27 and 14 in vertical
and horizontal directions, respectively. We also placed a back-to-back configuration of the mode
multiplexer, displayed in Fig. 5.10 (c), in our layout to evaluate the all-on-chip performance of the

mode multiplexer.

5.4.2 Coherent transmission

Figure 5.13 (a) shows our layout for a four-channel SDM transmitter targeting long-haul applications.
The required space is 6.1 x 2.5 mm? and it consists of four IQ SL modulators explained in section
5.3.2 and an on-chip mode multiplexer discussed in section 5.2.2. We placed the IQ modulators with
enough distance (= 400 pm) from each other to minimize intre-channel RF crosstalk. The set of RF
pads is located in the top edge of the layout for RF connections. To exploit the full potential of the
IQ-based SDM transmitter (exploiting all four spatial channels), an RF carrier should be designed
with eight channels and then be connected to RF pads via either flip chip or wire-bonding. The pads
are located with a space of 240 pum from the top edge of the chip, well-positioned for RF packag-
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Figure 5.11 - Simulation results of the cross-section of the mode multiplexer output a) index profile,
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Trench

Figure 5.12 — Lens-based coupling scheme between the on-chip mode multiplexer and the highly
elliptical core fiber

ing. However, it is still possible to drive two of the channels using two RF probes with a ”GSSG”
configuration. Note that due to the presence of on-chip 50-€2 loads, RF probes without terminations
should be used.

Forty-eight pads are placed in the bottom edge for DC connections. Each channel requires
twelve of these pads for setting operating points, fine-tuning the resonance wavelength of each arm,
tuning bias points, and adjusting power between I- and Q-branch of IQ modulators (see Fig. 5.7).

Note that two pads are used as common grounds for all the heaters.

Sixty-eight edge couplers are employed for optical I/Os. The optical I/Os have been distributed
as 28 edge couplers for IQ SL modulators, 10 edge couplers for a back-to-back mode multiplexer, 4
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Figure 5.13 — a) Four-channel SDM transmitter based on IQ SL modulators, b) a close view of on-chip
mode multiplexers, c) a close view of a back-to-back configuration of mode multiplexers

edge couplers for a test mode multiplexer, and the rest used in a back-to-back configuration. Each
channel has eight optical I/O ports (see Fig. 5.7). The port, labeled "Output2" in Fig. 5.7, is linked to

the on-chip mode multiplexer while the other ports are connected to the edge couplers.

The mode multiplexer, shown in Fig. 5.13 (b), is placed in the left edge to provide a four-channel
spatially multiplexed output. In addition to the main mode multiplexer, similar to our design for the
PAM SDM transmitter, we placed two test structures: a test mode multiplexer, shown 5.13 (b), and a
back-to-back configuration of the mode multiplexer, displayed in Fig. 5.13 (c). These test structures

were discussed in details in the fourth paragraph of section 5.4.1.

5.5 Transmission power penalty of slow-light modulators

We study system-oriented performance of SL modulators by estimating transmission power penalty
(TPP) in an unamplified short-reach data links for PAM and coherent transmissions. As briefly men-
tioned in section 3.2.4, system-level degradations associated with SL modulators can be categorized
into two main groups: static TPP and dynamic TPP. The static TPP results from propagation loss,
mainly caused by absorption loss of PN junctions, as well as modulation loss, generated by produc-
ing less phase modulation than Ay < 7 (or a driving voltage of lower than V},, < V7). The dynamic
TPP is created due to finite bandwidth of optical modulators. The finite bandwidth degrades high-

frequency components, resulting in increased rise and fall times, and consequently, less opened eye
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diagram in the PAM transmission or closer symbols in the coherent transmission. In the following

sections, we evaluate the total TPP in the PAM and coherent transmissions.

5.5.1 PAM transmission

Figure 5.14 shows the block diagram of our model to calculate the total TPP for the PAM transmission
at a 50-GBaud modulation speed. We first generate MSB (Fig. 5.14 (b)) and LSB signals. After
applying pulse shaping, we assume that number of sample per symbol (SPS) is 5 and the DAC has a
bandwidth of 50 GHz (Fig. 5.14 (c) and (d)). Then, we pre-compensate for the bandwidth limitation
of the DAC applying a digital filter whose frequency transfer function is inverse of the DAC (Fig.
5.14 (e)). Compensation for the bandwidth limitation of SiP SL modulators requires calculating their
EO response (Fig. 5.14 (f)) and pre-distorting signals accordingly (Fig. 5.14 (g)). Basically, in these
two mentioned steps, we weaken low-frequency components in order to have a flatten spectrum
after taking to account the bandwidth limitations induced by the DAC and SiP modulators up to
the target speed. The EO response of SL modulators with lumped electrodes is calculated using the
model presented in section 3.2.1. Thereafter, electrical signals are boosted (Fig. 5.14 (h)). The MSB
(LSB) signal passes through an RF amplifier with a bandwidth of 30 GHz (50 GHz), a gain of 24 dB
(23 dB), a saturated gain of 21 dBm (18 dBm). Note that we use the specs of RF amplifiers that are
available in our lab. We set the bias point of the modulator in the reverse domain using a DC voltage
of -1.75 V (Fig. 5.14 (i)). Note that we assume the modulator is driven using a single drive push-pull
configuration. Finally, we apply the electrical signals to the MSB and LSB segments of the PAM SL
SiP modulator described in section 5.3.1. Fig. 5.14 (k) shows the eye diagram of the modulated signal,

composed of four distinct levels.

As indicated, even though the considered system is noise-less, the modulated eye diagram is

not perfect and eye opening becomes closer compared to that of generated by an ideal system, i.e.,

a system with no propagation loss, no modulation loss and infinite bandwidth. Hence, we define the
total TPP as

TPP =10 x log (g) (5.2)

where d and D represent eye openings of the optical signal when modulated by non-ideal and ideal
systems, respectively. Using Eq. 5.2, the total TPP for the PAM SL modulator designed in section
5.3.1 is calculated to be 6.1 dB. Fig. 5.15 reports the total TPP of SL SiP modulators with different
designs, showing that the designed modulator with an enhancement factor of 6 provides almost an
optimized TPP. This figure also indicates that optimized TPP is achieved in shorter phase shifter
length when employing stronger SL effect (larger ), resulting in more compact footprint. However,
these designs are more susceptible to fabrication imperfections. Hence, in our design presented in

section 5.3.1, we did not consider a strong SL effect to reach a compromise.

Figure 5.16 presents the total TPP of the designed PAM SL modulator for different baudrates.
The trend in the graph indicates that up to a certain baudrate (60 GBaud), the total TPP remains

constant because it is mainly caused by static limiting factors. Whereas, after 60 GBaud, the total
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Figure 5.14 - a) Schematic of our model to calculate the total TPP of PAM SL modulators with lumped
electrodes at baudrate of 50 GBaud, b) eye diagram of generated data, c) eye diagram of electrical
signal after pulse shaping, d) eye diagram of electrical signal after applying bandwidth limitation of
DAG, e) eye diagram of electrical signal after pre-compensating the DAC, f) EO response of the MSB
segment, g) eye diagram of the pre-distorted signal due to the finite bandwidth of modulator, h) eye
diagram of electrical signal after RF amplifier, i) eye diagram of applied signal to the modulator, k)
eye diagram of optical modulated signal.

TPP sharply increases because the EO response has a sharp roll-off (see Fig. 5.14 (f)) and the operating
speeds are larger than the 3-dB EO bandwidth, which is the dynamic TPP. The sharp roll-off comes

from integration of the PAM SL modulator with lumped electrodes as explained in section 3.2.5.

5.5.2 QAM transmission

Figure 5.17 displays the schematic of our model for calculating the total TPP for the QAM transmis-
sion at a baudrate of 100 GBaud. We first generate I signal (Fig. 5.17 (b)) and Q signal. Then, we
apply pulse shaping (Fig. 5.17 (c)). It is assumed that SPS is 5 and the DAC bandwidth is 50 GHz (Fig.
5.17 (d)). After that, we pre-compensate for the DAC employing a digital filter with a spectrum that
is inverse of the DAC spectrum (Fig. 5.17 (e)). Next, similar to the previous section, we compensate
for the impact of the finite bandwidth of SiP SL modulators by pre-distorting data with respect to
the modulator’s EO response (Fig. 5.17 (f) and (g)). We described in details how to calculate the
EO response of SL modulators with TW electrodes in section 3.3.1. Thereafter, electrical signals are

amplified using RF amplifiers with a bandwidth of 50 GHz, a gain of 23 dB, a saturated gain of 18
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Figure 5.15 - Total transmission power penalty as a function of length of SL phase shifters for dif-
ferent enhancement factors () at baudrate of 50 GBaud for PAM4 format.

dBm (Fig. 5.17 (h)). We adjust the bias point of the modulator in a reverse voltage of -1.25 V (Fig.
5.17 (i)). The modulator is driven under a single drive push-pull configuration. Finally, we apply the
electrical signals to the I and Q branches of our IQ SL SiP modulator described in section 5.3.2.

Figure 5.17 (k) shows the constellation diagram of the modulated signal. Fig. 5.17 (m) illustrates
the spectra of the electrical signal before and after implementing the pre-distortion as well as the
spectrum of the optical modulated signal, clearly showing the impact of pre-distortion on the spec-
tra. Fig. 5.18 shows the constellation diagram of 16- and 64-QAM signals at 100 Gbaud in a ideal
system (black stars), a system only suffering from the finite bandwidth (red dots), a system suffering
from the finite bandwidth and modulation loss (blue dots), and a system suffering from the finite
bandwidth, modulation loss, and on-chip propagation loss (yellow dots). This figure clearly shows

the contribution of each limiting factor in the total TPP.

The total TPP in the coherent transmission similar to the PAM transmission is calculated using
Eq. 5.2, where d and D are the distance between two adjacent points in constellation diagrams
with and without presence of impairments from IQ SL modulators (non-ideal and ideal systems),
respectively. We assess the total TPP of IQ SL modulators with different designs at baudrate of
50 GBaud. The results are reported in Fig. 5.19, showing that the designed IQ modulator with an
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Figure 5.16 — Total transmission power penalty as a function of baudrate for the designed PAM SL
modulator introduced in section 5.3.1.

enhancement factor of 6 offers almost an optimized TPP.

Figure 5.20 (a) shows the total TPP as a function of baudrate for the designed IQ SL modulator
for different modulation formats (QPSK, 16QAM, and 64QAM). As indicated, the total TPP increases
gradually, not sharply, with increasing the modulator speed because the modulator has a EO response
with a smooth roll-off (see Fig. 5.17 (f)). The smooth roll-off is a result of integrating the IQ SL
modulator with TW electrodes as discussed in section 3.3.3. Furthermore, it is observed that the
total TPP is almost similar for all mentioned modulation formats, coming from the way that we
define the TPP in Eq. 5.2. To realize the impact of higher modulation format on the performance, we
introduce another factor, called probability error factor. This factor is defined as the distance between
modulated symbols (d) normalized to the input optical field. Fig. 5.20 (b) presents the probability
error factor versus baudrate, showing that the error factor sharply increases for higher-order QAM

transmissions.

Slow-light modulators vs. conventional MZMs for QAM transmission

In this section, we aim to compare the designed IQ SL modulator with the conventional MZM re-
ported in [61]. Fig. 5.21 presents the calculated TPPs of IQ SL modulators with an enhancement
factor of v = 6 (red solid curve) and IQ conventional MZMs (blue solid curve) as a function of
their phase shifter length. We mark two spots in these two curves that represent the total TPP of
our deigned IQ SL modulator (discussed in section 5.3.2) and the reference IQ conventional MZM
reported in Ref. [61]. As depicted, the designed SL modulator is capable of offering not only a more
compact footprint but also less power penalty in comparison to the reference MZM. As mentioned
in section 5.4.2, a four-channel SDM transmitter based on the IQ SL modulators requires a space of ~

5.6 x 1.7 mm?, while the one based on conventional modulators needs approximately a 8 x 6.1 mm?
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Figure 5.17 — a) Schematic of our model to calculate the total TPP of IQ SL modulators with TW
electrodes at a baudrate of 100 GBaud, b) eye diagram of generated data, c) eye diagram of electrical
signal after pulse shaping, d) eye diagram of electrical signal after applying bandwidth limitation
of DAC, e) eye diagram of electrical signal after pre-compensating the DAC, f) EO response of the
modulator, g) eye diagram of the pre-distorted signal due to the finite bandwidth of modulator, h)
eye diagram of electrical signal after RF amplifier, i) eye diagram of applied signal to the modulator,
k) constellation diagram of optical modulated signal

space [61]. Therefore, operated in the same baudrate, the SL-modulator-based transmitter improves
the bandwidth density (speed per unit footprint [Gb/s/m?]) by a factor of about 5.1 compared to the
conventional-MZM-based transmitter. Additionally, the total TPP of the SL-modulator-based trans-
mitter improves by 1.3 dB. To realize the generosity of our conclusion to RF amplifier, we repeat the
analysis with a CMOS-compatible RF amplification (peak-to-peak voltage of 2.5 V with bandwidth
of 50 GHz), the total TPP increases to 12 dB for our deigned IQ SL modulator and to 13.6 for the
reference IQ conventional MZM, again showing 1.4 improvement in the total TPP. As shown, our

conclusion is valid regardless of RF amplification.

Figure 5.21 also shows that IQ modulators with a conventional configuration offer the better
TPP (7.9 dB) at 50 GBaud when employing a phase shifter with a length of 2.5 mm. Even with the
optimized length, conventional MZMs cannot offer a better TPP compared to the proposed SL design
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Figure 5.19 - Total transmission power penalty as a function of length of SL phase shifters for dif-
ferent enhancement factors () for the 16 QAM format at a baudrate of 50 GBaud.

for the coherent transmission.

A considerable part of the total TPP of the IQ SL modulator is caused by high propagation
loss in the SL waveguide (discussed in section 4.3.1, asr,—przp = 92 dB/cm). If propagation loss is
improved through design and fabrication, the optimized modulator will demonstrate a significantly
better TPP. For example, assuming that the propagation loss in the current SL design (Lsr,—arzm =
650 pm) is reduced from 6 dB to 3 dB, the total TPP improves by 2 dB. The dash red curve in Fig
5.21 shows the total TPP of the improved SL modulator with a propagation loss of agr,—rrzym =

46 dB/cm including the absorption loss. This improvement can be realized by employing a tapered
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grating structure, for example. The optimized SL modulator would provide a reduction of 3.3 dB in

the total TPP compared to conventional MZM reported in [61].

5.6 Conclusion

In this chapter, we proposed two designs of SDM transmitters, for short-reach and long-haul sys-

tems, that could be followed by an on-chip mode multiplexer to realize all-silicon transmitters. We
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designed the transmitter for short-reach systems based on two-segment SL modulators integrated
with lumped electrodes and for long-haul systems using IQ SL modulators integrated with TW elec-
trodes. For both cases, we went through the design processes and the requirements for their measure-
ments. Then, we demonstrated a comprehensive model for assessing the total TPP of SL modulators
for both scenarios (PAM SL modulators and IQ SL modulators). We took into account both dynamic
TPP and static TPP in our model. The model indicated that both designs offer almost optimized TPPs.
We also proposed a design for on-chip mode multiplexers consisting of three cascaded asymmetric
directional couplers to generate TE1, TE2, and TE3 modes. Hence, the mode multiplexer creates four
spatial channels. The simulation results show that the coupling loss of each mode is less than 1 dB

and crosstalk (coupling the power to not desired modes) is also below 30 dB in the whole c-band.

The transmitters will be fabricated through a multi-project wafer run using a standard 193 nm
lithography process at the IME (AMF) A*STAR with a silicon layer thickness of 220 nm and a 2 um

buried oxide.
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Conclusion and future works

In this thesis, we pursue the goal of developing high-performance optical transmitters. These trans-
mitters require several modulators integrated into a single chip. These modulators should offer
high-speed operation, low energy consumption, compact footprint, and stability simultaneously.
Well-known silicon photonic (SiP) modulators, such as micro-ring modulators (MRMs) and Mach-
Zehnder modulators (MZMs), do not meet all the aforementioned features. Hence, we start this
thesis with exploring innovative SiP modulators that could reach a compromise in the performance.
We experimentally demonstrated two novel SiP modulators, one of them based on the mode conver-
sion and the other one based on the slow-light (SL) effect. The SL modulator provided a promising
solution; hence, we explored its potential from a system-level perspective. Finally, we propose a

vision for four-channel SDM transmitters based on SL modulators.

Our first contribution was to demonstrate a mode-conversion-based SiP modulator with a half-
period offset between sidewall gratings. We experimentally reported a modulator operated in re-
flection with a low on-chip loss and without a circulator using an asymmetric Bragg grating (ABG)
structure in a two-mode waveguide. The reflection operation provides a more efficient performance
compared to the one in transmission. The ABG structure results in a contra-directional coupling be-
tween two orthogonal modes, in the present case between the incident TEO0 mode and the reflected
TE1 mode. This mode conversion offers an opportunity to introduce a device at the modulator input
(asymmetric Y-junction or asymmetric directional couplers) as a mode splitter. The whole device
therefore act similarly to an on-chip circulator. The modulator in the first demonstration, loaded
with lateral junctions, had a low power consumption of 150 fJ/bit and operated with a BER below
the 7% FEC threshold up to 30 Gb/s. In the second demonstration, we reported a mode-conversion
based SiP modulator that takes advantage of both lateral and interleaved p-n junctions to enhance
phase modulation. The modulator gained a 67% improvement in the phase modulation compared
to the lateral one. The modulator operated up to 55 Gb/s with BER below the 20% FEC threshold
showing great potential for high speed, low cost, compact (L = 290 um), and power efficient (226
fJ/bit) transmissions. At the present case, the performance is limited by delay time introduced by
the high corrugations of the Bragg grating structure. With optimizing the Bragg structure, it should
be possible to improve the modulation speed. Also, the modulator performance also is sensitive to

the operating point, similar to MRMs.
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Employing strong corrugations helps to achieve a sharp response in the edge of the modulator
spectrum even with a small length, resulting in high extinction ration. Nevertheless, it introduces
higher insertion loss and larger delay time, which in turn limits the EO bandwidth of the modulator.
For future works, Optimizing grating strength is critical to reach a compromise in the mentioned
criteria. Furthermore, considering the fact that the optical modes are symmetric with respect to
center of the waveguide, it is possible to exploit n-p-n junctions, instead of p-n junctions. Such n-p-
n junctions introduce two parallel depletion regions along the waveguide, instead of one, resulting in
an enhanced modal overlap, and thus, an improved phase modulation. Nevertheless, such a doping
configuration is quite challenging for the standard CMOS manufacture. We propose segmented n-
p-n junctions to meet the all the standards; however, having a low resistance introduced by n-p-n

junction would still be an issue.

As the second contribution, we demonstrated a slow-light (SL) SiP modulator: a Mach-Zehnder
modulator (MZM) assisted by coupled Bragg grating resonators (BGRs). We presented a design im-
proving the tradeoff between optical bandwidth and power consumption, reaching a compromise
between the large optical bandwidth of conventional MZMs and the high modulation efficiency of
micro-ring modulators (MRMs). We employed cavities with low Q factors to improve optical band-
width. The required phase modulation is then achieved by cascading several of these resonators
along the waveguide, each resonator providing a fraction of the total required phase shift. We de-
signed BGRs with large grating corrugations to obtain high photonic bandgaps. With these gratings,
a large number of resonators can be placed in series, while keeping the overall footprint quite small.
A comprehensive models in the frequency domain as well as the time domain for BGRs were pre-
sented that enabled us to carefully engineer the SL effect using BGRs. The SL modulator was exper-
imentally characterized by a low power consumption (84 {J/bit), an improved modulation efficiency
(small-signal V; x L = 0.18 V.cm), and a compact footprint (L = 162 pm). The modulator operated
up to 30 Gb/s below the 7% FEC threshold over a temperature range larger than AT > 40 °C.

According to our assessment, a big part of TPP introduced by SL modulators is caused by high
propagation loss (static TPP). Reduction in the insertion loss can boost their performance signifi-
cantly. Hence, it is important to study different design strategies in order to reduce the insertion loss
of MZMs assisted by BGRs.

In our third contribution, we studied SL modulators considering the fundamental tradeoffs in
SiP modulators. We assessed the performance of SL modulators compared to conventional MZMs
taking into account electro-optic (OE) bandwidth and a FOM. The FOM examines key parameters
such as efficiency, loss, and speed. To this end, we first modeled the EO behavior of SL modulators
with lumped electrodes and TW electrodes. The model for lumped SL modulators showed that in
addition to the RC time constant, the interaction time between the uniform voltage along electrodes
and optical signals imposes a limitation on the modulator’s speed. The FOM calculations indicated
that the total transmission power penalty (TPP) associated with lumped SL modulators never be-

comes smaller than that of in the reference MZM. Next, we showed that the change in the type of
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electrodes (replacing lumped electrodes by TW electrodes) enabled SL modulators to achieve a sig-
nificant improvement in the EO bandwidth. This improvement allows SL modulators to outperform
the reference MZM at high-speed operations. Finally, we discussed different design strategies to
reduce V. of conventional MZMs. It was shown that the SL effect offers the best-in-performance

solution.

As discussed in this chapter, replacing lumped electrode by TW electrodes enables SL mod-
ulators to simultaneously reduce V; and increase EO bandwidth, improving bandwidth-efficiency
tradeoff. This shows the importance of driving schemes in SL modulators. A novel driving scheme
that is exclusively designed for SL modulator can boost the performance of this modulator even more.
With the current TW electrode, a considerable part of RF powers is dissipated upon the resistance

terminator. Hence, An innovative design for driving SL modulators is desired.

Our fourth contribution was to demonstrate an SL SiP modulator to generate PAM4 without
the need for digital-to-analog converters (DACs). Superstructural BGRs are carefully designed and
loaded into each arm of an MZM to slow down the optical wave, resulting in enhancement in the
phase modulation, an enhancement factor of v+ = 6. This enhancement is offered over a larger
optical bandwidth, which in turn results in enhanced stability and enlarged EO bandwidth. Due to
the phase modulation enhancement, the modulator had a compact footprint and presented a low
power consumption (only 73 fJ/bit). The modulator was experimentally characterized by an EO
bandwidth of > 40 GHz and was operated up to 90 Gb/s over an operating wavelength range of
AApw = 2 nm, corresponding to an operating tempeture range of AT = 50 °C. The DAC-less
PAM-4 SL modulator is capable of improving the tradeoff not only between efficiency and speed,
but also between efficiency and stability. This indicates a promising solution for the next generation
of 400 Gb/s SiP transmitters featuring low cost, high bandwidth density and less complexity for the

thermal control circuit.

In the last contribution, we designed all-silicon SDM transmitters based on SL modulators fol-
lowed by an on-chip mode multiplexer. The design features high bandwidth density, high power
efficiency, and relatively stable operation. We aimed both short-reach and long-haul systems in de-
signing PAM and IQ SL modulators, respectively. We employed MZMs assisted by cascaded BGRs as
SL modulators. In short-reach transmissions, power budget and cost (power efficiency and footprint)
outweigh all other criteria in importance; hence, we loaded SL modulators with lumped electrodes.
Whereas, long-haul transmissions require high-performance modulators with low V. and large EO
bandwidth; thus, we integrated SL modulators with TW electrodes. We placed four of these IQ/PAM
SL modulators in parallel configuration to realize four spatial channels after passing through the
on-chip mode multiplexer. We also evaluated the total transmission power penalty (TPP) of these
SDM transmitters through a comprehensive model. The model composed of both the dynamic TPP
and the static TPP. Moreover, we designed a mode multiplexer based on three cascaded asymmetric
directional couplers to generate higher order modes (in the present case TE0, TE1, TE2, and TE3

modes), featuring compact footprint, low insertion loss and low crosstalk.
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For the future, there are two important aspects that should be studied in order to realize a full
SDM transmission. 1) A post-processing scheme to guide lights from the on-chip mode multiplexer
to the highly-elliptical-core fiber is vital for realizing the SDM transmission. We propose using 3D
tapered polymer waveguide or designing special lenses in this case. 2) As the number of RF and
DC inputs increases, RF and DC packagings reveal their importance. RF chip carrier with minimum

crosstalk between RF signal paths has to be realized to reach the full potential of SDM transmitters.
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