Silicon photonic devices and circuits for optical
communication applications

Md Ghulam Saber

Department of Electrical & Computer Engineering
McGill University
Montréal, Canada

July 2019

A thesis submitted to McGill University in partial fulfillment of the requirements for the
degree of Doctor of Philosophy.

© 2019 Md Ghulam Saber



Abstract

Emerging applications such as cloud-based storage services (e.g., Dropbox, onedrive), high def-
inition streaming services (e.g., Netflix, Amazon prime video), machine-to-machine commu-
nications (e.g., Internet of Things), and 5G radio networks are fueling the need for faster and
bandwidth-efficient optical networks. The requirements of these applications include increased
capacity, and reduced cost, power consumption, footprint, and complexity. Therefore, there is
a growing trend in developing integrated optoelectronic devices to meet the above mentioned
requirements. Specifically, the silicon-on-insulator (SOI) platform has drawn huge research in-
terest due to its low power operation, dense integration, and low-cost fabrication with relatively
high yield using the existing complementary-metal-oxide-semiconductor (CMOS) foundries.
Consequently, silicon photonics has recently entered the production phase of the technology
development cycle. This thesis presents several silicon photonic devices and circuits for appli-
cations in different segments of the optical networks.

In the first part of the thesis, we report several passive silicon photonic devices based on
Bragg gratings, interference, and doping. First, two configurations (single-stage and cascaded)
of the optical add-drop multiplexers (OADMs) are presented using Bragg gratings in a Mach-
Zehnder interferometer. The single-stage and the cascaded OADMs achieved extinction ratios
(ERs) of 25 and 51 dB, respectively, and have minimum lithographic feature size within the
limitation of the 193 nm deep ultraviolet (DUV) lithography. Second, we present two types of
the transversely coupled Fabry-Perot resonators using Bragg gratings and loop mirrors. The
Bragg grating based designs offer maximum ER of 37.3 dB and maximum Q-factor of 23642
while the loop mirror based designs offer maximum ER of 18.1 dB and maximum Q-factor of
28086. Third, we demonstrate a 120° optical hybrid using 3x3 multimode interference (MMI)
coupler. The hybrid demonstrates measured excess loss of <2.4 dB over 60 nm (1500 nm -
1560 nm) and the deviations in split ratio among the three output ports are <£1 dB over 1500
nm to 1555 nm wavelength range. Phase deviations of <5° over 30 nm (1520 nm to 1550 nm)
and <10° over 80 nm (1500 nm to 1580 nm) bandwidths are also achieved. Finally, we report
a hybrid plasmonic waveguide based transverse magnetic (TM)-pass polarizer using highly
doped silicon instead of metals. According to our analysis, the proposed TM-pass polarizer
achieves an ER of 30.1 dB and an insertion loss (IL) of 3.1 dB with a length of 15 ym near 1550
nm wavelength.

In the last part of the thesis, we present bench-top and integrated solutions for applications
in the high-speed passive optical networks (PONs). The standardization process of the phys-
ical layers of the high-speed PONSs is currently in progress with the IEEE P802.3ca task force
and the International Telecommunication Union (ITU) groups. First, we report performance
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enhancement of a simplified coherent receiver based on 120° hybrid using 4-level pulse ampli-
tude modulation (PAM-4). This allows the use of low bandwidth optoelectronic components to
achieve higher bit rate (e.g., 10G component for 25 Gb/s bit rate). Using the bulk optics based
receiver we obtained 25 Gb/s PAM-4 transmission over 21 km of single-mode fiber (SMF) with
a receiver sensitivity of -14.5 dBm. Second, we demonstrate a fully-integrated 120° hybrid based
simplified coherent receiver on the SOI platform. For the 25 Gb/s 2-level pulse amplitude mod-
ulation (PAM-2) signals, a sensitivity of -20.3 dBm is achieved after 21 km of propagation while
for the 25 Gb/s (12.5 GBaud) PAM-4 signals, the achievable sensitivity is -9.5 dBm after 21 km
of fiber. Third, the performance of the integrated coherent receiver is improved further by us-
ing a better transmitter and simple digital signal processing (DSP) at the receiver. We achieved
-16.6 dBm of receiver sensitivity with 25 Gb/s (12.5 GBaud) PAM-4 after 21 km without any
dispersion compensation and receiver equalizer, and -11.6 dBm of receiver sensitivity with 50
Gb/s (25 GBaud) PAM-4 after 21 km using 31-tap linear feed-forward equalizer (FFE) at the

receiver.
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Sommaire

Les applications émergentes telles que les services de stockage en nuage (Dropbox, onedrive,
par exemple), les services de streaming haute définition (Netflix, Amazon prime video), les
communications entre ordinateurs (Internet of Things, par exemple) et les radios pour le réseau
5G sont des nécessitent des réseaux optiques plus rapides et utilisant plus efficacement leur
bande passante. Les exigences de ces applications incluent une capacité accrue et une réduction
des cofits, de la consommation d’énergie, de I'encombrement et de la complexité des solutions.
Par conséquent, il existe une tendance croissante a développer des dispositifs optoélectroniques
intégrés pour répondre aux exigences susmentionnées. Plus précisément, la plate-forme sili-
cium sur isolant (SOI) a suscité un intérét considérable en matiére de recherche en raison
de son fonctionnement a faible puissance, de son intégration dense et de sa fabrication a
faible cotit avec un rendement relativement élevé grace aux fonderies existantes CMOS. En
conséquence, la photonique sur silicium a récemment entrée dans la phase de production du
cycle de développement technologique. Cette these présente plusieurs dispositifs et circuits
photoniques en silicium pour des applications dans différents segments des réseaux optiques.
Dans la premiére partie de cette these, nous rapportons plusieurs dispositifs photoniques
passifs en silicium basés sur les réseaux de Bragg, interférence et le dopage. Premierement,
deux configurations (a une étape et en cascade) des multiplexeurs optiques add-drop (OADM)
sont présentées, utilisant des réseaux de Bragg dans un interférometre de Mach-Zehnder. Les
OADM a une étape et en cascade ont atteint des taux d’extinction (ER) de 25 et 51 dB, respec-
tivement, et ont une taille minimale de caractéristiques lithographiques dans les limites de la
lithographie a ultraviolets profonds (DUV) de 193 nm. Deuxiemement, nous présentons deux
types de résonateurs Fabry-Perot a couplage transversal utilisant des réseaux de Bragg et des
miroirs a boucle. Les conceptions basées sur les réseaux de Bragg offrent un ER maximal de
37,3 dB et un facteur Q maximal de 23642, tandis que les conceptions basées sur des miroirs a
boucle offrent un ER maximal de 18,1 dB et un facteur Q maximal de 28086. Troisiémement,
nous présentons un hybride optique a 120° utilisant le coupleur multimode par interférence
3x3 (MMI). L'hybride présente une perte en exces mesurée inférieure a 2,4 dB sur 60 nm (1500
nm a 1360 nm) et 1’écart du rapport de division entre les trois ports de sortie est <4 1 dB sur
la plage de longueurs d’onde de 1500 nm a 1555 nm. Des déviations de phase de < 5° sur 30
nm (1520 nm a 1550 nm) et < 10° sur une largeur de bande de 80 nm (1500 nm a 1580 nm)
sont également obtenues. Enfin, nous rapportons un polariseur plasmonique hybride passe-
transverse magnétique (TM) basé sur un guide d’onde utilisant du silicium hautement dopé au
lieu de métaux. Selon notre analyse, le polariseur passe-TM proposé atteint un ER de 30,1 dB

et une perte d’insertion (IL) de 3,1 dB avec une longueur de 15 ym a une longueur d’onde de
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1550 nm.

Dans la derniere partie de la these, nous présentons des solutions intégrées pour des appli-
cations dans les réseaux optiques passifs a grande vitesse (PON). Le processus de normalisation
des couches physiques du réseau PON a grande vitesse est actuellement en cours avec le groupe
de travail IEEE P802.3ca et les groupes de 1'Union internationale des télécommunications (ITU).
Tout d’abord, nous rapportons 'amélioration des performances d’un récepteur cohérent sim-
plifié basé sur un hybride a 120° utilisant une modulation d’amplitude a 4 niveaux (PAM-4).
Cela permet l'utilisation de composants optoélectroniques a faible bande passante pour attein-
dre un débit plus élevé (par exemple, composant 10G pour un débit de 25 Gb/s). En utilisant le
récepteur basé sur les propriétés intrinseques du matériau, nous avons obtenu une transmission
PAM-4 & 25 Gb/s sur 21 km de fibre monomode (SMF) avec une sensibilité de récepteur de -
14,5 dBm. Deuxiémement, nous démontrons un récepteur cohérent simplifié basé sur ’hybride
a 120° entierement intégré sur la plate-forme SOI. Pour les signaux PAM-2 a 25 Gb/s, une
sensibilité de -15,1 dBm est obtenue apres 30 km de propagation, tandis que pour les signaux
PAM-4 a 25 Gb/s (12,5 Gb/s), la sensibilité réalisable est de -9,5 dBm apres 21 km de la fibre.
Troisiemement, les performances du récepteur cohérent intégré sont encore améliorées en util-
isant un meilleur émetteur et un simple traitement du signal numérique (DSP) au niveau du
récepteur. Nous avons atteint une sensibilité du récepteur de -16,6 dBm avec PAM-4 a 25 Gb/s
(12,5 Gbaud) apres 21 km sans compensation de dispersion ni égaliseur au niveau du récepteur,
et une sensibilité de récepteur de -11,6 dBm avec PAM-4 de 50 Gb/s (25 Gbaud) apres 21 km,
en utilisant I'égaliseur linéaire a 31-tap de correction avancée (FFE) au niveau du récepteur.
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Chapter 1
Introduction

1.1 Motivation

To meet the ever-increasing demand of internet usage by users, the capacity of the communica-
tion networks needs a significant increase. It is expected that 60% population of the world will
be using the internet by 2022 [1]. The number of connected devices will rise to 28.5 billion in
2022 due to the increase in the number of interconnected devices i.e., Internet of Things. To put
things into perspective, this is 3.6 times more than the expected population of the world in 2022
[1]. According to the Cisco report dated February, 2019 (shown in Fig. 1.1), the compound an-
nual growth rate (CAGR) [CAGR = (End Val./Beg. Val.)"/ #7** _ 1] will be 26% between 2017
and 2022. Global IP traffic will increase threefold over the next five years and the annual global
IP traffic will reach 4.8 ZB per year by 2022 [1].

The massive increase in bandwidth demand is fueled by the change in the way we consume
media. The emergence of the 4K/8K streaming services are changing the entertainment indus-
try ecosystem. People are moving away from the traditional cable-based broadcast services to
the video on-demand services which doubles the data consumption [1,7]. The appearance of
the cloud services are redefining the way we compute and store data. Enterprises are mov-
ing their computation power to cloud-based servers and people are storing their data on the
servers. These applications require high quality internet connections. Gaming is also becoming
a significant source of online traffic. The number of downloads are growing on the gaming
networks such as, Playstation, Nintendo, and Xbox. Streaming services such as Twitch and
professional gaming are going mainstream as well which increase the traffic volume signifi-
cantly. The advent of cloud gaming services such as ‘Google Stadia” will further contribute to
the internet traffic share of gaming. A survey on the global application category traffic share
by Sandvine dated October, 2018 is shown in Fig. 1.2. According to the report, 58% of the
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Fig. 1.1 Projected increase in global IP traffic by Cisco dated February, 2019.
Source: [1] © 2019 Cisco

downstream traffic on the internet was video with Netflix having a 15% share [2]. Video was
also the top upstream traffic with BitTorrent being second by a small margin. Gaming is third
on the list causing 7.78% of the downstream internet traffic [2].

Finally, the fifth generation of mobile networks (5G) is redefining connectivity and services
so it includes new market and new industry segments [8]. The requirements of the 5G network
includes non-limiting access to data (five nines availability and five nines reliability), peak data
rates of 20 Gb/s, and user experience data rates of 10 to 100 Mb/s. We expect 5G to work
with latencies of 1 to 10 ms (<1 ms for tactile internet), mobile users at speeds between 50 to
500 km/h, an increase of 3 times the spectral efficiency, a much higher connection density (10k
to 1M devices/km?) and a factor of 10 increase in battery life time for small devices. These
new capacity trends are imposed on both the telecommunication and data communication
networks, and the technology “per excellence’ that can provide large bandwidth is optics. High
speed PONs along with mature integrated photonic devices will be required to serve these

requirements.

1.1.1 Silicon photonics

Silicon photonics is attracting interest both from academia and industry. Billions of dollars have
been invested on the development of silicon photonics to build mature market products [9-12].
According to a report by Yole Développement (shown in Fig. 1.3), silicon photonics will have

a market value of $560 million at chip level and almost $4 billion at transceiver level in 2025,
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majority of which will be for intra-data center communication. Apart from data center applica-
tions, there are some other interesting applications of silicon photonics. With the emergence of
high performance computing to solve critical problems in science, engineering, and business,
the performance gridlock has shifted from processors to inter-chip communication due to paral-
lelism. Silicon photonics can solve the future bandwidth scalability issues of high performance
computing by offering high bandwidth, low latency and highly integrated optical interconnects.
In the telecom sector, silicon photonics modules are attractive in the metropolitan and access
networks. As the fiber-to-the-home (FTTH) moves from 10G to 25G, functionality such as wave-
length tuning and switching will be required. Companies like Acacia [13] and Aeponyx [14] are
developing silicon photonic solution for these network segments. Silicon photonics is also an
important platform for biomedical sensing [15] and LiDAR [16] applications. Figure 1.4 shows
the different applications of the silicon photonics platform along with the research institutes
and companies involved.

One of the major advantages of the silicon photonics platform is the compatibility with the
existing CMOS foundries. The fab-less model of silicon photonics has enabled designers and
researchers from academia and industry to focus on novel design ideas and applications with-
out worrying about the process development for fabrication of the devices [17]. On the other
hand, the CMOS foundries can focus on the fabrication process design fully utilizing the costly
fabrication facilities [18,19]. Furthermore, the feasibility to integrate photonic integrated circuits

with electronics such as drivers for modulators, trans-impedance amplifiers for photodetectors,
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Fig. 1.3 Silicon photonics market forecast by Yole Développement dated January,
2018. Source: [3] © 2018 Y. Développement

and processing of digitized data for high capacity modulation formats [20-22] gives an edge to
this platform. Another unique advantage of the silicon photonics platform compared to III-V,
LiNbOj3 and silica platforms is the high index contrast between the core and the cladding layers
which allows compactness and dense integration. The electrical parasitic loading is reduced
as well in electro-optic devices due to the small waveguides which enhances the electro-optic
interaction and operating speed [23]. Comparison of dimensions of a Canadian 10 cents with
one of our silicon photonic chips fabricated at IME A*, Singapore is shown in Figure 1.5. This
chip contains several devices designed by our group.

In spite of the advantages of the silicon photonics platform, there are few challenges that
need to be overcome to have competitive edge over other integrated platforms. The sensitivity
of the effective index of a silicon waveguide on the fabrication variation results in phase uncer-
tainty of the optical signal propagating through the waveguide. This uncertainty in phase of the
optical signal makes the design of wavelength-division-multiplexing (WDM) filters and optical
hybrids challenging since precise control of wavelength is necessary in these devices. Another
major issue of the silicon photonics platform is the large birefringence. The effective indices of
the transverse electric (TE) and transverse magnetic (TM) modes in a typical 500 nm x 220 nm
silicon waveguide are 2.45 and 1.77, respectively. Hence, it is challenging to build polarization
insensitive devices on the silicon photonics platform.

In this thesis, we demonstrate silicon photonic devices for WDM applications, polarization
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handling devices, and optical hybrids for simplified coherent receivers.

1.1.2 Optical access networks

Access network is the last segment of the network which connects the end-users with the central
office of the service provider and hence, often termed as the last-mile network. From the end
users’ side, access network is the first segment that connects the users to the broader network
and can be called the first-mile network [24]. Traditionally, access networks utilized twisted
pair copper cables connecting the individual households/enterprises with the central office.
However, the bandwidth-distance product of copper cables are very small [25]. A transmis-
sion distance of about 100 m is achievable at 100 Mb/s bit rate using sophisticated transmitters
[26]. Since single-mode fibers essentially provide unlimited bandwidth and long propaga-
tion distances, the copper-based last-mile connections are being gradually replaced by optical
fibers. According to a report by the Organization for Economic Co-operation and Development
(OECD), fiber-based last-mile connections account for 23.3% of fixed broadband subscriptions
with a jump of 15% in the year 2017 [4]. Figure 1.6 shows the annual growth of fiber sub-
scription among countries reporting fiber subscription. The highest growth in fiber occurred in
Ireland and Colombia with a growth of 420% and 168%, respectively over the year.

The terminology Fiber-to-the-X (FITTX) covers the broad categories of the fiber-based ac-
cess networks, i.e., Fiber-to-the-Home (FITH) when the fiber goes all the way to the sin-
gle home user, Fiber-to-the-Building (FTTB) in case of the multi-dwelling units, Fiber-to-the-



Fig. 1.5 Silicon photonics chip compared to a Canadian 10 cents. Credit: 2019 Md
Ghulam Saber

Cabinet (FTTC) and Fiber-to-the-Node (FTTN) when the fiber goes up to a cabinet or node and
the rest part is covered by copper cables with lengths of up to 300 m for FITC and greater
than 1 km for FTTN. Asia and the Pacific region have the highest deployment of FTTH with
77% of the worldwide customers [27]. Europe accounts for 15% and North America has 5% of
the global FTTH subscribers [27]. Due to the extensive installation of copper-based networks,
European and North American providers are reluctant to switch to FTTH/B. Instead, they are
more interested in FITC/N and support the rest of the connection using the copper networks.
According to Ovum, FTTH will have a 65% share of the global investment in broadband fixed
access equipment in 2021, while the copper-based networks will have the rest 35% share [28].
In this thesis, we report ways to meet the requirements of the emerging high-speed access

networks using bench-top and integrated solutions.

1.2 State-of-the-art

In this section, we describe the recent advances in the fields of passive silicon photonic devices

and the solutions for optical access networks addressed in the thesis.
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Fig. 1.6 Annual growth of fiber subscription among countries reporting fiber sub-
scription dated December, 2017. Source: [4] © 2018 OECD

1.2.1 Passive silicon photonic devices

Optical add-drop multiplexers
Optical add-drop multiplexers (OADMs) select and route WDM channels. Researchers have
been developing OADMs in non-SOI platforms [29-33], and more recently on the SOI plat-
forms [34-40]. In the SOI platform, ring resonator [34-36], grating-assisted contra-directional
coupler [38—40], phase-modulated shifted Bragg gratings, multimode antisymmetric waveguide
Bragg gratings [41] and sidewall Bragg grating [37,42] based devices have received much at-
tention. Ring resonators are compact but achieving a flat-top spectral response, and a large
free spectral range (FSR) is challenging. Grating-assisted contra-directional coupler based de-
vices are complex in design and large extinction ratio (ER) is difficult to achieve [38, 40, 43].
Bragg grating based devices, on the other hand, offer FSR free operation and several degrees of
freedom to achieve desired spectral response [44].

Bragg gratings are reflection-based devices and therefore optical circulators are required in
order to use them as multiplexers. Optical circulators are difficult to achieve on SOI since they
require non-CMOS compatible materials [45]. Circulators are available as discrete optical com-

ponents, but increase packaging complexity [46]. One solution to this problem is to incorporate



Bragg gratings in interferometric structures [47]. Bragg gratings in Mach-Zehnder interferom-
eter (MZI) based OADMs on SOI have been reported in the past by several groups. A silicon
wire waveguide based Bragg gratings in MZI OADM with a 3-dB bandwidth of 0.7 nm was
reported in [42]. But it has a very small ER of 8 dB and a relatively long length of 800 ym.
In [37], two OADM configurations based on Bragg gratings in MZIs which offered a 3-dB
bandwidth of 3.5 nm and ERs of 40 dB and 45 dB were reported. However, the footprints were
391 um x 1400 pm and 391 um x 3600 um, respectively, which are excessively large.

In this thesis, we demonstrate ultra-compact, high ER and low insertion loss (IL) OADMs
using misaligned sidewall Bragg gratings in MZIs.

Resonators

Resonators [48] are one of the key candidates for WDM applications. Several resonators have
been implemented on SOI such as, ring [31,48], racetrack [49], Gires-Turnois [50], Fabry-Perot
[51] and Michelson [52]. Among them, the micro ring resonator (MRR) is the most intensively
used resonator due to its compact footprint.

Resonators with high Q-factor, low IL, high ER, large FSR and wide tuning range are desired
in most applications [53]. In MRR, the critical coupling condition should be conserved to
maintain the performance which is often hard to achieve due to fabrication variability. Heaters
are used to tune the resonant peaks to the designed wavelengths; however, this increases the
power consumption and results in increased complexity of the device. In addition, if the bend
radius of the MRR is too small, it becomes difficult to obtain the correct coupling coefficient
due to small coupling region.

MRRs can be used as all-pass filters for dispersion compensation applications [54]. Never-
theless, Bragg gratings can be also used as filters for applications like WDM. However, it is hard
to obtain repeatable performance using the Bragg grating filters due to serious lithographic dis-
tortion [55]. Furthermore, multiple Bragg gratings need to be cascaded to design a filter for
multichannel purposes [56]. This increases the IL and the device complexity significantly.

In this thesis, we demonstrate high ER and low IL transversely coupled Fabry-Perot res-
onators using Bragg gratings and loop mirrors.

Optical hybrids

Optical hybrids are used to mix the received optical signal with the local oscillator and are
the central building blocks of the coherent receivers. Stokes vector receivers also utilize opti-
cal hybrids [57]. Conventional coherent detection systems use 2 x 4 90° optical hybrids and
utilize the balanced photodetectors to reject unwanted direct detection terms [58]. Integrated
90° hybrids have been demonstrated on the SOI platform [59, 60]. Sub-wavelength gratings



(SWQG) dispersion-engineered 90° hybrid has been reported as well to reduce the footprint and
increase the operation bandwidth [61]. To reduce the complexity of the receiver architecture,
single-ended detection based optical front-ends with 120° [62,63] and 180° [64, 65] optical hy-
brids have been reported. Simple integrated 3-dB couplers [66] can be used as 180° hybrids.
Indium phosphide based integrated coherent 120° downconverter has been demonstrated in
[67]. In [68], an integrated coherent receiver based on 120° hybrids on SOI in the C-band has
been reported. However, there is no detail analysis on the design and characterization of the
120° hybrid itself.

In this thesis, we demonstrate broadband and low excess loss 120° hybrid based on 3x3
multimode interference (MMI) coupler using 193 nm deep ultraviolet (DUV) lithography oper-
ating in the C-band.

Polarizers
Polarizers are compact and efficient device to suppress the unwanted polarization in an optical
signal and retain the desired one. To date, several TM-pass polarizers have been reported in
various configurations for different wavelengths of operation [69-72]. Kim et al. [69] demon-
strated a TM-pass polarizer using a 1D photonic crystal based on sub-wavelength structure
achieving 34 dB of ER and around 1 dB of IL. However, this structure is challenging to fabricate
using the 193 nm DUV lithography and it is highly sensitive to fabrication variations. Bai et
al. [73] reported a TM-pass polarizer using a hybrid plasmonic grating achieving an ER of 25
dB with a 2.5 ym active length. In this case, silver was used to form the plasmonic waveguide
which is not CMOS compatible. Hu et al. [74] proposed a graphene-based TM-pass polarizer
having a length of 150 ym which is prohibitive for dense integration. Furthermore, graphene
is not suitable for mass production. A TM-pass polarizer based on the insulator-to-metal phase
transition of vanadium oxide was proposed by Sanchez et al. [75]. However, a critical tem-
perature of 68°C is required to ensure the phase transition which makes it inefficient in terms
of energy consumption compared to passive designs. A sub-wavelength grating (SWG) based
TM-pass polarizer was reported in [76] obtaining 27 dB of ER and 0.5 dB of IL. However, this
structure is challenging to fabricate using the 193 nm DUV process and is sensitive to tolerance
variations. Therefore, most of the reported devices are not CMOS-compatible.

In this thesis, we report a CMOS compatible and high ER TM-pass polarizer using highly
doped silicon.

1.2.2 Bench-top and integrated solutions for optical access networks

Bench-top solutions
Due to the increasing bandwidth demand, standardization bodies such as IEEE and ITU-T are
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working towards the standardization process of high speed PONs. As such, researchers around
the world are looking into ways to cost-effectively increase the capacity of the access networks
and maintain the power budget and reach requirements using off-the-shelf components. Several
demonstrations of 25 Gb/s transmission on a single A using different modulation formats (e.g.
non-return to zero (NRZ), electrical duo-binary (EDB), optical duo-binary (ODB), PAM-4) have
been presented in the past. However, we focus on the PAM-4 format since it is more dispersion
tolerant than NRZ and EDB for the same bit rate, requires less bandwidth than NRZ, EDB,
and ODB, and does not need dual-drive modulators like ODB [77]. In [78], 25 Gb/s PAM-4
transmission over 20 and 30 km of fiber was demonstrated achieving receiver sensitivities of
-23 and -21.5 dBm, respectively, with bit-error-rate (BER) below the hard decision forward error
correction (HD-FEC). An external cavity laser (ECL) and a 30 GHz Mach-Zehnder modulator
were used at the transmitter and an avalanche photodetector (APD) and electronic dispersion
compensation to equalize the PAM-4 eyes were utilized at the receiver.

Zhang et al. [79] demontrated 30 km PAM-4 transmission at 25 Gb/s with 10G transmitter
optical subassembly and receiver optical subassembly achieving -21 dBm of sensitivity below
the HD-FEC. This was achieved using APD and feed-forward equalization (FFE) at the receiver
to compensate for the bandwidth limitation and the chromatic dispersion (CD). An erbium
doped fiber amplifier (EDFA) was utilized as well to improve the power budget. Houtsma et al.
[80] reported 25 Gb/s PAM-4 transmission over 20 km distance using 10G optical components
and by applying pre-emphasis at the transmitter to compensate for the dispersion and APD at
the receiver. A sensitivity of -22 dBm was demonstrated below the HD-FEC level using EDFA
as booster for the downstream signal and as pre-amplifier for the upstream signal at the optical
line terminal.

An amplifier-less 25 Gb/s PAM-4 transmission over 20 km achieving 29 dB power budget
using 10G components was demonstrated in [81]. However, this was achieved by using pre-
compensation at the transmitter to alleviate the bandwidth limitation and post-compensation
at the receiver to reduce the effect of CD and receiver bandwidth limitation. Moreover, an APD
was used at the receiver to increase the sensitivity.

In this thesis, we report digital signal processing (DSP) and dispersion compensation-free
25 Gb/s PAM-4 transmission over 28 km of fiber at a BER below the HD-FEC in the C-band
using a 3x3 fiber coupler based simplified coherent receiver and off-the-shelf 10G class electro-
absorption modulated laser (EML).

Integrated solutions
The demand for integrated photonic solutions for optical communication applications is in-
creasing due to the advantages of integration in reducing the footprint, cost and energy con-
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sumption compared to the discrete architectures [82]. Integrated coherent receivers achieving
bit rates of 224 Gb/s using PDM-16-QAM [83] in the C-band and 200 Gb/s using 16-QAM over
O, E, S, C and L bands [84] have been reported on the SOI platform. Several other conventional
90° hybrid based integrated coherent receivers have been reported [85-89]. Passive optical net-
works (PONs) employing bulk optics based coherent detection have been demonstrated as well
[90]. However, due to the strict power and cost constraints, coherent receiver architecture devel-
oped for the core network cannot be directly transferred to the cost-sensitive segments such as
the access network. Single-ended detection based optical front-ends with 120° optical hybrids
can be used to simplify the coherent receiver [62,68,91,92]. In [93], a transmitter using hybrid
III-V on silicon integrated distributed feedback laser and ring resonator was demonstrated for
25 Gb/s PON applications. However, there has been no demonstration of an integrated coher-
ent receiver for access network applications. In this thesis, we report an integrated simplified
coherent receiver on SOI based on 120° hybrid for high speed PON applications.

1.3 Original contributions

The original contributions of this thesis are attested by the design and characterization of the
novel silicon photonic devices and circuits. In a chronological order, the key contributions can

be summarized as follows:

Bragg grating, interference and doping based devices

* We propose the use of misaligned sidewall Bragg gratings to design OADMSs. The mis-
alignment of the sidewalls provides another degree of freedom to tune the coupling co-
efficient of the Bragg grating. By using the misaligned sidewall gratings, we achieved

ultra-compact, high ER and narrow bandwidth add-drop multiplexers [94,95].

* We present two integrated resonators called tranversely coupled Fabry-Perot resonators
(TCFPRs) using Bragg gratings and loop mirrors. The TCFPRs offer better flexibility to
achieve the desired spectral response compared to all-pass MRRs. Furthermore, one vari-
ant of the TCFPR features a 71/2 phase shift for each one-way trip through the resonant
cavity. In addition, the resonant cavity can be formed using straight waveguides and end

reflectors, and hence, the bending losses can be significantly reduced [96-98].

* We present a C-band 120° optical hybrid on SOI for the TE mode using 193 nm optical
lithography. The hybrids are based on 3x3 MMI couplers. The optical bandwidth of the
MMl is inversely proportional to the number of access waveguides. Therefore, a 3x3 MMI
based 120° optical hybrid has intrinsically broader bandwidth than a 90° optical hybrid
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based on a 4x4 MMI. Broadband optical hybrids are preferred for colorless detection over
wide bandwidth range [99].

* We propose and analyze via simulation a novel approach to implement a CMOS com-
patible and high ER TM-pass polarizer on the silicon-on-insulator platform with a 340
nm thick silicon core. The TM-pass polarizer utilizes highly doped silicon as the hybrid
plasmonic waveguide. The main contribution of our work is the use of highly doped
silicon instead of metals to form the hybrid plasmonic waveguide. The real part of the
complex relative permittivity of the highly doped silicon approaches a negative value and
therefore exhibits metal-like properties. The fabrication process of the proposed TM-pass
polarizer is simpler compared to the state-of-the-art since it only uses silicon waveguides
and does not require any special material or feature size. The polarizer also offers peak
ER selection at different wavelengths by choosing different doping concentrations during
fabrication [100].

Simplified coherent receiver based solutions for high speed passive optical networks

¢ We demonstrate 25 Gb/s PAM-4 transmission over 28 km standard single-mode fiber us-
ing off-the-shelf 10 Gb/s EML and 3x3 fiber splitter based simplified coherent receiver
in the C-band. No DSP and dispersion compenstation have been used either at the trans-
mitter or at the receiver. Furthermore, the use of intensity modulated signal allows to
avoid the phase and frequency locking of the local oscillator (LO). We also demonstrate
polarization independent operation by slightly modifying the architecture of the simpli-
fied coherent receiver and propagate up to 21 km [91]. The receiver architectures were
previously demonstrated by other groups using single level on-off-keying (OOK) signal
achieving a maximum bit rate of 10 Gb/s [101].

* We report the first simplified coherent receiver using a 120° hybrid on the SOI platform
for high speed PON applications. This coherent receiver integrates an inverse taper edge
coupler for the received signal, a vertical grating coupler for the local oscillator input,
a polarization splitter and rotator (PSR), a 120° hybrid based on a 3x3 MMI coupler,
and three germanium photodetectors. The bulk optics based receiver architecture and its
operating principle were reported previously with a maximum bit rate of 10 Gb/s. We
achieved 25 Gb/s PAM-2 and PAM-4 transmission over 30 and 21 km standard single-
mode fiber (SMF) in the C-band without any DSP (e.g., pre-emphasis, pulse shaping,
equalization, nonlinearity compensation) and dispersion compensation (e.g., optical or

digital) either at the transmitter or at the receiver [102].
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¢ We demonstrate significant performance improvement of the integrated simplified coher-
ent receiver by using a better digital-to-analog converter (DAC) and simple DSP achieving
higher bit rates and receiver sensitivities, and longer reach. We achieved 25 and 50 Gb/s
PAM-4 transmission over 43 and 21 km SMF, respectively using the 120° hybrid based
integrated coherent receiver in the C-band [103].

1.4 Thesis organization

The remainder of the thesis is organized as follows:

In chapter 2, we present the background and theory of the silicon photonic devices such
as Bragg gratings, resonators, MMI couplers and polarizers that will be introduced in later
chapters. Then, we discuss about the different architectures namely, time-division multiplexing
(TDM), wavelength-division multiplexing (WDM), and time and wavelength division multi-
plexing (TWDM) of the PONs. We also describe the different standards of the PONs that have
been already finalized and the progress of the recently initiated 50G EPON standardization
process by IEEE P802.3ca task force.

In chapter 3, we report several passive silicon photonic devices using Bragg gratings, inter-
ference, and doping. First, two configurations (single-stage and cascaded) of the OADMs are
presented using Bragg gratings in a MZI. The detail simulation and experimental results are
presented. Second, we present simulation and experimental results of two types of TCFPRs
using Bragg gratings and loop mirrors. Third, we demonstrate a 120° optical hybrid using
3x3 MMI coupler for applications in simplified coherent receivers. Finally, we report a hybrid
plasmonic waveguide based TM-pass polarizer using highly doped silicon.

In chapter 4, we present bench-top and integrated solutions for the high-speed PONSs. First,
we report 25 Gb/s PAM-4 transmission using 10G components at the transmitter and a simpli-
fied coherent receiver based on 120° hybrid that provides coherent amplification to boost the
receiver sensitivity. Second, we demonstrate a fully-integrated 120° hybrid based simplified
coherent receiver on the SOI platform for applications in the high-speed PONs. The receiver
includes an edge coupler, a grating coupler, a PSR, a 3 x 3 MMI coupler and three germanium
photodetectors. No DSP was used in the transmission experiment using the integrated receiver.
Third, we report performance improvement of the integrated coherent receiver (achieving twice
bit rate) by using a better transmitter and simple DSP at the receiver.

Finally in chapter 5, we summarize the key contributions of the thesis and provide some
insights into the future research directions.
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Chapter 2
Background

This chapter provides the background and fundamental knowledge of passive silicon photonic
devices and optical access network architectures that are pertinent to the research work pre-
sented in the thesis. We start with an overview of the SOI platform and discuss the basics of
add-drop multiplexers, resonators, optical hybrids and polarizers. We also describe the archi-
tectures and standards of the optical access networks along with the recent progress on the

high-speed access network standardization process.

2.1 Silicon-on-insulator platform and silicon photonic devices

The SOI platform is an ideal choice to build passive optical interconnects. The silicon wafer
offers the highest crystal quality among semiconductor materials and the lowest cost per unit
area [10]. The cross-section of an SOI wafer is presented in Fig. 2.1. It comprises a silicon
substrate to provide mechanical support, a buried oxide (BOX) layer for insulation, and a thin
silicon layer on top of the BOX where the devices are fabricated. A cladding oxide layer is
usually grown on top of the top silicon layer for protection; however, some application requires
air cladding. The thickness of silicon substrate is about 675 ym, the thickness of the BOX layer
is between 0.7 ym to 2 ym [5], depending on the application and vendor. The top silicon layer
thickness varies based on the application requirements with a range of 0.1 to 0.5 ym [5]. The
passive devices reported in the thesis have a 220 nm thick silicon layer except for the TM-pass
polarizer where the thickness is 340 nm. The BOX layer is 2 ym thick and all the devices have
a 2.2 ym thick oxide cladding layer [104].

Light can be guided with low-loss in silicon waveguides due to its transparency in the
telecommunication window. Hence, plethora of low-cost, compact and high performance pas-

sive optical devices have been possible. The fundamentals of the devices reported in the thesis
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Fig. 2.1 Schematic of the cross-section of a silicon-on-insulator wafer [5].

are described in the next few sections:

2.1.1 Bragg gratings
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Fig. 2.2 Typical spectral responses of a uniform Bragg grating.

Bragg gratings are filters that reflect light with wavelengths that satisfy the Bragg condition
and allow transmission of light in other wavelengths. The basic idea is to modulate the effective
index, n.fs of the structure periodically in the direction of propagation. This periodic modula-
tion can be obtained by changing the effective index or the physical dimension of the waveguide
through the introduction of corrugation. Consequently, distributed and multiple reflections oc-
cur and they interfere constructively around the Bragg wavelength where the reflection is the

highest. The reflected signals interfere destructively at other wavelengths canceling each other
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out. Hence, the light is transmitted through the waveguide. The Bragg wavelength is expressed
as:
/\Bmgg = ZneffA (21)

where, 1,5 is the effective refractive index of the grating structure and A is the grating period.
Figure 2.2 shows the typical spectral responses of a uniform Bragg grating.

Integrated Bragg gratings are designed by corrugating the waveguides. Other methods to
form Bragg gratings in silicon waveguides includes amorphous silicon gratings [105], carrier-
induced gratings with p-i-n junction [106] and ion implantation [107]. These approaches are
not commonly used due to their complexity in fabrication.

2.1.2 Fabry-Perot Resonator
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Fig. 2.3 Fabry-Perot resonator in the simplest form.

In the simplest form, a Fabry-Perot resonator comprises two parallel reflectors facing each
other with a transparent medium in between as shown in Fig. 2.3. The input light goes through
several reflections at the two reflectors before being transmitted through the output. The trans-
mitted light exhibits wavelength dependent periodic variations due to the interferences of the
reflected light. Depending on the phase of the reflected light, constructive and destructive in-
terferences occur resulting in maximum and minimum transmissions, respectively. The optical
phase difference between two consecutive reflections is given by:

Afl’:L;eﬁd (2.2)

where, d is the cavity length and n.¢ is the effective index of the transparent medium. In
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the case of integrated Fabry-Perot resonators, n.g denotes the effective index of the waveguide

material.

2.1.3 Multimode interference couplers

The MMI coupler is a device that utilizes self-imaging in multimode waveguide [108]. A large
number of modes supported by the multimode waveguide interfere at well defined lengths
which results in self-imaging. To launch and recover light into and from the multimode waveg-
uide, a number of access waveguides are placed at the input and output of the multimode
waveguide. A scanning electron microscope (SEM) image of a 2x2 MMI coupler is provided in
Fig. 2.4. The self-imaging length of the MMI is given by [108],

4n, W2

L, ~
3L, o

(2.3)

Here, L, is the beat length of the two lowest order modes, W, is the effective MMI width,
n, is the effective index of the MMI slab region and A is the operating wavelength.

Fig. 2.4 Scanning electron microscope image of a 2x2 MMI coupler.

The fundamental design guidelines of an MMI coupler are provided in [108]. The basic
design parameters are the length and width of the multimode waveguide and the positions of
the access waveguides. The separation between the access waveguides need to be kept small to
minimize the length of the MMI. Typically taper waveguides are used as the access waveguides
to ensure the gradual mode evolutions from the connecting single-mode waveguides. Figure 2.5
shows the field evolution of a 2x2 MMI coupler for light launched at both access waveguides

at the input.

2.1.4 Polarizers

The high index contrast of the SOI platform allows for compact devices. However, the downside
of the high index contrast is large birefringence. Hence, polarization management schemes are
required to maintain the performance of silicon photonic devices. Polarizers are simple yet
adequate solution to resolve this issue when polarization-division multiplexing (PDM) is not
desired. Polarizers eliminate the undesired polarization of the optical signal while retains the
useful one. The operating principle of the polarizer is simple: it acts as a good supporter
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Fig. 2.5 Simulated transverse electric field profiles of a 2x2 MMI coupler with
excitations at (a) input 1, and (b) input 2.

for the desired polarization while being cut-off, reflective or absorptive for the undesired one.
Figure 2.6 shows the schematic of a hybrid plasmonic polarizer. The light with both TE and
TM polarizations are coupled to the silicon waveguide. Depending on the phase matching
condition, either TE or TM polarization couples to the other waveguide placed beside the input
waveguide. Due to the metal deposited on top of the other waveguide, the polarization that
becomes coupled will be absorbed while the remaining polarization that does not couple, will
transmit through the input waveguide and can be accessed at the output.

Light output

(TE/ TM%

Cladding
Oxide

Light input (TE + TM

Fig. 2.6 Schematic of a hybrid plasmonic polarizer (TE/TM).
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2.2 Optical access network

Optical access network provides connectivity to the end-users of the internet service and are
placed in close proximity to the end-users in large volume. Due to different practical reasons,

there is a wide variety of access networks that exists today.

2.2.1 Architectures

On a very high level, the access networks can be categorized into three forms: point-to-point,
active optical networks and passive optical networks [109].

The point-to-point architecture is the simplest of all forms of access networks. Each end-
user is connected with the central office by a dedicated fiber with no additional components in
between. Either two different wavelengths are used for upstream and downstream in a single
fiber or two different fibers are used for the up/downstream purposes. The advantages of
the architecture include security, dedicated bandwidth and easy repair. However, the cost of
implementation can be prohibitive.

The active optical network architecture has a single feeder fiber that connects to an active
switch at a remote node which further bridges the feeder fiber and the distribution fibers. This
way, the cost of implementation is reduced. The bandwidth resource is not shared between
end-users allowing them to have dedicated bandwidth. The issue of this architecture is that the
active switch located at the remote node requires electrical power which increases the cost of
installation and maintenance significantly.

The passive optical network replaces the active switch at the remote node with a passive
splitter. Thus, the requirement of electrical power at the remote node is avoided. The feeder
fiber is shared by a number of end-users requiring additional protocol for signal multiplexing.
Mainly three protocols are used to multiplex the data streams, which are: time-division mul-
tiplexing (TDM), wavelength-division multiplexing (WDM) and time- and wavelength-division
multiplexing (TWDM) [24,110]. These multiplexing techniques are briefly described below:

2.2.1.1 TDM PON

A TDM-PON uses a passive power splitter at the remote node to bridge the feeder fiber with
the end-users. Each end-user/optical network unit (ONU) receives the data transmitted by
the optical line terminal (OLT) in the downstream. The OLT provides a tag on each data
frame to allow the ONUs to recognize the data destined to them and ignore the rest. Since
the data streams from each end-user are combined passively in the upstream, a time slot is

allocated to each ONU to transmit their data to avoid congestion. The OLT coordinates the data
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transmission by each ONU to ensure that the data transmitted by each ONU arrive at the splitter
at different times. The upstream of the PONs are unique from other transmission systems due
to the fact that all transmitters are facing a single receiver. In addition, each transmission has a
different clock phase and power levels which is called the “burst mode problem” [111]. Figure
2.7(a) shows the basic schematic of a TDM-PON. This category of PONs include BPON, G-PON,
and EPON.

2.2.1.2 WDM PON

As the name suggests, the WDM PON utilizes different wavelengths to multiplex signals to and
from different end-users. There are two major categories of the WDM-PON: splitter-based and
grating-based. In splitter-based WDM PON, the remote node has a wavelength transparent
passive splitter that sends all the wavelengths to each ONU. The ONU has to tune to their
respective wavelengths for upstream and downstream; hence, electronic control is required.
In the grating-based architecture, a passive wavelength selective component is located at the
remote node which routes one or more wavelengths to the ONUs. The ONU can receive the
wavelengths without any tuning. In the upstream, the ONU has to transmit at the correct
wavelength to connect to the OLT. The WDM PON has better security and scalability. However,
the flexibility is less due to the hard wired wavelength assignments. Since there are many
colors/wavelengths (typically 32-64) in a WDM PON, producing a “colorless ONU” is one
of the biggest challenges. Instead of creating different ONUs for different colors, it is more
practical to produce a ONU with the capability to automatically tune to any color based on
the operational requirements. Schematics of the two categories of WDM PON s are provided in
Figs. 2.7(b) and 2.7(c).

2.2.1.3 TWDM PON

TWDM PON is the hybrid of TDM and WDM PON:Ss. This is the primary technology selected for
NG-PON2 by ITU-T. The TWDM protocol defined for NG-PON2 has 40 Gb/s aggregate capac-
ity using four wavelengths. Each wavelength can deliver up to 10 Gb/s of peak data rate. In the
simplest concept, it can be considered as an aggregation of four TDM-PONs using four wave-
lengths. Figure 2.7(d) shows the schematic of a simple TWDM PON architecture. The ONU
uses colorless transceivers that can be tuned to any upstream and downstream wavelengths for
ease of inventory management and simplicity of network deployment. Optical amplifiers are
used at the OLT side to boost the downstream signals and pre-amplify the upstream signals
enabling higher power budget. The TWDM PON is backward compatible with GPON and
XGPON allowing the use of the existing infrastructure.
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2.2.1.4 Other types of optical access networks

A wide variey of optical access network architectures have been developed over the past decades
in addition to the ones discussed in the previous section. One such variant is the Ethernet
over fiber which is basically a point-to-point Ethernet built over fiber links. A dedicated fiber
connects the end-user to the central office and each end-user requires two transceivers, one of
which is located at the end-user premises and the other at the central office. This increases the
cost and thus, mostly used for business customers.

Radio Frequency (RF) and Data Over Cable Service Interface Specification (DOCSIS) PONs
are two other variants of PON developed mainly for the cable companies. RF PONs are devel-
oped to support RF video broadcasting signals over fibers. While DOCSIS PONs are developed
to include a DOCSIS service layer interface on top of the PON architecture. Both PONs are
developed to support the multi service operators [110].

An alternative multiplexing protocol for PONSs is the optical code-division multiplexing
(OCDM) [110,112]. The data streams of each end-user are encoded and decoded to and from
optical pulse sequences using the orthogonal codes assigned to them. Although the security
is enhanced by asynchronous communication provided by the OCDM, the expensive encoder
and decoder limit the market potential of this technique.

Orthogonal frequency division multiplexing (OFDM) is another method to implement op-
tical access network. A high aggregated throughput is achieved by combining multiple sub-
carriers each having their own modulation format [113]. The sub-carriers can overlap without
interference due to the orthogonality of the sub-carriers which offers high spectral efficiency.
The use of aggressive digital signal processing increases the complexity of the transceivers for
OFDM which is prohibitive for the wide deployment of OFDM PON.

Finally, the ultra-dense WDM (udWDM) PONSs are coherent reception based PONs. Co-
herent reception techniques provides increased receiver sensitivity, higher spectral efficiency
and inherent narrow tunable filtering. Although the coherent reception is pre-dominant in the
long-haul transmission segment, the expensive architecture prohibits its application in the ac-
cess network. Recently, there has been a lot of research effort in simplified coherent receivers to
overcome this bottleneck [114]. With the mounting pressure to achieve high speed and higher
power budget in the access network, coherent reception seems to be the way forward [115].

2.2.2 Standardization

Early work on the standardization of PONs started in the early 1990s. Standardization of
PONSs are necessary for cost minimization, risk reduction and successful deployment by ensur-

ing interoperability among vendors and manufacturers. With this goal in mind, seven major
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telecommunication service providers from Japan and Europe, and ten international manufac-
turers formed the Full Service Access Networks (FSAN) in 1995 [116,117]. The FSAN forms
standards for PONs along with ITU-T. A/BPON, GPON, XG(S)-PON, and NG-PON2 are the
standards that have been rolled out by these bodies over the years.

IEEE, on the other hand, formed the Ethernet-in-the-first-mile group to put forward Ethernet-
based standards for the PONs. Subsequently, the group became a part of the IEEE 802.3 stan-
dardization committee and have been rolling out standards such as G-EPON, 10G-EPON and
recently initiated 50G-EPON. The EPON is an extension to the local area networks (LAN) in the
end-user premises. Due to the extensive use of the Ethernet in the LANs and lower equipment
cost, EPON is gaining popularity rapidly.

Since both ITU-T/FSAN and IEEE put forward standards for PONSs, efforts are being made
to increase collaborations between the two bodies to streamline and combine their efforts [118].
A brief summary of the physical layer properties of the standards drafted by both ITU-T/FSAN
and IEEE over the past years are provided in table 2.1 [7].

2.2.2.1 25G-EPON and beyond

Due to the continuous increase in the demand of high-speed data services and with the increas-
ing deployments of 10G PON, the market potential and technology options are being explored
to define the PON standards beyond 10G [77]. With such a target, IEEE 802.3ca started the
standardization process of 100G-EPON in December, 2015 with an anticipated timeline of Au-
gust, 2020 [119]. ITU-T/FSAN is also expected to initiate the standardization process of the
high speed PONs as indicated in their roadmap released in 2016. However, it has not launched
yet due to contradictory visions among the operators [115]. Although the initial target of IEEE
802.3ca task force was to deliver the standards for three different speeds which are 25, 50 and
100 Gb/s, the 100 Gb/s was later removed from the current discussion and the task force was
renamed as 50G-EPON [119]. The driving force behind the choice of 25 Gb/s as the base speed
is the availability of low-cost 25G components. The rapid development of the data center in-
terconnects drove the maturation of the 25G ecosystem and helped reduce the cost of these
optoelectronic components [115,120]. Due to the insignificant increase in the data rate for 25G-
EPON, the task force is also considering 50G-EPON. Both 1A x50 Gb/s and 2A x25 Gb/s are
being considered as of this writing.

Significant progress has been made in the standardization process of the 25G-EPON which
is summarized in table 2.1. It should be noted that there might be some changes in the future
since the standardization is still in progress. Unlike NG-PON2, the 25G-EPON will be based on
TDM and therefore, the transceivers will be of fixed wavelength. Both PR30 and PR20 power
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budgets have been chosen and to meet the power budget at 25 Gb/s, a more powerful low-
density parity-check FEC (LDPC-FEC) with a pre-FEC BER of 1072 has been selected. Both
downstream and upstream will be in the O-band. The standardization of the 50G-EPON is
also being discussed. The anticipated application of the 50G-EPON will be the 5G X-hauling
(X: front/back/mid). The 50 Gb/s/A has been standardized for the 400G Ethernet which is
expected to supersede 100G Ethernet in 2020. Therefore, the ecosystem of 50G optoelectronic
components will not be mature enough to drive down the cost to be suitable for the PON
market until the middle of the next decade. Hence, a lot of research is underway to use high
order modulation formats such as PAM-4 along with DSP, to achieve 50 Gb/s/A using low
bandwidth components [121-123]. Optical amplification is also required to meet the power
budget. However, it has been reported in [115] that currently there is no practical solution
for 50G PAM-4 that meets the PR30 loss budget. The evolution towards to the 100G-EPON
will probably require coherent solutions to meet the power budget requirements. The cost of
coherent solutions will reduce if sufficient cost erosion occurs due to the market need, the data
center adopts coherent technology in the near future or simplified coherent solutions utilizing
intensity modulation becomes mature. However, there are at least five to ten years left before
any technology decision needs to be made by the standardization bodies since the commercial
market for 100G-EPON is still not big enough.
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Chapter 3

Bragg grating, interference and doping
based devices

In this chapter, we present passive silicon photonic devices based on Bragg gratings, interfer-
ence and doping. We start with misaligned sidewall Bragg grating based OADMs. Two con-
tigurations of the OADM are demonstrated. Next, we show the simulation and experimental
results of two different Fabry-Perot resonators. The resonators are formed using a directional
coupler with either Bragg gratings or loop mirrors as the end reflectors. Then, we present the
design and measurements of a 3x3 MMI coupler based 120° hybrid. Lastly, we present the
design and analysis of a hybrid plasmonic waveguide based TM-pass polarizer using highly

doped silicon.

3.1 Optical add-drop multiplexer with misaligned sidewall Bragg gratings

OADMs facilitate flexible addition and extraction of WDM channels and are one of the key
components for the implementation of WDM PONSs. Thus, the OADMs are widely investigated
by the researchers and have been implemented on both non-SOI [29-33], and SOI platforms [34,
40]. On the SOI platform, several schemes have been utilized including ring resonator [34, 36],
grating-assisted contra-directional coupler [38,40], and Bragg grating [37,42] to build OADM:s.
While ring resonators have compact footprint, obtaining a flat-top spectral response as well as a
large FSR is challenging. The OADMSs based on the grating-assisted contra-directional couplers
are complex in design and it is difficult to achieve a large ER [38,40]. Finally, the Bragg grating
based devices offer FSR free operation and several degrees of freedom to achieve the desired
spectral response.

Recently, a new technique to precisely control the coupling coefficient of silicon waveguide
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Bragg gratings by misaligning the sidewall gratings was reported in [6]. This technique signifi-
cantly alleviates the problem of quantization error during fabrication which occurs because of
finite size of the mask grid [6]. In this thesis, we propose ultra-compact OADMs in the C-band
using misaligned sidewall gratings. We analyze two configurations of the Bragg gratings in
MZI-based OADMs. We refer to the first design as a single-stage design and the second as a
cascaded design. The effect of misalighment variation on the spectral response of both struc-
tures was studied numerically and experimentally. The use of misaligned gratings enables a
narrow bandwidth with a lower number of periods, thus enabling optimization of the OADM
designs for compactness. The organization of this section is as follows. In 3.1.1 the theory of
misaligned sidewall grating is described. The principle of operation of the device is presented
in 3.1.2, and finally in 3.1.3 and 3.1.4, the simulations and experimental results are discussed,

respectively.

3.1.1 Misaligned sidewall gratings

The Bragg condition is given as [124]
ABmgg = 2nang (31)

where Apy,q. is the Bragg wavelength, 7,4 is the average effective refractive index of the whole
grating structure and A is the grating period.

Silicon Bragg gratings are normally created by periodic corrugations in the side-wall of
a silicon waveguide. Each period of the grating works as a weak reflector due to its index
discontinuity. To satisfy the Bragg condition, the grating period, A has to be such that all
partial reflections add up in phase. In a uniform Bragg grating where the refractive index varies
as n(z) = Mg + Ancos(27tz/A) along the grating longitudinal axis, the grating amplitude
reflection coefficient is given as [124]

_ ig sin(qL)
'8 = Jcos(qL) — iABsin(qL)

(3.2)

where, { = 2mAn/ A is the coupling coefficient which is related to the refractive index modula-
tion depth, g = \/AB? — (2, L is the grating length, AB = B — Bpagq is the propagation constant
Z)Z::::’ . From (3.2), it can be seen that the

grating reflection spectrum depends on the refractive index modulation depth and the grating

deviation from the Bragg wavelength and Bp,ge =

length. Bragg gratings with weak coupling strengths are required to achieve narrow bandwidth
which can be designed by reducing the structural corrugation width. The bandwidth is also

inversely proportional to the length in such weak Bragg gratings [124]. Therefore, longer grat-
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ings are required to obtain narrow bandwidth devices, which increases the device’s footprint
significantly. Since, achieving a narrow bandwidth (e.g., 1 nm) requires a very small corruga-
tion amplitude, the performance of the Bragg gratings become highly sensitive to variations in
the fabrication processes.

-0.5 0 0.5

1 1.5 2 25 3
X (um)

Fig. 3.1 Electric field distributions with light injected from the left for gratings
with (top): no misalignment, and (bottom): complete misalignment. Source: [6] ©
2014 Optical Society of America.

Wang et al. [6] proposed misaligning the sidewall gratings intentionally to control the grat-
ing coupling coefficient. The misaligned grating structure can be broken down into two sep-
arate gratings with a phase offset. The effective coupling coefficient of such a grating can be
phenomenologically written as [6],

K= % + % exp(i.ZNAL/A)’ = K( COS <7rﬁL> (3.3)
where x is the coupling coefficient when there is no misalignment, AL is the grating misalign-
ment and 27tAL/A is the phase offset. From (3.3), it can be seen that as the misalignment
increases, reflections from each grating period interferes less constructively, and thus, weak-
ening the grating strength. Using this technique, narrow bandwidth Bragg gratings can be
created with a smaller number of grating periods. When the corrugations on the two side-

walls are completely misaligned, the grating periods interfere destructively, and the structure



29

no longer reflects light. It is to be noted that Eq. 3.3 is not a rigorous equation and have been
derived phenomenologically. The equation provides a coupling coefficient value of zero when
there is complete misalignment (i.e., AL = A/2). However, this will not occur practically due
to the presence of the perturbations on both sidewalls of the waveguide. The effect of the per-
turbations can be neglected when the corrugation width is very small. However, it should be
taken into consideration for large corrugations widths. Hence, a rigorous model of the coupling
coefficient needs to be developed that accounts for the sidewall perturbations. Figure 3.1 shows
the electric field distributions in a Bragg grating waveguide with no misalignment (top) and
complete misalignment (bottom) [6]. Moreover, this method of weakening the grating strength

is less sensitive to fabrication quantization error than reducing the corrugation amplitude [6].

3.1.2 Principle of operation
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Fig. 3.2 (a) Misaligned sidewall Bragg grating, (b) variation of AL. Schematic of
the fabricated (c) single-stage OADM configuration, (d) cascaded OADM configu-
ration. Here, Ay=A4".
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Figure 3.2(a) depicts the Bragg grating corrugation parameters used in our design. Here, W1
was chosen to be 580 nm and W2 to be 420 nm. Therefore, the corrugation amplitude, (AW =
w) is 80 nm. The simulated effective refractive index of the 580 nm (n,f71) and 420 nm
(n¢fr2) silicon waveguides as a function of wavelength are shown in Fig. 3.3. At 1542.5 nm
wavelength, n,¢1=2.56 and n.¢r»=2.29; thus, 1,,;=2.43. From the Bragg condition in Eq. 3.1,
A is found to be 317 nm. Fig. 3.2(b) shows the variation in the offset of the sidewall gratings
starting from 0 nm to half of the grating period, i.e., 158.5 nm. At this offset, the two sidewalls
are completely out of phase and the structure will not reflect light. The schematics of the two
configurations of the OADMs, single-stage and cascaded, are shown in Fig. 3.2(c) and 3.2(d),
respectively. All Bragg gratings have been designed to have the same Bragg wavelength. Both
arms of the MZI have equal lengths and the Bragg gratings were placed symmetrically within
each arm of the MZI. Broadband directional couplers (BDCs) [66] were used as 2x2 power
splitter and combiner in the test structures.

2.7
—nef’f1
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Fig. 3.3 Simulated effective refractive index of the 580 nm, n1,¢1 and 420 nm, 7,5 5»
silicon waveguides as a function of wavelength.

Referring to Fig. 3.2(c), light consisting of several wavelengths is launched at the input port
of the OADM. Since the Bragg gratings have a Bragg wavelength of A4, light at A4 will be
reflected. The reflected light exits at the drop port because of the 7 phase shift induced by
the directional coupler during a round trip. The other wavelengths which were outside the
reflection bandwidth of the Bragg grating will emerge at the through port, again because of
the 77 phase shift caused by the directional coupler. Since the Bragg gratings in the MZI based
OADMs are symmetric, light at A4 injected at the add port will get reflected by the Bragg
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gratings. The reflected light will exit via the through port, along with other wavelengths that
were launched at the input port (except the dropped one).

Referring to Fig. 3.2(d), the cascaded design of the OADM has two identical single-stage
OADMs with an additional Bragg grating in the connecting path. The open branches of the
single-stage OADMs are terminated with optical terminators. The drop port of the cascaded
configuration works on the same principle as the single-stage one. However, the additional
Bragg grating in between the OADMs reflects residue light at A4 that was not reflected by the
Bragg gratings in the first single-stage OADM and prevents it from emerging at the through
port. Similarly, if light at A4 is launched at the add port, it will be reflected by the Bragg gratings
in the second stage of the OADM and exit via the through port. The Bragg grating in between
the OADMSs will reflect any power that leaked through the second stage of the OADM at this
wavelength so that it does not appear at the drop port. With the cascaded configuration, the ER
of the OADM can be increased significantly and the cross-talk can be reduced. However, the

improved ER and reduced crosstalk come at the expense of additional IL and footprint.

3.1.3 Simulation results

The OADM configurations were first simulated by varying AW, AL, and the number of grat-
ing periods, NG. All the simulations were done in Lumerical Interconnect [125] and the Silicon
Electronic-Photonic Integrated Circuits (Si-EPIC) electron-beam process design kit was utilized
[126]. The transmission graphs for the variation of AW are shown in Fig. 3.4(a) and 3.4(d),
respectively for the single-stage and the cascaded configurations. It can be observed that the
ER and bandwidth increases as AW is increased. We varied AW up to 100 nm since a larger
value of AW would increase the ER further which can not be measured physically. The lower
value of AW was chosen based on the minimum fabricated feature size that has been reported
in the literature. AL was varied from 0 nm to 158.5 nm (half the grating period) and the re-
sults are shown in Fig. 3.4(b) and 3.4(e) for the single-stage and the cascaded configurations,
respectively. The ER and bandwidth exhibits a decreasing nature as AL is increased. The re-
sults for the variation of NG is provided in Fig. 3.4(c) and 3.4(f) for the single-stage and the
cascaded configuration, respectively. The ER decreases but the bandwidth remains constant if
NG is decreased as can be seen from the figures. The upper value of NG was chosen because
a higher value would increase the ER further which can not be measured physically. Further-
more, it would increase the footprint and IL of the device. The cascaded configuration achieves
significantly larger ER for both AW and AL variation. The sensitivity of the power meter in
the simulation software was set to -100 dB and is why clipping can be observed in Fig. 3.4.

We chose this value for power meter sensitivity because a ER value of less than -100 dB cannot
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Fig. 3.4 Simulated transmission responses for the single-stage configuration for
(a) different AW with NG=400 and AL=0 nm, (b) different AL with AW=80 nm
and NG=400, and (c) different NG with AW=80 nm and AL=128 nm. Simulated
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be measured physically. The clipping phenomenon indicates that the OADMSs have higher ER
than what we can observe.
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Fig. 3.5 FoM as a function of AL for different AW with NG=400 for the (a) single-
stage, and the (b) cascaded configurations.

From the results presented in Fig. 3.4, we will choose AW, AL, and NG by balancing ER,
bandwidth and device compactness. For NG=200, the ERs are only 12 dB and 26 dB for the
single-stage and the cascaded configurations, respectively whereas for NG=400, the ERs are
35.5 dB and 85.85 dB, respectively. Since increasing NG to 600 does not provide significant
improvement of ER for the cascaded configuration, we chose NG=400 to make the device com-
pact. We have derived a figure of merit (FoM) parameter from the ER, 3-dB bandwidth and
footprint to determine the value of AW and AL. The FoM has been defined as follows (3.4):
(a) the footprint of the cascaded configuration is considered as the standard. The footprint of
both configurations is divided by the footprint of the cascaded configuration; this is designated
as the footprint ratio (FR), (b) the FR is multiplied with the 3-dB bandwidth, and (c) the ER is

divided by this product.
ER
FoM = W (3dB) < FR (3.4)

The FoMs for the single-stage and the cascaded configurations as a function of AL for different
values of AW are presented in Fig. 3.5. It can be seen that the highest value of FoM for the
single-stage and the cascaded configurations are 7.54 dB/nm and 13.83 dB/nm, respectively
which are obtained at AW=80 nm and AL=128 nm. Therefore, we have used these values for
our fabrication.

In order to evaluate the effectiveness of misaligned sidewall Bragg gratings compared to
typical aligned sidewall gratings, we study the effect of increasing AL versus decreasing AW
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Fig. 3.6 Simulated coupling coefficients for (a) different AW with AL=0 nm, and
(b) different AL with AW=80 nm.

on the coupling coefficients. The coupling coefficients of the Bragg gratings for different AW
with AL fixed at zero, and with the AW constant at 80 nm for different AL are calculated and
presented in Fig. 3.6. As can be seen in Fig. 3.6, the coupling coefficient decreases as AW
is reduced or AL is increased. In terms of practical implementations, varying AL to achieve
different coupling coefficients is more resistant to fabrication errors as shown in [6]. This can
also be attributed to the fact that fabricating small feature size is difficult. For example, from
Fig. 3.6, it can be seen that a coupling coefficient of 3.9x10* m™ is obtained at AW=20 nm
with AL=0 nm (Fig. 3.6(a)) which can also be obtained with AW=80 nm and AL=124.7 nm
(Fig. 3.6(b)). The 80 nm feature size will resolve better during fabrication compared to the
20 nm features. The larger AW also allowed us to use a smaller number of grating periods and
reduce the device footprint.

3.1.4 Experimental results and discussion

The devices were fabricated with a single-etch process using electron beam lithography [127].
The waveguides have a 500 nm x 220 nm cross-section with a 3 ym buried oxide and native
oxide cladding. Fully-etched sub-wavelength grating couplers were used for coupling light in
and out of the OADMs [128]. Calibration grating coupler pairs, with one input grating coupler
and one output grating coupler, were used to calibrate the ILs of the grating couplers from the
test structures. The scanning electron microscope (SEM) images of the fabricated OADMs and

misaligned Bragg grating with AL=128 nm and AW=80 nm are shown in Fig. 3.7. Transmission
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Cascaded

Fig. 3.7 SEM images of the fabricated single-stage and cascaded OADMs and mis-
aligned sidewall bragg grating with AL=128 nm and AW=80 nm.

spectra were measured by sweeping an external cavity laser over the wavelength of interest and
recording the output power from various ports of the device with a power meter. The results
for both the single-stage and cascaded configurations are presented in Fig. 3.8. AL was varied
from 0 nm to half of the grating period, A. As can be seen from Fig. 3.8, for both configurations,
the bandwidth reduces as AL is increased. This occurs because the reflection from each grating
period interferes less constructively as the grating misalignment increases.

In case of the single-stage configuration, the ER remains almost constant at 51 dB for up to
AL=96 nm and decreases to 25 dB at AL=128 nm. For the case of the cascaded configuration, the
ER remains constant at around 51 dB until AL=128 nm. This can be explained from the fact that
the cascaded configuration has an intermediate Bragg grating, which reflects the residue light
that leaks from the first stage, thus achieving a higher ER even at AL=128 nm. At AL=158.5 nm,
there is no reflection as demonstrated by the solid brown line in the input-to-through plot of
Fig. 3.8. The measured ILs from the input-to-drop port and the input-to-through port are 2 dB
and 4.1 dB, respectively for the single-stage configuration, and 2 dB and 8.5 dB, respectively
for the cascaded configuration. The additional loss in the through port of the cascaded config-
uration emerges because of the extra path and Bragg gratings that the light needs to travel to
reach the through port compared to the single-stage configuration. Part of the light also leaks
through the add port which is another reason for the increased IL at the through port.

The simulated and measured ERs and 3-dB bandwidths are compared in Fig. 3.9. Regarding
the ER, the difference between the simulated and measured results is large as observed in



36

0

) m -20

Z Z

[ C

i) 8]

7 8 -4

S S

(2] (2]

C C "

®© —AL =32nm © 60! YT — AL = 32nm

= —AL = 96nm = —AL = 96nm
-50r : —AL=128nm —AL =128nm
_ ‘ ‘ ‘ —AL = 158.5nm _ ‘ ‘ ‘ —AL = 158.5nm

qg30 1535 1540 1545 1550 1555 1560 qg30 1535 1540 1545 1550 1555 1560
Wavelength (nm) Wavelength (nm)

(@) (b)

0
) o
S z
c c
o e
8 3
5 5
5 S L=32
= —AL =32nm
(= = 60t

= ~60 —AL = 96nm
—AL =128nm —AL =128nm
B ‘ ‘ ‘ —AL = 158.5nm _ ‘ ‘ ‘ —AL = 158.5nm
q%SO 1535 1540 1545 1550 1555 1560 8I%SO 1535 1540 1545 1550 1555 1560
Wavelength (nm) Wavelength (nm)

(© ()
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single-stage configuration, and (c) drop and (d) through port of the cascaded con-
figuration.
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Fig. 3.9(a). This is attributed to the -80 dBm sensitivity limit of the power meter used in the
experiment. The fact that the ER remains constant with the increase in AL (even at 128 nm
for the cascaded configuration) provides further evidence that the devices have higher ER than
measurable with our equipment. Another evidence is that the simulated and measured ERs
start to agree for AL >100 nm when the simulated ER become <50 dB which is within the
sensitivity capabilities of the power meter used in the experiment. For the 3-dB bandwidth
parameter, the agreement between simulations and measurements is good and the deviations

between the simulated and measured values decrease as AL is increased as shown in Fig. 3.9(b).

3.1.5 Conclusions

We present two configurations of the OADM utilizing misaligned sidewall Bragg gratings and
obtained ERs of 25 and 51 dB with a footprint of only 400 ym x 90 ym and 400 ym x 125 pm, re-
spectively. In future designs, the sidelobes can be reduced by apodizing the gratings [129]. The
misalignment technique to vary the grating strength profile for apodization is more resilient to
fabrication errors compared to changing the corrugation amplitude to vary the grating strength
profile [6]. Thus, our proposed designs not only provide good performance but also relax fab-
rication tolerances. Furthermore, the feature size used in the designs can be fabricated using
193 nm DUV lithography.
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3.2 Transversely coupled Fabry-Perot resonators with Bragg gratings

One of the most intensively used components in SOI are resonators, which have applications
in WDM, optical sensors, laser cavities and all optical signal processing [130,131]. While a
high Q-factor is required for applications like sensing [132] and lasing [131]; WDM applications
necessitate resonators with low IL, high ER, and a wide tuning range [133].

Various kinds of resonators have been implemented on the SOI platform in the past includ-
ing ring [31,48], racetrack [49], Gires-Turnois [50], Fabry-Perot [51] and Michelson [52]. Out of
all the variations, the micro ring resonator (MRR) is the most heavily used because of its com-
pact footprint. MRRs [48] are one of the key candidates for WDM applications. However, to
obtain a high ER using MRRs, multi-stage configurations are used which leads to an increased
device complexity [134]. Furthermore, the critical coupling condition needs to be maintained
which is difficult to achieve. MRRs with a small bend radius are required to obtain a large
FSR, but if the bend radius is too small, the bending loss becomes too high and achieving the
required coupling coefficient becomes difficult due to the small coupling length.

The concept and experimental demonstration of fiber based transversely coupled Fabry-
Perot resonators (TCFPR) was first reported in [135,136]. In this thesis, we report a detailed
study of the design, fabrication, and characterization of integrated TCFPRs with Bragg gratings
on SOL The proposed resonator structure merge the advantages of both ring resonators and
Bragg gratings enabling the variation of more design parameters to tune the spectral character-
istics.

3.2.1 Operating principle

As shown in Fig. 3.10, the TCFPRs consist of a directional coupler, two Bragg gratings and
waveguide cavities. Depending on which two ends of the waveguide cavities are terminated
with Bragg gratings, we refer to the TCFPRs as type I and type II, as presented in Fig. 3.10(a)
and 3.10(b), respectively. The key difference between them is that a 77/2 phase shift occurs in
every transit inside the waveguide cavity in the case of the type II TCFPR. TCFPRs with Bragg
gratings combine the benefits of both ring resonators and Bragg gratings allowing for more
flexibility in tuning the spectral characteristics. Unlike MRRs, TCFPRs do not have any critical
coupling condition. Furthermore, a single TCFPR can be used to drop multiple channels similar
to MRR add-drop filters, but not limited by the FSR as is the case for the MRR add-drop filters
because the implementation of the Bragg gratings act as a channel filter.

The spectral characteristics of an all-pass MRR can be tuned by putting heaters either on
the coupling region to tune the coupling coefficient or on the ring itself to vary the optical path
length as shown in Fig. 3.10(c). Whereas, TCFPRs with Bragg gratings provide the freedom of
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tuning the spectral characteristics of the Bragg gratings, in addition to the possibility of tuning
the coupling coefficient and the optical path length. The physical parameters set the reflectivity
and bandwidth of the Bragg grating, which then determines the ER and the number of channels
of the TCFPR. By increasing or decreasing the bandwidth of the Bragg grating, resonant peaks
can be added or removed; which in turn increases or decreases the number of channels that
can be dropped using the TCFPR. In addition, the resonant cavity of the TCFPRs can be made
to be straight waveguide to alleviate bending losses. Type I and II TCFPRs can be cascaded
to make compound resonators with tunable spectral mode suppression capability [137] which
have applications in laser linewidth narrowing, filtering and spectral analysis. The 7r/2 phase
shift offered by the type II TCFPR is required for such applications, a feature which is absent
in all-pass MRRs. It should be noted that the devices presented in sections 3.2 and 3.3 do not
include the heaters. We only discussed the possibility of tuning the characteristics of the devices
using heaters.

Referring to Fig. 3.10(a) and 3.10(b), in the type I and II TCFRPs, two ports of the directional
coupler are connected to the input and output grating couplers while the other two ports
are connected to the Bragg gratings via straight waveguides. In the type I TCFPR, the Bragg
gratings are connected to the waveguide ends such that no phase shift occurs during each
transit within the cavity, while in the type II TCFPR, the Bragg gratings are connected in a
manner that causes a 71/2 phase shift for each transit through the cavity. The output intensities
can be expressed as following for the type I and II TCFPRs, respectively [136,138],

I; = [(1—x)'2E"*[1 — (RiRy + R{Ry)]?
4(RyRo+RRy)sin®[B(l +12)]

X t [1-(RiRa+R{R))J? 35)
{1 ke sin?[B(1 + 12)]} (1— RyRy )2

Iy = [k2E™]2[1 4+ RyR3 + RyR})?

1_ 4(R4R3+R2R§)Sin2[/3(124+13)]
% [1+R4R3+R4R3] (36)

{1 G sinclp(l + )] | (1+ RRY)?

where, Rj = rj(1 —x)/2(1 — 7)1 2 exp(—2al}); j = 1,2,3,4,
R; =rjx!/2(1 —y)2exp(—2al;); j = 1,2,3,4.
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Fig.3.10 Schematics of the (a) type I, and the (b) type II TCFPRs, and (c) an all-pass
MRR. BG: Bragg Grating

E™™ is the input electric field, a is the amplitude loss, 8 = 27”713 7 is the propagation constant,
nsr is the effective index, « is the directional coupler coupling coefficient, -y is the excess loss
of the directional coupler, r1, 2, r3 and r4 are the reflectivities of BGy, BGy, BG3 and BGy,
respectively, and [y, I, I3 and l4 are the waveguide cavity lengths as depicted in both Fig. 3.10(a)
and 3.10(b).

The light penetrates into the Bragg gratings to some extent and gets fully reflected before
traveling through the entire length of the Bragg grating. Thus, we use the term effective cavity
length, L.ss to express the resonant cavity length which includes the length of the waveguide
cavities on both sides of the directional coupler, the length of the directional coupler and the
length up to which light penetrates into the Bragg grating. This length is smaller than the total
length if we consider the entire length of the Bragg gratings. We calculate L.ff by measuring
the FSR (either from simulation results or from measurements) and using the relation provided
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below [138],

c

Leff = Juy x FSR G2

where, ¢ is the speed of light and 7, is the group index. It is to be noted that the FSR
in the above equation is in terms of frequency difference. The simulated n, as a function of
wavelength for the waveguide used in our design is shown in Fig. 3.11. In [138], 1,y was used
instead of the 7, for the fiber-based TCFPR. However, due to non-negligible dispersion in SOI
waveguides we have used 7y, which takes the dispersion into account.

4.2

4.19

4-188 Il Il Il Il
1500 1520 1540 1560 1580 1600

Wavelength [nm]

Fig. 3.11 Simulated group index of silicon waveguide with 500 nm x 220 nm
cross-section. Obtained using Lumerical MODE Solutions.

3.2.2 Simulation results

The effect of varying the cavity length and x on the spectral characteristics of the TCFPRs have
been studied using simulations. All the simulations have been done in Lumerical Interconnect
[125] and the Si-EPIC electron-beam process design kit has been utilized [126]. Fig. 3.12(a)
shows the effect of varying the cavity length on the FSR of the TCFPRs. The color bar indicates
the ER of the resonant peaks. It can be seen that the FSR can be tuned from a few nanometers
to fractions of a nanometer by changing the cavity length.

Transmission responses of the TCFPRs with effective cavity lengths of 110 ym and 943 ym
are presented in Fig 3.12(b) and 3.12(c), respectively. Bragg gratings with corrugation width of
100 nm, grating period of 320 nm and 1500 periods are used as the mirrors. The TCFPR with
Lesr = 110 pm achieved Q-factor, ER and FSR values of 2765, 39 dB and 2.75 nm, respectively,
while the TCFPR with Less =943 ym exhibits Q-factor, ER and FSR values of 22687, 21 dB and
0.31 nm, respectively.
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Fig. 3.12 (a) Cavity length sweep of the type I TCFPR with Bragg gratings (color
bar indicates the extinction ratio) and simulated transmission response of the (b)

type I TCFPR with L,s = 110 pm, and the (c) type I TCFPR with L, = 943 pm.



43

The behavior of the Q-factor as « is varied, is depicted in Fig. 3.13. A high Q-factor is
obtained in the case of the type I TCFPR when « is small and in the case of the type Il TCFPR
when « is large. The opposite responses of the type I and II TCFPRs come from the fact that only
an amplitude change takes place inside the cavity of the type I device while both an amplitude
change and a 71/2 phase shift occur inside the type II TCFPR cavity.
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Fig. 3.13 Q-factor as a function of « for both type of TCFPRs.
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Fig. 3.14 Effect of variation of x on the type (a) I, and (b) II TCFPRs’ spectral
characteristics using simulations.

Figure 3.14(a) and 3.14(b) present the simulated effect of the variation of k¥ on the spectral
characteristics of the type I and II TCFPRs, respectively. To obtain a flattop passband, x should
be small in the case of the type I TCFPR and large for the type Il TCFPR. However, the ER gets



44

smaller as the flatness of the passband increases in both cases; i.e., x is decreased for the type I
TCFPR and increased for the type II TCFPR. As shown in [139], high Q-factor and high ER are
conflicting requirements and there is a trade-off between these two performance parameters.
Therefore, with increasing x, the Q-factor is decreased and the ER is increased for the type I
TCFPR and the reverse is observed in the case of the type II TCFPR.

3.2.3 Experimental results and discussion

Fig. 3.15 SEM images of the Bragg grating-based type (a) I, and (b) II TCFPRs, (c)
enlarged view of the Bragg grating.

The devices were fabricated using electron beam lithography on a SOI wafer with 220 nm
silicon layer thickness. The wafer has a 2 ym buried oxide layer and 2.2 ym thick silica has
been deposited over the silicon layer after the etching step was completed. Fig. 3.15 presents
the SEM images of the fabricated devices. Broadband sub-wavelength grating couplers with 90
nm 1-dB bandwidths [140] were used to couple light into and out of the devices and calibration
grating couplers were used to calibrate the ILs of the grating couplers from the devices under
test. A broadband directional coupler [141] with a 1-dB bandwidth in excess of 100 nm was
used as the 3-dB directional coupler. Sidewall Bragg gratings with 100 nm corrugation widths,
320 nm grating period and 1500 periods resulting in a length of 480 ym were utilized as the
mirrors to form the resonant waveguide cavity.

A custom-built setup using a Yenista TUNICS C-band laser and a CT400 passive optical
component tester is used to perform the measurements. The measured transmission spectra
of the type I TCFPRs with L. = 110 ym and 943 pum are depicted in Fig. 3.16(a) and 3.16(b),
respectively. As can be seen from the figures, the TCFPR with L,sf = 110 ym achieves an
ER of 37.28 dB. This TCFPR has an IL of 2.48 dB, an FSR of 2.58 nm and a Q-factor of 3356;
whereas, the TCFPR with L.¢r = 943 ym achieves a Q-factor of 23642, an IL of 1.48 dB, an FSR
of 0.3 nm and an ER of 8.6 dB. The measurements matches well with the simulation results
presented in Fig. 3.12(b) and 3.12(c) except for the fact that the resonant peaks appear over

a different wavelength range. Since Bragg gratings are sensitive to fabrication variations, the
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Bragg wavelength differs from the simulation results although the same grating period is used

during fabrication. As a result, the range of wavelength over which the resonant peaks appear

are

Transmission [dB]

different from the simulations.
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Fig.3.16 Measured transmission responses of the (a) type I TCFPR with L, =110
pm, and the (b) type I TCFPR with L, = 943 pum.
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Fig. 3.17 Variation of the Q-factor and the FSR of the type I and II TCFPRs as a
function of Lefy.

The Q-factor can be written as [48],

Ares  ThgLeffy/T14723 (3.8)

— factor = =
Q f FWHM /\res(l - 71,472,3)
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where, A is the resonant wavelength and FWHM is the full-width half-maximum. Variation
of the Q-factor and the FSR as a function of L,s¢ for both type I and II TCFPRs are presented
in Fig. 3.17. Both type of TCFPRs show similar FSRs for a certain L.fs as shown in Fig. 3.17.
The Q-factor increases with the increase of L,s¢ for both of the TCFPRs as suggested by Eq. 3.8.
Although at smaller L.s, the type II TCFPRs exhibit slightly higher Q-factor than the type I
TCFPRs, the highest Q-factor is achieved by the type I TCFPR at L.fs = 943 um. The achieved
ERs and ILs for various values of L,s¢ for type I and Il TCFPRs are reported in Table 3.1. A
decreasing trend of the ERs can be observed with the increase of L.ss. The ER can be related
to the resonator losses [142]. Since increasing the L.¢s increases the propagation loss, the ER is
decreased. However, the ILs do not exhibit any such trend.

Table 3.1 Measured ER and IL for various cavity lengths.

Type I Type I
Less [pm] ER[dB] IL [dB] ER[dB] IL [dB]
110 37.28 2.48 27.56 2.41
158 27.68 24 24.33 2.39
325 17.68 22 15.64 2.13
416 17.65 1.8 15.09 1.73
488 11.6 2.1 13.26 2
832 10.43 1.7 11.23 2
943 8.69 1.43 11.14 3.08

3.2.4 Conclusions

In summary, we have demonstrated novel TCFPRs on the SOI platform. The TCFPRs offer better
flexibility to achieve the desired spectral response compared to all-pass MRRs. Furthermore,
one variant of the TCFPR features a 77/2 phase shift for each one-way trip through the resonant
cavity. Since the resonant cavity can be formed using straight waveguides and BGs as the end
reflectors, bending losses can be eliminated in the TCFPRs. The effect of varying the cavity
length is studied experimentally for both types of TCFPRs. The impact of tuning the x on
the spectral response of the TCFPRs is also investigated in simulation. In future designs, the
spectral range can be increased by using chirped gratings.

3.3 Transversely coupled Fabry-Perot resonator with loop mirrors

In this section, we present the simulation and experimental results of loop mirror based TCF-
PRs. The operating principle of this version of the TCFPR is same as the Bragg grating based
design. Since Bragg gratings have small reflection bandwidths, TCFPRs utilizing Bragg gratings
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exhibit resonant peaks over smaller bandwidths, therefore, limiting device applications where
a broadband resonant spectrum is required. Loop mirror based TCFPRs, on the other hand, ex-
hibit resonant peaks over a broader range of wavelengths. A silicon photonic interleaver based
on an interfering loop had been demonstrated in [143] achieving boxlike spectral response over
60 nm bandwidth. The interfering loop contained a Fabry-Perot cavity formed by two Sagnac
loops.

Grating Coupler
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Fig. 3.18 Schematics of the type (a) I, and (b) Il TCFPRs with loop mirrors.

Two different configurations of the resonators have been obtained by connecting the loop
mirrors to two different sets of ports of the directional coupler which are referred to as type
I and type II as shown in Fig. 3.18(a) and 3.18(b), respectively. TCFPRs using loop mirrors
offer tuning the properties of the loop mirrors to achieve the desired response, in addition to
the coupling coefficient of the directional coupler and the optical path length of the waveguide
cavities. The reflectivity of the loop mirrors can be tuned by tailoring the Y-branch and length
of the loop. In [144], the variation of Y-branch to obtain different reflectivities have been inves-
tigated thoroughly via simulation and experiment. The reflectivity of the loop reflector can be
maximized by optimizing the Y-branch waveguide dimensions. The reflectivity can be varied
by changing the power splitting ratio at the Y-junction and the transmission loss at the half-ring
arc [144]. A larger imbalance in the splitting ratio of the Y-junction and a higher loss at the
half-ring arc will reduce the reflectivity and vice-versa. A high reflectivity is desired to obtain

a large Q-factor.
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3.3.1 Simulations results

The effects of varying the waveguide cavity length and the coupling coefficient of the directional
coupler, x on the spectral characteristics of the TCFPRs are simulated first.

Figure 3.19(a) depicts the variation of FSR as a function of the cavity length of the TCFPRs
with loop mirrors. The color bar indicates the ER of the resonant peaks. The FSR can be varied
from a few nanometers to fractions of a nanometer by tailoring the cavity length.

Transmission responses of the type II TCFPR with a cavity length of 376 ym and the type
I TCFPR with a cavity length of 1038 ym are presented in Fig 3.19(b) and 3.19(c), respectively.
The former achieved Q-factor, ER and FSR values of 5760, 23.62 dB and 1.19 nm, respectively,
while the latter exhibits Q-factor, ER and FSR values of 27046, 18.5 dB and 0.32 nm, respectively.

Variation of the Q-factor as a function of x is depicted in Fig. 3.20. As x decreases, the
Q-factor of the type I TCFPRs increases and for the type II TCFPRs high Q-factors are obtained
for larger values of k. Since a 71/2 phase shift takes place inside the cavity of the type II device
which does not occur in the type I TCFPRs, we observe the opposite responses.

The effects of variation of x on the resonant spectrum of the type I and II TCFPRs are
presented in Fig. 3.21(a) and 3.21(b), respectively. As can be seen from the figures, flattop
passbands are obtained when « is small in case of the type I TCFPRs and is large for the type
IT TCFPRs. A flattop passband is desired in WDM applications to ensure that the filters do
not introduce any distortions in the signal that passes through it. However, there is a trade-off
between the ER and the flatness of the passband. As « is decreased, the ER becomes smaller
for the type I TCFPRs and the opposite happens for the type II TCFPRs. This can be explained
from the fact that high Q-factor and high ER cannot be obtained simultaneously and there is a
trade-off between them [139].

3.3.2 Experimental results and discussion

Figure 3.22(a) and 3.22(b) depict the SEM images of the type I and II TCFPRs, respectively.
Electron beam lithography is used to fabricate the devices with a single etch step. The SOI
wafers have a 2 ym buried oxide layer and a 220 nm silicon layer on top of the buried oxide
layer. After etching, a silica layer with a thickness of 2.2 ym was deposited over the silicon layer.

The measurements were taken using a custom-built setup with a Yenista TUNICS C-band
laser and a CT400 passive optical component tester. A polarization maintaining fiber array
with a pitch of 127 ym was used to test the device. A photograph of the experimental setup
is shown in Fig. 3.22(c). Vertical grating couplers with a 90 nm 1-dB bandwidth [140] were
used to inject and extract the light to and from the device. Calibration grating coupler pairs
connected by straight waveguides were used to calibrate the ILs of the grating couplers from
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Fig. 3.19 (a) Cavity length sweep of the type I TCFPR with loop mirrors (color bar
indicates the extinction ratio) and simulated transmission response of the type (b)
II TCFPR with L = 376 ym and the type (c) I TCFPR with L = 1038 ym.
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Fig. 3.21 Effect of variation of x on the (a) type I, and the (b) type II TCFPRs’
spectral characteristics using simulations.

the transmission response of the TCFPRs. The directional coupler used in the device has a 1-dB
bandwidth in excess of 100 nm [141] and has a gap of 200 nm. The loop mirrors are designed
using a Y-branch and by connecting the two ports of the Y-branch with a strip waveguide. The
waveguides have a cross-section of 500 nm x 220 nm and the loop has a radius of 14 ym.
Figure 3.23(a) and 3.23(b) present the measured transmission responses of the type II TCFPR
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Fig. 3.22 SEM images of the type (a) I, and (b) II TCFPRs with loop mirrors, and
(c) photograph of the experimental setup.



52

0 : : : :
(A | T
g >
5-10 {814 dE 3
£ | = L~
l__20 154‘465154 ,715‘4 .75 1544.8

. . . L | -20 | | L

1520 1530 1540 1550 1560 1570 1580 1520 1530 1540 1550 1560 1570 1580
Wavelength [nm]

(a) (b)

Fig. 3.23 Measured transmission responses of the (a) type II TCFPR with L = 376
pm, and the (b) type I TCFPR with L = 1038 pum.

with a 376 ym cavity length and the type I TCFPR with a 1038 ym cavity length. It can be seen
that, the type II TCFPR with L = 376 ym achieves an ER of 18.14 dB, an FSR of 1.22 nm, a
Q-factor of 5120 and an IL of 2.12 dB. The type I TCFPR with L = 1038 ym achieves a Q-factor
of 28086 with an ER of 10.04 dB, an FSR of 0.32 nm and an IL of 1.9 dB. The measurements
agree well with the simulations presented in Fig. 3.19(b) and 3.19(c).

As shown in [144], the reflectivity of the loop mirror varies with wavelength in a periodic
manner which is attributed to the unsymmetrical branching of the Y-branch. As a consequence,
the IL of the TCFPR varies with the wavelength as can be observed from Fig. 3.23. The reso-
nance ER in Fig 3.23(a) and 3.23(b) varies approximately sinusoidally with the variation of the
wavelength. This phenomena can be attributed to the fact that the self-coupling coefficient of
a resonator with a directional coupler exhibit a sinusoidal variation with wavelength as shown
in [145,146]. Hence, the resonance ER exhibits a similar sinusoidal pattern as a function of the
wavelength.

The measured ER and the ILs of both types of TCFPRs with different cavity lengths are
presented in table 3.2. The same directional coupler has been used in all these variations of the
TCFPR to ensure that the loss due to the directional coupler is fixed. It can be observed that
as the cavity length increases, the ER decreases. As mentioned in [142], the ER is related to the
resonator losses. Thus, with the increase of the cavity length, the propagation loss increases
and as a consequence the ER decreases. The measured propagation losses of the waveguides
used in the reported devices are 2.2 dB/cm for the straight waveguides and 6.2 dB/cm for the
curved waveguides [147].
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Table 3.2 Measured ER and IL for different cavity lengths.
Typel Type II
L[um] ER[dB] IL[dB] ER[dB] IL [dB]
376 17.62 1.75 18.14 2.12
413 16.05 1.54 14.74 1.43
536 13 1.37 13.96 2.7
641 12.72 1.93 12.66 1.95
738 12.5 1.61 12.63 1.8
838 11.04 1.97 12.17 2.14
938 10.41 1.78 11.6 2.45
1038 10.04 1.9 11.45 2.8

3.3.3 Conclusions

We present two configurations of TCFPRs using the loop mirror reflectors. We achieved a Q-
factor of 28086 and an ER of 10.04 dB for a 1038 yum cavity length and an ER of 18.14 dB and
a Q-factor of 5120 for a cavity length of 376 ym. The reported TCFPRs offer better design
flexibility compared to the all-pass MRRs.

3.4 C-Band 120° optical hybrid using multi-mode interference couplers

Coherent detection techniques facilitate the linear mapping of the in-phase and quadrature
components of optical fields to the electrical domain which allows the use of DSP [148]. DSP is
the key enabler to implement spectrally efficient modulation formats and mitigate the transmis-
sion impairments [149]. Moreover, coherent detection system allows convergence to the limits
of spectral efficiency [150].

Coherent optical detection systems have already been deployed in long-haul, metro and
inter-data center networks. Passive optical networks employing coherent detection have been
demonstrated as well [90]. In the intra-data center segment, multilevel intensity modulation
and direct detection is used to achieve bit rates up to 100 Gb/s per A [151]. However, this
approach offers limited optical power efficiency which is challenging to scale further. Recently,
several research groups have suggested to use coherent detection for high-speed intra-data cen-
ter applications to exploit all four dimensions of the optical field and to increase the receiver
sensitivity [151,152]. However, due to the strict power and cost constraints of this segment,
coherent detection systems with simpler front-end are required. The expensive receiver ar-
chitecture developed for the core network cannot be directly transferred to the cost-sensitive
segments such as intra-data center and access networks.

Conventional coherent detection systems use 2x4 90° optical hybrid to mix the received op-
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tical signal with the local oscillator and utilize balanced photodetectors to reject the unwanted
direct detection terms [58]. Although balanced detection using 90° optical hybrids is favored
in long-haul communication systems due to its superior performance in suppressing different
noise sources, single-ended detection is less expensive due to simpler trans-impedance ampli-
tiers and less number of required RF connections. To reduce the complexity of the receiver
architecture, single-ended detection based optical front-ends with 120° optical hybrids appli-
cable for colorless reception have been reported in [62,153]. In [68], an integrated coherent
receiver based on 120° hybrid in SOI in the C-band has been reported. However, there is no
detail analysis on the design and characterization of the 120° hybrid itself. In [92], polarization-
independent coherent receivers based on 120° optical hybrid have been demonstrated for in-
tensity modulated signals with applications in the access networks. 120° optical hybrids have
broader bandwidth and larger fabrication tolerance compared to 90° hybrids [153] based on
4x4 MMI couplers.

In this thesis, we present a C-band 120° optical hybrid on SOI with silicon thickness of
220 nm for the TE mode using 193 nm DUV lithography. The hybrid is based on 3x3 MMI
couplers. As seen in [154], the optical bandwidth of an MMI is inversely proportional to the
number of access waveguides. Therefore, a 3x3 MMI based 120° optical hybrid has intrinsically
broader bandwidth than a 90° optical hybrid based on a 4x4 MMI. Broadband optical hybrids

are preferred for colorless detection over wide bandwidth range.

3.4.1 Device design and simulations

Length
Port-1 Port-4 4 taper width
<—— Port-2 Width Port-5 ti
taper length port.3 Port-6 Isepara ion

Fig. 3.24 Schematic of the 3x3 MMI coupler based 120° optical hybrid.

The 120° optical hybrid is a 6-port device with 3 input and 3 output ports. The hybrid
provides linear combinations of the input fields at the 3 output ports with mutual relative
phase offsets of 120° and 240°. The schematic of the reported 120° optical hybrid based on
3x3 MMI coupler is shown in Fig. 3.24. MMI coupler is a photonic device that utilizes self-
imaging in multimode waveguide [108]. A large number of modes supported by the multimode
waveguide interfere at well defined lengths which results in self-imaging. To launch light into
the waveguide and recover it from the waveguide, a number of access waveguides are placed

at the input and output of the multimode waveguide. The self-imaging length of the MMI is



55

given by [108],
£ (3.9)

Here, L is the beat length of the two lowest order modes, W, is the effective MMI width,
n, is the effective index of the MMI slab region and Ay is the operating wavelength.
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Fig. 3.25 Variation of length of the 120° optical hybrids for C-band with width =
11 ym. Here, 1, 2 and 3 are the input ports and 4, 5 and 6 are the output ports as
shown in Fig. 3.24. Black dashed circle indicates the optimum length.

The fundamental design guidelines of an MMI coupler are provided in [108]. The basic
design parameters are the length and width of the multimode waveguide and the positions
of the access waveguides. The simulations were carried out using Lumerical MODE eigenmode
expansion solver [155]. It has been shown in [60] that the excess loss of an MMI decreases with
an increase in the width of the multimode waveguide. Initially the width of the multimode
waveguide was chosen based on the results which were reported in [60]. After running simula-
tions we found the optimum width to be 11 ym. Since the 3x3 MMI coupler should have a split
ratio of 1/3 of the input at each output port, the access waveguides need to be placed symmet-
rically around the center axis on both sides of the multimode waveguide. The gap among the
access waveguides also need to be chosen carefully. Tapered waveguides were used to ensure
the gradual evolution of the optical modes from waveguide width of 0.5 ym to 2.5 ym. Finally
the length of the MMI was varied to find the sweet spot where the split ratio is 1/3 of the input
at each output port and relative phase differences are 120° and 240° with respect to a reference

port. The variation of the absolute squared scattering parameters of different ports with the
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Fig. 3.26 Simulated TE field profiles of the 3x3 MMI coupler with excitations at
different input ports.

variation of MMI length are shown in Fig. 3.25. It can be observed that the optimum length is
298 um. The TE field profiles of the 3x3 MMI coupler with excitations at different input ports
are shown in Fig. 3.26. With light injected at any input port, the hybrid divides it equally at the
3 output ports acting like a 1/3 power splitter.

The simulated split ratio and phase deviations at each output port for light launched at
different input ports with the variation of wavelengths are presented in Fig. 3.27(a) and 3.27(b),
respectively. Maximum excess loss of 2.65 dB and phase deviation of <5° are achieved over 65
nm (1520 nm - 1585 nm) bandwidth.
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Fig. 3.27 (a) Simulated split ratio of each output ports for light injected at each
input ports, and (b) simulated relative phases of the 120° hybrid.

3.4.2 Experimental results and discussion

Electron beam lithography with a single-etch step has been used to fabricate the devices. The
channel waveguides have a cross-section of 500 nm x 220 nm to maintain the single-mode
profile. The devices have 2 ym buried oxide layer and 2.2 ym oxide cladding. Vertical grating
couplers were used to couple light into and out of the 3x3 MMI couplers and calibration grating

couplers were used to calibrate the ILs of the grating couplers from the device under test.
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Fig. 3.28 presents the SEM image of the fabricated 120° optical hybrid with device dimensions.

Fig. 3.28 SEM image of the fabricated 120° hybrid.
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Fig. 3.29 (a) Measured split ratio of each output ports for light injected at each
input ports, and (b) difference of split ratio between each output ports [1 & 2,1 & 3
and 2 & 3].

The measurements have been performed using Yenista TUNICS C-band lasers and CT400
passive optical component tester. To measure the split ratio of the C-band hybrids, the laser was
swept from 1500 nm to 1585 nm with a step size of 10 picometer. Polarization maintaining fiber
array with a pitch of 127 ym was used to test the device. The 3x3 MMI coupler is designed to
provide 1/3 of the input power at each output ports which translates to -4.82 dB. The measured
transmission spectra at different output ports for light launched at different input ports are
shown in Fig. 3.29(a). Within the 1500 nm to 1560 nm range, the hybrid exhibits <2.4 dB
of excess loss. The differences among different output ports are shown in Fig. 3.29(b). The
deviation in split ratio is <41 dB over 1500 nm to 1555 nm.

The relative phase measurement method is presented in Fig. 3.30(a). Light launched at
the input grating coupler is split using a Y-branch. The two output ports of the Y-branch are
connected to the two input ports of the 120° hybrids with a path difference of about 250 ym to
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implement a MZI structure. This results in a MZI behavior at the 3 output ports of the hybrid.
The FSR is a distinctive feature of a MZI which is defined by a phase difference of 27t. From
this FSR characteristics the relative phases can be calculated using the following relation and

considering one of the output ports as reference.
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Fig. 3.30 (a) Relative phase measurement method, (b) measured relative phases of
the 120° optical hybrid, and (c) deviation of the relative phases from the ideal value
of 120° and 240°.

Here, A¢ is the relative phase difference, FSR is the free spectral range of the reference
output and AA is the distance of minima for different output ports with respect to the minima
of the reference port. The calculated relative phases of the 120° optical hybrid with the variation
of the wavelength are shown in Fig. 3.30(b). The two dashed straight lines indicate the ideal
120° and 240° relative phases. Figure 3.30(c) shows the deviation of the relative phases from
the ideal values of 120° and 240°. The hybrid demonstrates phase deviations of <5° over 30 nm
(1520 nm to 1550 nm) and <10° over 80 nm (1500 nm to 1580 nm) bandwidths, respectively.
It has been shown in [156] by means of rigorous numerical simulations that in an amplitude
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phase shift keying phase diversity receiver, the phase deviation of the 3 output ports should be
less than £10° to have <1 dB penalty compared to the ideal case.

3.4.3 Conclusions

In conclusion, we present the experimental demonstration of a 120° optical hybrid based on
3x3 MMI in the C-band using 193 nm optical lithography on the SOI platform. The hybrid
shows <2.4 dB of excess loss and <10° phase deviation over 60 nm and 80 nm wavelength

range, respectively.

3.5 All-silicon TM-pass polarizer

Silicon photonics has been recognized as a key technology to fabricate compact optical com-
ponents and systems [95,97,157]. The large difference in refractive index between silicon and
its native oxide silica enables high-density integration of photonic components. However, this
also makes the SOI platform highly polarization dependant which greatly limits the large-scale
application of the SOI based photonic integrated circuits (PICs) [158]. Hence, polarization man-
agement is one of the key requirements in silicon photonics in order to avoid performance
degradation [158]. Oftentimes, a polarization diversity scheme [159] is used to avoid this issue.
Polarization beam splitters [160,161] and rotators [162] are required to implement a polariza-
tion diversity scheme which increases the complexity and footprint of the overall PIC. Unless a
polarization division multiplexing (PDM) scheme is required, a simple solution will be to use
a polarizer which suppresses the undesired mode and passes the desired one.

There are three key features of a polarizer that need to be achieved including a high ER,
a low IL and a compact footprint. In the past, researchers have proposed and demonstrated
several TE-pass and TM-pass polarizers based on CMOS compatible [71,76,163] and non-CMOS
compatible materials [72,164,165]. Since one of the most attractive features of silicon photonics
is the compatibility with the CMOS process which enables low-cost mass volume production,
it is desirable to design polarizers using CMOS compatible materials and processes. Dai et al.
[166] proposed a TE-pass polarizer with 20 dB ER using shallowly-etched SOI ridge optical
waveguides with a length of 1 mm which is too long from the integration perspective. SWG
based TE- and TM-pass polarizers have also been demonstrated in [167] and [76], respectively,
where the grating acts as a Bragg reflector for one mode and as a sub-wavelength waveguide for
the other mode. However, SWGs require feature sizes which can not be fabricated using 193 nm
DUV lithography. Polarizers using special materials like graphene and vanadium oxide have
been demonstrated in [74,168] and [75], respectively. However, fabricating these structures
is challenging. Furthermore, the design proposed by [74] has a length of 150 ym, which is
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excessively long and the performance of the vanadium oxide based design depends on the
insulator-to-metal phase transitions with a critical temperature of 68°C which increases the
energy consumption [75] with respect to passive devices. Due to the ability to manipulate light
at dimensions beyond the diffraction limit [169], surface plasmon polariton based devices have
received increased attention in the recent years [170]. Several hybrid plasmonic waveguide
based polarizers have been demonstrated as well in the past [73,164,171] in an attempt to
increase the integration density of the PICs. Bai et al. [73] demonstrated a TM-pass polarizer
based on hybrid plasmonic grating achieving an ER over 25 dB with a 2.5 ym active length.
However, silver was used as the metal which is not CMOS compatible.

Herein, we report a CMOS compatible hybrid plasmonic TM-pass polarizer on the SOI
platform with a silicon layer thickness of 340 nm. Although, SOI wafers with 220 nm thick
silicon layers are one of the most widely used platforms, it is a suboptimal option for many
on-chip components [172]. Peak directionalities of 84% and 71% were obtained for the TE and
the TM modes, respectively for grating couplers with silicon layer thicknesses of ~350 nm and
~330 nm, respectively in [172]. Silicon carrier-depletion modulators based on a 340 nm thick
silicon layer have been reported in [173] to achieve better light-carrier overlap by improving
the mode confinement. Frequently, a thicker silicon layer is used in hybrid III-V/SOI lasers to
achieve better mode coupling [174]. Several polarization beam splitters [175-177], polarizers
[73] and multimode interference couplers [178] have been demonstrated as well on 340 nm SOI
wafers. Thus, there is a growing interest in developing passive and active devices on the 340
nm thick SOI platform.

In this thesis, we demonstrate a TM-pass polarizer using highly doped silicon waveguide.
The main contribution of our work is the use of highly doped silicon instead of metals to form
the hybrid plasmonic waveguide. The real part of the complex relative permittivity of the
highly doped silicon approaches a negative value and therefore, exhibits metal-like properties.
Silver and gold are the two most widely used metals in plasmonics [179]. However, these
two metals are not CMOS compatible. Utilizing highly doped silicon instead of metal enables
our proposed polarizer to be fabricated using the CMOS process. Furthermore, the fabrication
process gets simpler due to our all-silicon approach since no other material such as graphene,
vanadium oxide, indium tin oxide or metals needs to be deposited. According to our analysis,
the proposed TM-pass polarizer achieves an ER of 30.1 dB and an IL of 3.1 dB with a length of
15 ym near 1550 nm wavelength. The reported polarizer is also highly fabrication tolerant and
offers peak ER selection at different wavelengths by choosing different doping concentrations

during fabrication.
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3.5.1 Theoretical modeling of highly doped silicon and device design

The highly doped silicon is assumed to be doped with boron with a resulting carrier concentra-
tion in the range of 10% to 10! cm 3. Active carrier concentration of 1.08 x 10*! ¢m =2 had been
demonstrated experimentally in the past by Linaschke et al. [180]. The empirical relations on
the variation of the refractive index of the doped silicon provided by Soref et al. [181] are appli-
cable in the case of low doping concentrations. Nevertheless, the complex relative permittivity
of the highly doped p-silicon! at telecom wavelengths can be modeled using the Lorentz-Drude
model [182],

e(w) =¢ 7(0% € w}%Tz +i w}%T (3.11)
= €00 — = 00 — 1 .
w?(1+il) 1+ w?t? w(1 4+ w?1?)

where, w, is the plasma frequency, e« is the infinite frequency relative permittivity, T is the

electron/hole relaxation time, w = % is the angular frequency, c is the speed of light in

vacuum and i is the imaginary unit. In the case of the highly doped degenerate intrinsic
2 _ _Né&
P €0meeff
electron/hole’s drift mobility and m,f is the averaged electron/hole effective mass. Usually,

. 1AM, . . . .
semiconductors, w and T = ;T”‘f ; where, N is the free carrier concentration, u is the

the angular frequency w > wp and wt > 1 [183]. Thus, equation 3.11 can be expressed as
following,

o o
— (em — ' 12
e(w) (S w2€or> + lw3T280 (3-12)

where, ¢ ~ eNy is the conductivity of the doped silicon and e is the charge of an electron
and ¢ is the free space permittivity. The dielectric-like property of highly doped p-silicon is
decreased due to high carrier concentration and the infinite frequency relative permittivity, oo
approaches 1. The real and the imaginary parts of the complex relative permittivity of the
p-silicon as a function of the carrier concentration at 1550 nm wavelength are shown in Fig.
3.31(a). Here, u = 50 cm?/ (V.s) and Mefs A Mo, where, myg is the mass of the electron [183].
The real part of the permittivity becomes negative when the carrier concentration goes beyond
4.55 x 10%%m 3. Therefore, p-silicon behaves like a metal after this carrier concentration. The
real and the imaginary parts of the permittivity as a function of the wavelength for different
carrier concentrations are shown as well in Fig. 3.31(b) and 3.31(c), respectively. A small linear
wavelength dependence can be observed.

In hybrid plasmonic based polarizers (both TE- and TM-pass) the metals are used to sup-
port the hybrid plasmonic mode and act as absorbers to attenuate the undesired mode [171]. In
principal, the metals can absorb both TE and TM modes depending on which mode is coupled

1t is being called p-silicon due to boron doping (3 valence electrons)
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Fig. 3.31 (a) Real and imaginary parts of the complex permittivity of the highly
doped p-silicon as a function of the carrier concentrations at 1.55 ym wavelength,
(b) real, and (c) imaginary parts of the complex permittivity of the highly doped
p-silicon as a function of the wavelength for different carrier concentrations.
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to the metallic waveguide. The geometry of the waveguides determines which mode is cou-
pled to the metallic waveguide and which mode passes through the dielectric waveguide with
minimum interference from the metallic waveguide.

The schematic and the cross-section of the proposed TM-pass polarizer are presented in
Fig. 3.32(a) and 3.32(b), respectively. The polarizer consists of a regular silicon waveguide
and a highly doped silicon waveguide which behaves like a metal. The upper cladding layer
is made of silica. The highly doped p-silicon waveguide is the key part of the device which
is placed by the side of the silicon waveguide with a certain gap to suppress the TE mode
significantly through absorption and let the TM mode pass with minimum attenuation. The
silicon waveguide has a width of W; and the p-silicon waveguide has a width of W, _s; and a
length of L, s;. As mentioned before, the device is designed for the SOI platform with a silicon
layer thickness, h = 340 nm. The refractive indices of silicon and silica have been obtained from
[184] and for the highly doped p-silicon we utilized the Lorentz-Drude model to obtain the
refractive indices as shown in Fig. 3.31.

WE-Si

hI ga

(a) (b)

s

Fig. 3.32 (a) Schematic, and (b) cross-section of the proposed TM-pass polarizer.

3.5.2 Results and discussion

The TM-pass polarizer has been analyzed first by varying the different design parameters
such as the carrier concentration, N, the L, s;, the W,_s;, the Ws; and the gap between the
two waveguides. All the simulations have been performed using a three-dimensional finite-
difference time-domain (FDTD) based solver from Lumerical [185]. The mode source [186] with
a Gaussian envelope and a wavelength span of 1.5 ym to 1.6 ym was pumped in the device.
The effect of changing the carrier concentration of the highly-doped p-silicon on the spectral
response of the TM-pass polarizer is presented in Fig. 3.33. It can be observed that the ER peak
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exhibits a blue shift as the carrier concentration is increased. As shown earlier in Fig. 3.31, the
real and the imaginary parts of the complex relative permittivity changes with the variation of
the carrier concentration. The zero-crossing wavelength for the real part of the complex relative
permittivity shifts towards smaller wavelengths with the increase of the carrier concentration.
Since the absorption of the p-silicon is wavelength dependent and it depends on both the real
and the imaginary parts of the complex relative permittivity, the peak changes as the carrier
concentration is varied. This enables the selection of the ER peak through the variation of the
carrier concentration during fabrication. Our target wavelength of operation for the TM-pass
polarizer is the C-band (1.530 ym to 1.565 um). Thus we chose a carrier concentration for which
the ER is maximized in the C-band. For a carrier concentration of 9x 102 c¢m—3, the maximum
ER is 37.9 dB which occurs at 1.595 ym wavelength which is far beyond the C-band. Therefore,
we chose a carrier concentration of 10x10% ¢m ™2 for which the ER is maximum in the C-band
(near 1.545 ym).
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Fig. 3.33 Extinction ratio (defined in equation 3.13) as a function of the wavelength
for different carrier concentrations with L, s; =15 ym, W;,_g; = 600 nm, Wg; = 260
nm and gap = 200 nm.

The two most important features that a polarizer should have are high ER and low IL and
their definitions can be expressed as,

output

ER = 10log,,— M

output
TE

(3.13)

Poutput

where, Pr,,; is the output power of the TM mode at the end of the silicon waveguide and
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Fig. 3.34 Variation of the ER, IL and figure of merit as functions of (a) the L, g;
for W,_s; = 600 nm, Ws; = 260 nm, gap = 200 nm and N = 10x10%° cm=3, (b) the
Wy_s; for L, s; = 15 ym, Wg; = 260 nm, gap = 200 nm and N = 10x10% cm=3, (c)
the Wg; for L,_g; = 15 ym, W,,_g; = 600 nm, gap = 200 nm and N = 10x10% cm 3,
and (d) the gap between the waveguides for L, s; = 15 ym, W,_gs; = 600 nm, Wg;
=260 nm and N = 10x10%° cm~3. Figure of merits are shown in the inset of each

figure.
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P;lgp " is the output power of the TE mode at the end of the silicon waveguide.
output
_ ™
IL = 1010g10W (3.14)
™

where, P;';\Z”t is the power of the TM mode at the input of the silicon waveguide.
The length of the polarizer should be small too to ensure its dense integrability. We have
derived a figure of merit (FoM) based on these three metrics to optimize the design parameters

of the proposed TM-pass polarizer.
ER

IL x L
Figure 3.34(a) presents the variation of the ER and the IL as a function of the L, s;. As we

FoM = (3.15)

increase the length of the p-silicon waveguide, both the ER and the IL increase. The figure of
merit is also presented in the inset of the figure. The design target is to obtain an ER greater
than 20 dB [187] which is achieved for L, s; > 10 yum. For our device, we choose the L, g;
= 15 ym for which an ER of 30.1 dB and an IL of 3.1 dB are observed. Although the figure
of merit decreases with the increasing L, _s;, it exhibits a saturation tendency at larger values
of the L, s;. Since our target is to maximize the ER and minimize the device footprint and
the IL, we did not consider L, s; larger than 15 um since the IL and footprint go up if we do
so. The effects of changing the W), _s; on the ER and the IL of the polarizer are shown in Fig.
3.34(b). The ER and the IL increase with the increasing W,_s;. Since our goal is to design a
CMOS compatible polarizer, the minimum W), s; is chosen to be 150 nm, which is larger than
the minimum feature size of the 193 nm DUV lithography [188]. As we increase the W), _s;, the
figure of merit increases and saturates around W,_g; = 600 nm. Therefore, we choose the W, _g;
to be 600 nm.

In [189], a detailed analysis is provided on the modal characteristics of silicon waveguides
for different heights and widths in the C-band. It is observed that for a height of 340 nm, the
width of the silicon waveguide needs to be between ~260 nm and ~360 nm to maintain the
single-mode condition for both the TE and the TM modes. Thus, we vary the Ws; from 260
nm to 360 nm as shown in Fig. 3.34(c). Both the ER and IL are decreased with increasing
Ws; and the best figure of merit is obtained for a width of 260 nm. For a thinner waveguide,
the TE mode is less confined within the waveguide and hence it gets more attenuated (due to
absorption) resulting in a higher ER of the polarizer.

The variations of the ER and the IL as a function of the gap between the p-silicon and the
silicon waveguides are presented in Fig. 3.34(d). The gap is varied from 100 nm to 400 nm. The
ER and the IL decrease with the increase of the gap; however, the IL start to increase when the
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gap increases beyond 300 nm. From the inset figure, it can be observed that the highest figure
of merit is obtained for a gap of 200 nm.

The wavelength dependence of the ER and the IL is shown in Fig. 3.35. With L, _s; = 15 ym,
W,_si = 600 nm, Ws; = 260 nm, gap = 200 nm and carrier concentration of 10x10% ¢m 3, an ER
of 30.1 dB and an IL of 3.1 dB have been obtained. The bandwidths over which the TM-pass
polarizer maintains 20 dB and 10 dB ERs are 21.05 nm and 48 nm, respectively.
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Fig. 3.35 ER and IL as a function of the wavelength of the reported TM-pass po-
larizer for L, s; =15 ym, W;,_g; = 600 nm, Ws; = 260 nm, gap = 200 nm and N =
10x10% cm™3.

The evolution of the TE and the TM modes at different points of the polarizer are shown in
Fig. 3.36(a). The amplitudes of the electric field profiles throughout the polarizer are shown as
well in Fig. 3.36(b) for both the TE and the TM modes. It can be observed that the TM mode
passes through the polarizer with insignificant attenuation while the TE mode is attenuated

significantly.
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Fig.3.36 (a) Schematic showing the mode profiles at different points along the TM-
pass polarizer, (b) TM and TE mode propagation through the polarizer. (Electric
fields are plotted in both the figures.)

3.5.3 Fabrication techniques and tolerance analysis

The proposed TM-pass polarizer can be fabricated on a SOI wafer with a 340 nm thick silicon
core. The devices can be patterned using both electron beam and 193 nm DUV lithography
processes and the reactive ion etching technique can be used to form the waveguides. Finally,
the silicon waveguide can be doped with boron using the ion implantation method and a layer
of silica can be deposited over the silicon layer as the cladding. Typically, the multi-project
wafer (MPW) runs at IME, Singapore offer 220 nm silicon platform and a doping concentration
of about 10%° ¢m =3 [190]. Hence, a customized process will be required to fabricate the TM-
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pass polarizer. As mentioned in the introduction of this section, there is a growing interest in
fabricating devices on the 340 nm platform [73,175-178]. Furthermore, doping concentration
of 1.08 x 10?! cm ™3 has been experimentally achieved [180]. Therefore, the proposed TM-pass
polarizer can be fabricated without any issue.

The 200 mm SOI wafers used in MPW runs offer a silicon layer thickness non-uniformity
with a 3¢ of £6 nm [191]. However, for 300 mm wafers a non-uniformity with a 3¢ of £1
nm [192] has been achieved. In 193 nm DUV lithography process, the linewidth uniformity
is controlled with a 3¢ of £8 nm [172,193], although a size deviation of up to 10 nm can
be found very often [172]. These variations during the fabrication process causes performance
variations of the device. Thus, analyzing the tolerance to the key design parameters of the
device is necessary.
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Fig. 3.37 Fabrication tolerance analysis of the proposed TM-pass polarizer .

Figure 3.37 presents the effects of varying the h, the W, _g;, the Ws; and the gap between the
waveguides on the ER and the IL of the device. We varied the height by +-6 nm and the other
parameters by +10 nm in order to analyze the fabrication tolerance of the proposed device. It
can be observed from Fig. 3.37 that the ER and the IL are almost constant with the variation of
the 1 and the W,,_s;. When the W; is increased by 10 nm, the ER and the IL are almost constant;
however, when the W), _s; is decreased by 10 nm, the ER is increased by 27.8 dB while the IL is
increased by 1.62 dB. As mentioned before, for a height of 340 nm, the silicon waveguide will
maintain the single-mode condition for both the TE and the TM modes for a width between 260
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nm and 360 nm. When the width is less than 260 nm, the waveguide maintains single-mode
condition for the TM mode but enters the cut-off regime for the TE mode. In case of the 250
nm width of the silicon waveguide, the waveguide is almost on the edge of cut-off regime and
the TE mode is less confined in the silicon waveguide. As a result, the TE mode gets easily
absorbed by the p-silicon waveguide. Thus, the sudden jump in ER occurs when we reduce
the Ws; to 250 nm while IL exhibit insignificant increase in comparison to the ER. It should
be noted that such high ER cannot be achieved by only reducing the silicon waveguide width
to 250 nm and entering the edge of the cut-off regime. It is the combined effect of both the
p-silicon waveguide that absorbs the TE mode and the thinner silicon waveguide that enables
the easier absorption. The ERs are increased by 7.8 dB and 14 dB when we change the gap by

-10 nm and +10 nm, respectively. The ILs increase as well for both the cases.

Table 3.3 Comparison with other TM-pass polarizers. ER (Extinction Ratio), IL
(Insertion Loss), and Ref. (Reference).

Ref. (Year) ER [dB] IL [dB] Footprint CMOS Type of work
This work (2018) 30.1 3.1 15 ym Yes Simulation
[69] (2016) 34 1 4 ym Yes  Experimental
[71] (2012) 115 Not mentioned 0.1 ym Yes Simulation
[72] (2013) 15.2 0.84 3.9 ym No Simulation
[73] (2017) 25 0.088 2.5 ym No Simulation
[74] (2017) 40 3 150 pm No Simulation
[75] (2015) 15 3 1 ym No Simulation
[76] (2014) 27 0.5 9 uym Yes Experimental
[194] (2014) 45 1 7.5 uym No Simulation
[195] (2015) 20 0.15 1.31 ym Yes Simulation
[196] (2016) 20 1 2.84 ym Yes Simulation
[197] (2018) 24 0.97 12 ym Yes Simulation
[198] (2019) 22 0.11 1 ym Yes Simulation

Finally in table 3.3, we compare the performance of our reported TM-pass polarizer with
the state-of-the-art. The key parameters, such as the ER, IL, footprint and CMOS-compatibility
are compared and presented.

The TM-pass polarizer designs reported in [72-75,194] use non-CMOS compatible mate-
rials like silver, graphene and vanadium oxide. On the other hand, the work in [69,76,197]
utilized sub-wavelength structures which are challenging to fabricate using the 193 nm DUV
lithography and are sensitive to fabrication variations. The device proposed in [195] has a
buried silicon layer and the one in [196] and [198] require deposition of titanium nitride and
aluminum-doped zinc oxide, respectively adjacent to silicon dioxide with no gap in between.

Both of these structures pose fabrication challenges.
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3.5.4 Conclusions

We present a TM-pass polarizer with an ER of 30.1 dB, an IL of 3.1 dB and a length of 15 ym.
The proposed TM-pass polarizer offers better fabrication tolerances by incorporating feature
sizes above the minimum required size for the fabrication process. Since the polarizer design is
based on the highly-doped silicon waveguide, tunability of the ER can be achieved by varying
the carrier concentration during fabrication.
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Chapter 4

Simplified coherent receiver using
120° optical hybrid for high speed PONs

In this chapter, we present the 120° optical hybrid based bench-top and integrated solutions for
the next generation PON applications. We start by the demonstration of a simplified bench-
top coherent receiver using 120° optical hybrid achieving 25 Gb/s PAM-4 transmission over 21
km using 10G transmitter. Then, we demonstrate a fully-integrated 120° optical hybrid based
simplified coherent receiver and report 25 Gb/s PAM-2 transmission over 30 km and 25 Gb/s
PAM-4 transmission over 21 km without any DSP. Finally, we present performance enhance-
ment of the integrated simplified coherent receiver using a better digital-to-analog converter
(DAC) and report 50 Gb/s PAM-4 transmission over 21 km using 31-tap linear feed-forward
equalizer (FFE).

4.1 25 Gb/s PAM-4 transmission using 10G transmitter and coherent amplification

Emerging internet applications such as cloud, high definition streaming and the increase in
required data rates for 5G radio networks are pushing the need for faster and high spectral
efficiency optical access networks. With the increasing deployments of 10G PONSs, service
providers are looking into the possibility of extending the PON beyond 10G [77]. Full-Service
Access Networks (FSAN) started discussion about the smooth evolution of the 10G base XGS-
PON and NG-PON2 standards to higher line rate, longer reach and better flexibility in its
roadmap and refer to it as XGS-PON+ [199]. The IEEE P802.3ca 50G-EPON Task Force also
started to standardize 25/50G PON based on a 25 Gb/s line rate in 2016 [119] with an antici-
pated timeframe of second quarter of 2020. The market for symmetrical 25G services is mostly
driven by 5G fronthaul and backhaul applications while the increasing trend to store contents
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on the cloud drives the asymmetrical 10/25G services [120].

Since there are already many PONs deployed, it is expected that the next generation PON
will be able to coexist on the same optical distribution network and support similar power
budgets and reach requirements of at least the last generation of deployed PON. However,
increasing the line rate beyond 10G is challenging with NRZ signals due to the reduction in
chromatic dispersion (CD) tolerance and signal-to-noise ratio and requirement of higher band-
width components. This increases the overall cost of the system. Advanced modulation formats
like PAM-4, discrete multi-tone and optical duobinary (ODB) and electrical duobinary (EDB)
are being investigated for future PONs [77] to resolve this issue.

Since the access network is very sensitive to cost, it will evolve to 25 Gb/s line rate in
the coming years by leveraging the industry ecosystem developing around 25G components
for data center applications. However, the photodetectors used in the data center are usually
P-type-Intrinsic-N-type (PIN) diodes which indicates that high-speed avalanche photodiode
(APD) development will lag significantly [120]. Thus, either the 10G APDs or the high-speed
PIN photodetectors have to be used in the near-medium term. But the PIN photodetectors have
smaller sensitivity compared to the APDs which makes it difficult to achieve higher power bud-
get. One solution might be using coherent amplification at the receiver [101,200]. The receiver
sensitivity can be improved to the theoretical shot noise limit by using the local oscillator (LO)
power to amplify the incoming signal [200]. Although coherent detection systems have already
been deployed in long-haul, metro and inter-data center networks, due to the power and cost
sensitivity of the access segment, simpler coherent detection systems are required. The expen-
sive receiver architecture developed for the long-haul segment cannot be directly implemented
in the access networks. To reduce the complexity of the receiver architecture, single-ended
detection based optical front-ends with 120° optical hybrids can be utilized [101,200]. While
the advantages of using coherent detection in the core network is to be able to achieve higher
spectral efficiency and to compensate for distortions like CD, the main attractions for using
coherent detection in the access segment are the increased receiver sensitivity and frequency
selectivity (for WDM PON ).

In the past, different research groups have demonstrated 25 Gb/s transmission on a single
A using different modulation formats (e.g. NRZ, PAM-4, EDB, ODB) [78-81]. These demonstra-
tions utilized DSP to compensate for impairments like bandwidth limitation and CD, APDs to
obtain higher sensitivity and EDFAs to improve the power budget.

In this thesis, we present 25 Gb/s PAM-4 transmission over 28 km of fiber at a BER be-
low the HD-FEC in the C-band using a 3x3 fiber coupler based simplified coherent receiver.
Off-the-shelf 10G class EML is used at the transmitter and PIN photodetectors are used at the

receiver. Unlike the previous demonstrations, we did not use any DSP (responsible for 70% of
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energy consumption in a 100 Gb/s transponder with 40 nm CMOS electronics [201]) both at
the transmitter and the receiver, any form of dispersion compensation and EDFA to keep the
cost to a minimum. Receiver sensitivities of -18.5, -17 and -13.5 dBm and power budgets of
21, 19.5 and 16 dB are achieved in back-to-back, after 20 and 28 km, respectively which can be
increased further by using higher LO power. We also demonstrate polarization independent
(PI) operation by slightly modifying the architecture of the simplified coherent receiver. For
the PI demonstration of 25 Gb/s PAM-4 transmission, we achieved receiver sensitivities of -17
and -14.5 dBm and power budgets of 19.5 and 17 dB in back-to-back and after 21 km, respec-
tively. Although the receiver architectures and their operating principle have been presented
in [92,202], those demonstrations are based on single level signals and at much lower bit rate
(maximum 10 Gb/s) than this work. We demonstrate DSP- and dispersion compensation-free
25 Gb/s PAM-4 transmission at BERs below the HD-FEC with 10G transmitters and simplified
coherent receivers. This will allow to satisfy the increasing operators demand for supporting
new services requiring high bandwidth and low latency (e.g. 25 Gb/s fronthaul services based

on CPRI or eCPRI) on the installed optical access infrastructure.

4.1.1 Experimental setup
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Fig. 41 Experimental setup: DAC: digital to analog converter; EML: electroab-
sorption modulated laser; VOA: variable optical attenuator; VODL: variable optical
delay line; SMEF: single-mode fiber; PBS: polarization beam splitter; PC: polarization
controller; LO: local oscillator; LPF: low-pass filter; TIA: trans-impedance amplifier;
BER: bit error rate; RTO: real-time oscilloscope.
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The experimental setup is shown in Fig. 4.1. A 6-bit DAC (Micram VEGA DAC I, 17 GHz
bandwidth and maximum 34 GSa/s sampling rate) together with an FPGA board is utilized
to generate PAM-4 signals with periodic 2!® random bit sequences. A sampling rate of 25
GSa/s is used to generate the 12.5 GBaud (25 Gb/s) PAM-4 signal. Since we do not use any
pre-compensation, the 6-bit DAC can be replaced by a two-bit DAC realized by two pattern
generator channels producing two binary signals with unequal amplitudes that are later com-
bined using RF combiners to generate the PAM-4 signal. After a RF amplifier (Picosecond 5866,
10 GHz bandwidth) and a bias-tee (Picosecond), the electrical signal is applied to modulate a
commercial C-band EML (Cyoptics E4560) with 11 GHz 3-dB bandwidth which consists of a
distributed feedback (DFB) laser and an electro-absorption modulator. The EML is operated at
1°C temperature and 98.5 mA current. The emission wavelength of the EML is 1547.48 nm at
these settings. Figure 4.2 illustrates the measured output power of the EML as a function of
the bias voltage. A bias voltage of -1.35 V is found to be optimum for our case and is therefore
used throughout the experiment. The modulated signal is then propagated through SMF (0.20
dB/km attenuation and 18 ps/nm/km CD coefficient) of different lengths (31.2 km maximum).

After SMF transmission, the optical signal is first attenuated by a variable optical attenuator
(VOA), and then enters into a 99/1 coupler to facilitate the received optical power measurement.
It should be noted that no optical amplifier has been used in the experiment. The transmitted
signal is then connected to one port of the commercial fused-fiber 3x3 coupler. An ECL is used
as the LO which is connected to a second input port of the 3x3 coupler through a polarization
controller (PC). The PC is used to manually align the polarization of the LO to that of the
received signal. To resolve the issue of manual polarization control, a polarization independent
(PI) scheme had been demonstrated in [202] using the 3x3 coupler.

The frequency and phase of the LO and the received signal do not need to be matched
perfectly since we are using intensity modulated signal. Thus, the ECL can be replaced by
a DFB laser with temperature controller [92]. The three output ports of the 3x3 coupler is
connected to three AC-coupled PIN photodetectors with trans-impedance amplifiers (TIAs)
(Picometrix, 35 GHz bandwidth).

A real-time oscilloscope (RTO) (Keysight) with 40 GSa/s sampling rate and 16 GHz analog
bandwidth is employed to digitize the three received signals. Although the photodetectors have
35 GHz bandwidth, the effective receiver bandwidth is 16 GHz due to the RTO and no signal
information is available beyond 16 GHz when we process the data after digitizing. The three
digitized signals on the three channels of the RTO are then squared and added to recover the
received signal. It should be noted that the processing of the three signals can be done using
analog electronic components as shown in [92] provided that the components have enough
bandwidth. Finally, the BER is computed by comparing the received bit sequence with the
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transmitted ones. We want reiterate here that no DSP is performed offline on the digitized
waveforms apart from squaring and summing the three waveforms and BER counting.

N0 -=-2DMNOPL,OTO N

Output Power [dBm]

-16 15 -14 13 1.2 -11 -1 -0.9
Bias Voltage [V]

Fig. 42 EML output power as a function of the bias voltage.

For the PI demonstration, we used the receiver proposed in [202]. The received signal is split
into two orthogonal components using a polarization beam splitter (PBS). After rotating one of
the two orthogonal components by 90°, the two output ports of the PBS are connected to the
two input ports of the 3x3 coupler. The LO enters the third port of the coupler. Since the 3x3
coupler used in the experiment is not polarization-maintaining (PM), PCs were utilized to make
sure that the polarizations on the 3 input ports of the 3x3 coupler are aligned. As demonstrated
in [92,101], the PCs will not be necessary if a PM 3x3 coupler is used. A variable optical delay
line (VODL) is also used in one of the input ports to equalize the delays between the two input
ports of the 3x3 coupler where the received signals are connected. We used an RTO with 80
GSa/s sampling rate and 33 GHz bandwidth for the PI receiver measurements since higher
receiver bandwidth is required due to the heterodyne nature of the utilized PI architecture. A
low-pass filtering (4th order Bessel filter) step is added after squaring and summing the three
digitized signals during offline processing. All other parts and steps are similar to the receiver

with manual polarization control.
4.1.2 Results and discussion

4.1.2.1 Receiver with manual polarization control

The receiver architecture used here offers minimum receiver bandwidth like the homodyne

receiver and does not have any strict requirement of frequency and phase control of the LO
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like the heterodyne receiver. We investigated the tolerance of the receiver to frequency offset
between the incoming signal and the LO by measuring the BER in back-to-back at a fixed
received power. As can be seen in Fig. 4.3(a), insignificant penalty occurs for a frequency offset
of 6 GHz. This offset value is much greater than the emission frequency fluctuations (~100
MHz [101]) and the typical frequency deviation during lifetime (~2.5 GHz) of common DFB

lasers. This characteristic reduces the complexity and cost of practical receiver implementation.
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Fig. 4.3 BER as functions of (a) the frequency offset between the incoming signal
and the LO, and (b) the LO power.

Figure 4.3(b), presents the BER as a function of the LO power at a fixed received optical
power in back-to-back. The BER improves as we increase the LO power. Although the LO we
used in the experiment can provide up to 15 dBm of optical power, we could only use up to 5.8
dBm to stay below the overload limit of the photodetector. We anticipate that better BER and
receiver sensitivity can be obtained by further increasing the LO power as shown in [203] and
[200], where, 10 dBm and 12 dBm of LO power were used, respectively to achieve better BERs.

The BERs as a function of the received optical power for different propagation distances
are presented in Fig. 4.4. Receiver sensitivities of -18.5, -17.5, -17, -15.2 and -13.5 dBm are
obtained for back-to-back, and after 10.5, 20.7, 25.7 and 27.7 km of fiber propagation. We want to
reiterate here that the sensitivities can be further improved by increasing the LO power. Receiver
sensitivity of -39 dBm was achieved for 40 km transmission of 10 Gb/s NRZ signal using a

similar detection method [101]. Error floors can be observed at higher received optical power in
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Fig. 4.4 Receiver sensitivity versus BER for different propagation distances for the
single polarization receiver.

Fig. 4.4. This happens because the TIAs in the photodetectors start to saturate at higher optical
powers distorting the PAM-4 signal. Receiver thermal noise is another reason for the increased
BER at higher received power. Another source of sensitivity penalty is the non-ideal behavior
of the 3x3 coupler. It has been shown in [156] by means of rigorous numerical simulations
that the gain imbalance on the 3 channels should be below 5% and the angle mismatch should
be below +10° (which translates to a 20% deviation of the splitting ratio from the ideal value
of 1/3) to have less than 1 dB of penalty from the ideal case. The 3x3 coupler used in the
experiment exhibits about 11% of deviation of the splitting ratio from the ideal value of 1/3
which is higher than the maximum allowable deviation to have smaller penalty. Therefore, we
believe that higher receiver sensitivity can be achieved by using a better 3 x3 coupler.

Figure 4.5 presents the eye diagrams after different propagation distances. As can be seen,
the top level of the eye is noisier than the bottom level which was observed in previous demon-
strations as well for NRZ signals [92,202]. We have deliberately squeezed the bottom eye of
the PAM-4 signal by tuning the bias level of the EML to provide enough space for the top eye
so that the BER can be reduced. Clear open eye diagrams are observed in back-to-back and
after 10 km of propagation where the impact of CD is negligible. As we keep increasing the
fiber length, the eyes start to get noisier due to the CD and get almost closed after 31.2 km of

propagation. It should be noted that no dispersion compensation has been used either optically
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Fig. 4.5 PAM-4 eye diagrams (a) in back-to-back (B2B), (b) after 10.5 km, (c) after
20.7 km, (d) after 25.7 km, (e) after 27.7 km, and (f) after 31.2 km of propagation at
25 Gb/s.
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Fig. 4.6 BERs and sensitivities for different reach.

In Fig. 4.6, the BER performance at different reach is presented along with the achieved
sensitivities at every distance. As expected, the BER performance degrades with the increased
reach and after 29 km of propagation it goes above the HD-FEC level. As mentioned before, we
could not use higher LO power due to the overload limit of the photodetectors. Longer reach
is anticipated if higher LO power is used.

4.1.2.2 Polarization independent operation

According to the operating principle of the PI receiver shown in [202], after squaring and
summing, the received signal becomes,

S(t) = %RZE%OrZ(t) [1 - {sin(Z(p) x sin (% — dmAvt — ¢) H (4.1)

where, R is the photodiode responsitivity, Av is the frequency offset between the incoming
signal and the LO, E?, is the power of the LO, r(t) is the modulated signal, ¢ is the SOP
ellipticity angle and ¢ is the orientation of the main axis of the polarization ellipse. The first
term in S(t) is the correct demodulated signal at the baseband and the second term is the
polarization dependent spurious copy centered around 2Av which needs to be filtered using
the low pass filter (LPF). The detail derivation can be found in the appendix.
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Fig. 4.7 (a) BER as functions of the frequency offset between the incoming signal
and the LO, and (b) BER statistics for 100 captures with random SOP.

-©-B2B
£-10.5 km
15.5 km
1072} 21 km
-~ 'FEC [3.8x10™]

1074+ :

-20 -18 -16 -14 12 -10 -8 -6 -4 -2
Received Optical Power [dBm]

Fig. 4.8 Receiver sensitivity versus BER for different propagation distances for the
polarization-independent receiver.

As shown in [92,202], the PI receiver needs to have a frequency offset between the signal
and the LO to ensure that the polarization dependent spurious copy does not overlap with the
information carrying signal at the baseband. The offset needs to be large enough to move the
spurious copy beyond the cut-off of the LPF used during offline processing; however, the PD
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and the RTO need to have enough bandwidth to recover the whole heterodyne signal.
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Fig. 49 PAM-4 eye diagrams (a) in back-to-back (B2B), (b) after 10.5 km, (c) after
15.5 km, and (d) after 21 km of propagation at 25 Gb/s.

To find the best operating conditions, the performance of the PI receiver is investigated first
by varying the frequency offset between the signal and the LO at a fixed received power. It
can be seen from Fig. 4.7(a) that the minimum BER occurs between 13 GHz and 16 GHz offset.
We then assessed the PI operation of the receiver by randomly varying the state of polarization
(SOP) of the received signal using a PC and measuring the BER 100 times in back-to-back.
The received power was fixed at -9.8 dBm to obtain a mean log1o(BER) of -3.36 (4.35 x 10~%)
when the SOP was fixed. Figure 4.7(b) presents the statistics of the 100 BER measurements for
random SOP. A mean of -3.05 (8.9 x 10™%) is obtained with a standard deviation of 0.40. This
corresponds to a mean power penalty of about 2.34 dB in terms of receiver sensitivity compared
to the fixed SOP case.
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Finally the PI receiver performance is investigated in terms of BER versus received optical
power for different propagation distances which is presented in Fig. 4.8. Receiver sensitivities
of -17.1, -16.5, -16 and -14.5 dBm and power budgets of 19.5, 18.6, 18 and 17 dB are obtained in
back-to-back and after 10.5, 15.5 and 21 km propagation, respectively. The PI receiver suffers
from a sensitivity penalty of about 1.2 dB compared to the manual polarization control case.
This can be attributed to the increased IL of the additional components such as, PBS, PC, mating
sleeves and the non-ideal ER of the PBS. The eye diagrams after different propagation distances
for the PI receiver are shown in Fig. 4.9.

4.1.3 Conclusions

We have reported, 25 Gb/s PAM-4 transmission using commercial 10G-class transmitter, PIN
PDs and simplified coherent receiver over 28 km (receiver with manual polarization control)
and 20 km (PI receiver) of fiber. Any form of DSP (e.g. pre-emphasis, equalization, pulse
shaping etc.), optical amplification and dispersion compensation (e.g. optical or digital) were
not applied throughout the whole system. In addition, no frequency or phase control of the
LO is required due to the use of intensity modulated signal. For the polarization sensitive
receiver, a sensitivity of -17 dBm is achieved after 21 km of propagation with BER below the
HD-FEC. Furthermore, it has been shown that 29 km of propagation at 25 Gb/s can be obtained
with BER below the HD-FEC. Finally, for the PI operation receiver sensitivity of -14.5 dBm is
obtained after 21 km of propagation.

4.2 Demonstration of a 120° hybrid based integrated coherent receiver

As articulated in the previous section, 120° hybrid based optical front-ends with single-ended
detection can be used to reduce the complexity of the traditional coherent receiver to suit the
requirements of the access networks [200,202]. Coherent detection provides increased receiver
sensitivity and frequency selectivity (allowing to get rid of tunable optical filters) in the access
networks. As described in the last section, several groups have demonstrated 25 Gb/s and
higher bit rate signal transmission in the C- and O-bands using different modulation formats
(e.g.,, PAM-2, PAM-4, EDB, and ODB) based on bulk optics [78,79,81,204-206]. Integrated coher-
ent receivers with conventional 90° hybrid based architectures achieving bit rate of 224 Gb/s
using PDM-16-QAM [83] in the C-band and 200 Gb/s using 16-QAM over O, E, S, C and L
bands [84] have been reported on the SOI platform. However, there has been no demonstration
of an integrated coherent receiver with simplified architecture for access network applications.
Integrated solutions are preferred since they offer a reduction in size, cost, and power con-
sumption compared to bulk optics solutions [207]. In particular, the SOI platform has garnered
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much attention recently to build high performance, compact, and high yield components and
systems [208] due to its high index contrast and CMOS compatibility.

In this thesis, we present an integrated simplified coherent receiver on the SOI platform
for C-band operation consisting of an edge coupler, a vertical grating coupler, a PSR, a 3x3
MMI coupler based 120° hybrid and three germanium photodetectors. The bulk optics based
PI receiver architecture and operating principle was demonstrated in [92,202] with a maxi-
mum bit rate of 10 Gb/s. Herein, we report the first demonstration of DSP- and dispersion
compensation-free 25 Gb/s PAM-2 transmission over 30 km SMF in the C-band using the sim-
plified integrated coherent receiver. We also demonstrate 25 Gb/s PAM-4 transmission over 21
km below the HD-FEC.

The rest of the section is organized as follows. In subsection 4.2.1, the design and fabrication
of the components and the circuit of the integrated receiver are described. Transmission exper-
iments using the integrated coherent receiver are presented in subsection 4.2.2. The concluding

remarks are provided in subsection 4.2.3.

4.2.1 Device design and fabrication

The receiver has been fabricated in a MPW run at IME A*STAR (currently Advanced Micro
Foundry Pte Ltd, Singapore) on a SOI wafer with a 220 nm thick top silicon layer and a 2 ym
thick buried oxide layer using 193 nm DUV lithography.

The schematic and layout of the integrated coherent receiver, photograph of the fabricated
circuit with couplers and probes are shown in Fig. 4.10. The incoming signal is coupled to the
chip using the edge coupler. The received signal is then split and rotated to TE polarization
using the PSR [209]. The two output ports of the PSR are connected to the two input ports of
the 3x3 MMI coupler [99]. These two paths were carefully designed to have equal lengths to
ensure that the two signals after splitting reach the MMI at the same time. A grating coupler is
used to couple the LO with TE polarization which is then connected to the third input port of
the 3x3 MMI. Finally, the three output ports of the 3 x3 MMI are connected to three germanium
photodetectors [210]. It should be noted that no TIA has been used.

The PSR used in the receiver is 490 ym long and has <-12 dB of polarization crosstalk at
1530 nm [209]. The PDs have a responsivity of about 0.75 A/W and a dark current of 6.5 A
at 2 V reverse bias voltage [210]. Figures 4.11(a) and 4.11(b) show the eye diagram of 25 Gb/s
PAM-2 signal right after the modulator and after detection using the integrated germanium PD,
respectively. The 3x3 MMI based 120° hybrid was designed for TE polarization and has a length
and width of 298 ym and 11 um, respectively [99]. The detail simulation and experimental
results of the 3x3 MMI are presented in section 3.4 of the previous chapter. Figures 4.12(a)
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Fig. 410 (a) Schematic of the coherent receiver, (b) layout of the coherent re-
ceiver, (c) a photograph of the fabricated receiver, and (d) receiver with couplers
and probes connected. PSR: Polarization splitter and rotator, PD: Photodetector,
MMI: Multimode interference coupler.
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Fig.4.11 25 Gb/s PAM-2 (a) optical eye right after the modulator, and (b) electrical
eye after detection using the integrated germanium PD.

and 4.12(b) show the split ratio of the three output ports of the hybrid for light injected at each
input port and relative phases of the three output ports of the 120° hybrid, respectively. The
hybrid demonstrates measured excess loss of <2.4 dB over 60 nm (1500 nm - 1560 nm) and the
deviations in split ratio among the three output ports are <41 dB over 1500 nm to 1555 nm
wavelength range. Phase deviations of <5° over 30 nm (1520 nm to 1550 nm) and <10° over 80

nm (1500 nm to 1580 nm) bandwidths are also achieved.

4.2.2 Transmission experiments
4.2.2.1 Experimental setup

The experimental setup is shown in Fig. 4.13. A 6-bit DAC (Micram VEGA DAC II, with a 17
GHz analog bandwidth and maximum sampling rate of 34 GSa/s ) is used to generate PAM-
2 and PAM-4 signals with periodic 2!® random bit sequences. A sampling rate of 25 GSa/s
is used to generate the 25 Gb/s PAM-2 and 25 Gb/s (12.5 Gbaud) PAM-4 signals. Since no
pre-compensation has been used, the 6-bit DAC can be replaced by a pattern generator for the
PAM-2 case and two binary pattern generators and a 2-bit DAC for the PAM-4 case. After a RF
amplifier (SHF 810), the electrical signal is applied to modulate a commercial C-band lithium
niobate Mach-Zehnder modulator (Avanex SD40) with a 30 GHz 3-dB bandwidth. The mod-
ulator is biased at the quadrature point and an external cavity laser (ECL) emitting CW light
at 1530 nm wavelength is used as the light source. The modulated signal is then propagated
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Fig. 412 (a) Measured split ratio of each output ports for light injected at each
input ports, and (b) measured relative phases of the 120° hybrid considering output
port 1 as the reference [black dashed lines represent +10° deviation].

through standard SMF of different lengths. After SMF transmission, the optical signal is first
amplified using an EDFA, then attenuated by a VOA to sweep the received optical power fol-
lowed by a PC. The EDFA has been used to compensate for the high coupling loss (around
10 dB) of the edge coupler due to a sub-optimal design and coupling setup. By replacing the
current edge coupler with designs having very low coupling loss [211] (around 0.5 dB) and
modifying the setup to achieve better coupling, we can get rid of the EDFA. Finally, the signal
is coupled to the chip using a lensed fiber. Another ECL is used as the LO which is coupled to
the chip using a fiber array. Since the frequency and phase of the LO do not need to be aligned
perfectly, a DFB laser can be used instead of the ECL. The RF signals from the three integrated
germanium PDs are collected using three RF probes. The PDs are also biased using the RF
probes with reverse bias voltage of 2 V. Three bias-tees are used for the purpose of biasing the
PDs and collecting the RF signals from the PDs. The RF end of the bias-tees are connected
to three channels of a RTO with 80 GSa/s sampling rate and 33 GHz analog bandwidth. The
bias-tees also serve as DC-blocks since no DC goes through the RF end when we capture the
signals using the RTO.

An offset of about 75% to 80% of the baud rate need to be maintained between the incoming
signal and the LO to move the polarization dependent spurious copy away from the informa-
tion carrying signal at the baseband. As a consequence, the signals at the three output ports
of the 120° hybrid are intra/heterodyne in nature which require the PDs and the RTO to have
enough bandwidth to recover the whole intra/heterodyne signal. The PDs used in the inte-
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grated coherent receiver are rated for 60 GHz bandwidth [210] but the RTO has only 33 GHz
bandwidth. Thus, the effective receiver bandwidth is 33 GHz since no information beyond this
frequency is available after digitizing the three signals. To recover the transmitted signal, the
three digitized signals are squared, added, and then low-pass filtered (4th order Bessel filter).
Finally, the bit-error-rate (BER) is calculated by comparing the received and the transmitted bit

sequences.
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Fig. 413 Experimental setup. DAC: digital-to-analog converter, SMF: single-mode
fiber, EDFA: erbium doped fiber amplifier, VOA: variable optical attenuator, PC:
polarization controller, DUT: device under test, LO: local oscillator, RTO: real-time
oscilloscope.

4.2.2.2 25 Gb/s PAM-2 transmission

As mentioned above, the PI operation of the receiver requires about (0.75 to 0.8 xbaud rate)
of frequency offset between the incoming signal and the LO. To find the optimum offset that
results in the best BER, the receiver performance by varying the frequency offset is first inves-
tigated. From Fig. 4.14(a), it can be seen that the minimum BER is found around 10.50 GHz
offset (only 42% of the baud rate). Although this offset is not 75% of the baud rate, we cannot
go further due to the bandwidth limit of the RTO. When we increase the offset, the received
signal becomes a passband signal after beating with the LO in the 120° hybrid and the required
receiver bandwidth is increased to BW,.; = B + Av (where, BW,, is the required bandwidth
and B is the signal baud rate) to recover the signal fully. In our case, the baud rate is 25 Gbaud
while the RTO bandwidth is 33 GHz. Thus, if we increase the offset by 10.50 GHz, the required
bandwidth becomes about 35.50 GHz. Therefore, after digitizing the signal using the RTO, the
whole passband signal cannot be obtained and consequently the baseband signal cannot be re-
covered properly after squaring, summing, and low-pass filtering. Hence, the BER increases as
we increase the offset. We anticipate that the BER can be reduced further by increasing the fre-
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quency offset if a higher bandwidth RTO is used. The system will be less sensitive to frequency
drift as well since the signal can be recovered fully even with higher frequency offset.
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Fig. 4.14 (a) BER as functions of the frequency offset between the incoming signal
and the LO, and (b) received optical power versus BER for different propagation
distances for 25 Gb/s PAM-2 (after subtraction of the losses from the edge coupler).

The BERs as a function of the received power (edge coupler loss has been subtracted which
is around 10 dB) for propagation over different lengths of fiber are presented in Fig. 4.14(b).
It can be observed that the receiver sensitivities are -23.7, -20.3, -18.2, and -15.1 dBm below the
HD-FEC threshold in back-to-back, after 21, 26, and 30 km, respectively. The LO power going
into the chip is fixed at 8 dBm (excluding the grating coupler loss) for these measurements. The
germanium layer gets saturated at higher received power and cannot absorb more photons to
generate photocurrent. As a result, error floor occurs at higher received power. We also suspect
receiver thermal noise to be another reason for the increased BER at higher received power.
The eye diagrams in back-to-back and after different propagation distances are provided in Fig.
4.15. Clear open eye diagrams can be observed in back-to-back. The eyes start to get closed as
we propagate over longer spans of fiber due to the impact of CD. We want to reiterate here that
no dispersion compensation has been used either optically or digitally.

Finally, the performance of the receiver is assessed for PI operation. We capture the signals
after the integrated PDs 50 times when the SOP is fixed and another 50 times by randomly
varying the SOP of the received signal using a PC in back-to-back configuration. The received
optical power is kept fixed at -21 dBm while capturing the signals using the RTO. Figures 4.16(a)
and 4.16(b) present the statistics of the 50 BER measurements for the fixed and the random
SOP cases, respectively. A mean log;o(BER) of -3.5529 (2.80 x 10~*) and standard deviation of
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Fig. 415 PAMS-2 eye diagrams (a) in back-to-back (B2B), (b) after 21 km, (c) after
26 km, and (d) after 30 km of propagation at 25 Gb/s.
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Fig. 416 BER statistics for 50 captures with (a) fixed SOP, and (b) random SOP.

0.1130 are obtained when the SOP is fixed. The mean and standard deviations are increased
to -3.0044 (9.90 x 10~*) and 0.69, respectively for the random SOP case. This increase in mean
BER corresponds to a power penalty of about 1.28 dB in terms of receiver sensitivity. It can also
be observed in Fig. 4.16(b) that for some SOPs the BER goes beyond the HD-FEC limit which
suggests that the receiver is polarization sensitive. This polarization sensitivity is coming from
the high polarization dependent coupling loss of the edge coupler and low ER of the PSR. The
amount of light coupled to the integrated receiver is reduced when the signal SOP is aligned
more towards the TM polarization. The PSR has a polarization crosstalk of only <-12 dBm
[209] at the wavelength we are operating. Thus, the TM polarization that gets coupled to the
chip does not get converted to the TE mode fully. The polarization of the LO is TE and the 3x3
MMI is designed for the TE mode. The residue TM mode that gets through the PSR and goes
into the 3x3 MMI does not contribute to the actual signal since the LO signal coming into the
MMI is TE. Besides, the imaging length of the MMI for TM polarization is different from TE
and hence, the MMI will not behave as a 120° hybrid for the TM mode. Part of the penalty also
comes from the non-ideal behavior of the MMI (deviations from the ideal 120° and 240° relative
phases). The performance of the receiver in terms of the SOP sensitivity can be improved by
using edge coupler designs with lower polarization dependent loss [211] and PSR with better
polarization crosstalk [162].
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4.2.2.3 25 Gb/s PAM-4 transmission

In this section, we demonstrate the 25 Gb/s (12.5 Gbaud) PAM-4 transmission performance.
Use of PAM-4 signal allows the use of low bandwidth components both at the transmitter
and the receiver as shown in [91] which reduces the overall cost of the system. Although this
advantage comes at the cost of reduced receiver sensitivity since PAM-4 signals require higher
SNR than PAM-2 signals.
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Fig. 4.17 Receiver sensitivity versus BER for different propagation distances for 25
Gb/s PAM-4 signal (after subtraction of the losses from the edge coupler).

We set the frequency offset between the incoming signal and the LO to be 10 GHz (80% of
the baud rate) and the local oscillator power to be 8 dBm. The RTO bandwidth does not put
any limitation on the usable frequency offset value for the 25 Gb/s PAM-4 case, since the baud
rate is only 12.5 Gbaud. Figure 4.17 presents the received optical power versus BER curves for
different propagation distances. Receiver sensitivities are found to be -15.3, -14, and -9.5 dBm
below the HD-FEC threshold in back-to-back, after 10.5, and 21 km, respectively.

Finally, in Fig. 4.18 we present the 25 Gb/s PAM-4 eye diagrams in back-to-back, after 10.5
and 21 km. The eyes are open in back-to-back and become distorted due to the impact of CD
after 21 km propagation. As can be observed from Fig. 4.18, the top level of the eyes have more
noise than the bottom levels which was observed in previous demonstration [91] as well. Hence,
we squeeze the bottom levels of the PAM-4 signal by tuning the bias level of the modulator to
give more space to the top levels which ultimately results in reduced BER.
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Fig. 418 PAM-4 eye diagrams (a) in back-to-back (B2B), (b) after 10.5 km, and (c)
after 21 km of propagation at 25 Gb/s.

4.2.3 Conclusion

We report an integrated simplified coherent receiver on the SOI platform that achieves 25 Gb/s
PAM-2 transmission over 30 km and 25 Gb/s PAM-4 transmission over 21 km. No form of DSP
(e.g., pre-emphasis, equalization, pulse shaping etc.) apart from squaring, summing, and low-
pass filtering the three waveforms and no dispersion compensation (e.g., optical or digital) were
applied throughout the whole system. In addition, no frequency or phase control of the LO was
required due to the use of intensity modulated signal. For the PAM-2 signals, a sensitivity of
-15.10 dBm is achieved after 30 km of propagation while for the PAM-4 signals, the achievable
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sensitivity is -9.50 dBm after 21 km of fiber. The results presented here will lead the path for
simpler and lower cost implementation of 120° hybrid based simplified integrated coherent
receiver for the emerging 5G X-haul, metro and access network applications. Although we
present the performance of a C-band integrated coherent receiver, similar integrated receiver
can be fabricated for O-band operation by redesigning some components, such as the PSR and
the 120° hybrid which is a topic of further experimentation and beyond the scope of the thesis.

4.3 25 and 50 Gb/s PAM-4 transmission over 43 and 21 km single-mode fiber using
integrated coherent receiver

In the previous section, we reported the integrated version of the PI receiver [202] on the SOI
platform achieving 25 Gb/s/A PAM-4 transmission over 21 km with a receiver sensitivity of -9.5
dBm below the HD-FEC. In this section, we demonstrate significant performance improvement
of the integrated receiver by using a better DAC and simple DSP achieving higher bit rates and

receiver sensitivities, and longer reach.

For 25 Gb/s
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Fig. 419 Experimental setup. 26 Gbaud PAM-4 optical eye after the modulator is
shown inside the green box. DAC: digital-to-analog converter, SMF: single-mode
fiber, EDFA: erbium doped fiber amplifier, VOA: variable optical attenuator, PC:
polarization controller, DUT: device under test, LO: local oscillator, RTO: real-time
oscilloscope.

4.3.1 Experimental setup

The experimental testbed is shown in Fig. 4.19. An 8-bit DAC is used to generate PAM-4
signals at a sampling rate of 60 GSa/s. Pre-emphasis is used to compensate only for the DAC
channel. The pre-emphasis is a real-valued finite impulse response filter. The DAC output is
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connected to a RF amplifier which then drives a lithium niobate Mach-Zehnder modulator. The
modulator is driven at the quadrature point. We achieved an optical modulation amplitude
(OMA) of about 3.5 mW at 25 GBaud. An ECL emitting light at 1530 nm is used as the CW
source. A PAM-4 optical eye at 26 GBaud right after the modulator is shown in Fig. 4.19. We
used a Gaussian pulse with a factor of 0.8. After transmission over different lengths of fiber,
the signal is amplified using an EDFA, followed by attenuation using a VOA to facilitate the
received optical power sweep. As mentioned in the last section 4.2.2, the EDFA can be removed
by improving the edge coupler design and the coupling setup to achieve better light coupling.
The optical signal then goes through a PC before being coupled to the chip through the edge
coupler. A micrograph of the fabricated receiver and the DSP blocks are shown in Fig. 4.19. The
details of the integrated receiver can be found in the previous section 4.2.1 and detail design
parameters of the PSR, the germanium PDs and the 120° hybrid can be found in [209], [210],
and [99], respectively. The rest of the setup and processing is similar to the previous section
42.1. A linear FFE step running at 2 samples/symbol is added for the 40, 44 and 50 Gb/s

PAM-4 transmission cases during offline processing..

4.3.2 Results and Discussion
4.3.2.1 25, 40 and 44 Gb/s PAM-4 transmission

For the 25 Gb/s PAM-4 transmission, a frequency offset of 10 GHz (80% of the baud rate) is
used. Since the baud rate is only 12.5 Gbaud in this case, the transmitter can be replaced by
10G components as shown in [91] which will reduce the overall system cost. The BER versus
received optical power curves for different lengths of fiber are presented in Fig. 4.20(a). The LO
power was set at 8 dBm for all these measurements. Receiver sensitivities of -18, -17.5, -16.6,
-14.50, and -9.8 dBm in back-to-back and after 10.5, 21, 31, and 43 km, respectively are obtained
at a BER below the HD-FEC. The low density parity check FEC (LDPC-FEC) line (at a BER of
1 x 1072) is shown as well for reference purpose, which has been recently approved as the FEC
for 25/50G EPON [212].
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Fig. 420 Receiver sensitivity versus BER for 25 Gb/s PAM-4 (a) over different
fiber lengths, and (b) in B2B for different wavelengths [edge coupler loss has been
subtracted], and (c) split ratio and phase deviation of the 120° hybrid.

A few corresponding eye diagrams for different fiber lengths are shown in Fig. 4.21. The
eye diagrams are quite open even after propagating over 31 km of fiber. It should be noted that
no dispersion compensation (either digital or optical) and receiver equalization have been used.

The performance of the receiver at different wavelengths within the C-band in back-to-back
for 25 Gb/s PAM-4 transmission is presented in Fig. 4.20(b). It can be observed that the
performance degrades as we increase the wavelength. This can be attributed to two factors.
First, the split ratio and the phase deviation of the 120° hybrid worsen as we increase the
wavelength (shown in Fig. 4.20(c)) which results in penalty since the hybrid deviates from the
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Fig. 421 PAM-4 eye diagrams (a) in back-to-back (B2B), (b) after 10.5 km, (c) after
21 km, (d) after 31 km, and (e) after 43 km of propagation at 25 Gb/s.
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Fig. 422 Receiver sensitivity versus BER for (a) 40 Gb/s, and (b) 44 Gb/s PAM-4
over different fiber lengths. The solid lines indicate without FFE and the dashed
lines indicate with 31-tap FFE. Edge coupler loss has been subtracted.

ideal 120° behavior. The other reason is the rapid decrease in the absorption coefficient of the
germanium layer at higher wavelengths [213,214]. As a result, more light is required to generate
the same photocurrent which reduces the receiver sensitivity.

For the 40 and 44 Gb/s PAM-4 transmission, 10.5 GHz frequency offset is used. Although
it is not 75% of the baud rate, we could not use higher offset values due to the 33 GHz band-
width limit of the RTO. Figure 4.22 presents the BER performance of 40 and 44 Gb/s PAM-4
transmission for different fiber lengths. The receiver sensitivities are -12.3, -12, and -7 dBm in
back-to-back and after 10.5, and 21 km, respectively for 40 Gb/s PAM-4, and -11 and -10.5 dBm
in back-to-back and after 10.5 km, respectively for 44 Gb/s PAM-4 without applying any form
of dispersion compensation and receiver equalization. The BER is above the HD-FEC for 21
km propagation of 44 Gb/s PAM-4. When 31-tap FFE is applied at the receiver, the receiver
sensitivities become -14, -13.9, and -12 dBm for 40 Gb/s and -13, -12.7, and -11 dBm for 44
Gb/s in back-to-back, and after 10.5 and 21 km, respectively. The FFE compensates for distor-
tions arising from both the bandwidth limitation and the suboptimal frequency offset between
the signal and the LO. The eye diagrams with and without the FFE for different distances are
shown in Fig. 4.23 and 4.24 for 40 and 44 Gb/s PAM-4 transmission, respectively. As explained
in the previous section (4.2.2.2), the integrated receiver is polarization sensitive.
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Fig. 4.23 PAM-4 eye diagrams (a) in back-to-back (B2B), (b) after 10.5 km, (c) after
21 km, without FFE and (d) in back-to-back (B2B), (e) after 10.5 km, and (f) after 21
km with 31-tap FFE at 40 Gb/s.
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Fig. 424 PAM-4 eye diagrams (a) in back-to-back (B2B), (b) after 10.5 km, (c) after
21 km, without FFE and (d) in back-to-back (B2B), (e) after 10.5 km, and (f) after 21
km with 31-tap FFE at 44 Gb/s.
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Fig. 425 (a) Number of FFE taps versus BER at -3.8 dBm received power in back-
to-back (B2B), and (b) receiver sensitivity versus BER for 50 Gb/s PAM-4 over differ-
ent fiber lengths using different FFE taps [Edge coupler loss has been subtracted].

4.3.2.2 50 Gb/s PAM-4 transmission

Single wavelength 50 Gb/s PAM-4 transmission is more attractive compared to channel bond-
ing two 25 Gb/s wavelengths to achieve 50 Gb/s since reduction in required optoelectronic
components, wavelength resources and overall system cost can be achieved. IEEE 802.3bs has
already standardized the 50 Gb/s lanes for 200G and 400G Ethernet. It is expected that the 50
Gb/s lane based 200G and 400G will start replacing 100G in data centers around 2020. Hence,
a lot of research is underway to commoditize the 50G optoelectronic components, an ecosystem
which the access segment can leverage.

Due to the RTO bandwidth limit we could use 10.5 GHz frequency offset between the signal
and the LO which is only 42% of the baud rate. We could not achieve BERs below the HD-FEC
without using the linear FFE at the receiver for 50 Gb/s PAM-4 transmission. Figure 4.25(a)
shows the BER for different number of filter taps in back-to-back at -3.8 dBm of received power.
The BER does not improve much after 31 FFE taps. The BER versus the received power curves
for 25, 31, and 51 taps are shown in Fig. 4.25(b). We achieved receiver sensitivities of -13.3 dBm
in back-to-back, -13.2, and -11 dBm after 10.5 and 21 km for 25 taps, -13.6 dBm in back-to-back,
-13.5, and -11.6 dBm after 10.5 and 21 km for 31 taps, and -13.8 dBm in back-to-back, -13.7, and
-12.2 dBm after 10.5 and 21 km for 51 taps. Figure 4.26 shows the eye diagrams for different
propagation distances using 31-tap FFE.
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Fig. 426 PAM-4 eye diagrams (a) in back-to-back (B2B), (b) after 10.5 km, and (c)
after 21 km at 50 Gb/s with 31-tap FFE.

4.3.3 Conclusions

We present 25 and 50 Gb/s PAM-4 transmission over 43 and 21 km, respectively below the HD-
FEC limit in the C-band using the integrated simplified coherent receiver on SOI. We achieved
-16.6 dBm of receiver sensitivity at 25 Gb/s after 21 km without any dispersion compensation
and receiver equalizer, and -11.6 dBm at 50 Gb/s after 21 km using 31-tap linear FFE at the
receiver. A summary of the receiver sensitivities achieved using the integrated simplified co-
herent receiver (presented in sections 4.2 and 4.3) at various distances for different modulation
formats are provided in table 4.1.



103

Table 41 Summary of transmission performance of the integrated simplified co-
herent receiver.

Modulation Bit Rate Fiber Length  Sensitivity @  DAC Type DSP
Format [Gb/s] [km] HD-FEC [dBm]
B2B -23.7 6-bit No
PAM-2 25 21 -20.3 6-bit No
26 -18.2 6-bit No
30 -15.1 6-bit No
B2B -15.3 6-bit No
PAM-4 25 10.5 -14 6-bit No
21 -9.5 6-bit No
B2B -18 8-bit DAC equalization
10.5 -17.5 8-bit DAC equalization
PAM-4 25 21 -16.6 8-bit DAC equalization
31 -14.5 8-bit DAC equalization
43 -9.8 8-bit DAC equalization
B2B -13.6 8-bit DAC equalization &
31-tap FFE
PAM-4 50 10.5 -13.5 8-bit DAC equalization &
31-tap FFE
21 -11.6 8-bit DAC equalization &

31-tap FFE
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Chapter 5
Conclusions and Future Works

New business and technology drivers, such as cloud, high definition video streaming and 5G
radio networks combined with requirements like low latency, scalability, and flexibility are
propelling the advancement of the high-speed fiber optical networks. On both ends of the
optical fiber, silicon photonics-based transceivers have left the research institutes to become a
mature market product [9-12]. Silicon photonics offers larger wafer size, power and cost re-
ductions compared to existing III-V materials. By being the same material as the electronic
circuitry industry it eliminates potential problems arising from differing coefficients of expan-
sion in thermally varying environments. The maturity of passives like waveguides, grating
couplers, tapers, microring filters, optical hybrids [97,215,216] and actives such as modulators
and photodetectors [215,217-219], in silicon photonics is also another sign of the readiness of

this technology.

5.1 Thesis highlights

In this thesis, we explored different silicon photonic devices and systems, and bench-top solu-
tion for optical communication applications. The major contributions of this work are shown
in Fig. 5.1.

In chapter 3, we report various passive silicon photonic devices based on Bragg gratings,
interference, and doping of silicon waveguide. The key findings are listed below along with the

publications produced:

¢ We demonstrate ultra-compact OADMs in the C-band using misaligned sidewall gratings.
We analyze two configurations of the Bragg gratings in MZI-based OADMs. The effect
of misalignment variation on the spectral response of both structures was studied numer-
ically and experimentally. The use of misaligned gratings enables a narrow bandwidth
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v
Passive Devices Active Devices and Bench-top Systems
OADM using misaligned sidewall Bragg Gratings [94, 95] DSP-free 25 Gb/s PAM-4 using 10G components [91]
TCFPR using Bragg Gratings [96, 97] Simplified coherent receiver based on 120-degree hybrid [101]
TCFPR using loop mirrors [96, 98] 50 Gb/s PAM-4 transmission using simplified coherent receiver on SOI [102]

120-degree hybrid [99]
TM-Pass polarizer using plasmonic waveguides [100]

Fig. 5.1 Summary of the original contributions of the thesis.

with a lower number of periods, thus enabling optimization of the OADM designs for
compactness. We experimentally measured 3-dB bandwidths of 6 nm and 6.2 nm and ERs
of 25 dB and 51 dB with device footprints of 400 um x 90 ym and 400 um x 125 um, re-
spectively for the single-stage and the cascaded configurations. Furthermore, the OADMs

are designed with 193 nm DUV lithography compatible minimum feature size [94,95].

¢ We report novel Fabry-Perot resonators with transverse coupling on the SOI platform.
The TCFPRs offer better flexibility to achieve the desired spectral response compared to
all-pass MRRs. Furthermore, one variant of the TCFPR features a 77/2 phase shift for each
one-way trip through the resonant cavity. Since the resonant cavity can be formed using
straight waveguides and Bragg gratings as the end reflectors, bending losses can be elimi-
nated in the TCFPRs. The effect of varying the cavity length is studied experimentally for
both types of TCFPRs. The impact of tuning the x on the spectral response of the TCFPRs
is also investigated. Our reported devices exhibit ER, FSR, Q-factor and IL values of 37.28
dB, 2.58 nm, 3356 and 2.48 dB, respectively for an effective cavity length of 110 ym and
of 8.69 dB, 0.3 nm, 23642 and 1.43 dB, respectively for a 943 yum effective cavity length
[96,97].

¢ We present the detail simulation, fabrication and characterization of the loop mirror-based
TCFPRs. In our work, we experimentally obtained Q-factor, ER and FSR values of 28086,
10.04 dB and 0.32 nm respectively for a 1038 ym cavity length and of 5120, 18.14 dB and
1.22 nm, respectively for a cavity length of 376 ym. Finally, the resonators have footprints
of less than 128.5 ym x 156 uym [96,98].

¢ We demonstrate a 120° optical hybrid based on 3x3 MMI in the C-band using 193 nm
optical lithography on the SOI platform. Via simulation, a maximum excess loss of 2.65
dB and phase deviation of <5° are achieved over 65 nm (1520 nm - 1585 nm). The hybrid
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shows measured excess loss of <2.4 dB over 60 nm (1500 nm - 1560 nm), and phase
deviations of <5° over 30 nm (1520 nm to 1550 nm) and <10° over 80 nm (1500 nm - 1580
nm) wavelength range, respectively [99].

¢ We present a hybrid plasmonic TM-pass polarizer using highly doped silicon instead
of metal to form the plasmonic waveguide. The design parameters such as the width
and length of the silicon and highly doped silicon waveguides, carrier concentration of
the highly doped silicon, and the gap between the waveguides have been optimized to
obtain the highest figure of merit and maintain the fabrication limitations simultaneously.
According to our analysis, the proposed TM-pass polarizer achieves an ER of 30.1 dB and
an IL of 3.1 dB with a length of 15 ym near 1550 nm wavelength. The reported polarizer
is also highly fabrication tolerant and offers peak ER selection at different wavelengths by
choosing different doping concentrations during fabrication. [100].

In chapter 4, we present bench-top and integrated solutions for the high-speed PONs. The
summary of the key results and the resulted publications are provided below:

¢ We present 25 Gb/s PAM-4 transmission over 28 km of fiber at a BER below the HD-FEC
in the C-band using a 3x3 fiber coupler based simplified coherent receiver. Off-the-shelf
10G class EML is used at the transmitter and PIN PDs are used at the receiver. Receiver
sensitivities of -18.5, -17 and -13.5 dBm and power budgets of 20.80, 19.6 and 16 dB are
achieved at a bit error rate (BER) below the HD-FEC threshold (i.e., 3.8 x 10~3) in back-to-
back, after 20.7 and 28 km, respectively which can be increased further by using higher LO
power. For the polarization independent demonstration of 25 Gb/s PAM-4 transmission,
we achieved receiver sensitivities of -17.10 and -14.5 dBm and power budgets of 19.5 and
17 dB in back-to-back and after 21 km, respectively. [91].

¢ We report an integrated simplified coherent receiver on the SOI platform consisting of an
inverse taper edge coupler for the received signal, a vertical grating coupler for the local
oscillator input, a PSR, a 120° hybrid based on a 3x3 MMI coupler, and three germanium
photodetectors. We did not apply any DSP (e.g., pre-emphasis, equalization, pulse shap-
ing etc.) apart from squaring, summing, and low-pass filtering the three waveforms and
dispersion compensation (e.g., optical or digital) throughout the whole system. Receiver
sensitivities of -23.7, -20.5, and -15.1 dBm are achieved in back-to-back, after 21 and 30
km, respectively. We also demonstrate 25 Gb/s PAM-4 transmission achieving receiver
sensitivities of -15.3, -14, and -9.5 dBm below the HD-FEC threshold in back-to-back, after
10.5 and 21 km, respectively. Although the receiver architecture is meant to be insensi-
tive to the SOP of the incoming signal based on the operating principle [202], it exhibits
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polarization dependence when tested by varying the SOP of the incoming signal using a
polarization controller. The polarization dependence on the SOP can be attributed to the
polarization dependence of the edge coupler and small ER (only 12 dB at 1530 nm) of the
PSR [209], which can be improved by using a better edge coupler and PSR [102].

¢ We present 25 and 50 Gb/s PAM-4 transmission over 43 and 21 km, respectively below the
HD-FEC limit in the C-band using an integrated simplified coherent receiver on SOI and
enabled by simple DSP and a better DAC. We obtained receiver sensitivities of -18, -17.5,
-16.6, -14.5, and -10 dBm in back-to-back, and after 10.5, 21, 31, and 43 km, respectively
for 25 Gb/s PAM-4, -12.3 -12 and -7 dBm in back-to-back and after 10.5, and 21 km,
respectively for 40 Gb/s PAM-4, and -11 and -10.5 dBm in back-to-back and after 10.5 km,
respectively for 44 Gb/s PAM-4 without any receiver equalizer. The integrated receiver is
characterized using different wavelengths within the C-band. We also achieved 50 Gb/s
PAM-4 transmission with receiver sensitivities of -13.6 dBm in back-to-back, -13.5 and
-11.6 dBm after 10.5 and 21 km using 31-tap linear FFE [103].

5.2 Future research avenues

While the research objectives of this thesis have been accomplished, a number of interesting
research avenues related to the work presented in the thesis still exist that can be pursued in
the future. In this section, we list some of potential research ideas originated from the topics
covered in the thesis.

e The OADMs presented in chapter 3 are capable of adding/droping a single wavelength.
It will be interesting to extend the design by cascading multiple OADMs to obtain a
multi-wavelength OADM [56]. The design can be further extended by adding heaters
on top of the Bragg gratings to achieve tunability of the Bragg wavelength resulting in a
reconfigurable OADM [220]. In future designs, the sidelobes can be reduced by apodizing
the gratings (altering the amplitude of the effective index modulation along the length of
the grating) [129].

¢ The TCFPRs using both Bragg gratings and loop mirrors can be extended to design dis-
persion compensating filter like the one presented in [221] by substituting the MZIs with
the TCFPRs. Another interesting extension of the TCFPRs will be to design optical delay
lines [222]. The dispersion compensating filters and the delay lines can later be used in

optical transmission experiments.



108

¢ The 120° optical hybrid is designed for the TE mode and has a quite large footprint.
Further work may include using sub-wavelength gratings to optimize the design to obtain
footprint reduction, operating bandwidth extension and achieving dual-polarization (both
TE and TM) operation [223]. Although the fabrication tolerance of the device will be
reduced if sub-wavelength gratings are used.

* The TM-pass polarizer presented in this thesis has a large footprint and small bandwidth
over which the ER is >20 dB. Design optimizations can be done including introduction
of plasmonic bend waveguides to reduce the footprint and enhance the overall perfor-
mance. Furthermore, hybrid plasmonic TE-pass polarizers can be designed using the
highly doped silicon replacing the metals.

¢ The bench-top solution-based 25 Gb/s PAM-4 transmission using 10G transmitter work
can be extended to higher bit rates such as 50 Gb/s or 100 Gb/s per A to meet the in-
creasing bandwidth demand in the access networks. Using 1A x50 Gb/s or 1A x100 Gb/s
instead of 2A x25 Gb/s or 4A x25 Gb/s can save wavelength resources which is scarce due
to a wide variety of applications occupying different bands. Although achieving higher
bit rates will require DSP to some extent which will increase the complexity of the sys-
tem. The architecture of the simplified coherent receiver can be modified to capture phase
information instead of detecting only the envelope. This will enable the use of other
high order modulation formats with better spectral efficiency. Another research direction
might be the use of multilevel user-interleaving concept to reduce the system complexity
at the user side.

¢ The integrated simplified coherent receiver presented in the thesis is designed for the C-
band and is sensitive to polarization of the incoming signal. Since the IEEE 802.3ca 50G-
EPON standards have chosen O-band for both upstream and downstream, the receiver can
be redesigned for operation in the O-band. Furthermore, the polarization dependency can
be overcome by using better edge couplers and PSRs. Design optimizations can be done
to improve the performance of the photodetectors used in the receiver since it has high
dark current. Packaging the receiver to include TIAs can be another step towards the

maturation of the receiver.
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Appendix

The derivation of the operating principle of the simplified coherent receiver are presented here.
As shown in [202], both configurations of Fig. Al provide similar results. Although we per-
formed the experiments using the configuration presented in Fig. Al(b), we will show the
derivation of the configuration shown in Fig. Al(a).

r(t) — /—> E,
|——-—-—> 3x3 Coupler —> E,
PBS | ~—E,
ELO
(a)
PBS
(/] —&\ _—>F
= o
- )22—> 3x3 Coupler ————>E,
—
E[_o _—/ M E3

(b)

Fig. A1 Schematic of the polarization independent receiver with polarization
beam splitter either on the (a) local oscillator (LO) or on the (b) received signal.

We assume a frequency difference of Av between the signal and the LO. The polarization of
the signal can be random and thus, the Jones vector can be expressed as,
r(t)e/ 2780 cos ¢
r(t)e/ 2T sin g

where, r(t) is the modulated signal, ¢ is the main axis orientation of the polarization ellipse

U(t) =

and ¢ is the angle of ellipticity (for linear polarization ¢ = 0).
Let us assume [202],

x = 2mAvt

y = 2mAvt + ¢

E" = r(t)el* cos ¢

EJ' = r(t)elsing

The three outputs of the coupler are given by [62,202,224],
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E b E. E,
Ej | = Eio O
E3/]‘ b b a 0 ELO

where, j = x or y polarization.
a = 3exp (jkI) + L exp (—j2kI)
b = Lexp (—j2kl) — % exp (jkI)

For a symmetric 1:1:1 coupler, kI = 2F [62].

\a|2 = aa*

= [% exp (jkI) + %exp (—j2kl)] [% exp (—jkl) + %exp (j2kl)]
= [Fexp (5) + 3exp (—j°§)] [Fexp (=/57) + 3exp ()]
=§+g+5exp () + §exp (—jF)

=3+5(-3)
_1
3
|b]* = bb*
= [Fexp (/) — sexp (i&)] [Fexp (%) — 3exp (/)]
=1+1—texp (—i%) — sexp (i)
5 —5cos (%)
5—5(-3)
_1
3
ab*
= [Fexp (i) +3exp (—1%)] [Foxp (%) — 3exp (/%]
= —5+5+30p (F) - sexp (%)

=—stirs
—VET R 12, (1) _1
r=vVa e =\[(-)"+ (355) =}
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a*b
= [zexp( 19)+1e><p (5] [Fexp (/%

=—9+ [Zexp( jg)—exp
= J+ 2 eos () — jsin ()] — eos (3) + jsin ()]
M AR
11 a1
918 Jas
151
= —z ]2\@

As mentioned before,

Ey; a b b E. E,
EZJ = b a b ELO 0
E3,]' b b a 0 ELO

ES" = ar(t)el* cos ¢ + ELo

EQyt = ar(t)elVsing + bEr o

‘E‘"‘t = (ar(t)e/ cos ¢ + bEro) (a*r(t)e /> cos ¢ + b*Ero)

= |a|*r2(t)cosp + |b|*E2 5 4 ab*r(t) Eo cos pel* + a*br(t)Ero cos pe i
= my + 1y + 2r(t)Epo cos ele 3 + Lr(#)Epo cos pe e IF

=my +n + %r(t)ELo cos ¢2 cos (x + 27”)

= my + ny + 3r(t)Epo cos ¢ cos (x + 2F)

Efy! g (ar(t)elsing + bEro) (a*r(t)e ¥sing + b*Ero)

= |a|*r2(t)sin®p + |b|*E2 4 ab*r (t) Eposingel? + a*br(t)Eposinge ¥
= my + my + Lr(t)Eposingel¥el 3 4 Lr(t)Eposinge Ve 1%

= my + n1 + +r(t)Eposing2 cos (y + )

= my +mny + 3r(t)Erosingcos (y + &%)

2
i1_R<yEout\ + | g )
ZREor(t) [cos¢cos (x + 2F) +singcos (y + &) ]

Here, my=|a|*r(t)cos?p or |a*r2(t)sin’p and m= |b|*E?,. my is a DC-term which will be

blocked by the DC-block and m; is a much smaller direct-detection term and hence, neglected.
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ESUt = br(t)el* cos ¢ + aEro

Bt = br(t)elYsing + bEro

|Egut 2= (br(t)el* cos ¢ + aErp) (b*r(t)e ¥ cos¢ +a*Erp)

= |b]*r2(t)cos¢p + |a|*E2, + a*br(t) Ero cos el + ab*r(t)Ero cos pe /¥
= my + 1y + 2r(t)Epo cos pele 15 4 Lr(t)Epo cos pe %el T

= my +np + 1r(t)Epo cos ¢2 cos (x — 2F)

= my + np + 3r(t)Ero cos ¢ cos (x — ZF)

ESy! g (br(t)elVsing + bE1o) (b*r(t)e ¥sing + b*Ero)

= |b|*r2(t)sin¢p + |b|*E2, + bb*r(t)Eposingel? 4 b*br(t)Eposinge /¥
=my+ 1y + %r(t)ELo sin ¢ cos y

i — out |2 out 2
lZ_R(‘EZx ‘ + EZy >
= 2RE;or(t) [cos ¢ cos (x — 2F) + sin¢ cos y]

Here, ny=|b|*r2(t)cos®¢p or |b|*r2(t)sin’p and ny= \a]2E%O or \b|2E%O. ny is a DC-term which
will be blocked by the DC-block and my is a much smaller direct-detection term and hence,
neglected.

ES“t = br(t)el* cos ¢ + bE Lo

Egul = br(t)elsing +aEro

|EQ“ % = (br(t)e/* cos ¢ + bELo) (b*r(t)e /¥ cos ¢ + b*Ero)

= |b*r2(t)cosp + |b|*E2 , + bb*r(t)Ero cos el + b*br(t)Epo cos pe /¥

=mz+ nz + %r(t)ELo COSs ¢ COs X

2 ;. . o . *

ESyt| = (br(t)elsing +aEro) (b*r(t)e Vsing + a*Ero)
= |b|*r2(t)sin?¢p + |a|*E2, + a*br (t) Eposingel? 4 ab*r(t)Eposinge ¥
= ms +n3 + %r(t)ELo sin¢ cos (y — 27”)

2
is =R (\Eg;f\z + [Egu >
_2 i _ 2
= £RE;or(t) [cos ¢ cosx +singcos (y — )]

Here, m3=|b|*r(t)cos?p or |b|*r?(t)sin’p and n3= |a|°E2, or |b|*E2,. n3 is a DC-term which

will be blocked by the DC-block and mj3 is a much smaller direct-detection term and hence,
neglected.
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Derivation of k: The term k will be useful in the derivation of S(t) afterwards.
k= %COSZ(I) cos (2x +41) + %sinqu cos (2y + 42 + Leos’¢p cos (2x — 4F) +
Zsin®¢ cos 2y + Jcos cpcos 2x + Zsin cpcos (2y — 4F)

;cos ¢ (cos 2x cos

szansm ) + 1sin¢ (cos Zy cos &L — sin2ysinif) +

Zcos 2¢ (cos2x cos 4 —l—stxsm 5 ) 2sm 2 cos2y + 2cos qbcos 2x+

1sin?¢ (cos 2y cos 4 + sin2ysin*L)
= lcos?¢p (—f cos2x - ‘Fszan) + 1sin¢ ( 3cos2y + fsty)

%cos cp( 5 COS 2x — fstx) + zsm 2 cos 2y + jcos 2¢ cos 2x+

sin®¢ ( 5 €082y + fsty)

= —lcos ¢ cos2x + \fcos ¢psin2x —

1

4sm 2 cos 2y —
=0

Finally,

S(t) =i 43 + 13

= §R?Efor*(t)

= §R?Efor*(t)

= gR?Efor*(t)

= §R?Efor*(t)

4 cos?¢ cos 2x —

fsmqucosZy—k V3sin?psin2y+

*[cos ¢psin2x + jsm 2 cos 2y + icos 2¢ cos 2x

sm 2psin2y

{cospcos (x + 2”) + sin ¢ cos (y + 2”) }2+
{coscpcos (x — 7) —i—sm<pcosy} +

I {cos ¢ cosx + sin¢cos (y — 2F) }2

cos?cos? (x + 27”) + sin®¢cos? (y+ 27”) +

2cos ¢ cos (x + &) singcos (y + &) + cos?peos? (x — L) +
sin®¢cos?y + 2 cos ¢ cos (x - %”) sin ¢ cos y + cos?pcos?x+
sin®¢cos? (y — &) 4+ 2cos ¢ cos x sin ¢ cos (y — ZF)

1cos?¢p {1+ cos (2x + ) } + Lsin®p {1+ cos (2y + *F) } +
sin2¢ cos (x 4 2) cos (y + ) + cos?¢p {1+ cos (2x — ) } +
;sinch {1+ cos2y} + sin2cp cos (x — 2F) cosy+

1cos?p {1+ cos2x} + 3sin’¢ {1+ cos (2y — &) }

+sin2¢ cos x cos (y — &%)
1cos?p + Jcos?Ppcos (2x + ) + 1sinqu - ;sin2(]) cos (2y + 47 +
sin2¢ cos (x + 2F) cos (y + ) + 3cos’¢ + jcos’p cos (2x — ) +
%sin2q> + 1sir12q> cos2y + sm2q> cos (x - %”) cos y+

Jcos?¢ + Lcos?p cos 2x + 3sin® + gsin’¢ cos (2y — 4F)

+sin2¢ cos x cos (y — 2F)
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SREEZ,r(t)

SRZEZ (1)

sRZEFor2(t)

SRZEZ (1)

SRZEZ (1)

sRZEFor2(t)

SRZEZ (1)

4212 2
§RELOrt

4p2E2 2
gRELOrt

[ 3 + Jcos?gpcos (2x + 4F) + 3sin®¢ cos (2y + *F) +
+3cos?p cos (2x — 4) + Lsin*¢ cos 2y + Lcos?p cos 2x+

Isin®¢ cos (2y — 2F) + sin2¢ cos (x — &) cosy+

| sin2¢ cos (x + 2—”) cos (y + 2”) + sin2¢ cos x cos (y 237)

2w 21 2 21
(COSXCOS 3 sin x sin 3 ) (COS]/COS 3 smysm 3 ) +

3 ; 27
5 +k+sin2¢ ¢ cosx (cosycos & Kl +sinysin &) +
cosy (cos x cos & + sin x sin 2F)
(cos x cos ZF — sin x sin &7) (cosycos 2 —sinysin ) +
3 .
3 +sin2¢ ¢ cosx (cosycos & ] +sinysin &) +

cosy (cos x cos Z* + sin x sin 2%

( (—%cosx—@smx) (—%cosy—@shny)%—
%—l—sinZgb COS X —%cosy—k@siny +

cosy —%cosx%—?sinx

1 cosxcosy + ‘/5 cos xsiny + \/g sin xcosy+
3 +sin2¢p ¢ 3sinxsiny — Cosxcosy—kfcosxsmy

3
2cosxcosy—i— cosysinx

icosxcosy+ 3‘[ cos x sin y+ }

3 F sin2g { 3Y3 gin xcosy + 2sinxsiny
g{cos(x+y)+cos(x— v)}+

33 {sin (x +y) —sin (x —y)} +

343 {sin (y + x) — sin (y — x)} +

2 {cos (x —y) —cos (x+y)}

+ sin2¢ {—% cos (x +y) + Msin (x+y) }

— 3sin2¢ { cos (x +y) — \[sm (x+ y)}

— 3sin2¢ {sin Z cos (x +y) — cos Zsin (x + y) }|

3 + sin2¢

= ZR2E25r?(t) [1 — sin2¢sin (2 — x — y)]

6

ZR2EZ r2(t) [1 — sin2¢sin (£ — 4mAvt — )]
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