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Abstract

With sky-rocketing internet traffic and subsequent increase in data-center size and capac-
ity, the escalating trend of power consumption has been a huge challenge in implementing
energy-efficient optical interconnection networks. Silicon Photonics is considered to be a po-
tential alternative to the electrical interconnects in high-performance computers (HPC) and
data centers due to its high throughput, compatibility with CMOS fabrication, large band-
width scalability and energy efficiency. To reduce the communication bottleneck in inter-
and intra-chip data communications, the aggregated bandwidth and link capacity should
be increased by using advanced multiplexing and switching techniques. In the recent years,
mode-division-multiplexing (MDM) has gained attention alongside wavelength-division mul-
tiplexing (WDM) and polarization-division multiplexing (PDM) to address the challenge of
Shannon’s limit - the theoretical maximum data rate of a communication channel - by increas-
ing the data transmission capacity of the on-chip optical links in data center interconnects.
MDM potentially offers more scalability than both of the other two multiplexing methods
by sending multiple modes in a single optical channel, and reduces energy consumption by
exploiting only one laser for the transmission of multiple data channels.

In this thesis, we present energy-efficient silicon photonics switches using low-loss thermo-
optic phase shifters. First, a rearrangable non-blocking broadband 4 x4 Benes switch is inves-
tigated in C-band with the detail design of the doped silicon resistive phase shifters and 2x2

Mach-Zehnder interferometer (MZI) elementary building blocks. A 2.4 us switching time is
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achieved with -11.0 dB worst case crosstalk. The design methodology leads to the incep-
tion of more innovative contribution towards silicon photonics multimode (de)multiplexing
and switching. A novel reconfigurable MDM (de)multiplexer/switch is investigated for path
reconfigurable switching of multiple parallel optical modulated data signals offering higher
bandwidth density and lower power consumption. This multimode component is reconfig-
urably used in an MDM (de)multiplexer and a mode selecting switch (MSS). Simultaneous
transmission of two parallel 10 Gb/s optical data packets exhibits 2.8 dB power penalty
with an estimated 1.55 pJ/bit energy efficiency. Next, a scalable multimode switch is pro-
posed using multimode interference (MMI) couplers and metal heater phase shifters. This
device is capable of switching either two or three transverse electric (TE) modes increasing
footprint efficiency. A detail study on scalability estimates that multimode switches can
significantly reduce on-chip power by 63% compared to their single-mode counterparts. Fi-
nally, the scalability potential of this device is experimentally verified by switching three
TE modes with 3x10 Gb/s aggregated bit rate and 12.0 us switching time. The investiga-
tions of this thesis experimentally demonstrate new promises towards high-throughput data

intensive multimode switching for energy-efficient optical interconnects.
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Abrégé

Avec le trafic internet qui monte en fleche et ’accroissement associé de la taille et de la
capacité des centres de données, la tendance a la hausse de la consommation d’énergie est un
énorme défi lors de I'implémentation de réseaux d’interconnexions optiques a faible consom-
mation énergétique. La photonique sur silicium (SiP) est considérée comme une plateforme
a fort potentiel pour les ordinateurs hautes performances (HPC) et les centres de données
en raison du débit binaire plus élevé, de la compatibilité avec la fabrication CMOS, de la
plus grande extensibilité de la bande passante et de la haute efficacité énergétique. Pour
réduire le goulot d’étranglement de communication dans les communications de données
inter et intra-puces, la bande passante agrégée et la capacité de liaison devraient étre aug-
mentées en appliquant des techniques avancées de multiplexage et de commutation. Au
cours des dernieres années, le multiplexage par division de mode (MDM) a attiré I’attention
parallelement au multiplexage par division de longueur d’onde (WDM) et au multiplexage
par division de polarisation (PDM) pour relever le défi de la limite de Shannon le débit
théorique maximal de données d’un canal de communication en augmentant la capacité de
transmission de données des liaisons optiques sur puce dans les interconnexions des centres
de donnée. MDM offre potentiellement plus d’évolutivité que les deux autres méthodes de
multiplexage en envoyant plusieurs modes dans un seul canal optique, et réduit la consom-
mation d’énergie en exploitant un seul laser pour la transmission par le biais de plusieurs

canaux de données.
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Dans cette these, nous présentons des commutateurs photoniques sur Silicium a haute ef-
ficacité énergétique utilisant des déphaseurs thermo-optiques a faibles pertes. Tout d’abord,
un commutateur Benes 4x4 a large bande, réarrangeable et non bloquant est investigué
dans la bande C. Nous présentons la conception détaillée du déphaseur résistif en silicium
dopé et des blocs élémentaires que sont les interférometres Mach-Zehnder (MZI) 2x2. Un
temps de commutation de 2.4 us est atteint avec une diaphonie de -11.0 dB dans le cas le
plus défavorable. La méthodologie de conception conduit a des contributions plus innovantes
au (dé)multiplexage multimode et & la commutation photonique sur Silicium. Un nouveau
multiplexeur /commutateur MDM reconfigurable est étudié pour la commutation a chemin
variable de plusieurs débits binaires optiques paralleles, permettant une plus grande den-
sité de la bande passante et une consommation d’énergie réduite. Ce composant multimode
est utilisé dans plusieurs configurations d’un (dé)multiplexeur MDM et d’'un commutateur
de sélection de mode (MSS). La transmission simultanée de deux paquets de données op-
tiques paralleles a 10 Gb/s présente une pénalité de puissance de 2.8 dB, avec une efficacité
énergétique estimée de 1.55 pJ/bit. Ensuite, un commutateur multimode extensible util-
isant des coupleurs d’interférence multimode (MMI) et des déphaseurs optiques chauffants
métalliques est proposé. Cet appareil est capable de commuter soit deux ou trois modes
électriques transversaux (TE) augmentant 'efficacité de 'empreinte. Une étude détaillée sur
I’évolutivité estime que les commutateurs multimodes peuvent réduire significativement la
puissance sur puce de 63 % par rapport aux commutateurs monomodes. Ensuite, le potentiel

d’extensibilité de ce dispositif est vérifié expérimentalement en commutant trois modes TE



avec une bande passante agrégée de 3x10 Gb/s et un temps de commutation de 12.0 us. Ce
travail démontre expérimentalement de nouvelles avenues vers la commutation multimode a

haut débit binaire pour des interconnexions optiques a haute efficacité énergétique.
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Chapter 1

Introduction

The escalating demand of bandwidth density and computation speed in large-scale data
centres and high-performance computing (HPC) systems enforce ultra-dense integration of
several thousands of massively parallel processors in a single server. As the intra-data center
IP traffic is rapidly increasing up to the range of zettabyte [1], the growing number of network
resources can be constrained by its large carbon footprint. The traffic within data centers
including storage, production and data development is expected to occupy 71.5% of total
data center traffic by the year 2021, as shown in Fig 1.1 (adopted from [1]). The compound
annual growth rate (CAGR) of electricity consumption in data centers is already double the
global projection rate, imposing an environmental concern [2]. Due to continually shrinking
feature sizes, higher clock frequencies, and the simultaneous growth in complexity, the role
of interconnect becomes a dominant factor in determining circuit performance. Data center

interconnects, consuming approximately 10% of the overall server power, will soon face
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A) Within Data Center (71.5%)

o

Data Center to Data Center Storage, production and
Data Center to User development data, authentication
13.6% 14.9%

(B) Data Center to Data Center (13.6%)

Replication, CDN,
intercloud links

(C) Data Center to User (14.9%)

71.5% o
Within Data Web, email, internal
Center VoD, WebEx, ...

Figure 1.1 Left: global data center traffic by destination in 2021; right:
examples of various categories of data center traffic (reproduced from [1]).

inevitable challenges in power handling capacity due to the big data paradigm shift [3]. The
growing number of network resources in future zetta-scale data centers can be constrained
by its large carbon footprint. To overcome the economic and environmental challenges in
power handling capacity of on-chip and chip-to-chip communication, optical interconnects

are a viable alternative to the conventional electrical interconnects [4].

1.1 Silicon photonics in short reach interconnects

Since the pioneering work of Goodman et al. [5], the scope and application of optical
interconnects in very-large-scale integration (VLSI) electronic systems have been extensively

investigated [6, 7, 8]. The perception of optical digital computing and optical switching



1 Introduction 3

for faster data communication gained momentum with the development of vertical cavity
surface emitting lasers (VCSELSs) in the early 80’s [9, 10]. Today, most of the short reach
interconnects are based on VCSELs and multimode fiber (MMF) [11] within the range of
100m to 300m. Although inexpensive, the best reported energy per bit performance of
commercial VCSELs is 77fJ/bit [12], imposing challenge to achieve the target 0.1 pJ/bit
chip-to-chip energy efficiency when accounting for all the other components[13].

Photonics integrated circuit (PIC) can be a viable alternative as a cost-effective platform
for optical interconnects enabling large-scale high-density integration. Different materials
have been used in realizing PICs including III-V (InP/GaAs), silica (SiOz), polymer, and
silicon-on-insulator (SOI). Complementary metal oxide semiconductor (CMOS) compatible
SOI technology offers low cost, low loss, low power and high bandwidth data communication
improving the energy per bit performance of data center interconnects [14, 15, 16]. The
substantial reduction of device size and power consumption by the silicon photonics (SiP)
systems makes it a promising candidate for PIC interconnects. The commercialization of
PICs takes advantage of the volume manufacturing process of CMOS foundries, which min-
imizes the cost while maximizing the production yield [17]. Optical interconnection in the
zero-dispersion O-band (1260 nm-1360nm) are deployed in data centers for efficient trans-
mission between 300 m and 2km [18]. IBM’s 16 Gb/s monolithic SiP transceiver [19], Intel’s
400 GHz CWDM transmitter [20], and Luxtera’s 100G-PSM4 transceiver [21] are some of
the state-of-the-art examples of commercial SiP systems. The flexibility of SiP for mono-

lithic, hybrid and heterogeneous integration with electronic devices have made possible the
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(a) On-board silicon photonics
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(b) On-chip silicon photonics
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Eilter
(Muxing / Demuxing) Fiber coupler
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Figure 1.2 (a) left: Electro-optic integration of the silicon photonics chip
with the processor unit, co-packaged on the same carrier (board substrate),
and right: optical 1/O connections using single-mode polymer (SMP) waveg-
uides on carrier [22]; (b) high performance (25 Gb/s) on-chip silicon photonics
transceiver [23].

ultra-dense high-speed communication systems with large bandwidth density (Gb/cm?) for
on-board (chip-to-chip) and on-chip (intra-chip) interconnects, as shown in Figs. 1.2(a) and
(b), respectively.

The bandwidth density can be further increased by introducing dense wavelength-division-
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multiplexing (DWDM) enabling simultaneous transmission of multiple parallel data signals.
Although a three wavelength-channel chip-to-chip WDM link with <1.5pJ/bit is reported
in [24], using WDM in ultra-dense short-reach interconnects (<5cm) increases fabrication
cost and system complexities due to the control, tuning and routing of tens to hundreds of
optical channels. As WDM needs individual optical source for each wavelength channel, the
large power requirement of the lasers significantly increases the overall power consumption
diminishing the merit of DWDM in short reach interconnects [25]. To exploit the energy
advantage of silicon photonics integrated circuits (PICs), DWDM should be combined with

advanced multiplexing schemes, such as mode-division-multiplexing (MDM).

1.2 MDM silicon photonics systems

Conventional single-mode SiP systems reduce on-chip losses by eliminating modal disper-
sion and, therefore, are favorable in certain applications. Albeit the design complexity and
the risk of modal crosstalk due to fabrication non-uniformity, multimode SiP is an enticing
technology offering bandwidth and energy advantage over its single-mode counterpart. As
the capacity of optical fiber reached a plateau, mode-division multiplexing (MDM) is imple-
mented in fiber based networks as a design alternative to WDM [26, 27]. In recent years,
MDM has gained attention for both inter- and intra-chip communication, alongside WDM
and polarization-division multiplexing (PDM), to address the challenge of Shannon’s limit

- the theoretical maximum data rate of a communication channel - by increasing the data
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Modulator
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Mode Conv{rter Mode Conv’e:‘ter

Figure 1.3 Schematic of a SiP MDM link (adapted from [33]). LD: laser
diode, PS: power splitter, N: number of ports (or switch radix).

transmission capacity of the on-chip optical links in data center interconnects. In SOI PICs,
the large difference in the refractive indices (An~2) between the silicon waveguide and the
surrounding oxide allows precise control and manipulation of optical eigenmodes employ-
ing MDM as a WDM-compatible multiplexing method [28]. As individual data channels
propagate over different orthogonal guided modes, one single laser can be used for multi-
ple data channels increasing energy efficiency. MDM potentially offers more scalability by
sending multiple modes in a single optical channel [29], and reduces energy consumption by
exploiting only one laser for transmitting multiple data signals over single physical chan-
nel. The aggregated optical bandwidth is increased leading to higher link capacity [30].
MDM in silicon-on-insulator (SOI) is promising for high-capacity on-chip optical links and
high-throughput optical switches. MDM silicon photonics systems offer efficient generation,
conversion, propagation, and phase-tuning of orthogonal guided optical modes enabling the
deployment of on-chip multimode reconfigurable optical space switches [31, 32].

Fig. 1.3 is an example of a typical SiP MDM system consisting of an on-chip laser (e.g.,
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DFB, DBR or VCSEL), modulators and photodetectors. The incoming fundamental mode
CW optical signal is power divided by the 1xN power splitter, where N is the number of
outputs, and then modulated by the on-chip modulators. Electro-optic micro-ring modula-
tor (MRM) or Mach-Zehnder interferometers (MZI) based modulators are usually used. The
single-mode modulated data signals are converted into higher order guided modes by the
mode converter, and merged in a mode multiplexer before transmitting through the multi-
mode bus waveguide. The NxN switch is a critical component providing path reconfigurable
switching in either single-mode or multimode domain. On the receiver side, the mixed mode
signals are demultiplexed, and the fundamental mode signals are retrieved by another mode
converter for proper detection. The mode converter, (de)multiplexer, and the NxN switch
are the prime multimode components in any MDM system. In this thesis, we investigate
novel designs of SiP MDM systems by using multimode interference (MMI) couplers and

thermo-optic (TO) phase shifter as the building blocks.

1.3 Motivation

Optical switches with high radix may play a significant role in data centers for non-blocking
routing of high-speed optical packets between servers [18]. Silicon photonic switches are
essential building blocks determining the network performances such as latency, throughput,
and optical signal-to-noise ratio (OSNR). From their compactness, relative low-power oper-

ation, and compatibility with CMOS, SiP optical switches have been an important prospect
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for both long-haul and short-reach optical interconnects to meet the bandwidth demand [34].
Already, optical interconnection in the zero-dispersion O-band (1260-1360 nm) are deployed
in data centers for efficient transmission over distances between 300m and 2km [35]. De-
spite their slower switching time (us range) compared to their electro-optic counterparts (ns
range), silicon-on-insulator (SOI) thermo-optic (TO) switches offer smaller footprint with
lower optical loss. Indeed, the large thermo-optic coefficient (TOC) of silicon with high
thermal conductivity, and high refractive index contrast enable dense integration of high
radix switch matrix. The measured TOC, ((55_’7_]1” is 1.94 x 107*K~* at A\ = 1310 nm, and
1.87 x 107*K~* at A = 1550 nm.

For a high radix switch matrix, the total aggregated power as well as the waste heat
increase with a more challenging thermal management. The thermal crosstalk increases
with denser integration, a typical scenario in a high radix switch matrix, due to ineffective
localized heating. Fabrication of the switches undergo additional steps for the metallization of
heater making the optimization of optical loss and operating power related to the dimension
and spacing of the metallic heater more challenging. To facilitate the applications of optical
switches in reconfigurable WDM photonic networks, a broadband response with high ER
and low excess loss is required. Although high radix and low-loss optical space switches have
been demonstrated in silicon-on-insulator (SOI) technology [36, 37], power consumption and
greater scalability of these switches remain a challenge due to the increasing number of

lasers, modulators, photodetectors and opto-electronic 1/O interfaces associated with the

large number of switch elements.
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Integrated MDM switches in SOI platform can be a viable solution to leverage scal-
able and energy-efficient optical switching. Sending multiple data signals through a single
multimode waveguide structure significantly reduces the device footprint leading to better
scalability. However, robust to process variation and low-loss photonics devices are a key
requirement in MDM systems, as they are more susceptible to inter-modal crosstalk than

single-mode PICs [38].

1.4 Thesis organization

The objective of the works presented in this thesis is to demonstrate the proof-of-concept
of SiP switches exploiting emerging technologies, like MDM. Different fabrication platforms,
such as 248 nm and 193 nm deep ultraviolet (DUV) lithography, and electron beam (Ebeam)
are used through cost-effective multi-project wafer (MPW) services. Data intensive applica-
tions are demonstrated with analysis of on-chip power budget and scalability.

In chapter 1, the technology roadmap towards future large-scale massively parallel data
center is reviewed. The need for optical interconnects is presented in terms of energy con-
sumption and current trend. A brief introduction of mode-division-multiplexing in section
1.2 lays the groundwork for in-depth experimental investigation presented in the later chap-
ters. The research contribution of the candidate, Rubana Priti, is presented.

In chapter 2, the theoretical background for the SiP-based switching is discussed, which

are experimentally implemented in the later chapters.The state-of-the-art of SiP TO switches
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is reviewed with some applications of TO matrix switches. Various types of phase shifters
are explained, including a closer look at the different design approaches for the TO phase
shifters. The waveguide components, that are used as building blocks in switch designs,
are briefly discussed. The emerging technology of MDM SiP is studied with the concept of
waveguide modes. The application and current status of SiP MDM switches are surveyed.

Chapter 3 presents a rearrangable non-blocking 4 x4 Benes switch using thermo-optically
tuned 2x2 MZI building blocks. The design of the MZI building blocks and the resistive
silicon phase shifters were inspired by the works reported in [39] and [40], respectively. The
experimental validation of the 4x4 matrix switch with high-speed modulated data signal is
presented. The dynamic switching performance was also characterized on a subset of the
full switching circuit. The design methodology and characterization procedure instigated
further study towards low-power SiP switches.

Chapter 4 presents a SiP MDM component capable of reconfigurably (de)multiplexing
and switching of modulated optical data signals with multimode transmission. The multi-
mode interference (MMI) based device is used for the experimental demonstration of a modal
switch and a mode (de)multiplexer. The design procedure for the MMI and the operation
principle for the mode (de)multiplexer/switch are explained with detail simulation results. A
study of energy consumption is discussed and an improved Joule per bit (J/bit) performance
is estimated.

In chapter 5, the design of a scalable multimode switch is proposed and explained with

simulation results. The device is capable of switching either two or three guided modes
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offering footprint efficiency and energy advantage over conventional single-mode switches.
Experimental characterization results are presented with both individual-mode and simul-
taneous dual-mode transmission for the 2-mode switch as a subset of the complete device.
The scalability and power consumption is discussed with a proposed scheme for higher order
mode switching.

In chapter 6, the scalable mode switch presented in the previous chapter is experimentally
validated for three mode transmission. The design of an optical 120° hybrid is presented
as the reconfigurable switching is enabled by this component. The design methodology of
an unbalanced MZI (UMZI) using the 120° hybrid is presented. Both static and dynamic
switching performance with high-speed optical data transmission is presented for the recon-
figurable switching over three modes.

Chpter 7 presents a thorough planning for the extension of this thesis. As an emerging
topic in the field of energy-efficient switching, SiP MDM switches have plenty of avenues to
improve in terms of conceptual validation, design methodology, fabrication strategy, exper-
imental procedure, and application. Packaging and prototyping are already a challenge for
the industrialization of SiP interconnects, which also needs proper attention for the MDM
systems. Some approaches to further investigate scalability, packaging, and fabrication non-
uniformity are discussed in this chapter.

In chapter 8, a conclusion of the thesis is presented and the key findings are highlighted.
The chapters are summarized based on the theoretical studies and experimental validations.

The challenges and scopes of the works presented in each chapter are discussed.
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1.5 Research Contribution

The research works presented in this thesis including the concept, design and experimental
validation were conducted through continuous collaboration between Prof. Odile Liboiron-
Ladouceur and the candidate, Rubana Priti. Most of the contents of this thesis are published
in peer-reviewed journals or conference proceedings. The contribution of this thesis is sum-

marized below in the order of content presented in the chapters.

e A silicon photonics mode selecting switch (MSS) is presented enabling both modal and
spatial switching between the fundamental and the first-order transverse electric (TE)
modes. The novel device uses multimode interference couplers offering better fabri-
cation tolerance and larger operation range than the conventional directional coupler
based mode-division-multiplexed (MDM) switches. The MSS can be used for simul-
taneously (de)multiplexing and switching the optical data stream in a MDM switch
matrix, where the transmission of multiple independent optical data packets through
a single optical link can improve the scalability and bandwidth capacity. The work
was published in OSA Optics Letters, vol. 42, no. 20, 2017. The device was proposed,
designed, and characterized by the candidate. Yule Xiong helped the candidate in
drawing layout for fabrication. Hamed P. Bazarghani helped with the experimental
measurements. Prof. Liboiron-Ladouceur supervised the work and edited the paper

which was written by the candidate.

e A reconfigurable mode (de)multiplexer/switch (RMDS) is presented as the building
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block for the scalable and reconfigurable MDM SiP systems. This novel silicon pho-
tonics component is used as the building block in a MDM (de)multiplexer and in the
the MSS. The reconfigurability of this device offers design flexibility and scalability po-
tential to implement larger MDM systems. A power consumption analysis is performed
estimating promising energy efficiency. The candidate conducted the design and the
characterization of RMDS. This contribution was published in IEEE Selected Topics
in Quantum FElectronics, vol. 24, no. 6, 2018. Prof. Liboiron-Ladouceur supervised

the work and edited the paper which was written by the candidate.

e A scalable multimode switch (SMS) is presented for the first time with detail study
of scalability and power consumption. The SMS is capable of path reconfigurable
switching of either the first two or first three TE modes offering footprint efficiency
and scalability advantage. Simultaneous transmission of multiple parallel data signals
is experimentally validated. The candidate designed, simulated and characterized this
device. The work is published in IEEE Journal of Lightwave Technology in 2019. Prof.
Liboiron-Ladouceur supervised the work and edited the paper which was written by

the candidate.

e A three-mode switch (3MS) is presented using unbalanced Mach-Zehnder interferome-
ter (UMZI). The unique feature of the UMZI enables reconfigurable switching of three
TE modes with higher aggregated bandwidth and lower on-chip power consumption.

This is the first demonstration of a UMZI based silicon photonics multimode switch.
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This work was published in OSA Optics Express, vol. 27, no. 10, 2019. The design
and characterization of this novel device were done by the candidate. Guowu Zhang
helped in the result analysis and Matlab modelling of the UMZI. The candidate wrote
the paper which was revised by Guowu Zhang. Prof. Liboiron-Ladoucer supervised

the work and edited the paper.
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Chapter 2

Background

In this chapter, the theoretical background of different technologies for waveguide switching is
described. As the works presented in the later chapters are based on thermo-optic effect, the
background and applications are focused on SOI TO switches. The SiP building blocks that
are used in out designs are described with their application in TO switches. A comprehensive

survey is done in the context of SiP MDM systems, which is also presented in this chapter.

2.1 Thermo-optic effect in silicon

The thermo-optic coefficient (TOC) of a transparent isotropic material can be explained by

the Clausius-Mossotti formula [41]

e—1 dmay,

— 2.1
€+ 2 3V (2.1)
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2: n is the complex index of refraction), a, is the

where, ¢ is the dielectric constant (¢ = n
polarizability of macroscopic small sphere and V' is the volume of the sphere. Differentiation

of Eq. (2.1) with respect to temperature at a constant pressure leads to three physical

processes: [42, 43]

e A decrease in dielectric constant due to the increase in specific volume and subsequent

inter-atomic spacing in the lattice.
e An increase in polarizability with respect to volume expansion.
e The dependence of polarizability on temperature at constant volume

In 1973, Tsay et al. introduced a two-oscillator model to explain that the temperature
dependence of the refractive index (g—%) is the sum of an electronic contribution consist-
ing of two physical effects: band-to-band transition and lattice vibration [44]. The lattice
contribution was found to be negligible for most semiconductors except in a very narrow
frequency region near the fundamental phonon angular frequency, wy, and the temperature
dependant refractive index is dominantly influenced by the temperature variation of the
band gap (E, = Ey— TO‘—_{Qﬁ; T=absolute temperature, « and  are material constants) [45].
Therefore, g—% is positive in a semiconductor and in the range of ~ 10~* K~!. However,
this model is not straightforward to apply and imposes challenges as many parameters are
unknown.

The Ghosh model [46] explained the TOC by considering three variables in both crys-

talline and amorphous silicon: thermal expansion coefficient (TEC), temperature coefficient
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of the excitonic band gap, and a newly introduced isentropic band gap which corresponds to
the energy gap that is not affected by temperature variation [41]. For a constant g—%, Ghosh
model can be written in the form:

dn

In— =GR+ HR? 2.2
N + (2.2)

which resembles Sellmeier equation [47]

=~ S(T)N\?
n?(\T) =1+ Zl AQ_(—A)Q(T) (2.3)
where S; is the strength of the resonance due to temperature variation at the wavelength
Ai [48]. Both Egs. (2.2) and (2.3) represent the product of the refractive index and the
TOC. The constants, G and H, are called Sellmeier coefficients. They are related to the
thermal expansion coefficient and to the temperature coefficient of the excitonic bandgap,
respectively. These constants can be defined in terms of the TEC («) and the excitonic band

gap (E,) by the relations:

G = —3ak?,
(2.4)
dE,
H= —Eigﬁlﬁ

where k is the frequency dependant complex refractive index.

Figs. (2.1) and (2.2) are the measured absolute refractive index and the TOC of crys-
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length for selected temperatures [48].

talline silicon, respectively over 1.1 ym to 5.6 pum wavelength range for a temperature vari-

ation from 20 K to 300 K [48]. The refractive indices at 1.31 um and at 1.55 pum for 295 K
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are 3.5 and 3.47, respectively. For the same temperature, the TOC at 1.31 gm and 1.55 ym

are 1.94 x 10™* and 1.84 x 1074, respectively.

2.1.1 Thermo-optic Phase shift

The design methodology of the SiP thermo-optic phase shifters is based on the temperature
dependent change in refractive index (g—%) at a specific wavelength (\) and temperature (7).
A small variation in the thermally-induced refractive index can cause significant change in the
optical intensity distribution inside the waveguide. The temperature gradient inside waveg-
uide, induced by micro-heaters or phase shifters, alters the refractive index profile resulting
in optical switching [49]. The relation between the refractive index (n) and temperature (T)
is given by:

dn
nr = ng, + (d_T)T—To (2.5)

where ng, and np are the refractive indices at temperatures 7Ty and 7', respectively.
For a steady-state heat transfer, the Poisson’s equation (—V.(kVT) = Q) is solved for

two boundary conditions [50]:

1. Dirichlet boundary condition - fixed temperature at the boundary: This is used for the

bottom of the silicon substrate, considering it as a heat sink.

2. Neumann boundary condition - continuous heat flux (—n.(kVT)) at the boundary:

This applies on all other boundaries, considering them as insulators
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These boundary conditions are non-homogeneous. Therefore, a simplified 1D numerical
analysis is considered. We consider that the heat generated from the phase shifter uniformly
dissipates in all directions, and heats up the waveguide core to induce a change in refractive
index according to Eq. 2.5.

The switching time 7 is the time to reach [1 — %] of the steady-state temperature, and is

defined by
0.47d?
T = (2.6)
Y
where v = picp is the thermal diffusivity and d is the waveguide thickness. Here, p is the

material density, ¢, is the specific heat, and £ is the thermal conductivity of the material.
Fischer et al. described the transient response of a SiP TO switch by relating the switching

power and the cut-off frequency, f. = % [51]:

1
TAPCy

dn

Je= %(ﬁ)&’ (2.7)

where A is the heated cross-section area of the waveguide.

The power dissipation per unit length of the heater to cause a certain temperature gra-
dient, which is required to induce switching is defined as switching power, P,, which is a
function of thermal conductivity k, and the temperature gradient AT = T — T. This can

be approaximated by the following relation [41]:
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P, ~ kAT (2.8)

Hida et al. proposed a 1D heat-flow model to calculate the switching power for the
integrated TO switches [52]. This model is used for SOI TO switches, where on/off switching

requires a 7 phase-shift, and can be expressed as:

—_

Wy
P, = Mkgio,(—— + 0.88) -
si0, (&) s

(2.9)

where kg0, = 1.4 W/m.K and tg;0, are the thermal conductivity and the thickness of
the oxide layer, respectively and Wy is the width of the phase shifter. Py is also called heater
efficiency, and expressed in mW /7.

Eq. 2.9 indicates a length independence of the tuning efficiency for a straight phase shifter
suggesting that a short thermal phase shifter will achieve the same phase-shift as a long
phase shifter at a higher operating temperature. However, the power consumption remains
the same for both cases. Heater efficiency can be improved by more compact structure, such
as folded waveguides, as heat is more concentrated in this configuration [53]. Other efficient
phase shifter designs include selective undercutting of the back side of the substrate under
the heater [54], and suspended phase arm by selective etching next to the phase shifter for
improved thermal isolation [55].

Thermo-optic tuning is achieved by the shift in resonant wavelength in an optical filter.

The change in effective refractive index of the waveguide due to the thermo-optic effect
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changes the effective optical path length which, in turn, causes a phase-shift in the output
optical signal. For the on/off switching in an interferometric structure like MZIs, the required
phase-shift between the maximum transmission 7,,,,, and the minimum transmission 7,;, is

given by [56]:

2w, dn
= —(—=)siALg AT 2.1
where AT and Ly are the temperature variation and the length of the phase shifter,

respectively. Two important performance matrices of a switch are the insertion loss (IL) and

switching extinction ratio (ER), which are given by

IL(dB) = IOZog(T%;”)
(2.11)

ER(dB) = 10109(%)

where, P, is the output optical power.

2.2 Different types of TO phase shifter

SiP optical switches use various phase-shift mechanism to achieve on/off switching. There
are two most common mechanisms for phase-shift: free-carrier plasma dispersion effect or
electro-optic (EO) effect, and TO effect. Although capable of faster switching in ns range,
the EO switches are unsuitable in many applications due to their inherent passive optical

loss caused by high level of doping in the waveguide core. Alternatively, the high TOC of
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Figure 2.3 Cross-section of a metal heater phase shifter placed 2.0 ym over
the silicon rib waveguide.

silicon provides good wavelength tuning efficiency of 80 pm/K, which makes resistive heaters
a common option for TO phase shifters. As the works presented in this thesis are focused

on TO switches, only this type of phase shifters are discussed in this section.

2.2.1 Metal film above optical waveguide

A metallic thin film is placed over the SiP waveguide to induce thermo-optic phase-shift,
usually by Joule heating [57]. There are two popular methods for metal deposition: lift-off
and deposition-pattern [58]. The metal is well separated from the waveguide, typically 1-2
pum, by an insulator (SiOs) to reduce optical loss. Heat generated in the metal by ohmic

heating dissipates to the substrate through the waveguide. Fig. 2.3 is an example of a cross-
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section for the metal heater phase shifter, where 120 nm thick and 6.0 ym wide metal film is
surrounded by SiOs cladding 2.0 pm away from the Si waveguide. The waveguide is 500 nm x
220 nm silicon rib with 90.0 nm slab layer and 2.0 um thick buried oxide (BOX) layer. Usually,
a high resistivity and high melting point is preferred while choosing the heater material to
ensure lower driving current consuming lower power, and higher operating temperature [59].
Common heater materials are tungsten, platinum, titanium alloys, etc., in the commercial
SiP foundries. Due to the distance from the waveguide core, metal heaters exhibit slower
switching time than the other TO phase shifters but optical loss is significantly minimized

improving device IL.

2.2.2 Doped silicon alongside waveguide

For the doped silicon phase shifter placed on both sides of the waveguide core, the following

design principles are maintained [60]:

1. Maximum possible overlap between the optical mode profile and temperature induced

thermal profile inside waveguide core.

2. Minimum heat propagation along waveguide core.

3. Minimum optical loss.

Usually a N++/N/N++ or P++/P/P++ structure is formed by doping the silicon slab so
that the heat is generated in a small region within the waveguide core. The smaller thermal

conductivity of surrounding oxide than silicon core restricts heat dissipation. Sufficient
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Figure 2.4 Cross-section of a doped silicon (N++ doping) phase shifter
placed 700 nm away from the waveguide core.

offset is maintained between the doped region and the waveguide core reducing free-carrier
induced optical loss. The direction of current flow can be controlled by proper placement of
voltage and ground electrodes. If the current flows across the waveguide, the heater efficiency
increases at a cost of higher optical loss. On the other hand, a parallel flow of ohmic current
can significantly reduce the loss with a comparatively larger switching power. A compact
(61.6 pm long) and low-loss (~ 0.23 dB) thermo-optic phase-shifter using P++/P/P++ is
reported in [60], by ensuring a proper overlap of the optical mode with the p-doped silicon

core. An example of the doped silicon pahse shifter is shown in Fig. 2.4.
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Figure 2.5 Cross-section of a graphene assisted phase shifter connecting a
non-local metal heater and silicon waveguide core (image adapted from [61]).

2.2.3 Graphene assisted phase shifter

Graphene is gaining attraction in integrated TO switches for its high intrinsic thermal con-
ductivity up to 5300 W/m.K, high carrier mobility, band-gap tunability, high optical damage
threshold and excellent mechanical stability [61]. A flexible mono-layer graphene sheet of
single-atom thickness is used as a transparent heat conductor from a non-local metal film to
the silicon waveguide core. The chemical vapour deposition (CVD) grown graphene mono-
layer is transferred on to the SOI die and patterned by oxygen plasma etching. A cross-section
of such a phase shifter is shown in Fig. 2.5, adapted from [61]. Due to the better thermo-
electric properties of graphene than conventional metal or doped silicon, graphene assisted
phase shifters exhibit faster switch response time at a lower power consumption. However,

fabrication process of graphene is yet to be optimized for mass level commercial production.
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2.3 SiP switch building blocks

The TO switches in SiP have been reported using a wide range of component building blocks
such as, multimode interference couplers (MMIs), micro-ring resonators (MRRs), directional
couplers (DCs), Y-branches (YBs), arrayed waveguide gratings (AWGs), sub-wavelength
gratings (SWGs), adiabatic tapers, and so on. We extensively used tapered MMIs as a
building block in our devices due to their fabrication tolerance, better wavelength insensi-
tivity, larger switching ER and lower IL [62]. As a low-loss and efficient mode converter,
asymmetric directional couplers (ADCs) have been used in the multimode switches presented
in chapter 4, 5 and 6. For this reason, we discuss the design principle and applications of

MMI and ADC in this section.

2.3.1 MMI coupler

MMI devices operate based on the self-imaging principle explained in [63]. This unique
property of a multimode waveguide allows the input optical field to reproduce in single
or multiple images at periodic distances along the waveguide length. A simple 1x1 MMI
coupler is shown in Fig. 2.6 consisting of an input waveguide (portl) of width Wi, a output
waveguide (port 2) of width W5, and a multimode waveguide of width W supporting m
number of guided modes. The effective refractive index of the waveguide and the cladding
are n, and n., respectively.

The beat length, L., is defined as the distance between the fundamental and the first
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Figure 2.6 Schematic diagram of a MMI device.
order mode at the free-space wavelength \, and is expressed as

T 4An, W2

L= -
Bo — B 3\

(2.12)

where 3, and [; are the propagation constants of fundamental and first order modes,
respectively; and W, is the effective width taking into account the Goos-Hanchen penetration
depth S. In SOI waveguides, where the difference in core-cladding refractive indices is
comparatively high, S is very small. So we can assume W = W,, which can be expressed as
A Ne

1
Wem W+ =(=)*

. (2.13)
™y (n? —ng)

where, the integer 0 = 0 and 0 = 1 represent TE and TM modes, respectively.

The MMI are designed following three self-imaging phenomena [63]:
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1. Restricted symmetrical interference (1xN MMI): The odd mode coefficients are zero

when the input is at the center of the MMI width, W.

2. Restricted paired interference (2xN MMI): The coefficients of 2nd, 5th, 8th,... modes

are zero when the inputs are located at £W. /6.

3. General interference (MxN MMI): Non-zero coefficients of all modes for arbitrary input

locations.

MMI based SOI TO switches are widely used due to their broadband operation and
fabrication tolerance. MMIs are used in Mach-Zehnder interferometer (MZI) configuration
in polarization insensitive switches [64, 65], and in cascaded configuration to form multi
output power splitter and switch [66]. Tunable MMI based switches are reported in [67, 68].
Due to the versatility of mode engineering as a function of device length, MMIs are a popular

choice in SiP MDM switches [69, 70, 71, 72].

2.3.2 Directional couplers

If two guided modes in adjacent waveguides exchange power due to the physical overlap of
mode wavefunctions, the modes may be coupled and the mechanism is called directional
coupling [73]. The coupling coefficient of two parallel waveguides is maintained following the
critical coupling condition and the coupled-mode theory [73]. The power coupled from one

waveguide to the other (cross-coupled) is expressed as
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PCTOSS .
K® = = sin*(C.z2) (2.14)
Py

where Py, P.ross, C' and z are input power, coupled power, coupling coefficient and
coupler length. The through power, #2, is calculated from the relation: &2 + ¢? = 1.
Coupling coefficient, C, is found by supermode analysis of the two coupled mode with

effective refractive indices of ny and ns, respectively.

C=-— (2.15)

L= —— (2.16)

The directional couplers (DCs) are extensively used in both MRR based and MZI based
SOI switches for their simple structure and compact size [74, 75]. Some variation of DCs
are reported to overcome performance limitations: wide operating range is achieved using a

bent DC [76], mode conversion and multiplexing is reported using asymmetric DCs [77, 78].
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2.4 Mode-division-multiplexing in SOI

2.4.1 Modes in optical waveguide

In optical waveguides, mode originates from the superposition of two plane-waves propagat-
ing in opposite directions. When the electromagnetic fields of the wave components travelling
in opposite to each other interfere, the resulting pattern generates a mode field [79]. For a
guided even mode in a symmetric waveguide, the mode field of amplitude A at a propagation

distance z has the form,

A .
B, = Blerta-sa o sty (2.17)

The transverse component, x, and the longitudinal component, z, of each plane wave
continuously interfere inside the waveguide generating a standing wave pattern. Being co-
herent (originating from the same source), this interference pattern of the wave components
is stable enough to form a mode on a specific plane.The field intensity of the mode varies
with the interference minima and maxima: maximum intensity for constructive interference
and minimum intensity for destructive interference.

For a given propagation constant, (3, there are finite field distributions in all space inside
the waveguide. These field distributions, considered as guided modes, have the general

solution [79]



2 Background 35

E(z,y,2) = E(x,y)e % (2.18)

The shape and phase of a specific mode is determined from the terms E(x,y) and e %%,

respectively. The main properties of the modes are as follows:

1. Each eigenvalue of g refers to a distinct guided mode inside the waveguide correspond-

ing to a unique field distribution.
2. The number of guided mode is finite inside a waveguide of finite dimension.
3. All modes are orthogonal.
4. The degenerate modes have the same [ values but unique field distributions.

5. The allowed mode inside the waveguide makes a complete set where any continuous

field distribution is caused by the superposition (Eq. 2.17).

2.4.2 Number of guided modes

Fig. 2.7 is a sketch of mode propagation inside optical waveguide of refractive index nj
surrounded by a substrate of index ng and a top cladding of index n.. The electric and
magnetic field distributions are shown for the first three quasi transverse electric (quasi-TE)
and the quasi transverse magnetic (quasi-TM) modes, respectively. The number of modes

in a waveguide is assumed by the relation
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Figure 2.7 Cross-section of a waveguide showing (a) electric field profiles in
TE, and (b) magnetic field profiles in TM mode propagation along z direction,
perpendicular to x-y plane. (Image adapted from [80]).

3| <

(2.19)

where V is the normalized frequency of the waveguide. The general dispersion relation
and cut-off condition for single-mode propagation in a slab waveguide is expressed in terms
of the normalized frequency V', asymmetry parameter a, and normalized effective index b.
If the effective refractive index of the cross-section in Fig. 2.17 is nesp = kﬁo’ these three

parameters are expressed as
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V = hky(n,? — ny2)"/? (2.20)
(7132 - nCQ)

p— (e = ns)

(0,2 = n.2) (2.22)

where ky = QTW is the wavenumber (magnitude of the wave vector) in vacuum. By

numerically plotting the values of b as a function of V' for the discrete values of a (0 < a < c0),
we find the single-mode cut-off condition at b = 0. This condition is critical to ensure single-
mode propagation in a waveguide.

Mode engineering in SiP waveguides takes in to account the structural parameters (e.g.,
V', and n.sr), number of allowed modes (m) and couple-mode theory [73] for designing com-
pact, low-loss, and high-throughput multimode devices. Mode orthogonality, which ensures
simultaneous propagation of multiple guided optical modes within a structure without any
overlap in their field distributions, is the basis of mode-division-multiplexing (MDM). How-
ever, inter-modal cross-coupling is not completely eliminated in practice due to fabrication
non-uniformity, caused by inefficient etching and other physical processes during waveguide
fabrication. For this reason, investigation for more robust, versatile and low-loss MDM SiP

devices are in great demand.
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2.5 Progress in MDM SiP

The dispersion curve for a silicon channel waveguide is shown in Fig. 2.8 demonstrating
high birefringence and mode dispersion with waveguide width variation [81]. This allows
formation, propagation and manipulation of multiple guided modes in SiP waveguides with
lower excess loss and lower inter-modal crosstalk. MDM in SiP serves the same purpose as
the widely used space-division-multiplexing (SDM) in optical fiber [82, 83]. In recent years,
significant research effort is given towards the development of on-chip MDM links including,
but not limited to, multimode channel and rib waveguides, multimode waveguide crossings,

on-chip multichannel mode (de)multiplexers, and reconfigurable multimode switches.

2.5.1 Mode converter

Mode converters are reported using various components, such as symmetric and asymmetric
Y-junctions, adiabatic linear and non-linear tapers, Asymmetric directional couplers (ADCs)
and MMI couplers. Two 3-dB Y-splitter/combiner is joined in MZI configuration for mode
conversion in InP material by applying a phase-shift by the path-length difference in the
MZI arms [84]. A MMI based mode converter is proposed by Guo et al., in InP [85],
and by Hosseini et al., in SOI platform [86]. An experimental demonstration on SiP MMI
based mode conversion is reported in [87]. The ground breaking works of Dai et al., on
MDM SiP brought out linear adiabatic tapers based mode conversion using both single-

etch and bi-level fabrications [88]. A fabrication tolerant, more compact and scalable design
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Figure 2.8 Effective refractive indices of TE and TM modes in a 220 nm
thick silicon channel waveguide with SiOs top and buried oxide, as a function
of waveguide width from 0 pum to 4.0 pm at 1550 nm wavelength. (Image
adapted from [77]).

is later reported by Chen et al., for arbitrary mode conversion [89]. Cascaded MMI and
passive waveguide phase shifter is used for fundamental to second-order mode conversion
[90]. Although these structures demonstrate low-loss and efficient conversion between first
two or first three guided modes, scalability potential for higher order mode exchange is not

experimentally demonstrated in most cases.

2.5.2 Mode (de)multiplexer

Multimode (de)multiplexers are one of the most important building blocks in an on-chip

MDM system. Leuthold et al., first proposed on-chip mode conversion and multiplexing
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using MMI couplers and passive phase shifters for first two TE modes [91, 72]. Several
geometries were experimentally measured for both equal and unequal power splitting ratio.
This concept was further investigated with better scalability in [92], and with wider tuning
capability in [71]. Similar concept for mode (de)multiplexing was used in [93] in combination
with PDM and WDM. We also implemented this idea of MMI based mode manipulation in
our works. Dai et al., first implemented ADC based mode (de)multiplexer as a potential
device for WDM compatible MDM systems [77], which was also reported in [94] and [95].
The Y-junctions are a popular MDM component for their compact size, simple fabrication
and straight forward application. Single and cascaded asymmetric Y-junctions are used as
a mode (de)multiplexer in [96] and [97], respectively.

Different components are often combined to improve efficiency, operating range and fab-
rication tolerance. For example, the wavelength sensitivity of Y-junction was significantly
reduced by combining it with asymmetric adiabatic couplers in [98, 99]. Similarly, Y-junction
and MMI couplers are combined for compact and low-loss mode conversion in [100, 101].
Recently, a three-waveguide-coupling scalable mode (de)multiplexer is reported using MMI
coupler, thermo-optic phase shifter and ADC [102]. Advanced fabrication methods are being
explored for 3D (de)multiplexing of higher order modes by using vertically coupled compo-
nents [103, 104]. WDM and MDM are combined demonstrating 4.35 Th/s aggregated data
transmission over 87 WDM channels using MRR and tapered directional couplers [30]. A
64-channel hybrid (de)multiplexer is reported using AWG and ADC [105]. On-chip MDM

link exploiting the propagation of optical supermode using closely-spaced SOI waveguides is
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also reported [106, 106].

2.5.3 Mode switch

Reconfigurability is an important requirement in a SiP MDM interconnects, which is imple-
mented by multimode switches. MDM switches are emerging as a new design alternative to
the reconfigurable DWDM systems for their higher link-capacity and lower power consump-
tion. However, as phase-tuning of higher order modes is challenging in SiP, some form of
mode-manipulation is required before reconfigurable switching, such as mode decomposition,
demultiplexing, and filtering.

A reconfigurable multimode switch was demonstrated for the first time by Stern et al., by
using MRR based WDM-MDM filters and tapered mode converters [107]. Two wavelength
channels, each carrying modulated optical data over two spatial modes, were switched achiev-
ing 4x10 Gb/s aggregated bandwidth with -16.8 dB crosstalk. Y-junctions were used for
mode (de)multiplexing before the active phase-tuning using a p-i-n [108] and metallic phase
shifter [109] in MZI configurations. This idea of MZI based switching was further explored
in [110], which exploited several single-mode MZIs merged in to few-mode waveguide in the
I/O ports.

On-chip MDM switches with mode exchange operation were reported using tapered di-
rectional couplers [111], asymmetric Y-junctions [112], and MRRs [113]. In [31, 32|, a 2x2
multimode switch was reported as the building block in a two-wavelength four-mode WDM-

MDM matrix switch consisting of tapered ADCs, MMIs and TO phase shifters. The scal-
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ability of this device is further investigated and a general architecture for NxN multimode
switch was proposed in [114]. Low-loss multimode waveguide crossings are used with MRR
based mode-converters in [115] for (de)multiplexer-free reconfigurable mode switching.

We demonstrated a mode selecting switch using cascaded MMI couplers and TiN TO
phase shifters in [70] and a high-speed two-mode switch in [116]. We also proposed a re-
configurable and scalable three-mode switch in [117], which was experimentally tested with

3x10 Gb/s aggregated bandwidth in [118].

2.6 Summary

In this chapter, we reviewed the theoretical background of the physical processes in SiP
switches. The concept of waveguide modes and the basic principle of mode-multiplexing
are also discussed. The elementary building blocks that are included in the MDM PICs,
including MMIs and ADCs, are also discussed. We limit the discussion to TO phase shifters
as this is our design choice for switching applications. TO switches offer lower loss and
smaller footprint than electro-optic switches at a slower switching speed. However, as the
switching time-constant is also limited by the arbitration time of the electronic controller,
we believe that TO switches are reasonable to use in board-level reconfigurable switching
and routing applications.

A brief survey on SiP MDM components presented including mode converter, mode

(de)multiplexer and mode switch. As an emerging topic in SiP optical interconnects, MDM
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based systems are evolving at a fast rate with newer components, fabrication methods and
scalability ideas. We tried to merge with this research upsurge with our works on MDM

switches.
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Chapter 3

Rearrangable non-blocking 4x4 Benes

switch

Optical switches with high radix may play a significant role in data centers for non-blocking
routing of high-speed optical packets between servers. Optical interconnections in the zero-
dispersion O-band (1260-1360 nm) are currently deployed in data centers for efficient trans-
mission between 300 m and 2 km [35]. From their compactness, relative low-power operation,
and CMOS compatibility, SOI optical switches have been an important prospect to meet the
escalating bandwidth demand of data center IP traffic [34]. Albeit their slower switching
time (us range) compared to their electro-optic counterparts (ns range), SOI thermo optic
switches exhibits lower optical losses enabling scalability in the number of ports with greater
network topology options for non-blocking switches. SOI-based thermo-optic switches have

been demonstrated using Mach-Zehnder Interferometer (MZI) [74, 119], microring resonator
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[120] and multimode interferometer [121]. Thermally tuned MZI switches have been reported
with relatively fast switching of a few microseconds with reasonable power and high extinc-
tion ratio. However, these switches have large footprint [53, 56] limiting their application
for large port-count switch matrix. A thermo-optic phase shift is typically provided by an
over-clad metal heater which requires large power consumption due to the inefficient phase
shifter [74]. A more energy-efficient approach for thermo-optic phase-shift is to use doped
silicon resistive heater, as reported in [119], for low-loss low-power SiP switches.

In this chapter, the performance of a thermo-optically tuned broadband 4 x4 rearrangable
non-blocking Benes switch is experimentally assessed operating in the O-band (1320 nm-
1380nm). Thermal tuning is achieved with resistive elements using highly doped silicon
slab parallel to the silicon rib waveguide [119]. Instead of conventional directional couplers
that are more susceptible to fabrication process variation [122], wavelength insensitive phase
generating couplers (PGC) are used leading to the broadband operation of the switch [123].
The dynamic switching ability is experimentally verified with transmission of 10 Gb/s optical
payload signal. With crosstalk optimized switch biasing, bit-error-rate (BER) of 107!? is

achieved for 16 possible routing data path.

3.1 Design and fabrication

The 4x4 Benes switch structure is shown in Fig.3.1(a). The matrix switch consists of six

2x2 MZI switches as elementary building blocks, as shown in Fig.3.1(b). The 2x2 switch
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Figure 3.1 (a) Schematic of the 4x4 Benes switch; (b) detailed layout of the
2x2 MZI with integrated thermo-optic phase shifter; (c) cross-section of the
MZI arm showing the configuration of the phase shifter.

is designed using SOI ridge waveguides of 420 nm width and 220 nm height with a 90 nm
thick silicon slab supporting single-mode transverse electric (TE) transmission at 1310 nm.
The waveguide cross-section is shown in Fig.3.1(c). The 2x2 MZI building block has a

compact footprint of 0.0112 mm? (320 um x 35 um). The thermal phase shifter and PGC are
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optimized for efficient switching demonstrating low power consumption/m-phase shift with
a broadband operation.

Broadband operation is achieved by adding a PGC in the input while keeping the output
3-dB coupler unchanged - a trade off between robustness and operating range (Fig.3.1(b)).
The PGC, a one-stage MZI lattice form, consists of two directional couplers of unequal
coupling ratios (k1 and k2) and a small path difference (Al). The path difference causes out-
of-phase transmissions between two arms due to a small difference in propagation constants.
The phase difference flattens the coupling ratio over a broad spectral range resulting in
wavelength insensitive 3dB coupler [123, 124, 125]. Numerically optimized, the coupling
coefficients of the first and second directional couplers of the PGC are k1 = 0.2, k2 = 0.3,

and the path length difference is Al = 0.1 pm.

3.1.1 Phase shifter design

The thermo-optic phase shifter consists of a n-doped 1.0 ym wide silicon slabs, which is placed
700 nm away from the side of the 420 nm waveguide core (Fig.3.1(c)). High concentration
of doping (N++) decreases ohmic resistance leading to a low-resistance current path for
resistive heating, confined by the surrounded oxide. The center of the waveguide is doped
more lightly (N) to reduce optical loss in the core region. Although the phase shifter is
placed in the upper arm of the MZI, both arms are identically doped to balance optical
loss. Each doped resistor is 27 um long, 1 um wide, and each arm consists of five resistive

elements. The segmented resistors in the phase shifter are connected to the bias voltage and
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Figure 3.2 (a) Simulated 1D temperature profile as a function of waveguide
width, (b) simulated 2D temperature profile of the waveguide cross-section as
a function of waveguide width.

ground pads in a way that the resistors are all parallel to each other. In this configuration,
the current flows parallel to the waveguide core, significantly reducing the optical loss.

The 1D and 2D temperature profiles of the waveguide cross-section as a function of
waveguide width are shown in Figs. 3.2(a) and (b), respectively, simulated using the partial
differential equation (PDE) tool in Matlab. A uniform temperature rise upto around 50 °C is
observed with a steep temperature rise in the phase shifter regions. Proper heat dissipation
inside the surrounding oxide confirms good thermal isolation between the waveguide core and
the silicon substrate. The change in temperature in the waveguide core and the phase-shift
are also simulated with respect to the bias voltage applied to the 2x2 MZI building block
(Fig. 3.3(b)).

Doped silicon resistive phase shifter has several advantages over conventional metal heater



3 Rearrangable non-blocking 4x4 Benes switch 49

(a) 350 .

300 =Metal (TiN)
% 250 =Doped Si (N++)
< 2003 el
= 150 n-phase shift ,
< 1

100 i :

50 : :

| |
O | [N I B I B R BN B B R | l:l T T T 7T :l T 1
0 10 20 30 40

(b) 120 350
_ 100 300
s 80 250 -
k-4 o
E 60 _200 :b:n
o} 100 &
g 20 50
=

0 T T T 1 T T T T ‘ T T 1 T 1 T T T T 1 0

0 1 2 3 4
Bias Voltage (V,)

Figure 3.3 (a) Simulated phase-shift (degree) in metal (green) and doped
(purple) phase shifters as a function of heater power consumption, (b) simulated
temperature change (red) and phase-shift (blue) in the doped phase shifter as
a function of heater bias voltage.

or carrier injection type phase-shifter [126]. As there is no p-n junction present across the
waveguide core, the resistive heaters are practically immune to the optical losses associated
with carrier injection heaters as no charged carrier overlaps with the optical mode inside the

waveguide. Although p-n junctions offer faster phase-shift, they are long thus significantly



3 Rearrangable non-blocking 4 x4 Benes switch 50

increase footprint. On the other hand, metal heaters consume more heating power than
resistive heaters to achieve the required phase-shift due to larger thermal heat capacity of
most metals. The thermo-optic simulation is performed using the Heat solver of Lumerical’s
Device solution to compare the doped silicon heater with a TiN heater placed 2 um above the
waveguide surrounded by SiO, cladding. The TiN heater is 120 nm thick and has the same
length as the doped silicon heater. The simulation results in Fig. 3.3(a) show that the metal
heater consumes larger power (31.8 mW) to achieve m-phase shift in comparison to 21.5 mW
for resistive heater. Moreover, resistive heaters are less susceptible to thermal crosstalk due
to localized heating. From the fabrication point of view, TiN heaters need an additional step
for mask design and lithography increasing the fabrication cost and complexity. Switching
data from one output to the other is achieved at 2V with a temperature increase of 21°C
from an initial room temperature of 27°C at 0V, as shown in Fig.3.3(b). The total ohmic
resistance of the phase shifter is estimated to be 1702 corresponding to a switching power

consumption of 21.5 mW.

3.2 Fabrication and characterization

The switch was fabricated using a 248 nm deep ultra-violet (DUV) lithography by the Insti-
tute of Microelectronics (IME A*STAR), through a multi project wafer (MPW) service man-
aged by Canadian Microelectronic Corporation (CMC) Microsystems. The fabricated chip

was wire-bonded on a dual-in-line packaged gold carrier, shown in Fig.3.4(a). A zoomed-in
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Figure 3.4 (a) Picture of the wire-bonded SOI die; (b) zoomed-in image of
the switch design area in a MPW die; (¢) zoomed-in of a 2x2 MZI elementary
switch.

view of the 1 mm x 3 mm design area is shown in Fig. 3.4(b) and the 2x2 MZI building block
in Fig. 3.4(c). The experimental test-bed is shown in Fig. 3.5. A tunable laser source ranging
from 1325nm to 1375nm is set at an output optical power of 0dBm (1 mW). For normal-
ization purpose, a 12dB fiber-to-fiber total insertion loss is measured on a short waveguide
test structure with two vertical grating couplers.

The equivalent circuit diagram for the phase shifter is shown in Fig.3.6(a). The phase
shifter is segmented in to five sections such that each segment has two resistive paths in
parallel. The voltage and ground connections are configured in a way that all resistors (R)
are in parallel to each other. Fig.3.6(b) is the image of the experimental measurement for
the 2x2 MZI building block using two DC needle probes and a 8-fiber array. The measured

total resistance of the phase shifter is 180 €2, as shown in Fig. 3.6(c).
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Figure 3.5 (a) Experimental test-bed for characterization where black solid
and dotted lines show the optical and electrical connections, respectively. The
gray lines show the electrical outputs detected by the photoreceiver.

3.2.1 Characterization of 2x2 MZI elementary switch

The 2x2 MZI elementary building block is initially characterized. The normalized transmis-
sion for the In I input port as a function of heater power consumption is shown in Fig. 3.7(a)
for the bar and the crossbar states. The switching ER at 1355 nm are 18.5dB and 7.6 dB
for the bar and the crossbar states, respectively. A switching voltage (V) of 1.2V (P, =
21mW) at a bias voltage of 1V (5mW) switches between the ON (26 mW) and the OFF
(5mW) states, respectively. The normalized transmission as a function of wavelength from

1325nm to 1375 nm are shown in Figs. 3.7(b) and (c) for the In 1 and the In 2 input ports,
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Figure 3.6 (a) Equivalent circuit diagram of the doped silicon phase shifter,
shown in Fig.3.1(b); (b) image of the DC characterization using two needle
probes and a 8-fiber array; (c) measured I-V plot for the 135 um long phase
shifter.

respectively. The bar and crossbar state crosstalks are -16.5dB and -14 dB, respectively,
for the In 1 input (Fig.3.7(b)), and -15.0dB and -13.5dB, respectively, for the In 2 input
(Fig.3.7(c)). The insertion loss of the 2x2 MZI at 1355 nm is approximately -2.5dB for both
In 1 and In 2 input ports. The imbalance in crosstalk is attributed to the fabrication sen-
sitivity of the directional couplers. Due to the fabrication process variations in waveguides
and directional couplers, the difference in optical path length between MZI arms shifts from
the ideal value causing a leakage of optical power at the undesired output leading to large

crosstalk. The crosstalk remains less than -13.5dB in both In 1 and In 2 transmissions
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Figure 3.7 (a) Normalized optical transmission for In! input as a function of
heater power consumption, (b) and (c) are the normalized optical transmissions
of the 2x2 MZI building block when the CW optical input is inIn 1, and In 2,
respectively.

from 1325nm to 1375nm. Based on the characterization of 2x2 MZI elementary building
block, and considering 3-stage routing for each 1/O path, we estimate a -7.5 dB IL, 63 mW

minimum power consumption, and -13 dB best case crosstalk for the 4x4 Benes switch.
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3.2.2 Characterization of 4x4 BenesS matrix switch

A subset of the 4x4 Benes switch is characterized. The normalized optical transmissions in
the O2 output from all input ports are shown in Fig. 3.8 as a function of wavelength. The
insertion losses at 1355 nm are -6.4dB, -4.3dB, -7.1dB and -7.6dB for 11-02, 12-02, 13-02
and I4-02 outputs, respectively. The crosstalk is less than -11dB in all paths for a broad
spectral range (~ 50 nm). The fiber-to-fiber insertion losses of 16 crosstalk optimized optical
paths among 32 possible configurations are shown in Fig. 3.9, where all six MZIs of the 4x4
switch are optimally biased at 1355 nm. The IL ranges from -4.3 dB for [2-0O2 transmission up
to -11.0dB for [1-04 transmission. If all MZIs in the matrix are not optimally biased, their
switching states cannot be properly predicted since the ON/OFF states of the idle MZIs are
not precisely controlled. Consequently, a leakage of optical power occurs from the targeted
input to non-targeted outputs resulting in power imbalance and crosstalk degradation [127].
As the switches consist of directional couplers, which are sensitive to process variation and
thermal drift, the effective optical path length varies among the 2x2 elementary switches
resulting in random phase difference between two MZI arms. Consequently, all MZI building
blocks in the switch matrix must be biased in a known state to reduce this variation.

To assess the routed payload transmission performance, a 10 Gb/s NRZ PRBS31 signal
is generated by a pulse pattern generator (PPG) as shown in Fig.3.5. The optical signal is
amplified by a booster optical amplifier (BOA), and a polarization controller (PC) maintains

TE modes before coupling to the device under test (DUT). The input optical power to
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Figure 3.8 Normalized optical transmission of the 4x4 Benes§ switch for the

02 output port when the CW input is in (a) In 1, (b) In 2, (c) In 3, and (d)

In 4 input ports.

the DUT is 5dBm. The optical signal at the output of the DUT is amplified by another

BOA followed by a variable optical attenuator (VOA) before being detected by a 20 GHz

photoreceiver. A clock synthesizer is used to provide the external clock to the PPG, the

error detector, and the trigger to the digital communication analyzer (DCA) for recording

the eye diagrams.



3 Rearrangable non-blocking 4x4 Benes switch 57

On-chip IL of 16 optical paths

04
03

02

01

Il 12 I3 14

Figure 3.9 Measured on-chip IL at 1355 nm for all input ports to all output
ports of the 4x4 Benes switch.

The eye diagrams of 16 crosstalk optimized routing paths among 32 possible routing
paths of the 4x4 switch are shown in Fig.3.10. Some data paths exhibit more noise level
than others due to larger insertion loss and, consequently, more ASE noise from the BOA
requiring larger gain. Note that the effective optical path length varies among the MZI
building blocks due to the fabrication process variation and thermal drift resulting in random
phase difference between two MZI arms. Consequently, all MZI building blocks in the switch
matrix are biased in a known state for any given routing path. The electrical signal-to-noise
ratio (SNR) for different optical I/O channels at a BER of 107!? is measured in all channels.
The SNR ranges from 6.8 to 15.4. The BER power penalty is measured at output O2 for

all four inputs from the extrapolated data points. For the back-to-back (B2B) bit-error-rate
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(BER) measurement, the DUT is replaced by an optical attenuator with the same loss as
the routing path with the lowest loss, which is 12-O2 (-14dB). Fig. 3.11 shows the BER (log
scale) as a function of average received optical power at 1355 nm. All channels exhibit error-
free data transmission with a BER of 1072, The power penalties vary for different routing
paths and are 0.8dB, 0.1dB, 1.9dB and 1.6 dB for routing paths [7-02, 12-02, 13-02, and
1}-02, respectively.

Although the optical responses of the 4 x4 Benes switch remain flat over 50 nm wavelength
range in O-band, the small 3-dB bandwidth of the off-chip LiNbO3 modulator (12 GHz or
0.96 nm) keeps it stable within a small wavelength range at room temperature (23 °C). This
limits the optical bandwidth by forcing the switching experiments in a smaller wavelength
span. An on-chip wavelength- and bandwidth-tunable micro-ring modulator can be used for
better wavelength control to exploit the broadband nature of the switch [128].

To characterize the dynamic switching performance, an electrical square wave of 120 kHz
with fall and rise times of 16 ns is applied as the gating signal at 2.1V bias. The switching
of optical packets routed through the 4x4 switch is performed by applying the square wave
gating signal to MZI-3 with the optical input at /7 and the optical output switching between
outputs O1 and O2. The optical path from I7 to O1 /02 is optimized by biasing all idle MZIs
in their crossbar states to mitigate crosstalk [125]. Fig. 3.12(a) is the normalized transmission
of all outputs for /1 input for MZI-3 switching. The switching ER in O and in O2 are 7dB
and 20dB, respectively. The IL of the routing path is -6.4dB at 1355nm. The crosstalk

in the bar (O1) and crossbar (02) states are -22dB and -5.6 dB, respectively at 2.1V and
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ports of the 4x4 Benes switch for 10 Gb/s NRZ PRBS-31 data transmission.
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0.9V, respectively. The static switching response of MZI-3 is shown in Fig. 3.12(b) for 17-02
transmission. The measured rise and fall times (10 % to 90 %) of the 2x2 switch are 1.6 us
and 2.0 us, respectively. Fig.3.12(c) shows the dynamic switching performance of the 4x4
switch. The rise and fall times for O1 are 1.8 us and 2.4 us, respectively, and for 02 are
2.2 us and 1.9 us, respectively. Due to the high bar state crosstalk (-7.6dB) of MZI-3, the
optical power leakage from MZI-1 via MZI-5 may couple back to MZI-3’s O2 port increasing
the crosstalk while the payload is transmitted through OI1. This high level of crosstalk of
-5.6dB at 1.0V in Fig.3.12(a) is a concern for a large port-count matrix switch and when

multiple channels are operating at the same time as it may degrade signal integrity.

3.3 Discussion

The efficient switching and low-loss advantages offered by the designed switch matrix lead
to scalability potential for the higher radix switch implementation. From the measured
power consumptions of the 2x2 MZI building blocks and taking into account that all MZIs
are biased into a known state mitigating crosstalk, the maximum total power consumption
for a given NxN Benes switch matrix can be estimated. In Fig.3.13, the maximum power
consumption (P, for the 4x4 switch is estimated to be 154.5 mW following the equation:
Proe = (M) xS, where P,y is the power consumption for a given routing path, Ny, is
the number of switch in a routing path, and S is the total number of switch in the given NxN

switch matrix. It is noteworthy that for a power consumption optimized switch setting, all
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(a) Normalized optical transmission in all four output ports as

a function of MZI-3 bias voltage for the I2 input; (b) measured static switching
response for 12-O2 transmission; and (c¢) dynamic switching response between
O1 and O2 output ports corresponding to the transmission shown in (a).

idle MZIs are expected to be tuned at their lowest power bias points. However for greater

crosstalk immunity, idle MZIs may be biased at higher voltages. P, is estimated here for

the latter case.

The footprint area of the 4x4 switch is estimated to be 0.1536 mm?, calculated from

the area of a 2x2 building block (0.0112mm?) and the area of two 100 um pitched 80 pm?

electrical pads (0.0144 mm?) for the signal and ground connections required to drive a single
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Figure 3.13 Estimated total power of NxN O-band SOI thermo-optic Benes
switches with corresponding footprint areas.

2x2 switch. As the switch radix scales up, the footprint area and the maximum total power
consumption increases exponentially. However, the average power consumption per switch
for a crosstalk optimized channel (%) remains constant at 25.75mW. Hence, optimal
tuning of MZI bias voltages for efficient performance of higher radix thermo-optic matrix
switches can be ensured. The number of switches also increases exponentially following the
equation: S = Nlogs N — % Hence, an exponential rise of the insertion loss is expected in
larger matrices. Considering -2.5dB IL per MZI from Figs. 3.7(a), the total IL is estimated
to be -15dB in a 4x4 matrix which can be detrimental for the transmission of optical data
packets in larger matrices. However, the worst case IL for a crosstalk optimized channel is

-11dB (Fig. 3.9) in the 4x4 switch (S = 6) with an estimated -1.8dB IL per MZI.

The IL can be reduced by on-chip gain integration using flip-chip bonded semiconductor
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optical amplifiers (SOAs) as in [129], where the fiber-to-chip coupling loss for a 4x4 strictly
non-blocking Benes switch is compensated with a -15 dB crosstalk over the full C-band.
However, a large power consumption of 620 mW and a large footprint area of 8.2 mm X
2.2 mm are required to achieve strictly non-blocking switching (12 switching elements). The
integration of the SOAs by flip-chip bonding, and the electronic drivers by wire-bonding
impose additional challenges of optical alignment, cost and complexities of post-processing,
and packaging. The wavelength dependence and fabrication sensitivity of the passive optical
components, such as directional coupler, can be reduced by wavelength tunable directional
couplers using resistive micro-heater as in the resistive phase shifter. However, this additional
tuning power will eventually increase the overall power consumption. A better alternative is
to use MMI couplers for more fabrication tolerance leading to higher ER and lower crosstalk
[130]. The switch performance affected by the fabrication sensitivity, i.e., crosstalk and
extinction ratio, can be adjusted and optimized by tuning the DC splitting ratio and MZI

bias voltages.

3.4 Summary

In this chapter, we presented a fully functional thermo-optically tuned 4x4 Benes switch
matrix in O-band for optical interconnects in data centers. The 4x4 matrix consists of
compact and broadband 2x2 MZI building blocks enabling broadband operation over a

45 nm wavelength range with 21 mW switching power. Rise and fall times range from 1.8 us
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to 2.4 us in the 4x4 Benes switch while switching between two output ports. The switch
performance is optimized by bias tuning the MZIs at fixed known states. The IL of the
4x4 switch ranges from -4.6dB to -11.0dB among the 16 optimized 1/O channels. The
characterization of a subset of the switch’s 32 possible I/O combination exhibits -11.0dB
worst case crosstalk at 1355nm. Open eye in all output ports confirms error-free data
transmission at 10712 BER with less than 1.9dB BER power penalty with respect to the
B2B configuration. Distortion-free transmission of high-speed optical data packet through

dynamic switching demonstrates the switch’s potentials for WDM data communication.
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Chapter 4

Reconfigurable multimode

(de)multiplexer /switch

In this chapter, we present a novel silicon photonics mode-division-multiplexing device,
which can (de)multiplex and switch on-chip mixed mode signals for simultaneous trans-
mission and switching of multiple high-speed optical data. The reconfigurable and scalable
(de)multiplexer/switch (RMDS) is used as the building block in a mode demultiplexer, and
also in a mode switch. The proof-of-concept device can concurrently transmit and switch high
speed optical data over the fundamental and the first order quasi-transverse electric (quasi-
TE) modes. The quasi-TEO and quasi-TE1 modes are launched using only one C-band
laser (from 1500 nm to 1600 nm) improving the energy efficiency. Parallel data transmission
is confirmed by the simultaneous transmission of two individual non-return-to-zero (NRZ)

data packets at 10 Gb/s. For mode demultiplexing, a mode combiner stage is needed after
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the RMDS to retrieve the input TEO and TE1 modes. This mode combiner is replaced by
a MMI-based mode switch MMI in an on-chip mode-selecting switch (MSS) comprising of
cascaded MMI couplers and thermo-optic phase shifters. The mode decomposer MMI, or the
RMDS, is the most critical component providing the required modal separation and channel
crosstalk. As the propagation and manipulation of different eigenmodes in a waveguide is
critically related to the dimension of the photonic components, which makes it difficult to
manipulate different mode orders in the same structure, the quasi-TE1 mode is decomposed
to its fundamental (°TE1) components before processing. Distortion free data transmission
is demonstrated for 2x10 Gb/s aggregated bandwidth with a bit-error-rate (BER) of 10712
and <2.8dB power penalty while simultaneously transmitting two data channels. The results

presented in this chapter are published in [69] and [70].

4.1 Design and working principle

The 3D schematic of the proposed RMDS is shown in Fig.4.1. The RMDS is a 1x3 MMI
coupler consisting of a multimode input port (portl) and three single-mode output ports
(port2, port3, and portd). For the individual-mode transmission, either the fundamental
(quasi-TEOQ) or the first-order (quasi-TE1) mode is launched at port1l. The input TEO mode
is mapped onto port3 as °TE0 with a smaller mode-field diameter (MFD). The input TE1
mode is decomposed into two fundamental mode components of equal amplitudes but with

opposite phases. These mode components are mapped to port2 and port4 as “TE1. For
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the multimode transmission, both the TEO and the TE1 modes are launched simultaneously
at portl and separated at the output ports into their fundamental mode components. The
9TEO component from TEO mode is mapped to port3, and the °TE1 components from TE1

mode are mapped to port2 and port4.

Figure 4.1 Schematic of the RMDS in 3D view with input portl and outputs
port2, port3, and port4.

A 220nm thick SOI waveguide core with a 90nm thick silicon slab is used for guiding
and propagating the optical signal. The waveguides are buried in between a 2 um thick
buried oxide layer and a 3 um thick top oxide cladding layer. The cross-section of the
waveguide is shown in Fig.4.2(a). A commercial simulation tool from Lumerical is used for

modeling the effective refractive indices of the first four quasi-TE modes (TE0, TE1, TE2,
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Figure 4.2 (a) Cross section of the waveguide showing the dimensions for
single-mode (0.5 pm) and multimode (1.0 pm) propagation (figure not drawn
to scale), (b) simulated effective refractive indices for the first four TE modes.

and TE3) as a function of waveguide widths, as shown in Fig. 4.2(b). The cutoff widths of the
access waveguides for the single-mode (TEO) and the multimode (TE0+TE1) transmissions
are 0.5 um and 0.8 um, respectively. The effective refractive index is less sensitive to the
waveguide width variation for a wider waveguide resulting in greater robustness against
process variation. For this reason, the width of the multimode waveguide is optimized to be
1.0 pm.

In the MZI based devices, a small imbalance in the power coupling ratios between the
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MMI’s output ports contributes to large degradation in the crosstalk. Wider waveguide
widths make MMI couplers more viable against fabrication process variations compared to
adiabatic directional couplers. Hence, MMI couplers exhibit lower coupling power imbalance
leading to higher extinction ratio (>25dB) and lower crosstalk [62]. In addition, the lengths
of adiabatic couplers increase with the number of modes, which challenges the scalability to
greater number of modes.

For a fixed MMI width of 6 um, the estimated beat length, L, is calculated for the first

two lowest order modes numerically using the following equation [131]

B T B 4neffW2m
Bo — B 3o

L, (4.1)

where By and [, are the propagation constants of the fundamental and the first-order
modes (8 = 2mnesr/No), ness is the effective refractive index, W, is the MMI width, and
Ao is the design wavelength. The beat length is calculated to be 90 um at A\y=1550 nm.
The input/output locations of the MMI coupler are also calculated by using the analytical
equations in [63]. Like a mode filter with 100 % mode conversion efficiency, the RMDS maps
the symmetric (TEQ) and the asymmetric (TE1) modes to the different output waveguides.
For the symmetric mode, we applied the theory of symmetric interference, where the input
that is launched at the center of the MMI forms the M-th N-fold image at a distance, Lysasy,

defined by [71].
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Figure 4.3 Simulated optical transmission of TEO and TE1 modes in the
input taper of the RMDS as a function of taper length. The inset is the zoomed-
in of the peak optical powers.

M

The principle of general interference is applied for the asymmetric mode which satisfies
the length, Ljsasr, as long as the single-mode input waveguide is not positioned at the center
of the MMI [72]. Considering the wider multimode input waveguide (1.0 um wide) as two
single mode waveguides (0.5 um wide) placed next to each other, this condition is satisfied.
To obtain the first (M = 1) single image (N = 1), the MMI length (Lpsas7) becomes %LW.

Optical reflection and scattering losses at the input and output ends are minimized by
adding 10 um long tapers, which allow more than 98 % transmissions of both TEO and TE1

modes satisfying adiabatic condition [132]. The normalized transmission of the TEO and
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the TE1 modes at the input taper (portl) of the RMDS is shown in Fig.4.3, confirming
adiabatic transmission of both modes. The inset is the zoomed-in of the peak transmission.
The length of the RMDS is optimized by the fully vectorial and bi-directional eigenmode
expansion model. The simulated transmission as a function of MMI length is shown in
Fig. 4.4 for a 0 dBm Gaussian beam optical input at 1550 nm.

There are three scenarios when the input optical signal is launched at port1 of the RMDS:

1. Single-mode (TEO) transmission: maximum power in port3 with minimum power in

both port2 and port4.

2. Single-mode (TE1) transmission: maximum power in both port2 and port4 with min-

imum power in portJ.

3. Multimode (TEO+TE1) transmission: maximum power in all of port2, port3, and

port4.

From Fig. 4.4, these conditions are satisfied for an RMDS length of 68 ym when the TEO-
to-port3 transmission, and both TEl-to-port2 and TEIl-to-port4 transmissions are maxi-
mum, and the TEO-to-port4 transmission is minimum. It is observed in Fig.4.4 that TEO
transmissions at port2 and port4 are sensitive to MMI length. Although MMI's are more
tolerant to fabrication process variation than single mode (0.5 pm wide) waveguides, a small
change in the MMI dimension can result in large crosstalk between port3 and port2 or be-

tween port3 and port4. As 10 nm change in dimension can be expected from the fabrication
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Figure 4.4 Simulated optical power of TEO and TE1l mode components
as a function of the length of the RMDS at 1550 nm wavelength. The
TE1—port3 transmission exhibits negligible transmittance (<-250.0 dB) IL
hence not shown.

error [122], the crosstalk between port3 and port2 for TEQ transmission is estimated within

+20nm range, and shown in Fig.4.5 as a function of RMDS length and width variations.

The initial length and width are 68 yum and 6 um, respectively, representing 0 um variation.

Negligible change in crosstalk is observed with length variation. However, crosstalk increases

from -39.4dB to -31.7dB with the width variation, although remains <-31dB within this

range. The crosstalk decreases when the width variation leads to smaller waveguide core. As

a narrower MMI can accommodate less number of modes than a wider MMI, the inter-modal

cross-coupling between overlapping modes is less likely to occur in a narrower MMI resulting

in lower crosstalk.

The simulated scattering matrix (S-matrix) including all possible input/output combina-
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Figure 4.5 Simulated crosstalk between port2 and port3 as a function of
the variation of RMDS dimensions (length and width) for TEO transmission.
The initial length and width representing 0 pum variation are 68 ym and 6 pum,
respectively.

tions of all mode components for a 68 um long RMDS is shown in Fig. 4.6 when a multimode
(TEO0+TEL) optical signal of 0dBm (1 mW) input power is launched at portl. The power
leakage at port2 and port4 from the TEO input is comparatively higher (-53 dBm) than the
leakage at port3 from the TElL input (-190dBm). Although the simulation accounts for
multiple reflection events, it does not take into account the scattering losses from waveg-
uide side-wall roughness and uneven waveguide surfaces leading to these unrealistic values of
leakage power. However, these simulation results remain valuable in providing information
on relative crosstalk among the output ports. As the beam divergence of a propagating

Gaussian beam is inversely proportional to the beam radius at its launching point [133], the
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Figure 4.6 Simulated optical S-matrix of the 68 pum long RMDS for the
transmission of TEQ and TE1 mode components.

higher leakage at port2 and port4 may result from the higher MFD of the TEO mode than
that of TE1 mode at port3. Very small back reflection (1072dB) is expected at each port
leading to small optical return loss. Note that higher order quasi-TE (e.g., TE2, TE3, etc.)
and quasi-TM (e.g., TMO0, TM1, etc.) modes are not considered in the simulation, assuming
little inter-modal power leakage from these modes. In reality, these unexpected modes affect
the net transmission at each output port. This will be discussed in the next section. As
the RMDS is demonstrated as a proof-of-concept device using TEO and TE1 modes, we will

limit our discussion to TEO and TE1 modes.
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Figure 4.7 Schematic of the mode demultiplexer. The electric fields and the
optical transmissions of the RMDS delimited by the orange box, is shown in
Fig. 4.8.

4.2 Mode demultiplexing

The mode demultiplexer (MD) requires four cascaded MMIs (a 3-dB splitter, a mode mul-
tiplexer, the RMDS, and a 3-dB coupler), and two resistive heater phase shifters (PS-1 and
PS-2), as shown in Fig.4.7. The phase shifters are used for tuning the relative phases of
the °TE1 components for multiplexing and demultiplexing the TE1 mode to and from the
multimode waveguide, respectively. Note that the transmission of the TEO mode does not
require a phase-shift. Each phase shifter is 250 pm long consisting of highly N-doped (N++)
silicon slab placed 700 nm away from the lightly doped waveguide core. The detailed design

of the phase shifter is discussed in chapter 3.

4.2.1 Design and working principle

As a mode multiplexer and a mode demultiplexer are identical devices with opposite in-

put/output direction, a single bi-directional component can be designed for both multiplex-
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ing and demultiplexing operations. The simulated electrical fields in the RMDS are shown in
Figs.4.8(a), (c) and (e) for the individual-mode transmission of TEQ mode, individual-mode
transmission of TE1 mode, and dual-mode transmission (TE0+TE1) mode, respectively.
The net optical transmissions from 1500nm to 1600 nm corresponding to each mode are
shown in Figs.8(b), (d) and (f), respectively.

For the individual-mode transmission, either the TFE0-in or the TFEI1-in input ports
(Fig.4.7) are used for the transmission of the TEO mode or the TEl mode, respectively.
For the TEOQ transmission, the input light is coupled to the middle input port of the mode
multiplexer and mapped to its multimode output port with a larger MFD. The RMDS maps
this beam to its port3 output port as °“TE(, shown in Fig. 8(a), without any decomposition
to retrieve the original optical signal at the TEO out output port. A -29.0dB crosstalk is
estimated at 1550 nm with -1.5dB insertion loss (IL), as shown in Fig.4.8(b). This crosstalk
is higher than that of Figs.4.4 and 4.6, where only TEOQ and TE1 modes are considered for
the length optimization. However, in reality, higher order quasi-TE and quasi-TM modes
may cause power leakage and inter-mode cross-coupling resulting in crosstalk degradation.

For the TE1 transmission (TFEI1-in), the 3-dB splitter separates the optical input into
two fundamental mode components with the same phase as the original input signal, cor-
responding to a phase-shift of A¢ = 0. As the two mode components of a TE1 mode are
out-of-phase by 7 rad, a phase-shift of A¢ = 7 is applied to one of the mode components by
thermo-optically tuning the PS-1 phase shifter. These two m-phase-shifted components are

coupled to the upper and the lower input ports of the mode multiplexer and mapped as TE1
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Figure 4.8 Simulated electric fields (left) and optical transmissions (right) of
the RMDS, marked by the orange box in Fig. 4.7. The top (a, b), middle (¢, d)
and bottom (e, f) images represent the individual-mode TEQ, individual-mode
TE1, and dual-mode (TE0O+TE1) transmissions.

mode to its multimode output port. The RMDS then decomposes these two mode compo-
nents as “TE1 at its port2 and port4 output ports, as shown in Fig. 4.8(c). These two mode

components are phase-matched by the PS-2 phase shifter, recombined by the 3-dB coupler,
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and retrieved at the TFEI-out output port with simulation results estimating insignificant
crosstalk (<-280dB) and an IL ranging from -6.3 dB to -9.0 dB in C-band (1500 nm-1600 nm),
as shown in Fig.4.8(d).

For dual-mode transmission, the CW input from a single laser is power divided by an
off-chip 50/50 power splitter to simultaneously couple two optical signals to both the TE0-in
and the TEI-in input ports. The RMDS decomposes the multimode (TEO+TE1) signal and
maps the °TEOQ component to port3, and the two “TE1 components to port2 and port4,
respectively (Fig.4.8(e)). The simulated IL obtained are -7.3dB, -4.0dB and -7.5dB at
port2, port3 and port4, respectively, as shown in Fig. 4.8(f). The degradation in IL may arise
from the inter-modal cross-coupling between the TEQ and the TE1 modes while propagating
through the multimode waveguide. This may cause a power leakage in the net transmission
of the corresponding modes at the output ports.

The MD was fabricated using a 193nm deep ultraviolet (DUV) lithography at the In-
stitute of Microelectronics (A*STAR IME), through a multi-project wafer (MPW) service
managed by Canadian Microelectronic Corporation (CMC) Microsystems. The optical mi-
croscope image of the fabricated chip is shown in Fig.4.9(a). Although two waveguide
crossings at C1 and C2 are shown in the schematic in Fig. 4.7, these crossings are removed in
the design layout by unfolding the input and output waveguides, and routing them around
the grating coupler array to reduce inter-mode cross-coupling. Indeed, this modification in
the device layout increases the total device footprint which can be reduced by using a low-

loss waveguide crossing. Fig.4.9(b) is a zoomed-in view of the fabricated RMDS, which is
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Figure 4.9 (a) Optical micrograph of the fabricated chip of the mode demul-
tiplexer using the RMDS; (b) zoomed-in optical micrograph of the RMDS.

designed as a 3x3 MMI coupler using the principle of general interference but fabricated as
a 1x3 MMI, where 30 um long tapers are added at the unused ports to reduce the reflection

loss.

4.2.2 Experimental results

The experimental setup to validate the fabricated chip is shown in Fig. 4.10. First, the MD is
characterized with a CW optical signal using a tunable laser source (Yenista Tunics T100R).
On-chip surface grating couplers with a 3-dB bandwidth of 47nm at 1550 nm vertically
couple the continuous wave (CW) optical signal at the fundamental TE mode from the
laser through a fiber array. The polarization of the broadband optical signal is maintained

at TE polarization by a polarization controller of 0.5 dB IL. This is necessary to remove
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Figure 4.10 Experimental setup for the mode demultiplexer measurement.
The optical and the electrical connections are shown as blue and black lines,
respectively. EDFA: Erbium doped fiber amplifier, PC: polarization controller,
DUT: device under test, VOA: Variable optical attenuator, PD: photodetector,
DCA: digital communication analyzer, PPG: Programmable pattern generator,
CLK: clock synthesizer. The DCA and error detector are not connected at the
same time to the photodetector.

the polarization dependent loss caused by the polarization sensitivity of the GCs. For the
individual-mode measurement, the input power is 0 dBm. For the dual-mode measurement,
the optical input power is increased to 3dBm to compensate for the 50/50 splitter. The
decorrelation of two channels is performed through an SMF-28 fiber delay line providing
480 bit delay between the two propagating channels (>16-bit minimum walk-off requirement
[134]). A short waveguide connecting two vertical grating couplers is used as a reference
structure for the fiber-to-fiber insertion loss (IL) measured to be -10.5dB at 1550 nm. The

optical transmissions are normalized to the IL of this reference waveguide.
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The optical transmissions as a function of wavelength for both individual-mode and dual-
mode are shown in Fig. 4.11. For the individual-mode transmission at 1550 nm (Fig.4.11(a)),
the IL for the TEO mode (TE0-in— TE0-out) is -2.2dB, and for the TE1 mode (TEI-
in—TEI1-out), it is -6.0dB. As the TE1l mode propagates with a lower effective refractive
index than the TEO mode (Fig.4.2), it is likely that the corresponding TE1 optical beam
is less confined inside the multimode waveguide with a longer evanescent tail being outside
the waveguide core. This may lead to higher IL for the TE1 mode. The crosstalks for the
TEO transmission (TEO-in— TEI-out) is less than -21.0dB and that for TE1 transmission
(TE1-in— TEO-out) is less than -20.0 dB over 100 nm wavelength range. For the dual-mode
transmission (Fig.4.11(b)), the TEO and TE1 modes exhibit -5.5dB and -7.3dB IL, respec-
tively. The higher IL in the multimode transmission indicates inter-modal cross-coupling
between TEO and TE1 modes, and possibly modal leakage of the higher order quasi-TE
(e.g., TE2, TE3) and quasi-TM (e.g., TM0, TM1) modes. Although the effective refrac-
tive indices of these modes are very small (<1.95 for the strip waveguide as reported in
[77]) resulting in negligible optical power transmission, these undesired modes may cause
the leakage of optical power from the dominant TEO and TE1 modes leading to higher loss.

For payload data transmission, a 10 Gb/s NRZ PRBS31 signal is generated by an Anritsu
MP 1800A programmable pattern generator (PPG). A modulated and amplified optical in-
put signal is coupled to the device under test (DUT) in quasi-TE polarization, maintained
by a polarization controller (PC). The output is detected by a 20 GHz photodetector (PD) of

-18 dB sensitivity. For the back-to-back (B2B) BER measurement, reported in Figs. 4.13(a)
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Figure 4.11 Normalized optical transmissions for (a) individual-mode and
(b) dual-mode of the mode demultiplexer (MD) as a function of wavelength.

and (b), the DUT is replaced by an optical attenuator (VOA) with the corresponding loss
of the TEO-out transmission in both cases. An Anritsu 20 GHz signal generator is used as

the clock synthesizer to provide the external clock to the PPG and the error detector, and
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Figure 4.12 Recorded eye diagram of the mode demultiplexer for the
individual-mode (top) and dual-mode (bottom) inputs.

the trigger to the Agilent 86100C digital communication analyzer (DCA) for recording eye
diagrams. The eye diagrams in Figs.4.12(a) and (b) are recorded for the individual-mode
inputs in the TEQ (TEO-in— TEO-out) and the TE1 (TE1-in—TE1-out) transmissions, re-
spectively. For the dual-mode input (TE0+TE1), the optical payload is transmitted simul-
taneously over both TEO and TE1 modes and the eye diagrams are recorded at the TEO-out
and TE1-out output ports, shown in Figs. 4.12(c) and (d), respectively. Clear and open eyes
are observed in all channels demonstrating distortion-free high-speed data transmission for
both TEO and TE1 modes.

The measured BER as a function of the average received optical power is shown in
Fig.4.13(a) for the individual-mode and in Fig.4.13(b) for the dual-mode transmissions

along with the back-to-back (B2B) conditions in both cases. A BER of 107? is observed
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Figure 4.13 Measured BER (log-scale) of the demultiplexer for (a)
individual-mode and (b) dual-mode transmissions as a function of average opti-
cal power (dBm), received by a 20 GHz photoreceiver of -18 dB sensitivity and
0.8 A/W responsivity.

for all channels at an aggregated data rate of 2x10Gb/s demonstrating error free data
transmission. The power penalties in the individual-mode transmission (Fig.4.11(a)) are
0.9dB and 1.1dB in the TE0-out and the TE1-out output ports, respectively. The cascaded

MMI structures are likely causing greater inter-modal cross-coupling to higher-order modes
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(TE2 and higher) resulting in BER power penalties. In dual-model transmission, the power
penalties are 1.2dB for the TEO mode and 2.8dB for the TE1 mode. The increase in BER
power penalties is assumed to be the effect of higher order inter-modal cross-coupling and
associated increase in IL in the multimode transmission as reported in Fig.4.11(b). Note
that no optical filter is used in the experiment as the filter adds -2.0 dB insertion loss without
significant improvement of electrical SNR and eye-quality. This situation results in higher

ASE noise in the photoreceiver which impacts the power penalty.

4.3 Mode switching

The RMDS is used in a mode selecting switch (MSS) consisting of cascaded MMI couplers
and thermo-optic phase shifters for the fundamental and first-order transverse electric (TE)
modes. The design is more robust against inter-modal crosstalk than conventional switches
are, as no mode pre-processing, such as (de)multiplexing is required. Scalability can be
achieved by varying the widths and lengths of the MMIs to map higher-order modes at the
output ports and adding more phase-shift stages. Dynamic switching ability is experimen-
tally verified with transmission of 10 Gb/s non-return-to-zero (NRZ) data packets, and bit

error rate (BER) of 10712 is achieved in all switching channels.

4.3.1 Design and working principle

The MSS is a 1x3 switch, as shown in Fig. 4.14(a), where the fundamental TEO mode at the

input port is mapped to the middle output port as is (TEO), and the first-order TE1 mode is
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Figure 4.14 (a) Conceptual diagram of the 1x3 MSS, (b) schematic of the
MSS and corresponding electric field propagation in respective MMIs under

different phase shifter biases, (¢) an optical microscope image of the fabricated
MSS.

switched between the upper and the lower output ports after decomposing to its fundamental

mode components (*TE1). The MSS is designed using 220 nm SOI ridge waveguide with a 90

nm thick silicon slab supporting quasi-TE mode transmission at 1550 nm. The waveguide

cross-section is shown in Fig. 4.2(a). The waveguide widths for the TEO and the TE1 modes

are the same as MD (Fig.4.2(b)).

A schematic of the mode switch is shown in Fig.4.14(b). The MSS also consists of four
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cascaded MMIs and two phase shifters (PS-1 and PS-2). Among the two phase shifters, PS-1
is tuned for selecting either the TEO or the TE1 mode. The second phase shifter (PS-2) is
tuned for spatially switching the modes among the three output ports of the mode switch
MMI. Although the RMDS was designed for 70 um length in the MSS, we later optimized
the length to be 68 um for better modal separation and less crosstalk in MD (Fig.4.7).
Indeed, this small difference in length was compensated by tuning the PS-2 phase shifter.
The MSS was fabricated using the same service as for the MD. An optical microscopic image
of the fabricated chip is shown in Fig.4.14(c) with a footprint area of 450 ym x 50 um. The
footprint area is reduced by folding the waveguides with 7 ym bends forming a Mach-Zehnder
interferometer (MZI) of 243 ym long arms.

The optical fields in the MSS for different phase-shift conditions are shown under the
corresponding MMIs. The TEO optical input is vertically coupled from a fiber array to the on-
chip 500 nm wide single-mode waveguide by surface grating couplers with a 3dB bandwidth
of 47nm operating at 1550 nm. The input optical beam is power-divided by MMI-A (3 dB
power splitter) and is coupled to MMI-B’s input ports with a phase-shift (A¢,) provided by
PS-1. The output beams of MMI-A undergo constructive (A¢; = 0) or destructive (Ag; = )
interference resulting in TEO or TE1 modes, respectively, at the output port of MMI-B. The
MMI-B output is tapered down to the 1000 nm width accommodating the TE1 mode. Thus
MMI-B selects between TEO and TE1 modes for the input of MMI-C. If TEO is selected,
MMI-C acting as a mode decomposer maps the mode field, as is, to its middle output as

9TEO without any decomposition but with a larger MFD which appears at the mid output of
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Figure 4.15 Simulated electric fields (left) and optical transmissions (right)
of the mode switch MMI, marked by an orange line in Fig. 14. The mid (a, b)
output corresponds to TEO (A¢ = 0) transmission. The down (c, d) and up
(e, f) outputs correspond to TE1 transmissions for A¢ = 7/2 and A¢ = 37/2
phase-shifts.

the MSS. If TE1 in selected, MMI-C decomposes the mode fields into two fundamental mode
components as °TE1 which are m-out-of-phase with each other. These mode components are

recombined in MMI-D after a phase-shift applied by the PS-2 phase shifter. The °TE1 mode
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fields at the upper and the lower inputs of MMI-D are 7/2 out-of-phase. The recombined
OTELT/Q is mapped to the down output for A¢s = 7/2 and OTElgﬂ—/g mode is mapped to the
up output for Agpy = 3w /2. The simulated electric fields of the mode switch MMI for three
different phase-shift conditions of the PS-2 are shown in Figs.4.15(a), (c) and (e), for the
mid, down, and up output ports, respectively. The corresponding simulated transmissions
are shown in Figs.4.15(b), (d) and (f), respectively. In Fig.4.15(b) (mid output), less than
-40dB crosstalk is estimated with -0.2dB IL at 1550 nm. For the spatial switching of TE1
mode components, the estimated crosstalk is less than -33 dB and the IL at 1550 nm is -2.0 dB

for both down and up output ports, as shown in Figs.4.15(d) and (f), respectively.

4.3.2 Experimental results

The experimental test-bed for MSS measurement is shown in Fig.4.16. A tunable laser
source (Yenista Tunics T100R) with an output optical power of 0dBm (1 mW) is used as
the continuous wave (CW) source. A short SOI waveguide test structure connected by two
vertical grating couplers with a measured fiber-to-fiber insertion loss of -10dB at 1550 nm is
used for normalizing the optical transmission results.

The optical transmissions at 1563 nm normalized to the waveguide test structure as a
function of the bias voltages of PS-1 and PS-2 are shown in Figs.4.17(a) (b), respectively.
For the PS-1 phase shifter, a switching voltage (V) of 2.1V switches between TEO and
TE1 modes denoted as ‘TE0’ (0V; 0mW) and ‘TE1’ (2.1V; 23.3mW) states, respectively,

in Fig.4.17(a). The ‘TE0’ and ‘TE1’ states exhibit -24.0dB and -17.5dB worst crosstalks,
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Figure 4.16 Experimental test-bed for the MSS characterization. The blue
and black solid lines represent the optical and electrical signals, respectively.
The black dotted line represents the clock signal. EDFA: Erbium doped fiber
amplifier, PC: polarization controller, DUT: device under test, VOA: variable
optical attenuator, PD: photodetector, PPG: programmable pattern generator,
RTO: real-time oscilloscope, DCA: digital communication analyzer, ED: error
detector.

respectively. The switching extinction ratio (ER) is 32.3 dB for the mid output. The insertion
losses (ILs) at ‘TEQ” and ‘TE1’ states are -1.9dB and -13.3dB respectively. As the MSS
does not consist of any mode-multiplexing stage as in [135], the input optical signal is
coupled through a single surface grating coupler, designed for quasi-TEO mode coupling, in
‘TEO’state. The quasi-TEO mode is then converted into a quasi-TE1 mode in ‘TE1’ state.
The higher IL in ‘TE1’ state is caused by the phase shifter in the PS-1, used for achieving
a destructive interference between the TEO components at the output arms of MMI-A.

For the TE1 mode, the PS-2 phase shifter is activated only for ‘TE1’ state to switch the
°TE1 mode components between the up and down output ports, as shown in Fig.4.17(b).
A switching voltage of 1.6V is required to switch between the down (2.6 V; 30.0mW) and

up (4.2V; 75.6 mW) output ports where the mid output remains non-responsive to the PS-2
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Figure 4.17 Normalized transmission as a function of (a) PS-1, and (b) PS-2
bias voltages. Normalized transmission as a function of wavelength in (c) mid,
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bias. The ERs are 28.7dB and 25.0dB, and the worst crosstalks are -15.0dB and -17.0dB

in up and down output ports, respectively.

The ILs for the up and down outputs are -

13.2dB and -13.5dB, respectively. The imbalance in ER and crosstalk is attributed to the

possible misalignment of the fiber array simultaneously collecting the optical signals at the

two output ports.

Figs. 4.17(c-e) are the normalized optical transmissions at the mid, up and down output

ports as a function of wavelength from 1500 nm to 1600 nm. The mid output port exhibits less

than -12dB crosstalk for a 95 nm wavelength range (PS-1 = 0V; PS-2 = 0V). However, for

the down and the up output ports, the bandwidth is limited to 34 nm and 45 nm, respectively,
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for the same crosstalk. The bandwidth limitation can be attributed to the difference in
effective optical path lengths (AL) in the two arms of the Mach-Zehnder interferometer
(MZI) structure due to fabrication variation. A periodic fluctuation is observed at the
down and up output ports in Figs.4.17(d) and (e), respectively, due to the constructive and
destructive interference between the propagating waves in the two output arms of MMI-A.
The measured free-spectral range (FSR) of this fluctuation is ~2.5nm which matches the
calculated FSR (F'SR = A\?/n,L) for a balanced MZI of 243 um long arm with a group index
of 3.92 at 1550 nm wavelength as comprised by MMI-A, MMI-B and PS-1. For switching
higher order modes (i.e., TE2 and TE3), MMI-A can be designed for more output ports, each
associated with a PS, which increases the footprint of the MSS by ~30 % per mode order
without a significant performance degradation. For example, a 1x4 MMI based wavelength
switch is reported in [66] with -1.7dB IL, >11.48dB ER and <-11.38dB crosstalk.

To characterize the dynamic switching performance, an electrical square wave at 25.8 kHz
with fall and rise times of 15.0ns is applied to the MSS as the gating signal for PS-1 with a
peak-to-peak voltage of 2.1 V. Fig. 4.18(a) shows the switching between TEO and TE1 modes
at the mud, up and down output ports, respectively, in response to the gating signal when
PS-2 = 4.2V. The measured rise and fall times of the TEQ mode (mid output) are 10.7 us
and 10.9 us, respectively. For the TE1 mode, the fall and rise times at the up output port
are 10.6 us and 10.7 us, respectively. The fall and rise times at the down output port are
10.9 us and 10.6 ps, respectively.

For the switching performance on payload data, a 10 Gb/s NRZ PRBS31 signal is gen-
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Figure 4.18 (a) Dynamic mode switching between TEO (mid output port)
and TE1 (up and down output ports) modes, (b) Eye diagrams in mid, up and
down output ports recorded for 10 Gb/s PRBS31 optical data, (c¢) BER as a
function of average received optical power at the PD in B2B configuration with
respect to the mid output ports and in all three output ports while switching.

erated by an Anritsu MP 1800A programmable pattern generator (PPG) (Fig.4.16). The
optical signal, modulated by a LiNbO3 amplitude modulator of 12 GHz of 3-dB bandwidth, is
amplified by an erbium doped fiber amplifier (EDFA). A polarization controller (PC) main-
tains TE modes before coupling to the device under test (DUT). The input optical power
to the DUT is fixed at 5dBm. The optical signal at the output of the DUT is amplified
by another EDFA followed by a variable optical attenuator (VOA) before being detected
by a 20 GHz photodetector (PD) and recorded by a real-time oscilloscope (RTO). For the
back-to-back (B2B) bit-error-rate (BER) measurement, reported in Fig. 4.18(c), the DUT is
replaced by an optical attenuator with the same loss as the mid output. A clock synthesizer

(Anritsu 20 GHz signal generator) is used to provide the external clock to the PPG, the
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error detector, and the trigger to the Agilent 86100C digital communication analyzer (DCA)
for recording the eye diagrams. The eye diagrams recorded in all three switching output
channels are shown in Fig. 4.18(b). Clear and open eyes are observed in all channels demon-
strating distortion free high speed data transmission for both TEO and TE1 modes. The
measured BER by the error detector (ED) as a function of average received optical power
at the PD are reported in Fig.4.18(c) for all three output ports and for the B2B condition.
A BER of 1072 at a data rate of 10 Gb/s demonstrates error-free transmission. The power
penalties for the mid, up and down output ports with respect to the B2B are 0.8dB, 1.4dB
and 1.7 dB, respectively. These penalties can be attributed to the higher mode manipulation
in the cascaded MMI structures and cross-coupling to higher order modes (TE2 and higher).
Although the responsivity of the photoreceiver is stable over the full C-band (1500 nm -
1600 nm), the 3-dB bandwidth of the off-chip LiNbO3 modulator is small (12 GHz at 1550
nm). The wavelength sensitivity of the TE1 mode may increase the BER power penalty
as the operating wavelength changes. This limitation can be overcome by using an on-chip

wavelength- and bandwidth-tunable micro-ring modulator [128].

4.4 On-chip power budget

The experimental results are summarized in Table 4.1 for both the MD and the MSS. The
higher IL of -13.5dB for the TE1l mode in the MSS is due to the destructive interfer-

ence, applied by the PS-1 phase shifter, between two input arms of the mode selector MMI
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Table 4.1 Experimental results of the mode (de)multiplexer (MD) and the
mode selecting switch (MSS) using RMDS as the building block

Parameter MD MSS
Transmission Individual-mode Dual-mode TEO TE1
Mode TEO TE1 TEO TE1 mid down up
IL (dB) -21.0 -20.0 — — =240 -17.0 -15.0
Crosstalk (dB) 60 20 55 7.3 19 -135 -13.2
Operating range (nm) 100 100 100 100 95 34 45
Switching time (us) — — —  — 109 109 108
Electrical power (mW)  0.13 14.7 123 123 13.6 645 123.0
BER power penalty (dB) 0.9 1.1 1.2 28 038 1.7 1.4

(Fig.4.14(a)). This is required to cancel the TEO mode, and select TE1 mode for switch-
ing. The 10.9 us switching time can be further improved to 1.8 us by using resistive heater
phase shifter [117]. The electrical power consumption of the MSS is higher due to the lower
thermo-optic tuning efficiency of the TiN heater as measured to be 35.5mW /7 compared
to that of resistive heater of 21 mW /7 [136]. Although the TE1 output of the dual-mode
transmission in the MD exhibits higher BER power penalty of 2.8dB, it is sufficient for a
good eye opening as shown in Fig.4.12(d), and comparable to the reported value in [31].
To estimate the overall on-chip power consumption of an MDM link, we consider the
dual-mode transmission of the MD. The on-chip optical power of the laser was measured
to be 10.8dBm (12mW), excluding the wall-plug efficiency. Considering a reported 3 mW
receiver power including a hybrid integrated Ge-on-Si photodetector of -17dB sensitivity,

0.8 mW electrical power and 3 mW thermal tuning power of a MRR based silicon modulator
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Table 4.2 Estimated power budget for the proposed on-chip RMDS based
multimode link in dual-mode transmission at 2x10 Gb/s

Link component Electrical Power (mW) Optical Loss (dB)

Laser 12.0 —
Modulator 3.8 -7.0
Fiber-to-GC coupling — -11.0
RMDS (dual-mode) 12.3 -7.3
Photo receiver 3.0 —
Total 31.1 -25.3
Energy efficiency 1.55 pJ /bit

of -7dB IL [137] and a measured 12.3 mW thermal-tuning power of the MD, the estimated
total power consumption of the link is 31.1mW at 2x10Gb/s aggregated data rate. This
corresponds to an on-chip energy efficiency of 1.55pJ/bit, which is less than the reported
estimated efficiency of 1.9 pJ/bit [16]. Intuitively, the efficiency of any device is expected
to be as high as possible for better performance. However, energy efficiency in data centers
is measured by the amount of energy required to transmit a single data bit, hence a lower
value is expected [138, 139]. The optical link budget is shown in Table 4.2 for this link.
The RMDS can be scaled up to accommodate higher order quasi-TE (e.g., TE2, TE3,
etc.) modes by carefully designing its width and length for mapping higher order modes. As
each mode component will require some amount of phase-shift for switching and maintaining
sufficient crosstalk between demultiplexed signals, the number of phase shifters will increase
the total footprint. To compensate a probable increase in the BER power penalty caused

by the higher inter-modal cross-coupling of the higher order modes, efficient and low-power
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phase shifters are required. Indeed, an experimental verification is needed to determine the

plausible mode numbers for a scalable RMDS.

4.5 Summary

This chapter presented a reconfigurable multimode demultiplexer /switch (RMDS) as a build-
ing block for MDM silicon photonic (de)multiplexers and switches. The novel device that
can be reconfigured performs both mode (de)multiplexing and mode switching of high speed
optical data. An aggregated bandwidth of 2x10Gb/s is achieved at 10712 BER with less
than 2.8 dB power penalty. The RMDS can be scaled up for higher order mode transmission
by engineering the length and the width of the MMI with more output ports and phase
shifter stages. A multimode optical link using the RMDS is proposed with an estimated
1.55pJ /bit energy efficiency. The RMDS can be used as a building block for the deployment
of high capacity optical links in short-reach interconnects allowing the parallel transmission
and switching of multiple independent data packets for a potential improvement in the en-
ergy/bit performance. The proposed MSS can be used for simultaneously (de)multiplexing
and switching the optical data stream in a switch matrix, where the transmission of multiple
independent optical data packets through a single optical link can improve the scalability

and bandwidth capacity.
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Chapter 5

Scalable multimode switch for

energy-efficient MDM systems

In this chapter, we present a reconfigurable and scalable multimode switch (SMS) using cas-
caded MMI couplers and titanium/tungsten (Ti/W) metal heater phase shifters operating
in the C-band. Simultaneous transmission and switching of two parallel data channels over
two transverse electric (TE) modes i.e., TEO and TE1, is demonstrated. A similar design is
reported in [93] consisting of cascaded MMIs and passive waveguide phase shifters for WDM-
MDM and WDM-PDM conversion, but without reconfigurable switching. We discussed
the design and experimental validation of the reconfigurable mode (de)multiplexer/switch
(RMDS) in chapter4. This RMDS is optimized with a larger length, as discussed in sec-
tion 4.4, and used to design the SMS for higher order TE modes, i.e., TEO, TE1, and TE2

enabling path-reconfigurable switching among three single-mode output ports. The same de-
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vice can be used for switching either 2-mode (TEO and TE1) or 3-mode (TEO0, TE1, and TE2)
switching offering footprint efficiency. As a proof-of-concept demonstration, a 2-mode switch
for the fundamental and the first order quasi-TE modes is experimentally measured. The
quasi-TEO and quasi-TE1 modes are launched using only one C-band tunable laser (from
1520nm to 1580 nm) improving the energy efficiency. The 2-mode SMS exhibits -6.5dB
insertion loss (IL) in bar state and -7.3dB IL in cross state with a worst-case switching ex-
tinction ratio (ER) of 17.7dB in individual-mode switching. Dynamic switching between two
10 Gb/s nonreturn-to-zero (NRZ) data packets confirms a switching time of less than 9.8 us
with an average heater power of 64.8 mW. Less than -7.0dB IL and greater than 12.0dB ER
are observed in dual-mode switching. Clear and open eye diagrams are recorded at 10 Gb/s
confirming distortion free data transmission with 2x10Gb/s aggregated bandwidth. The
scalability analysis estimates a projected -9.0dB IL and an average 193.0 mW thermal tun-
ing power for a 6-mode switch (i.e. TEO, TE1, TE2, TE3, TE4 and TE5) saving up to 63%
energy compared to a single-mode switch. The proposed SMS can be potentially used in the
high-throughput energy-efficient photonics switching. Some results presented in this chapter

are published in [140] and [141].

5.1 Design and working principle

The schematic of the proposed scalable multimode switch (SMS) is shown in Fig.5.1 with

simplified block diagrams of a 2-mode switch and a 3-mode switch. The 2-mode switch
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Figure 5.1 Schematic of the scalable multimode switch (SMS) with three
multimode inputs denoted as TE(-in, TE1-in and TFEZ2-in; and three single-
mode outputs, denoted as Outl, Out2 and Out3. The block diagrams of a
2-mode switch and a 3-mode switch are shown on top.

can switch TEQ-in and TFEI-in input modes between Out! and Out2 output ports. In the
3-mode switch, each of the first three TE modes (i.e. TEO, TE1 and TE2) can be switched
among three output ports: Outl, Out2 and Out3. The SMS consists of three cascaded
MMIs (MMI-A, MMI-B and MMI-C) and three metal heater phase shifters (PS-1, PS2a
and PS-2b). The waveguide cross-section is shown in Fig. 5.2(a). The waveguide widths for
single-mode and multimode propagations are optimized by eigenmode simulation using a
commercial CAD tool (Lumerical Mode solution). The widths for TEO, TE1 and TE2 mode
propagations are chosen to be 0.5 ym, 1.0 yum and 1.45 um, respectively, optimized by finite

difference eigenmode (FDE) simulation, as shown in Fig. 5.2(b).

5.1.1 Working principle

First three TE modes are multiplexed using a broadband ADC based mode multiplexer,

designed following [140]. The multiplexed mixed-mode signal propagates through the mul-
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Figure 5.2 (a) Cross-section of the single-mode (TE0), and multimode (TE1,
and TE2) waveguides with Ti/W metal heater phase shifter. The heater is
placed 2.0 pm over the single-mode waveguide; (b) simulated effective refractive
indices for the first four TE modes showing the simulated electric field for each
mode.

timode waveguide and coupled to the input port of MMI-A, which is the reconfigurable
multimode demultiplexer/switch (RMDS) consisting of a 72 um long 1x3 MMI coupler, de-
signed using the mechanism of symmetric interference. We discussed the design and working
principle of the RMDS in chapter4. The input port of the MMI-A has a 2.9 um wide and
20 pm long taper for the multimode transmission to adiabatically couple TEO, TE1 and TE2
modes to the MMI-A. As MMI-A and the RMDS are designed using the same methodologies,
and they operate following the same self-imaging pronciple, we expect a similar fabrication
tolerance for the both components, as studied in chapter 4, and hence not repeated here.
All I/O ports of the MMI-B and MMI-C have 1.5 ym wide and 20 um long linear tapers for
single-mode transmission. These tapers minimize the optical return losses at each step. The

widths of the MMIs are fixed at 6 yum. The lengths of MMI-B and MMI-C are optimized by
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a fully vectorial and bi-directional eigenmode expansion model, and are chosen to be 91 ym.
MMI-B and MMI-C are identically designed with equal widths and lengths, based on the
principle of 120° optical hybrid [142]. They form a Mach-Zehnder Interferometer (MZI) en-
abling reconfigurable switching among the Out1, Out2 and Out3 single-mode output ports.
As MZI based integrated switches need precise control over the power coupling ratios be-
tween the coupler’s output ports, fabrication tolerant and broadband MMI couplers are a
better choice than the ADC and the Y-junction leading to higher extinction ratio (>25.0dB)
and lower crosstalk [62]. The self-imaging principle of the MMI coupler [63] allows conver-
sion, tuning and low-loss propagation of multiple guided modes using a single set of photonic
components reducing footprint and power consumption. The detail design methodology of
the MMIs is reported in [70]. Each metal heater phase shifter is 6 um wide and 200 pum long
consisting of 200 nm thick thin film of Ti/W alloy, as shown in Fig.5.5(e) of the following

section, of 4)/sq sheet resistance.

5.1.2 Design of the mode decomposer MMI

Fig. 5.3 shows the simulated electric fields in MMI-A and MMI-B for three input modes.
The input TEO mode (TE0-in) is mapped onto the middle output port of MMI-A with a
smaller mode field diameter (MFD), as shown in Fig. 5.3(a), due to the smaller widths of the
taper and the waveguide at the output ports. To mitigate the complexities of manipulating
different mode orders in the same structure, the higher order TE modes are decomposed

to their fundamental components before phase-tuning and propagating through the device.
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Figure 5.3 Simulated electric fields of the MMI-A (left) and MMI-B (right)
at 1550 nm. The top (a, b), middle (¢, d) and bottom (e, f) images represent
the propagation of TEO, TE1 and TE2 modes, respectively.

The fundamental components of the TE1-in input mode are mapped to the upper and the
lower output ports with a m-phase shift (Fig.5.3(c)). The TE2 mode input (TE2-in) is
converted to the fundamental mode with a 66% conversion efficiency, and then mapped to
the middle output port of MMI-A (Fig. 5.3(e)). The reason for the lower conversion efficiency
is explained by the odd/even mode-parity [89]. In a 1x3 symmetric interference based MMI,
like MMI-A, the input even modes (i.e. TEQ and TE2) reproduce themselves in the middle
output port with 100% theoretical efficiency. However, the odd modes (i.e., TE1 and TE3)
are converted into lower order modes and equally divided in the upper and the lower output

ports [92, 143]. Thus, the input TEI-in mode is divided into TEO components, as shown in
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Fig.5.3(c).

As the input TFE2-in mode is not converted to its fundamental components in MMI-A’s
middle output port, phase-tuning of this higher order mode requires a mode insensitive phase
shifter which adds complexity to the device and increases the inter-modal crosstalk, hence
this scheme is avoided. An additional mode converter efficiently performs the TE2— TEO
conversion but, at the same time, filters out the input TEO mode [144]. A longer device
formed by cascaded MMIs and passive phase shifters can potentially improve the conversion
efficiency, as proposed in [90], but significantly increase the device length. Moreover, this
device is not capable of mode (de)multiplexing. As a design trade-off, the length of MMI-A
is optimized such that the odd/even parity is discontinued at the output end for the TE2-in
input mode resulting in a lower TE2—TEQ conversion efficiency at the cost of an increased
IL in the switching output ports. A small phase-shift, applied by the PS-1 phase shifter,
is required for precise control of the decomposed components of TEI1-in and TE2-in input
modes. The fundamental components of TE0-in, TE1-in and TE2-in modes are coupled to
the input ports of MMI-B as shown in Figs. 5.3(b), (d) and (f), respectively. MMI-B, being a
120° optical hybrid, causes a 27/3 phase difference between each output ports. The incoming
light is equally distributed among the output ports of MMI-B for the TE0-in and the TFE2-
in modes. The imbalance in power splitting observed in the TEI-in mode (Fig.5.3(d)) is
compensated by the PS-2a and PS-2b phase shifters by an additional phase-shift of 0-2.5V,

which also tune the relative phases of the MMI-B outputs before coupling them onto MMI-C.
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Figure 5.4 Simulated optical transmission (left) and relative phase difference
in the output ports of the 120° optical hybrid (MMI-B and MMI-C) as a function
of MMI length. The 2D schematic of the MMI is shown above the transmission
plot.

5.1.3 Design of the 120° optical hybrid

MMI-B and MMI-C are identically designed to operate as a 120° optical hybrid [142], where
each of the output ports (01, 02, and O3) receives one-third of the input optical power from
any of the input ports (I1, 12, and I3). According to the principle of general interference,
the optical phases of a NxN MMI are determined by Fourier analysis in [63] and can be

expressed as
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Ors = %(s —1D@2N+r—s)+m7 for r+s even (5.1)

Ors = %(r +s—1)2N —r—s+1) for r+s odd (5.2)

where r = 1,2,..., N corresponds to the input port number for a bottom-up position,
and s = 1,2,..., N is the output port number following a top-down position. For a 3x3

MMI (N = 3), the phase-difference between the output ports is 27/3 for any input port,

which satisfies the condition of a 120° hybrid. For a given beat length, L, = T the

(Bo—B1)’
length of this MMI to form the M-th P-fold image is calculated using the following equation,

where M represents the order of self-image and P represents the number of self-image of the

input light:

M
Lyvr = F(SLW) (5.3)

For a 6.0 um width and 89.1 um estimated beat length, the first (M = 1) three-fold
(P = 3) image appears at approximately 89.1 um away from the input location. A length
sweep of MMI-B using Lumerical’s eigenmode expansion (EME) simulation estimates the
optimal length to be 90.0 um to achieve 33% power splitting and 120° relative phase-shift in
each output port regardless of the input ports, as shown in Fig.5.4. The length and width

of the tapers, and the locations of the input/output ports are also optimized using EME
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simulation with a 20 nm uniform mesh in all cases.

5.1.4 Design of the switching MMI

The MZI formed by MMI-B and MMI-C provides reconfigurable switching of the three
input modes. The simulated electric fields in MMI-C for switching among Out1, Out2, and
Out3 output ports are shown in Figs.5.5(a), (c) and (e), respectively. The corresponding
calculated optical transmissions as a function of wavelengths are shown in Figs.5.5(b), (d)
and (f), respectively. A relative phase-shift of 27 /3 is required between the PS-2a and the
PS-2b phase shifters to enable reconfigurable switching. For the Outl transmission, the
phase-shifts at PS-2a and PS-2b are set to 2m/3 and 0, respectively. When the switching
output appears at the Out2 port, PS-2a = 27/3 and PS-2b = —2x/3. Finally, for the
Out3 transmission, the phase-shifts at PS-2a and PS-2b are 0 and 27/3, respectively. The
calculated insertion losses (IL) range between -0.7 dB to -1.8 dB within 1500 nm to 1600 nm
wavelength range for all three output ports. The estimated crosstalk is less than -29.0dB in
all cases. The operation principle of the dual-mode (TE0+TFE1-in) transmission is reported

in section4.2.1.

5.2 SMS fabrication and characterization

The SMS is fabricated through Applied Nanotools Inc. using a SOI wafer of 220 nm thick
silicon device layer, 2.0 ym buried-oxide (BOX) layer, and 675 pm silicon handle layer [145].

The device is patterned using a 100keV electron-beam-lithography (EBL), followed by an
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Figure 5.5 Simulated electric fields at 1550 nm (left) and calculated optical
transmission as a function of wavelength (right) in MMI-C. The top (a, b),
middle (c, d), and bottom (e, f) images represent optical transmissions in OutZ,
Out2 and Out3 output ports, respectively.

inductively coupled plasma-induced reactive ion etching (ICP-RIE) process. Then, a 2.2 ym
silicon dioxide (SiO2) is deposited using chemical vapor deposition (CVD) to protect and
isolate the silicon device layer. On top of this oxide layer, 200 nm thin film of Ti/W alloy

is deposited as high-resistance heater and 300 nm thin film of aluminum is deposited for the
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Figure 5.6 (a) Optical micrograph of the fabricated chip of the 2-mode SMS;
(b) experimental test bed of the DC measurement showing a vertically coupled
8-fiber array (FA), a 15-pin multi-contact wedge (MCW) DC probe, and the
silicon photonics SMS device under test (DUT); (c¢) schematic (top view) of
the ADC based 2-mode multiplexer; (d) normalized optical transmission of
the 2-mode multiplexer as a function of wavelength; (e) 3D schematic of the
Ti/W metal heater phase shifter; and (f) measured current-voltage character-
istic curve of the phase shifter
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electrical routing using electron-beam evaporation. After metallization, a 300 nm SiOs layer
is deposited as a protective layer for the heaters, which is etched away over the aluminum
pads for electrical probing. A subset of the proposed SMS (Fig. 5.2) enabling reconfigurable
switching of TEO and TE1 modes between two output channels is experimentally measured.
Simultaneous 2-mode switching between two parallel high-speed optical signals is also demon-
strated. The characterization results of the 3-mode switch (3MS) are presented in chapter 6.
An optical micrograph of the fabricated chip for the 2-mode switch is shown in Fig.5.6(a).
As the 2-mode switch needs only two output ports, the middle output port of the 3-mode
switch (Out2 in Fig.5.2) is tapered down, and the upper and the lower output ports are
denoted as Out!l and Out?2, respectively, as shown in Fig.5.6(a).

Fig.5.6(b) is an image of the experimental test bed showing a vertically coupled 8-fiber
array (FA), a 15-port multi-contact wedge (MCW) DC probe, and the SOI device under test
(DUT). The continuous wave (CW) optical input from a tunable C-band laser is polarization
controlled for quasi-TE mode transmission, and then coupled to the DUT through surface
grating couplers (GCs) of -6.5dB fiber-to-chip coupling loss per GC. Heater bias voltages
are applied from tunable DC power supplies, and the optical output power is measured
by a power meter. An ADC based 2-mode multiplexer, shown in Fig.5.6(c), is used for
multiplexing the TEO and the TE1 modes. The CW response of the 2-mode multiplexer is
first measured. The normalized optical transmission of this mode-multiplexer as a function of
wavelength is shown in Fig. 5.6(d). The broadband mode-multiplexer exhibits -1.8 dB IL and

-22.0dB crosstalk for the TEQ mode, and -2.7 dB IL and -30.8 dB crosstalk for the TE1 mode,
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Figure 5.7 Experimental setup for the scalable multimode switch (SMS) mea-
surement. The optical and electrical connections are shown as black and red
lines, respectively. PC: polarization controller, MZI: Mach-Zehnder interfer-
ometer, EDFA: Erbium doped fiber amplifier, DUT: device under test, BPF:
band-pass filter, PD: photodetector, RT'O: real-time oscilloscope, DCA: digital
communication analyzer, CLK: clock synthesizer, PPG: programmable pattern
generator, NRZ: non-return-to-zero data signal.

respectively, within 1520 nm to 1580 nm wavelength range. The lower propagation constant
(B = 2mnepp/A) of the TEL mode due to the lower effective refractive index inside the channel
waveguide is attributed to the higher IL for the TE1 mode. The electrical resistance of the
phase shifter is measured on a 200 pm x 6 um heater test structure (Fig.5.6(e)), and shown
in Fig.5.6(f). The measured resistance is 137.5 at room temperature.

For payload data transmission validation, the CW optical input from the laser is mod-
ulated by a 10 Gb/s NRZ PRBS31 signal, generated by a programmable pattern generator
(PPG), shown in Fig.5.7. The modulated and amplified signal is transmitted to the device
under test (DUT), and then detected by a 46 GHz off-chip photoreceiver with a responsivity
of 0.7A/W after filtering out any out-of-band noise. The switch responses are recorded in
real-time using a 350 MHz real-time oscilloscope (RTO) while recording the eye diagrams
using a digital communication analyzer (DCA), which is synchronously triggered with the

PPG by a 20 GHz clock synthesizer (CLK). A 18.6kHz electrical square wave gating signal
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Figure 5.8 Normalized optical transmission of the SMS for the TFE0-in and
the TE1-in input modes in the (a) bar state and in the (b) cross state as a
function of wavelength.

of 16ns fall and rise time is applied to the PS-2a phase shifter, with the PS-1 and PS-2b

phase shifters biased at fixed voltages to achieve the lowest IL in the transmitting channel.

5.2.1 Individual-mode switching

The normalized optical transmissions as a function of wavelength are shown in Fig.5.8(a)
for the bar state and in Fig.5.8(b) for the cross state. In the bar state (Fig.5.8(a)), the
measured IL at 1550 nm are -2.8dB for the TEO input (TE0-in) and -6.5dB for the TE1
input (7TFE1-in). The crosstalks are -16.2dB and -14.0dB for the TE0-in and the TEI-in
inputs, respectively. In the cross state (Fig. 5.8(b)), the ILs in TE0-in and TE1-in inputs are

-2.8dB and -7.3dB, respectively; and the crosstalks are -19.3dB and -19.3 dB, respectively.
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Figure 5.9 Normalized optical transmission of the SMS for TE(0-in input as
a function of (a) PS-2a and (b) PS-2b bias voltages from 0V to 3.5V when
PS-1 = 0V; (e) and (f) are the normalized transmission for TE1-in input as a
function of PS-2a and PS-2b bias voltages, respectively, from 0V to 3.5V when
PS-1 =2.2V.

These values include the IL and crosstalk of the 2-mode multiplexer, reported in Fig. 5.6(d).
As different waveguide modes have different effective indices, and the thermo-optic phase-

shift is a function of effective index of the individual modes, the phase-tuning of each mode
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requires different bias voltage in the heaters. The bias optimization of the PS-2a and the
PS-2b phase shifters at 1560 nm from 0V to 3.5V are shown in Fig.5.9(a-b) for the TE0-in
input and in Fig.5.9(c-d) for the TEI-in input, respectively. As the TE0-in input is not
affected by the PS-1 phase shifter, this bias is fixed at 0 V. However, a 2.2V bias is required
in the PS-1 phase shifter for the phase matching of two fundamental components of the
TE1-in input mode. The minimum switching ER for the TFE0-in and the TE1-in inputs are
17.7dB and 19.2dB, respectively.

The switching responses for the TE(0-in and TFE1-in inputs are shown in Figs.5.10(a)
and (b), respectively. The TFE0-in transmission exhibits 9.5 us rise time and 7.4 us fall time
for the bar state (TE0— Outl), and 9.8 us rise time and 9.6 us fall time for the cross state
(TEO— Out?2). For the TE1-in transmission (Fig.5.10(b)), the rise and fall times in the bar
state (TE1— Out2) are 7.0 us and 8.3 us, respectively. In the cross state (TE1— QOutl), the
rise and fall times are 7.4 us and 9.6 us, respectively. Dynamic switching responses with pay-
load data transmissions are shown next to each corresponding channel. The corresponding
eye diagrams with measured electrical signal-to-noise ratios (SNRs) are shown next to each
switching response. Open eyes are observed in all cases confirming the signal integrity with

distortion free high-speed data transmission.

5.2.2 Dual-mode switching

The operation principle and experimental demonstration of simultaneous dual-mode trans-

mission in an MMI based mode (de)multiplexer is discussed in section4.2.1. For the recon-
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Figure 5.10 Measured on-off-keying switching of the MSS for the (a) TE0-
in, and (b) TEI-in input modes at 1560 nm, showing the static (left) and the
dynamic (right) responses. Insets of the static responses show the measured
eye diagrams with the electrical SNRs.

figurable switching of two simultaneous TE modes (TEO+TE1-in), the PS-1 phase shifter
is optimized so that the combined light beam of the TFI-in mode components always ap-

pear in the middle output port of MMI-B (Fig.5.3(d)), and the power divided light beams
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from the TE0-in mode appear in the upper and the lower input ports of MMI-B. As each
output beam is 27 /3 out-of-phase with each other, by ensuring proper phase control using
PS-2a and PS-2b phase shifters, dual-mode switching is achieved in the output of MMI-C.
Although the ADC based mode multiplexer (Fig.5.6(c)) can provide <-20dB crosstalk over
a large wavelength range (1520 nm-1580nm) for individual-mode switching, the operating
range reduces below 12 nm for the dual-mode transmission with a large (>-10dB) crosstalk.
However, the MMI based mode multiplexer, which is presented in section4.2 [69], provides
broadband response and sufficient crosstalk for simultaneous 2-mode switching. For this
reason, the dual-mode (TE0+TFE1-in) characterization is done using a MMI based mode
multiplexer followed by the SMS of Fig. 5.2, with an additional 16.5 mW power consumption
due to the phase tuning in the mode multiplexer. As the switching section i.e., SMS is the
same in both structures, this modification does not limit the functionality of the SMS for
dual-mode switching. Indeed, a design improvement is required for the ADC based mode
multiplexer to demonstrate broadband and low crosstalk dual-mode transmission.
Normalized optical transmissions as a function of wavelength from 1520 nm to 1580 nm
in dual-mode (TEO+TFE1-in) are shown in Figs.5.11(a) and (b) for Out! and Out2 output
ports, respectively. A -7.0dB IL and -11.9 dB crosstalk are observed in the Out! output port,
and -6.9dB IL and -17.5dB crosstalk are observer in the Out2 output port. The normalized
transmission of TEO+TFE1-in input mode as a function of bias voltages of PS-2a and PS-2b
phase shifters from 0V to 4.0V at 1560 nm are shown in Figs.5.11(c) and (d), respectively.

The lowest switching ER is 12.0dB for the TEO+TFE1-in— Out2 transmission. The dual-
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Figure 5.11 Normalized optical transmission of the SMS for the TEO+TFE1-
in input mode for the (a) Out! and the (b) Out2 output ports as a function
of wavelength; (c) and (d) are the normalized transmission for TEO+TFE1-in
input as a function of PS-2a and PS-2b bias voltages, respectively, from 0V to
4.0V when PS-1 =22V

mode switching performances, demonstrating 2x10 Gb/s aggregated bandwidth, are shown
in Figs.5.12(a) and (b) for the Out! and the Out2 output ports, respectively. The slowest
rise and fall times, in response to the 18.6 kHz square wave gating signal, are 7.1 us and
7.6 us, respectively. The eye height and the electrical SNR decrease in dual-mode compared

to the individual-mode switching, which is attributed to the larger IL and crosstalk, observed
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Figure 5.12 Measured on-off-keying switching of the MSS for the TE0+ TFE1-
in input mode at 1560 nm, showing the static (left) and the dynamic (right)
responses. Insets of the static responses show the measured eye diagrams with
the electrical SNRs.
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in Figs. 511(a) and (b). The dynamic switching is shown next to the static switching results.
The CW measurement results are summarized in Table 5.1 and the switching performances

are summarized in Table 5.2 for TE0-in, TE1-in and TEO+TFE1-in input modes.

5.3 Discussion

5.3.1 Investigation of scalability

The SMS can be scaled up to switch higher order TE modes (e.g., TE3 and TE4) by carefully
optimizing the width and length of the mode decomposer MMI (MMI-A) with additional

output ports followed by the necessary phase shifters. However, the higher order modes will
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Table 5.1 Insertion loss (IL), crosstalk, and average heater power consump-
tion in the 2-mode SMS within 1520 nm and 1580 nm wavelength range

Input Output Insertion Loss Crosstalk Heater Power
(-dB) (-dB) (mW)
TEO Bar 2.0<29.3 13.3++30.7 48.3

Cross 1.7¢+12.3 9.24+26.3 0

TEL Bar 4.2++10.5 7.54+19.6 84.9
Cross 5.6<+13.0 7.3¢>27.0 126.3
TEO+TE1L Outl 5.3++8.5 8.1++20.6 98.2
Out2 3.8¢9.7 8.9++19.8 134.7

increase both the IL and the power consumption somewhat challenging its scalability. For
example, the estimated IL and power consumption for the TE3 input mode in a similar 4-
mode switch, calculated using numerical approximation, is -8.2dB and 128 mW, respectively.
In the proposed 4-mode SMS, as shown in Fig.5.13(a), a 1x3 mode separator MMI of 7 ym
width and 145.6 ym length reproduces the even TEO and TE2 modes to its middle output
port. The odd modes (i.e., TE1 and TE3) are divided into two components, and then
mapped to the upper and the lower output ports. The TE1l mode is decomposed to TEO
components, and the TE3 mode is decomposed to TE1 components [92]. These decomposed
mode components are phase-tuned and demultiplexed in the 2-mode (de)multiplexer. The
demultiplexed modes are recombined in the 3dB coupler stage followed by a 4x4 switching
stage consisting of a 4x4 MMI and four phase shifters. There are eight phase shifters in this

structure: each 2-mode switch has two phase shifters and the switching stage has four phase
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Table 5.2 Switching performances for TEQ, TE1 and TEO+TE1 input modes

at 1560 nm
Switching ER. Rise Time Fall Time Electrical
(aB) (1) (1s)  SNR
TEO0—Outl 17.7 9.5 7.4 11.0
TE0—Out2 20.1 9.8 9.6 10.5
TE1—Outl 21.8 7.4 9.6 9.1
TE1—0Out2 19.2 7.0 8.3 9.7
TEO+TE1—Outl 5.0 7.6 8.3 7.6
TE0O+TE1—0Out2 7.1 5.1 8.3 6.3

shifters. The electric fields in the mode separator MMI for the first four TE mode inputs are

shown in Fig.5.13(b), demonstrating the capability of simultaneous 4-mode transmission.

5.3.2 Investigation of loss and power budget

To study the overall loss and power budget of the SMS, the 2-mode switch is compared
with a mode selecting switch (MSS) allowing either the TEO or TE1 mode transmission
enabling a single-mode switch, reported in [70], and presented in section4.3. As this MSS
utilizes the same mode decomposer, cascaded MMI couplers and metal Ti/N phase shifter
of similar phase tuning efficiency, the comparison is consistent and reasonable. The IL and
power consumption of the proposed 3-mode switch, as shown in Fig. 5.2, is also considered
in the scalability comparison. The measured average IL and average heater power for the
mode selecting single-mode switch are previously reported to be -1.95dB and 23.3mW,

respectively. The experimentally mesured average IL and average heater power for the 2-
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Figure 5.13 (a) Schematic block diagram of the 4-mode SMS for the switch-
ing of first four TE modes, i.e. TEOQ, TE1, TE2 and TE3; the simulated electric
fields in the mode separator MMI are shown underneath for (b) TE0-in; (c)
TE1-in; (d) TE2-in; and (e) TES-in input modes.

mode SMS for the individual mode operation (i.e., TE1-in and TEI-in) are -6.8dB and
65.0mW, respectively in an ADC based SMS (see Table5.1). As the dual-mode switching
using ADC based mode multiplexer requires further optimization, this is not considered
in the scalability study in Figs.5.14(a) and (b). An initial characterization of the 3-mode
switch demonstrates an average IL of -7.0dB and an average heater power of 91.8 mW for

the individual mode transmission. These values are plotted in Figs.5.14(a) and (b) as a
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function of the number of TE modes. In a 2x2 MMI based single-mode MZI switch matrix,
the overall IL from an input port to an output port can be estimated by simply adding up the
ILs of each MMI along the I/O path, as each MMI is identically designed exhibiting similar
IL and crosstalk. However, the dimensions of the MMIs, and the number of cascading stages
change as the number of mode increases in the higher order SMS. Thus simulating the IL of
a single MMI and adding it up for higher order mode switching is not an acceptable method.
In Fig.5.14(a), the IL of each MMI is estimated by EME simulation, and the S-parameters
are extracted to build a circuit model in Lumerical’s Interconnect [146]. The calculated ILs
from this circuit level simulation are plotted in Fig.5.14(a), along with the measured and
fitted values. The higher ILs in the measured and the fitted plots than the simulated one is
attributed to the higher scattering loss and wavelength sensitivity in the fabricated device,
an impact of fabrication non-uniformity.

The power consumption per phase shifter is estimated through simulation, as reported
in section3.1 [136]. Based on the number of phase shifter used in 2-mode and 3-mode
switches, we estimate the number of phase shifter required for higher order modes, and
calculated the total heater power from simulation. The calculated average heater powers are
plotted in Fig.5.14(b), along with the fitted and measured values. The calculated and fitted
powers are in good agreement. The slight variation arises from the uniform power increment
in the calculated plot versus the change in heater power consumption for different phase
shifters in the fabricated device. A -9.0dB average IL and 193.0 mW average heater power

is expected for a multimode switch capable of switching six TE modes. The heater power
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Figure 5.14 Measured (green star), fitted (pink dotted line) and simulated
(blue dashed line) insertion loss (a) and average heater power (b) in the SMS
as a function of number of propagating modes; (c) is the on-chip power fraction
(%) of lasers with respect to total on-chip power in the single-mode (blue line)
and the multimode (pink line) switches; the power consumption is calculated

from the extrapolated heater powers from (b).

budget can be further improved by using resistive type doped silicon phase shifter [40] of

21 mW /m-shift, calculated in section 3.1, replacing the metal heater of 35.5mW /m-shift, as

measured in [70]. Using this resistive phase shifter, we achieved an on-chip energy efficiency of

1.55 pJ/bit, including the laser power, and a 2x10 Gb/s aggregated bandwidth in an RMDS

based MDM photonics link. This type of phase shifter was not used to design the 2-mode

and the 3-mode switch due to fabrication limitation. This estimation of energy efficiency is
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presented in section4.4. As the same RMDS (MMI-A) can decompose TEO, TE1 and TE2
modes, a single device is required for the 2-mode switch and the 3-mode switch without
increasing the footprint. The IL, device size and power consumption for more than 6 modes
in single wavelength and single polarization (either TE or TM) is somewhat impractical
and can be detrimental for error-free data transmission. For greater scalability, combined
multiplexing techniques such as, WDM-MDM, MDM-PDM and WDM-MDM-PDM should

be implemented.

5.3.3 Investigation of laser power fraction

As most of the power consumption of an integrated photonic switch is caused by the power
of the laser [16], it is essential to evaluate an integrated switch in term of the on-chip laser
power. The heater powers from Fig.5.14(b) are used to calculate the on-chip power fraction
(%) of the laser for single-mode and multimode switches of two to six switching channels,
as shown in Fig.5.14(c). A 2x2 MZI switch test structure with 2x2 MMI couplers and the
same Ti/W metal heater phase shifter (as used in the SMS) is characterized as a single-mode
2-channel cross-bar switch. The measured average switching power of this 2x2 MZI switch
is 40 mW. In the total on-chip power consumption of a switching channel, a 66 mW power of
a 10 Gb/s directly modulated tunable on-chip VCSEL is included [147]. The on-chip power
of a hybrid-integrated 40 Gb/s photoreceiver including a Ge-on-Si photodetector and a wire-
bonded transimpedance amplifier (TIA) is reported to be 77mW [148]. As the single-mode

switching requires individual laser per switching channel, the ratio of laser power to the total
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on-chip power remains constant (38.1%) regardless of the number of channels, as shown in
Fig.5.14(c). On the other hand, a 3-channel multimode switch, for example, needs only
one VCSEL providing equal optical power to each channel (3mW optical output power).
The power consumption by the laser for three-mode transmission is 79.7 mW including the
66 mW electrical driving power and 13.7mW additional power to account for the higher
optical output [149]. The laser wall-plug efficiency is not taken into account, as done in
[16]. The receiver power and the heater power remain the same as the 3-channel single-mode
switch. This estimates a laser power fraction of 19.8% in the 3-channel multimode switch,
which is almost half the laser power fraction of a 3-channel single-mode switch of 36.1%. This
allows large reduction in total on-chip power consumption in the multimode switch by saving
approximately 27% energy in 2-channel switch up to 63% energy in the 6-channel switch
compared to the corresponding single-mode switches. Thus, the proposed SMS can be used
in the deployment of energy-efficient switch matrix in mode-division multiplexed integrated
photonic systems. Indeed, the on-chip loss budget and the photodetector sensitivity have
to be considered in this estimation, which needs detail investigation of power consumption

analysis.

5.4 Summary

To summarize, in this chapter we presented a novel scalable multimode switch (SMS) using

multimode interference couplers and Ti/W metal heater phase shifters for reconfigurable
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MDM silicon photonic systems. To the best of our knowledge, this is the first demonstration
of a SOI MDM switch that allows path-reconfigurable switching between first two (TE0 and
TE1) or three (TEQ, TE1 and TE2) TE modes using the same device, which can significantly
improve the bandwidth density and power consumption. The 2-mode SMS exhibits <-14 dB
crosstalk and <-7.3dB IL in the individual-mode switching. The crosstalk and IL in the
simultaneous dual-mode switching are <-11.9dB and <-7.0dB, respectively at 1550 nm.
The measured switching ER is greater than 19.2dB and 12.0dB for individual-mode and
dual-mode, respectively. Open and clear eye diagrams for all data channels demonstrate
distortion-free data transmission with an aggregated bandwidth of 2x10 Gb/s. The rise and
fall times are < 9.8 us for the TE0-in input, < 9.7 us for the TE1-in input, and < 7.6 us for
TE0O+TFE1-in input modes. The SMS can be scaled up for higher order mode switching by
engineering the length and the width of the MMI couplers with more output ports and phase
shifter stages. The power consumption analysis demonstrates the higher energy efficiency of

the SMS than a single-mode MZI switch.
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Chapter 6

3x10 Gb/s three-mode switch using

120° hybrid based unbalanced MZI

In this chapter, we demonstrate a three-mode switch (3MS) enabling reconfigurable switching
of the first three transverse electric (TE) modes in the C-band using a 3x3 unbalanced MZI
(UMZI) formed of a 120° optical hybrid MMI coupler. This is the experimental validation
of the proposed SMS, presented in chapter 5, with 3-mode switching demonstrating greater
scalability, higher aggregated bandwidth capacity and better energy efficiency. The results
are published in [118]. The 3MS exploits the relative phase difference of the 120° optical
hybrid to enable interferometric switching among the output ports of the UMZI. The 3MS
is designed for TE polarization using 220 nm thick silicon channel waveguides, surrounded
by 2.0 um buried oxide (BOX) and 2.2 um cladding layers of SiOy. Ti/W thin film of 200 nm

thickness and 6 um width is deposited over the silicon waveguide as metal heater phase
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shifter. The waveguide widths for TEO, TE1 and TE2 mode propagations are optimized to
be 0.5 ym, 1.0 pm and 1.45 pum, presented in section 5.1.1. An ADC based 3-mode multiplexer
and MMI based mode decomposer, presented in section 5.1.2, are used to excite the TEQ,
TE1 and TE2 modes, and then demultiplex them into the fundamental mode components
for phase-tuning. Titanium/tungsten (Ti/W) based thin film metal heaters are used as
phase shifters. The 3MS exhibits less than 12.0 us switching time and greater than 12.0dB
switching extinction ratio (ER) while dynamically switching high-speed non-return-to-zero
(NRZ) 231-1 pseudo random bit sequence (PRBS31) optical payloads for an aggregated
bandwidth of 30 Gb/s (3x10Gb/s). An average power consumption of the heater of 94.8 mW

is measured enabling energy-efficient 3-channel switching.

6.1 Design and working principle

The proposed three-mode switch, as shown in Fig.6.1, is a similar design as Fig. 5.1 with
bent MZI arms to reduce the device length. Three phase shifters, instead of two in the SMS,
are required for the phase-tuning of three TE modes. Like the SMS, the 3MS consists of
a tapered mode decomposer MMI (MMI-A) followed by the 3x3 unbalanced MZI (UMZI),
comprised of two tapered cascaded MMIs (MMI-B and MMI-C). Four 200 um long metal
heaters are used as phase shifters. The PS-1a and the PS-1b phase shifters are used for
tuning the relative phases of the decomposed mode components to optimize the insertion

loss (IL) and the crosstalk. The PS-2a and the PS-2b phase shifters are used for applying
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Figure 6.1 2D schematic of the three-mode switch (3MS) with three mul-
timode inputs denoted as TFEO0-in, TE1-in0, and TE2-in; and three single
mode outputs denoted as Outl, Out2, and Out3. the input ports of MMI-B
(120° hybrid) are denoted as I1, 12 and I3, and its output ports are denoted as
01, 02 and O3.

required phase-shift in the UMZI to implement reconfigurable switching. The arms of the

MMIs containing the phase shifters are bent to reduce the device footprint using 90° bends

of 15 um radii. The widths of all MMIs are 6 um. The detail design and dimensions of the

MMIs are discussed in section4.1 and 5.1, and reported in [140].

The three TE modes, i.e., TEO, TE1 and TE2, are first multiplexed using a broadband

ADC based mode multiplexer. The dimension and normalized optical transmission in this

mode-multiplexer are shown in the experimental result section (section 6.2.1). After different

optical modes are multiplexed in the mode-multiplexer, the mixed-mode signal is demulti-

plexed, and decomposed to its fundamental components in MMI-A, which is a reconfigurable

multimode demultiplexer/switch (RMDS), as presented in chapter 4 [69]. The working prin-

ciple of MMI-A is explained in section 5.1.2, and the simulated electric field profiles are shown
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in Fig.5.3. The decomposed mode components for the TE(0-in, TE1-in and TE2-in input

modes are mapped to the MMI-A output ports as follows:

1. TEO-in input: the TEO mode is mapped to the middle output port with 99.4% effi-

ciency, but with an approximately 35% smaller mode-field diameter (MFD).

2. TFE1-in input: the TE1 mode is divided into two fundamental components of opposite
phases, and then mapped to the upper and lower output ports, each with 48.7% of the

input power, with more than 97% overall efficiency.

3. TE2-in input: the TE2 mode is converted to the fundamental mode with 66.7% effi-

ciency and mapped to the middle output port.

A longer MMI can potentially improve the conversion efficiency and reduce the scattering
loss for the TE2-in input mode [90], but significantly increases the device length, hence, this
method is avoided. Another approach is to use cascaded MRRs, but limiting the operating
range of the 3MS due to the wavelength sensitivity of the micro-rings [107]. Using asym-
metric directional couplers [77] and cascaded asymmetric Y-junctions [97] can improve the
TE2—TEO conversion efficiency. These devices, however, are more susceptible to fabrication
process variation than MMIs. The outputs of the MMI-A are coupled to MMI-B’s middle
input port (I2) for the TE(0-in and TEZ2-in input modes, and to the upper (I1) and the
lower (I3) input ports for the TE1-in input mode, as shown in Fig.5.3. The incoming light

is equally distributed among the output ports of MMI-B for TEO and TE2 modes. The
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imbalance in power splitting observed in the TE1 mode is compensated by the PS-2a and

PS-2b phase shifters.

6.1.1 Design of the 3x3 unbalanced MZI

The 3x3 UMZI is designed analytically using the transfer matrix method (TMM) [150].
Although the more rigorous EME method can be used to generate the scattering matrix
(S-matrix) utilizing bidirectional wave propagation, a large number of modes need to be
considered to ensure the EME accuracy. This increases calculation time and complexity,
especially in a phase sensitive device like the UMZI. Alternately, the TMM is attractive
for its ability to decompose a complex structure into smaller components and calculate the
transfer matrix of each component to directly generate the transmission spectrum of the
complete device.

First, the analytical model is applied on a balanced 3x3 MZI to understand the switching
in the ideal case. Then the transfer matrix of the UMZI is developed by compensating the
optical phase delay associated with the bends and unbalanced arms. The characteristic

equation for the output transmission of a balanced 3x3 MZI is defined as:

Upur = UDUU; (6.1)

where U; and U,,; are the input and output matrices of the switch, U is the transfer

matrix of the 3x3 general interference MMI (MMI-B and MMI-C), and ® is the matrix of
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Figure 6.2 Simulated phase matrix of the 3x3 balanced MZI showing optical
transmission for the inputs (I1, I2 and I3) to outputs (Outl, Out2 and Out3)
as a function of the combined phase-shifts of the PS-2a and the PS-2b phase
shifters. The schematic of the 3x3 MZI is shown above.

the phase shifters. Using the amplitudes and phase-shifts of the 120° hybrid from Fig. 5.4,
the transmission matrix of each input to each output of the 3x3 balanced MZI switch is
generated in Matlab with respect to PS-2a and PS-2b phase shifters. This phase matrix is
shown in Fig. 6.2. The applied phases for each individual transmission comply with the 27 /3
phase requirement of the 120° hybrid. The optimal transmission maintains three groups of
symmetry in phases I, II, III, which is summarized in Table6.1.

In the UMZI, the optical path difference, AL, between the bent waveguides on the upper
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Figure 6.3 Simulated phase matrix of the 3x3 unbalanced MZI (UMZI)
showing optical transmission for the inputs (I1, I2 and I3) to outputs (Outl,
Out2 and Out3) as a function of the combined phase-shifts of the PS-2a and
the PS-2b phase shifters. The schematic of the 3x3 UMZI is shown above.

and the lower arms along the PS-2a and the PS-2b phase-shifters, and the smaller straight

waveguide in the middle arm results in a phase difference of Ay defined by,

27,
Ay = %AL (6.2)
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Table 6.1 Phase-symmetry in the 3x3 balanced MZI

Group PS-2a phase PS-2b phase Transmission
I 0 27/3 [1—0utl, 12—0ut3, 13—0ut2
IT 27/3 0 [1—0ut2, 12—0utl, I3—0ut3
[T -27/3 -27/3 [1—0ut3, [2—0ut2, [3—0utl

This phase difference is taken into account in the transfer matrix of the UMZI to deter-
mine the required phase shift for reconfigurable switching. The phase-compensated transfer

function of the UMZI becomes:

U, =UdUU; (6.3)

out ~

where,

=+ Ay (6.4)

The three groups of symmetry I, II and IIT still applies in UMZI but the 27/3 phase
requirement no longer exists. The transmission matrix of the UMZI with the corrected
phase-shifts in PS-2a and the PS-2b is shown in Fig. 6.3. In the 3MS, the UMZI needs to be
tuned according to these phases to achieve reconfigurable switching.

The UMZI transfer-matrix in the Eq. (6.6) is solved in Matlab by taking the phase-shifts
of Fig.6.3 into account. The solutions are plotted in Figs.6.4(a) and 6.4(b) for 12 and
(I1+13) inputs, respectively. 12 input corresponds to the TE0-in/ TE2-in input and (I1413)

corresponds to the TE1-in input. The switching states are determined for the maximum
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Figure 6.4 Solutions to the UMZI transfer matrix as a function of the com-
bined phase-shifts of PS-2a and PS-2b phase shifters showing optical transmis-
sion and switching in all three output ports for (a) the 12 input port (TE0-in
and TE2-in modes), and (b) the (I1+I3) input ports (TEI-in mode). The
phase condition for the optimal transmission in each case is delimited by a
black dotted line.

transmission in the expected output port and, at the same time, the minimum transmission
in the crosstalk ports. The optimal transmissions are encircled by black dotted lines in each
plot. For the 12 input condition ( TE0-in/ TE2-in input mode) in Fig. 6.4(a), switching occurs
between Qutl and Out3 output ports with the optimal IL and crosstalk. From Fig. 6.3, the
[2—0ut2 switching should occur when PS-2a = PS-2b = 45°. As both phase shifters simul-
taneously need a non-zero phase-shift, the manual tuning of the test bed makes it difficult to
achieve of the precise bias voltage needed. Moreover, the relative phase difference between
the UMZI arms varies from the theoretical value due to the fabrication non-uniformity mak-
ing phase tuning more challenging. An automated biasing technique is required to precisely

tune both the phase shifters to enable switching at all output ports. This two-port switching
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will potentially limit the reconfigurability of the device but it is necessary for error-free data
transmission. The phase condition required for three-port switching causes large crosstalk
(more than 7% power leakage in each of the output ports), which will degrade the signal
integrity and eye quality during high-speed data transmission. For the (I1+I3) input condi-
tion (TE1-in input mode) the optimal transmissions enable reconfigurable switching among

all three output ports, as shown by the delimited dotted black line in Fig.6.4(b).

6.2 Fabrication and characterization

The 3MS, similar to the SMS, is fabricated through Applied Nanotools Inc. in Alberta,
Canada. The silicon device layer is patterned using a 100keV electron-beam lithography
(EBL) followed by an inductively coupled plasma-induced reactive ion etching (ICP-RIE)
process. The Ti/W thin film as metal heater and aluminum thin film for metal routing
are deposited using electron-beam evaporation. A thin (300 nm) SiO, passivation layer is
deposited by chemical vapor deposition (CVD) to protect the metal layers. The optical
micrograph of the fabricated chip is shown in Fig.6.5(a). Surface grating couplers (GCs)
are used to vertically couple the optical signal to and from the chip. The device footprint is
estimated to be 0.157 mm? excluding the optical and electrical I/O ports.

The 3MS is first characterized with continuous wave (CW) optical input. The polarization
controlled optical input from a tunable C-band laser is swept from 1520nm to 1600 nm

wavelength, and the output optical power is measured by an optical power meter. The IL
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Figure 6.5 (a) Optical micrograph of the fabricated 3MS showing the com-
plete device footprint excluding electrical pads; (b) experimental setup for the
high-speed data transmission measurement for the 3MS. The optical and the
electrical connections are shown as black and blue lines, respectively. PC: po-
larization controller; MZI: Mach-Zehnder interferometer modulator, EDFA: Er-
bium doped fiber amplifier, DUT: device under test, BPF: band-pass filter, PD:
photodetector, RTO: real-time oscilloscope, DCA: digital communication ana-
lyzer, CLK: clock synthesizer, PPG: programmable pattern generator, NRZ:
non-return-to-zero data signal.
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and the crosstalk of the switch are minimized by tuning the DC bias voltages applied to
the phase shifters. The experimental setup is similar to the one presented in section 5.2.
Fig.6.5(b) is the experimental setup for the high-speed data transmission measurement,

where the 10 Gb/s NRZ PRBS31 payload, generated by a programmable patter generator
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(PPG), modulates the CW optical signal. The modulated and amplified signal is transmitted
through the device under test (DUT), and then detected by a 46 GHz off-chip photoreceiver
of 0.7 A/W sensitivity. The eye diagrams are recorded by a digital communication analyzer
(DCA). The dynamic switching response is recorded in real-time using a 350 MHz oscilloscope
(RTO) by applying an 18.6 kHz electrical square wave gating signal from the PPG to the PS-
2a phase shifter. The other phase shifters are biased at fixed voltages to achieve minimum

IL and crosstalk.

6.2.1 Optical transmission characterization

A test structure of the ADC based 3-mode (de)multiplexer is first characterized with a
CW optical input. Fig.6.6(a) is the schematic of this ADC based mode (de)multiplexer and
Figs.6.6(b)-6.6(d) are the normalized transmissions for the optical inputs for (de)multiplexing
of TEO, TE1 and TE2 modes, respectively. As the optical 1/Os, i.e., the GCs, are designed
for single-mode coupling, the multiplexed modes need to be demultiplexed and converted to
the fundamental modes to be detected at the output GCs. The IL varies from -0.3dB to
-2.9dB for the TEO mode, from -0.9dB to -3.7dB for the TE1 mode, and from -0.3dB to
-2.2dB for the TE2 modes from 1520 nm to 1600 nm operating range. The worst crosstalks
are -18.3dB, -17.0dB, and -19.6 dB for TEO, TE1 and TE2 modes, respectively.

The ADC based mode (de)multiplexer is characterized for one mode at a time to measure
the IL and crosstalk for each incoming mode channel. In practice, this mode (de)multiplexer

can be used for the excitation and simultaneous transmission of all three modes at a time



6 3x10 Gb/s three-mode switch using 120° hybrid based unbalanced MZI 139

(a)

TE2E=S iu 43m lw
30 pm TEO + TE1 1 um

TEOCTD> | [Ba il <PD Joseum 1.25um &2 3[1'45 T

——>

30 pm TEO + TE1 + TE2
TE1 170 pm
=== [EO—-TEOD ===: [E1STEOD === |E2—TEQ
—_ — |EO—TE1 — E1—TE1 — [E2—TE1
o0
T, semmam TEO—-TE2 ssessm TE1-TE2  ssseam; TE2—>TE2
g -—I;-oa-\...‘.l --------- I W] YfeorrrrrEeraeeT Ry AL T L AT
2 C
g (b) -18.3dB (c) -17.0dB
Py PN, -
% -25 “ \J“f"}. ':':»-:‘".?q
% Fua T
g F e i ¥ i k¢
& I 8 i L
% %20 1560 160071320 1560 160071320 1560 1600
=

€——  Wavelength [rm] —@™—>

Figure 6.6 (a) 2D schematic of the ADC based 3-mode (de)multiplexer; the
normalized optical transmissions of this (de)multiplexer as a function of wave-
length are shown in (b) for the TEO mode, in (c) for the TE1 mode and in (d)
for the TE2 mode.

with an estimated maximum IL of -3.7 dB, and an estimated worst case crosstalk of -17.0
dB. The CW optical signal from a single tunable laser is divided by a 33% off-chip power
splitter into three data channels, each of which is modulated by either off-chip or on-chip
modulators. Indeed, the switching crosstalk in the 3x3 UMZI increases for three-mode
simultaneous transmission. A design trade-off is necessary to achieve optimal performance
from this high throughput 3MS.

The optical transmission in the 3MS, as a function of wavelength from 1520nm to
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1600 nm, normalized to a small waveguide test structure connecting two GCs, are shown
in Fig.6.7. TE0O-in, TE1-in and TE2-in input modes are shown in the upper, middle and
lower rows, respectively. The imbalance in effective optical path lengths between the spiral
bent waveguide in the upper and the lower arms, and the straight waveguide in the middle
arm of the UMZI results in an interferometric response with a small (~ 1.5nm) free spectral
range (FSR). This is different than the 2.5nm FSR we presented in section4.3.2 [70] due
to the different lengths of the MZI arms. As this interference adds negligible variation in
optical transmission (< 0.5dB), a larger sampling wavelength (1 nm) is taken for the experi-
mental measurements. An extended FSR up to approximately 20 nm is observed, as shown in
Figs.6.7(a)-6.7(f). This is attributed to the Vernier-effect induced FSR broadening caused
by the multiple waveguide cavities formed of the upper arm (O1— PS-2a— 02) and the
lower arm (03— PS-2b— 02) [151, 152]. This extended FSR is not observed in our 2x2
based mode (de)multiplexer/switch presented in section4.2, nor in the MSS presented in
section 4.3 due to the absence of multiple cavities.

For the TE0-in input mode (Figs.6.7(a) and 6.7(b)), the on-off switching occurs between
the Outl and the Out3 output ports, as explained in Fig.6.4(a). The phase shifters are
biased for the lowest crosstalk at 1560 nm. As the electro-optic modulator, used in the data
transmission (Fig. 6.5(b)), is most stable at 1563.5 nm, the IL and the crosstalk are optimized
around 1560 nm, which will facilitate data transmission measurement. For the Outl output
port, the IL varies from -0.56dB to -3.8dB and the switching ER varies from 14.0dB to

20.1dB. For the Out3 output port, the range of IL is -1.5dB to -6.8 dB, and the range of
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Figure 6.7 Normalized optical transmission as a function of wavelength show-
ing reconfigurable switching between output ports for (a-b) TE0-in, (c-d) TE1-
in and (e-f) TE2-in input modes. The applied bias voltages in each phase
shifter are shown next to each transmission spectra.

switching ER is 12.7dB to 18.2dB, respectively. The crosstalk varies from -24.1dB to -6.3 dB
over the full spectrum.
As a multi-port interferometric device, the optical transmission in the UMZI is sensitive to

the phase error and power imbalance in its arms, which imposes strict requirement of phase-
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control by precise tuning of bias voltages. A small imbalance in power splitting ratio and
phase deviation due to fabrication non-uniformity can cause non-optimal switching resulting
in higher IL and crosstalk, and lower ER [153, 154]. A look-up table based control algorithm
can be used for the pre-compensation of the phase-error, which will potentially improve the
switching performance [155]. The total heater power is estimated from the bias voltages to
be 17.8mW in Fig.6.7(a) and 30.2mW in Fig.6.7(b).

The normalized transmissions for the TE1-in input mode are shown in Figs.6.7(c) and
6.7(d) for the Out!/Out2 switching and the Out2/Out3 switching, respectively, with the
estimated heater power to be 70.0mW and 75.9mW, respectively. The IL and switching
ER at 1560 nm are less than -3.0dB and greater than 12.3dB. The worst case crosstalk at
1560 nm is -12.0dB between Out! and Out2 outputs in Fig.6.7(c). For the TEZ2-in input
mode, the IL and switching ER are less than -5.1dB and greater than 11.6dB at 1560 nm,
respectively. The worst case crosstalk at 1560 nm is -10.8dB in Fig.6.7(f). The average IL
and crosstalk increase in the TE2-in input mode. This is due to the imperfect TE2—TEOQ
conversion in MMI-A (Fig.5.3(e)). Indeed, a design improvement is required to reduce this
loss by optimizing the length, width, and 1/O position of MMI-A. A design trade-off using
an ADC based mode decomposer instead of the MMI-A can potentially reduce the loss at
the cost of a large footprint. The average heater powers for the TE2-in input mode are
175.1mW and 181.7mW in Figs.6.7(e) and 6.7(f), respectively. The overall average power
consumption of the switch is 91.8 mW. The total power consumption can be significantly

reduced by using a resistive phase-shifter of 21 mW /m-phase tuning efficiency, as presented
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in section 3.1 [136] .

6.2.2 Data transmission characterization

The switching performances in response to the gating signal (see Fig. 6.5(b)) applied at PS-2a
phase shifter are shown in Figs. 6.8(a) and 6.8(b) for the TE0-in input mode, in Figs. 6.8(c)
and 6.8(d) for TEI-in input mode, and in Figs. 6.8(e) and 6.8(f) for the TE2-in input mode.
The rise time (10% to 90% increase in switching response) and the fall time (90% to 10%
decrease in switching response) are estimated from the static switching without payload
transmission. The slowest rise times in TFE0-in, TE1-in and TEZ2-in inputs are 12.0 us,
11.9 us, and 11.1 us, respectively. The slowest fall times are 10.0 us, 10.9 us, and 10.3 us for
TEQ-in, TE1-in and TE2-in inputs, respectively. The switching time can be reduced to 2.0 us
by replacing the Ti/W heater with a doped silicon resistive heater [136], and further reduced
to 2.5ns using a p-i-n phase shifter [116]. The dynamic switching responses with 10 Gb/s
NRZ PRBS31 optical payload are shown next to each channel. The higher crosstalk and
lower switching ER in TEZ2-in input is attributed to the higher IL and crosstalk caused by
the lower mode conversion efficiency, as shown in Figs. 6.8(e) and 6.8(f). The corresponding
eye diagrams in each transmission are shown next to the switching responses. The electrical
signal-to-noise ratios (SNRs) and peak-to-peak amplitudes are shown for each eye. Open eyes
are observed in all cases confirming the signal integrity with distortion free high-speed data

transmission. The switching performances of all three modes are summarized in Table 6.2.
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Figure 6.8 Measured static (left) and dynamic (middle) switching of the 3MS
for (a-b) TE0-in, (c-d) TE1-in and (e-f) TE2-in input modes. The correspond-
ing eye diagrams (right) with recorded electrical SNR and peak-to-peak voltage
are shown next to each switching response.
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Table 6.2 Switching performances for TEO, TE1 and TE2 input modes at

1560 nm
Switching ER  Rise Time Fall Time Electrical

(dB) (us) (us) SNR
TEO0—Outl 14.0 10.9 10 9.6
TE0—Out3 12.7 8.2 12.0 10.0
TE1—0Out2 12.3 11.9 9.1 10.6
TE1—Out3 12.5 10.9 9.3 10.6
TE3—Outl 12.0 8.7 11.1 10.0
TE3—Out3 11.6 9.2 10.3 10.0

6.2.3 Optical power budget

MDM silicon photonics switches offer energy advantage over the single-mode switches due
to the use of a single laser to transmit optical signal over multiple guided modes. As most
on-chip power is consumed by turning on the laser [16], using a single laser significantly
improves the energy efficiency. The on-chip power budget of the 3MS is estimated consid-
ering the measured average IL of -7.0dB from 1520 nm to 1600 nm operating range and the
average heater power consumption of 94.8 mW. The measured fiber-to-chip optical coupling
loss through the surface GCs is -13.2dB from the input to the output. The total estimated
on-chip power consumption is 237.8 mW including the transmitter and the receiver power
consumptions. As low-power VCSELs with multimode fiber (MMF) and/or polymer waveg-
uide are the current state-of-the art in silicon photonics short-reach interconnects [138], a

10 Gb/s directly modulated on-chip VCSEL of 66 mW driving power is considered as the
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Table 6.3 Estimated power budget for the 3MS at 3x10Gb/s aggregated

bandwidth
Components Electrical Power (mW) Optical Loss (dB)

Direct Modulated VCSEL [156] 66 -

Photoreceiver [148] 7 -
Fiber-to-chip coupling - -13.2
3MS 94.8 -7.0
Total 237.8 -20.2

Energy efficiency 7.9 pJ/bit

transmitter[156]. A 77mW power consumption of a 40 Gb/s Ge-on-Si photodetector, wire-
bonded to a transimpedance amplifier (TTA), is considered as receiver power [148]. Although
simultaneous transmission and switching of three 10 Gb/s data signals over three modes is
not demonstrated, we estimate the energy efficiency at 3x10Gb/s, considering the max-
imum bandwidth capacity achievable by the device [157]. For the 3x10Gb/s aggregated
bandwidth, the energy efficiency of the 3MS is estimated to be 7.9pJ/bit, including the
driver power of the laser and the receiver. This can be significantly improved by using a
more efficient phase shifter of resistive doped heater, and optimizing MMI-A for a higher
TEO—TE2 conversion efficiency, which will lead the way towards the targeted attojoule
optical interconnects [158]. The on-chip power budget is summarized in Table 6.3.

As presented in section 5.3.1, the 3MS can be scaled up to switch higher order TE modes
(e.g., TE3 and TE4) by optimizing the mode decomposer MMI (MMI-A) with additional
output ports followed by the necessary phase shifters. However, the higher order modes will

increase both the IL and the power consumption leading to some scalability challenges. For
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example, the estimated IL and power consumption for the TE3 input mode in a similar 4-
mode switch, calculated using numerical approximation, is -8.5dB and 125 mW, respectively.
The scalability can be further improved by introducing polarization division multiplexing
(PDM) alongside MDM, where the MMIs are designed to be polarization insensitive such
that the beat lengths for the TE and the TM polarizations are equal [159]. A hybrid WDM-
MDM switch can be implemented by adding DWDM filters, before the ADC based mode

(de)multiplexer, using either arrayed-waveguide gratings (AWGs) [105] or MRRs [78§].

6.3 Summary

To summarize, we presented a silicon photonics three-mode switch using 120° optical hybrid
based thermo-optically tuned 3x3 unbalanced MZI (UMZI). The design methodology of
the UMZI is discussed. The proposed device enables reconfigurable switching of high-speed
modulated signal over the first three TE modes (TE0, TE1, and TE2). Less than 12.0 us
switching time is demonstrated while switching 10 Gb/s NRZ PRBS31 optical payload, and
open eye diagrams are recorded in each switching channel. The highest IL, lowest switching
ER, and worst case crosstalk at 1560 nm are measured to be -5.1dB, 12.3dB, and -11dB,
respectively, for the TE2-in input mode. An average 91.8 mW overall power consumption is
estimated. The same structure can be used for switching first two (TEO and TE1) and first
three (TEO, TE1 and TE2) TE modes offering footprint efficiency and higher bandwidth

density. By carefully designing the width and length of the mode decomposer MMI (MMI-
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A), and adding necessary phase shifters, the 3MS can be scaled up to accommodate higher
order modes (e.g., TE3, TE4, etc.) without significant change in the device footprint. The
proposed switch can be used in reconfigurable mode-division-multiplexed silicon photonics

interconnects for the deployment of high throughput energy-efficient switch matrix.
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Chapter 7

Future works

In this chapter, two possible research directions are discussed to further enhance and im-
prove the investigation on SiP MDM interconnects. First an on-chip optical I/O interface is
proposed using a SiP tunable vertical grating coupler (TVGC) for efficient opto-electronic
co-packaging of silicon MDM PICs with off-chip active components, such as VCSELs and
photodetectors. Next, a statistical investigation is proposed to study the fabrication non-
uniformity in mode-multiplexed devices by structural parameter variation using different
fabrication technologies. These proposals will help continue the promising works on MDM
switches with more scopes of research contributions. Although the proposed devices are not
directly related to the reconfigurable multimode switches, they are crucial for the commer-
cialization and a broader understanding of MDM SiP systems. To reduce the overall power
consumption of an on-chip MDM switch, the active elements, i.e., lasers and photodetectors

should be placed close to SiP platform by 3D integration techniques such as, flip-chip bond-
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ing. In this context, a tunable and misalignment tolerant perfectly vertical surface grating
coupler is necessary. Fabrication non-uniformity, which is a concern in any SiP system, af-
fects the MDM devices in a larger scale as inter-modal crosstalk increases due to side-wall
roughness and waveguide width variation. The higher crosstalk results in more BER power
penalty. Therefore, it is imperative to investigate the proposed devices for a complete study

of MDM SiP switches.

7.1 TVGC for low-loss opto-electronic packaging

Although SiP has been developed as a promising technology for optical interconnects, the
indirect band gap of silicon limits its use as an optical source and detector by monolithic in-
tegration. An industry-suitable alternative is to heterogeneously integrate I1I-V lasers, such
as DFBs, DBRs and VCSELSs, on silicon photonics platform by wafer-bonding or flip-chip
bonding. III-V components such as InP and InGaAs lasers and modulators can take advan-
tage of lithographic precision and alignment accuracy allowing large-scale integration. The
primary objective of this project is to develop a novel heterogeneous packaging solution for
silicon photonics based optical interconnects for high-speed, robust, low power and densely
packed opto-electronic systems. The conceptual diagram of an example of the proposed
project is shown in Fig. 7.1.

The proposed design depicts the 2.5D integration of a silicon-based PIC co-packaged

with a III-V active photonic devices and driver electronics on silicon interposer platform.
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Figure 7.1 Conceptual diagram of the opto-electronic co-packaging of a SiP
PIC and a photoreceiver including a ITI-V PD and a TTA, wire-bonded to the
silicon interposer.

The PIC may consist of combinations of optical devices and systems including modulator,
filter, arrayed waveguide gratings (AWG) and switch matrices, although in the schematic
a strip waveguide is shown connecting two tunable vertical grating couplers (TVGC) for
the sake of simplicity. The TVGC is a crucial component in this project as the off-chip
source/detector needs perfectly aligned vertical free-space coupling. The III-V die can be
VCSELs or quantum dot (QD) lasers, metal semiconductor metal (MSM) or QD avalanche
photo diodes (APD), or semiconductor optical emplifiers (SOAs). The InP photodetector
or VCSEL is flip-chip bonded through gold micro-bumps formed on metal pads which can
be fabricated using metal evaporation and lift-off process or sputtering deposition. The
electronic driver/TIA chip is also flip-chip bonded on the PIC for maintaining high-speed
operation and to reduce the parasitic effect from wire-bonding.

For low power consumption, the integration of III-V devices must ensure efficient light
coupling to and from the silicon waveguide. The packaged system should ensure lower

coupling loss, higher alignment accuracy and tolerance, low power consumption and high-
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Figure 7.2 Schematic (top view) of the TVGC

speed operation. With this goal in mind, we propose a tunable vertical grating coupler
(TVGC) formed of a uniform grating, two spot-size converters, and a 3dB 1x2 MMI coupler
with an integrated Sagnac loop mirror [160]. A schematic of this device is shown in Fig7.2.
The design methodology of the vertical grating is similar to [161], where two different oxide
etchings are used to form a DBR back mirror reducing the high back reflection. We replace
this DBR mirror by the MMI based Sagnac loop, and take advantage of the single oxide
etching avoiding fabrication complexity. Both the grating and the MMI are designed using
silicon rib waveguides with N++ doped silicon slabs to provide TO phase-shift. This allows
longitudinal angle tuning capability for the TVGC by adjusting the temperature dependent

wavelength shift, following the relation [162]:

_ neffA — /\0

sin(0) A

(7.1)

where n.ss is the effective index of the waveguide within the grating, A is the grating
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pitch, and \q is the free-space wavelength.

7.2 Fabrication non-uniformity in SiP MDM interconnects

As the device size is continuously shrinking in SiP PICs, fabrication variability and non-
uniformity are becoming more and more challenging to deal with. Both systematic and
random variability can cause PIC performance variation jeopardizing system malfunction-
ing. Although both regular and random variabilities are possible to limit below 3% [163],
in a phase sensitive device like mode demultiplexer or mode switch, this variation can be
detrimental. The ideally non-overlapping modes in a multimode bus waveguide fail to obey
the characteristic nature of orthogonality in the presence of random non-uniformity in the
waveguide side-walls and surface. These non-uniformities, usually a result of inefficient etch-
ing, may not entirely kill the MDM device operations but impose challenges in mitigating
crosstalk [164].

We propose to study the effect of fabrication non-uniformity on SiP MDM devices in both
by systematic statistical investigation. Both macro-scale and micro-scale analysis should be
done for a detail understanding of process variation induced crosstalk. In macro-scale, numer-
ous devices should be designed with variable widths and lengths of the MDM devices, such
as ADCs, tapers, MMIs and multimode bus waveguides in different fabrication platforms,
i.e., Ebeam lithography and deep ultra-violate (DUV) lithography. For the micro-analysis,

random bumps and valleys in the waveguide side-walls are mimicked in the PIC by inten-
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Figure 7.3 Schematic of a three-mode ADC based (de)multiplexer with in-
tentionally added micro bumps in the coupler regions.

tionally adding small circles of variable radii. A trend analysis will be done on these devices
for over 300 iterations, as in [165], to develop a statistical map over the full SOI wafer for
each fabrication process. A useful tool for this type of study is Monte-Carlo analysis, which
allows to develop a variance map for one or more parameter variation of the PIC and the

MDM system. A theoretical model will be proposed for the fabrication non-uniformity in

SiP MDM devices, as done in [122].

7.3 Summary

In this chapter, we discussed two crucial challenges in SiP as well as MDM interconnects
namely, packaging and fabrication variability. We proposed possible methodologies to further
investigate on these challenges to develop more robust and more efficient chip prototypes.

The scope and functionality of silicon interposer as a mid-board carrier needs to be tested as
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a new technology paradigm. As the loss and crosstalk in the multimode propagation increase
with the number of waveguide modes, the potential of scalable MDM interconnects becomes
limited. A detail study towards mitigating crosstalk by proper control of process variation

will lead to low-loss high-efficient MDM systems.
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Chapter 8

Conclusion

In this thesis, four SiP switches are presented using different types of TO phase shifters
for short reach data center applications. Design, simulation, experimental validation, and
power budget analysis are included in each case. The need for optical interconnects in future
Zetta scale data centers has been discussed. Mode-division-multiplexing has been proposed
as a viable alternative to conventional WDM for high throughput low-power on-board and
on-chip systems in data intensive computing environments.

In chapter 2, the theory of thermo-optic effect is described with examples of various TO
phase shifters. Their applications in reported literatures are mentioned. Operation principle
of the SiP switch building blocks are discussed. A detail discussion is added on mode-
division-multiplexing with the fundamental concept of waveguide modes. Applications and
research progress of SiP MDM interconnects are detailed.

In chapter 3, a rearrangable non-blocking O-band 4x4 Benes switch is experimentally
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demonstrated. The energy consumption analysis demonstrated promising performance of the
doped silicon phase shifter compared to over-clad metal heaters. A 2.4 us switching speed
and a 1.9dB power penalty is measured for 107! BER, which remains within the already
reported range. However, the relatively higher crosstalk is likely to deteriorate non-blocking
application of data transmission.

The capacity limitation of SiP switches is addressed in chapter 4 by introducing a reconfig-
urable multimode (de)multiplexer/switch (RMDS). This novel component exhibits low-loss
low-crosstalk data transmission by exploiting mode diversity - the basis of MDM intercon-
nects. The versatility of RMDS is demonstrated by its utilization in both a (de)multiplexer
and a mode selecting switch, which opens up immense research scope on its application,
design improvement, scalability and prototyping. An aggregated bandwidth of 2x10 Gb/s is
experimentally demonstrated with 2.8 dB BER power penalty for the mode (de)multiplexer,
and the switching time is measured to be 10.9 us. However, the higher IL for the TE1 mode
switching remains a concern, which should be reduced by proper design of the MMIs and
phase shifters. Also, the energy per bit matrix is only estimated from previously reported
results, and needs experimental validation.

The structural dimension of the mode decomposer MMI is significantly improved in the
scalable mode switch, presented in chapter 5. Rigorous numerical analysis and parameter
optimization are used to explore the scalability of the design. Both individual-mode and
simultaneous two-mode switching is experimentally presented with 9.8 us switching time

constant and <-11.9dB crosstalk. The IL is improved to be -7.3dB. Detail analysis on
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scalability, power consumption and IL demonstrate potential energy advantage by saving
63% on-chip laser power in a 6-channel multimode switch relative to a similar single-mode
switch. The power consumption can be further improved by more efficient phase shifter. The
scalability potential needs experimental validation by designing and testing the proposed
four-mode switch.

Chapter 6 presents a three-mode switch (3MS) realized using the same SMS of chap-
ter 5. This proves the footprint efficiency of this device enabling path reconfigurable switch-
ing of either first two or first three TE modes. The relative phase-difference of the out-
puts of a 120° optical hybrid is exploited to enable simultaneous three-mode switching with
91.8 mW average heater power consumption and 12.0 us switching time constant. A worst
case crosstalk is measured to be -11.0dB at 1550 nm. Polarization diversity can further in-
crease the bandwidth capacity of this device, implemented by polarization insensitive MMIs
or adding polarization splitter-rotator in the inputs. Introducing MRR based wavelength
filters with the 3MS can implement a WDM-MDM-PDM switch for even greater bandwidth
capacity.

Finally, some future research directions are presented in chapter7. A tunable vertical
grating coupler is proposed to facilitate the packaging challenge of SiP interconnects. A
tunable MMI based integrated Sagnac loop is used as a 100% reflective mirror reducing back
reflection. Wavelength tunability is introduced by doping the partially etched silicon layer
of the grating area for thermo-optic phase-shift. A systematic study on fabrication non-

uniformity of SiP MDM devices is proposed. The scopes and challenges of this investigation
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is discussed as a research roadmap towards energy-efficient MDM interconnects.
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