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Abstract

Flexible optical networking has emerged as a way to offer efficient use of available
optical spectral resources as introduced in the ITU-G.694.1. In the flexible opti-
cal networking, the network dynamically adjusts its resources including the optical
bandwidths and the modulation formats according to the requirement of each con-
nection. For the flexible networks, critical components are flexible optical switches
which have variable bandwidth characteristics at a fine granularity. The key to
provide such variable bandwidth characteristics lies in wavelength selective switches
(WSSs).

Integrated silicon photonics provides a promising platform for chip-based, high-
speed optical signal processing due to its compatibility with complementary metal-
oxide semiconductor (CMOS) fabrication processes. They are attracting significant
research and development interest globally and making a huge impact on green infor-
mation and communication technologies, and high-performance computing systems.

Microring resonators (MRRs) show the versatility to implement a variety of net-
work functions, compact footprint, and complementary metal-oxide semiconductor
compatibility, and demonstrate the viability applied in photonic integrated tech-
nologies for both chip level and board-to-board interconnects. Furthermore, MRRs
have excellent wavelength selection properties and can be used to design tunable fil-
ters, modulators, wavelength converters, and switches that are critical components
for optical interconnects.

The research work of this dissertation is focused on investigating how to de-
velop MRR-based switches and switch architectures for possible applications not
only in optical interconnection networks but also in flexible-grid on-chip networks
for optical communication systems. The basic properties and performances of the
MRR switches and the MRR switch architectures related to their applications in
the networks are examined. In particular, how to design and how to configure high
performance, bandwidth variable, low insertion loss, and weak crosstalk MRR-based
switches and switch architectures are investigated for applications in optical inter-
connection networks and in flexible-grid on-chip networks for optical communication
systems.

This dissertation first investigates the physical characteristics of the switching



devices consisting of single MRRs and multiple cascaded MRRs. The spectral pass-
band shapes and widths as well as the propagation losses of single MRR and cascaded
MRR switch devices are discussed. The physical behaviours of the MRRs are deter-
mined by their physical and geometrical parameters, including the MRR diameters,
the number of cascaded MRRs, the refractive indices of the waveguides of the MRRs,
the dispersions of the refractive indices, the light coupling coefficients between the
MRRs, and the propagation losses in the MRRs. These parameters have different
influences on the physical behaviours of the MRR switch devices. Some of them
strongly affect the spectral properties, some of them have weak influences. How
the parameters affect the performances of the MRR switch devices is studied for
MRR-based device design.

Results show that main factors affecting the passband widths of MRR switch
devices are the diameters of the MRRs, the light coupling coefficients between the
MRRs, the light coupling coefficients between the MRRs and the bus waveguides of
the MRR devices, and the ring numbers. The bandwidths increase with the increase
in the coupling coefficients between the bus waveguides and the MRRs and between
the MRRs. Using smaller MRRs can achieve larger passband widths in the switches.
Cascading multiple MRRs can achieve flat-top passbands in the switches by optimal
design. The flat-top passbands of the switch devices can improve the uniformity of
the output power distribution of the switches and reduce inter-channel interferences
in optical networks. The results show that it is possible to achieve flat-top passband
widths ranging from 6.25 GHz to 3 THz by cascading three microring resonators,
while having their insertion losses compatible with the use in flexible-grid optical
communication networks.

Main factors affecting the insertion losses of MRR switch devices are the light
coupling coefficients between the bus waveguides of the MRR switches and the
MRRs, and the light coupling coefficients between the MRRs, and the propagation
losses in the MRRs and the bus waveguides. When the light coupling coefficients
between the bus waveguides and the MRRs and between the MRRs increase, the
insertion losses of the MRR switches decrease. There are optimal diameters to
achieve satisfactory insertion losses for the MRR switches. At the optimal diameters,
the insertion losses of the switches become the minimal.

Filters, switches, and other photonic devices are required to have flat-top spectral
passbands with steep edges in order to achieve uniform intensity distribution and
to reduce inter-channel interference in optical communication networks and on-chip
interconnects. Although flat-top passbands with steep edges are achieved in MRR
devices by accurately controlling the ring diameters, coupling coefficients between
rings and waveguides, as well as the number of microrings, flexible grid networks
have more rigorous requirements on the passband widths. For flexible grids, the
minimal frequency slot width is 12.5 GHz, and the minimal frequency spacing is 6.25
GHz. To support the channel slot widths of 12.5, 25, and 50 GHz in flexible grids,
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ultra-narrow passband filters/switches are needed. It is challenging to achieve such
a narrow passband width of 12.5 GHz using ordinary photonic devices. But narrow
passbands of the devices lead to more serious signal crosstalks between adjacent
channels. One of the dissertation works is focused on sharpening the passbands
of the MRR switches. To do so, cascaded MRR architectures are configured to
achieve the narrow passband with low crosstalk. However, it is obvious to induce
higher light power loss. In this case, optimal architecture design is performed so
that satisfactory crosstalk, loss, flat-top passband shape are achieved.

The spectral shapes of the passbands of the cascaded MRR switches and the
multi-stage cascaded MRR switches are investigated in detail. The results show
that steep-edge flat-top spectral responses at the drop ports of the multistage MRR-
based switches are achieved. Increasing stage number can obtain steeper-edge re-
sponse spectra of the multistage MRR-based switches, however it also increases
the transmission losses of the switches. The simulation shows that the multistage
cascaded MRR-based switches provide better passband properties than the MRR-
based switches without stages. Clear, regular, smooth, steep roll-off edge flat-top
passpands are achieved in the multistage cascaded MRR-based switches. Irregular
and fluctuating passpands are shown in the high-order MRR-based switches with-
out stages. In order to achieve steep-edge flat-top passpands of MRR switches or
filters, it is better to use the multistage cascaded MRR structures with optimal de-
sign instead of the simple cascaded MRR structures without stages. But there is a
trade-off between the insertion loss and the passband width to achieve an optimal
performance in a switch design.

WSSs are critical enabling devices of flexible grid networks and the research work
focuses on building WSS optical switch architectures for the networks based on MRR
wavelength selective switches. Different spectral passband widths can be obtained by
properly designing optimal MRR architectures. The feasibility of the architectures
to be applied in the network is discussed by estimating their insertion losses and
crosstalks, in particular, by estimating their insertion losses and crosstalks in the
worst cases. The work aims to achieve feasible and optimal architectures that can be
applied in optical networks not only as stand-alone devices but also as components
for on-chip networks. Two types of MRR-based switch architectures are designed
by using 320, 160, and 80 third-order MRR switches with -3 dB passband widths
of 12.5, 25, and 50 GHz, respectively, and by using 4 x 80 x 12.5 GHz, 4 x 40 X
25 GHz, and 4 x 20 x 50 GHz two-stage MRR switches. Both architectures are
able to achieve variable output bandwidths varying from 0 to 4 THz. Results show
that the former is superior to the latter based on the comparison of the maximal
insertion losses and the crosstalks in the worst cases. Nevertheless, suitable selection
of optical spectra can avoid high insertion losses and serious crosstalks between the
adjacent channels in the latter architecture.

Bandwidth-variable microring-resonator-based wavelength selective switches with
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multiple input and multiple output ports are proposed. A detailed analysis is pre-
sented on the switches consisting of the third-order microring resonators. As a proof
of concept, the structural design of a four output port switch is investigated in de-
tail. The results show acceptable insertion losses and signal crosstalk suppression
ratios for the application in on-chip optical networks and optical communication net-
works. Deep research works show that the MRR-based WSSs are superior to WSSs
based on the liquid-crystal-on-silicon spatial light modulators (LCoS-SLMs) since
MRR-WSSs have low power consumption, and they need relatively simple device
fabrication technology. In particular, the proposed MRR-based architectures are
superior to the WSSs based on cyclic array waveguide gratings in structural design
versatility, light switching control agility, and passband width adjustment, implying
that the proposed bandwidth-variable microring-resonator-based wavelength selec-
tive switches have the potential to in part or completely replace the LCoS-SLMs
and arrayed waveguide grating (AWG) switches for the application in the optical
networks, in particular, for high performance computing systems and data center
networks.

Scalable, low latency, and high-throughput interconnection is essential for future
high performance interconnect networks. Interconnect networks based on electronic
multistage topologies have large latencies, due to the multi-hop nature of these
networks and high power consumption in the buffers and the switch fabrics. It is
increasingly difficult to meet large bandwidth and low latency communications using
conventional electrical switches. A chip-scale optical switch architecture is proposed
for scalable interconnect network, and the performance of the switch architecture
is studied by simulating the end-to-end latency and transmission packet loss rate
under high traffic loads. The work aims to demonstrate if it is feasible to use
MRRs to build WSSs for flexible grid on-chip networks and optical interconnects
and optical networks. By using OMNet++ software, the simulated results show
very low latencies and low packet losses at large throughputs.

In summary, the research of the dissertation contributes to develop high perfor-
mance, variable bandwidth, low insertion loss, and low crosstalk MRR-based optical
switches and switch architectures to adapt to dynamic source allocation of flexible-
grid optical networks.
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Chapter 1

Introduction

1.1 Background

1.1.1 Flexible-Grid Optical Network

Continuous increase of traffic has urged effective use of available spectral resources in
optical networks. Rigid fixed-grid wavelength division multiplexing optical networks
can no longer keep up with the emerging bandwidth-hungry and highly dynamic
services in an efficient manner. As the available spectrum becomes occupied, the
research community has focused on seeking more advanced optical transmission and
networking solutions that utilize the available bandwidth more effectively. To this
end, the flexible/elastic optical networking paradigm has emerged as a way to offer
efficient use of the limited optical resources [1] as introduced in the ITU-G.694.1 [2].
In the flexible/elastic optical networking, flexible frequency grids are recommended
to be used.

The flexible grids for dense wavelength division multiplexing (DWDM) optical
networks are different from the fixed frequency grids in defining nominal central
frequencies, channel spacings, and the concept of frequency slot. The main difference
is that the basic unit of switching is identified, which is the frequency slot in flexible
grid case now instead of a wavelength in fixed grid case. A frequency slot is defined
by its nominal central frequency in the whole spectrum range and its slot width.
In flexible grid case, the set of nominal central frequencies can be built using the
following expression f = 193.14+nx0.00625 THz, where 193.1 THz is [TU-T “anchor
frequency” for transmission over the C-band, and n is a positive or negative integer
including 0. The central frequency can be moved in the C-band at 6.25-GHz step.
The slot width determines the “amount” of optical spectrum regardless of its actual
position in the spectrum. A slot width is constrained to be m x 12.5 GHz, where m
is an integer greater than or equal to 1. In the fixed-grid case, each connection is
allowed to occupy only one spectrum slot, whereas multiple spectrum slots can be

1



1 — Introduction

allocated to one connection in the flexible-grid case. Figure 1.1 shows the examples
of optical channel assignments under fixed and flexible grids. In the fixed grid as
shown in Fig. 1.1(a), there are three channels at the central frequencies with the
channel spacings of 50 GHz. In the flexible grid as shown in Fig. 1.1(b), the channel
spacings are 6.25 GHz. There are two slots with the slot widths of 25 or 37.5 GHz.

(a) Fixed grid

Channel -1 Channel 0 Channel 1
I Lightpath assiwed to Channel 0 ] _
193.05 THz 193.1 THz 193.15 THz

50 GHz channel spacing

(b) Flexible grid Nominal central frequencies
N A
T I Ligh =4,m=2) T i =3 m= T 1
ghbahp=4 m=2) l Lightpath @=3,m=3) .
193.075 THz 193.1THz  193.11875 THz —
R B ! T ' 6.25GHz
25 GHz slot width 37.5 GHz slot width channel spacing

Figure 1.1. Optical channel assignment in optical networks under (a) fixed
and (b) flexible grid.

Using flexible frequency grids in the optical networks can save a lot of spectra,
resulting in significant increase in spectral efficiency. Figure 1.2 shows the com-
parison of occupied spectra for three channels when the network uses fixed grids
and flexible grids. As can be seen, the three channels occupy three spectrum units
(Assuming a unit of 50 GHz, total spectrum width is 150 GHz.) in fixed grids as
shown in Fig. 1.2(a). In flexible grids, the three channels occupy only one and half
spectrum units (75 GHz) or less (37.5 GHz), resulting in the saved spectral width
of 75 or 112.5 GHz that can be used by other channels.

In the flexible grid optical networking, the network dynamically adjusts its re-
source of the optical bandwidths according to the requirement of each connection.
For the flexible networking, the critical enabling components are flexible optical
switches. Flexible optical switches should have variable bandwidth characteristics
(i.e., tunable optical bandwidths and center frequencies of channels) at a fine granu-
larity. The key to provide such variable bandwidth characteristics lies in wavelength
selective switches (WSSs), which sit at the heart of the optical switch [3]. The first
proposal for a variable passband/flexigrid WSS was reported in [4]. It is possible
to construct advanced WSSs using liquid crystal-on-silicon spatial light modulators
(LCoS-SLMs) [5] or microelectromechanical system (MEMS) devices [6]. However,

2



1.1 — Background

(8  Fixed grid
Coarse L n ! n L n —
Granularity
(b) Flexible grid
Guard band Spectrum savings
1 1 Q L 1 L L —
1 m 1 m 1 m k 1 1 1 1 1 1 L 1 —
Fine
Granularity I m I m I m T T T T T Y S T Y H I

Figure 1.2. Comparison of occupied spectra in optical networks under (a)

fixed and (b) flexible grid.

they need large space to realize wavelength selection function and they can not be
used in chip-level optical networks and optical interconnections. Arrayed-waveguide-
grating-based WSSs [7] are available in the market, but their fabrication is relatively
complicated compared with the fabrication of MRRs reported.

1.1.2 On-Chip Optical Networks

Recent progress in silicon compatible photonics, in particular, the success in hybrid
silicon laser sources [8], is driving high density integration of photonic and electronic
components manufactured by complementary metal-oxide semiconductor(CMOS)-
based technology on the same platform. Integrated silicon photonics provide a
promising platform for chip-based, high-speed optical signal processing due to its
compatibility with CMOS fabrication processes. Photonic integrated technologies
are attracting significant research and development interest globally and making
an huge impact on green information and communication technologies and high-
performance computing systems since they offer high-bandwidth, low latency, and
high power efficiency transmission in photonic-integrated circuits.

Microring resonators (MRRs) have been experimentally demonstrated as modu-
lators [9,10], filters, switches, multiplexers, demultiplexer, routers, wavelength con-
verters, and lasers [11-15]. All of the components are the basic components of optical
communication networks and optical interconnections. Due to small and compact
structures of MRRs, these devices are able to be integrated on a chip to configure
optical interconnections and optical networks.

Recent experimental works have demonstrated the viability of photonic inte-
grated technologies for both chip level and board-to-board interconnects. Microring
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resonators show the versatility to implement a variety of network functions, compact
footprint, and complementary metal-oxide semiconductor compatibility. Microring
resonators have potential to become key components for low-cost photonic integra-
tion.

Chip-level photonic interconnects [13, 16, 17], are today based on single wave-
length mode operation, but can be extended to the WDM domain to support a
comb of wavelengths. More precisely, when the comb of wavelengths matches the
periodical transfer function of the MRR it is possible to switch a large number (~40)
of channels simultaneously [18], providing high bit rates.

Based on the potential capabilities of MRRs for chip-level applications, recent
proposals have extended their usage in board-to-board optical interconnects [19—
21]. These architectures are composed of tunable transmitters that transfer data
packets towards waveband burst-mode receivers through a switching fabric. These
wavelength agile architectures offer promising capabilities that can be exploited in
future optical networks. However, control issues and the difficulty of the filters
providing variable bandwidths in the architectures may limit MRR role in switching
fabrics if the flexible grid paradigm is applied. The main research challenge is to
demonstrate if MRRs can offer reliable and cost-effective architectures.

MRRs show the advantages in several aspects. They are very small and compact.
They can be used to build various architectures with different functions. Thus they
are suitable for integration. If the MRRs are controlled by carrier injection for
optical switching, high switching speed can be achieved. Moreover, their power
consumptions are very low. In addition, ultra-narrow passband like 12.5 GHz in
frequency (approximate 0.1 nm in wavelength) can be achievable in MRR switches
to support flexible grids, while it is hard to achieve ultra-narrow passband with
ordinary photonic devices.

However, there are challenging issues in MRR-based devices. The insertion loss
of a MRR switch device is high, compared with an ordinal large volume optical
switch in optical networks. The resonant wavelength of a MRR switch is sensitive
to its fabrication errors in diameters or perimeters. The rough surface of the waveg-
uide of a MRR leads to retro-reflection, resulting in signal interference and power
loss. The refractive indices of MRR waveguides and the coupling coefficients be-
tween MRRs change with the frequencies or wavelengths of light propagating in the
microring resonators. The light propagation behaviours in the microring resonators
are sensitive to the light polarization.

1.2 Motivation and Objectives

Microring resonators have potential to be applied as many devices not only in off-
chip optical communication networks and optical interconnections but also in on-chip
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networks. However, there are a lot of challenging problems that are imperative to be
solved. Our works are focused on designing MRR-based switches and switch archi-
tectures for possible applications in the flexible-grid networks, and on investigating
how to solve scientific problems occurring in the switch device and architecture
applications for flexible-grid networks.

We first investigate the physical characteristics of switching devices consisting
of single MRRs and multiple cascaded MRRs. The spectral passband shapes and
widths as well as the insertion losses of single MRR and cascade MRR switches are
discussed. The physical behaviours of the MRRs are determined by their physical
parameters and geometrical parameters, including the MRR diameters, the number
of cascaded MRRs, the waveguide sizes, the refractive indices and dispersions of
waveguides, the coupling coefficients between the MRRs, and the propagation losses
in the MRRs. Since these parameters have different influences on the physical
behaviours of the MRRs, we study how the parameters influence the performances
of the MRRs so as to provide theoretical references and guides for MRR-based switch
device design.

Second, the filters, switches, and other photonic devices are required to have
flat-top spectral passbands with steep edges in order to achieve uniform intensity
distributions into the devices in optical communication networks and on-chip in-
terconnects and to reduce inter-channel interferences in the optical communication
networks and on-chip interconnects. Although flat top passbands with steep edges
are achieved in microring resonator (MRR) devices [22-25] by accurately controlling
the ring diameters, coupling coefficients between rings and waveguides, as well as the
number of microrings, flexible grid netwroks have more rigorous requirements on the
bandwidths. For flexible grids, the minimal frequency slot width is 12.5 GHz, and
the minimal frequency spacing is 6.25 GHz. To support the channel slots of 12.5, 25,
and 50 GHz in flexible grids, corresponding to wavelength spacings of 0.1, 0.2 and
0.4 nm respectively in the wavelength spectrum around 1.55 um, ultra-narrow pass-
band filters/switches are needed. It is challenging to achieve such a narrow passband
width of 12.5 GHz using ordinary photonic devices. Moreover, narrow passband
usually leads to serious crosstalks in adjacent channels. The narrower the passband
widths of the filters or switches are, the more serious crosstalks occurs in adjacent
channels. How can we achieve the narrow pass bandwidths with acceptable insertion
losses and low crosstalks between adjacent channels? We focus on sharpening the
passbands of the MRR switches. To do so, we attempt to design cascaded MRR
architectures to achieve the narrow passbands with low crosstalks. Furthermore,
we attempt to design multi-stage cascaded MRR architectures to achieve flat-top
steep-edge wide passbands for various applications in optical networks. However,
it is obvious to induce higher light power losses when using multi-stage cascaded
MRR architectures. In this case, we try to seek optimal architectures so that both
passbands and losses can be satisfactory.
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As introduced above, WSSs are critical enabling devices of flexible grid networks.
We focus on building WSS optical switch architectures for optical networks and op-
tical interconnections using MRRs. In fact, different spectral passband widths can
be obtained by properly designing MRR switch architectures. After designing MRR
switch architectures, we evaluate the feasibility of the architectures to be applied
in the networks by estimating their insertion losses and crosstalks, in particular,
estimating the insertion losses and crosstalks in the worst cases. Furthermore, we
attempt to achieve feasible and optimal architectures that can be applied in op-
tical networks not only as stand-alone devices but also as components for on-chip
networks.

Scalable, low latency, and high-throughput interconnection is essential for future
high performance interconnect networks. Interconnect networks based on electronic
multistage topologies (e.g. Fat-Tree, CLOS, Torus, Flattened Butterfly [26,27])
result in large latencies, due to the multi-hop nature of these networks and high
power consumption in the buffers and the switch fabric. It is increasingly difficult to
meet large bandwidth and low latency communications using conventional electrical
switches. We discuss chip-scale optical switch architectures for scalable interconnect
networks and conduct performance studies of the switch architectures by simulating
the latencies and packet loss rates under high traffic loads, to demonstrate if it
is feasible to build MRR WSSs for flexible grid on-chip networks and to develop
advanced optical interconnect networks.

1.3 Outline

The dissertation is organized as follows. In Chapter 2, we review the literature on
microring resonator tuning technologies. Basic MRR switch devices for switch archi-
tectures and optical interconnections about their structures, the operating principles,
and their key parameters are introduced. We summarize the most relevant works in
the literatures regarding tuning technologies for mircoring resonators: electro-optic,
thermo-optic tuning technologies and the tuning technology based on nonlinear op-
tics. Relevant microring-based devices are also reviewed. We analyze and discuss
the differences in performance for the different tuning technologies. The switching
speeds, tuning ranges, and application feasibilities of existing switching technologies
are compared from the viewpoint of practical applications. We provide an overview
of the state of the art of microring resonator switches in order to identify their
suitability for current optical networking trends.

In Chapter 3, the physical characteristics of microring resonator switching de-
vices are thoroughly analyzed using a model based on the field coupling matrix the-
ory. The structures and the spectral response behaviors of the cascaded microring
resonator devices are presented and illustrated. The spectral passband widths and
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insertion losses of MRR-based switching devices as the functions of several physical
characteristics of the MRRs, such as the coupling coefficients between the MRRs,
the ring diameters, and the propagation losses in the MRRs are analyzed and dis-
cussed. Simple switch architectures based on MRRs are demonstrated as a possible
application of the studied elements in flexible-grid networks. The architectures of
simple MRR optical switches with limited functionalities are discussed, showing the
potential use of MRRs for switching applications in flexible-grid optical networks.
The spectral response and insertion loss properties of these switching elements are
simulated using the developed model. Then we investigate the optimal design of
high-order MRR-based switch devices.

Spectral shaping of the passbands of microring resonator switches is studied
in Chapter 4. Multistage high-order microring resonator-based optical switch struc-
tures are proposed to achieve steep-edge flat-top spectral passband. Using the trans-
fer matrix analysis model, the spectral response behaviors of the switch structures
are simulated. The performances of the proposed multistage high-order microring
resonator-based optical switch structures and the high-order microring resonator-
based optical switch structures without stages are studied and compared. The stud-
ies attempt to show that multistage high-order microring resonator-based switches
can achieve steep edge flat-top spectral passbands with rectangular shapes to meet
the spectral passband requirements of flexible grid optical networks.

Two types of MRR-based switch architectures are proposed in Chapter 5 to
realize variable output bandwidths varying from 0 to 4 THz. One consists of 320,
160, and 80 third-order MRR switches with -3 dB passband widths of 12.5, 25,
and 50 GHz, respectively. Another one is two-stage switch structure. In the first
stage there are 4 third-order MRR switches with the passband widths of 1 THz.
In second stage, there are 80, 40, 20 third-order MRR switches with the passband
widths of 12.5, 25, and 50 GHz, respectively. Their insertion losses and inter-channel
crosstalks of the MRR-based switch architectures in the worst cases are numerically
analysed and compared in order to show the feasibility for the architectures to be
applied in flexible optical networks. In addition, the techniques and methods to
reduce the crosstalk are studied and proposed.

MRR-based bandwidth-variable wavelength selective switch architectures with
multiple input and output ports are proposed for flexible optical networks in Chapter
6. The light transmission behaviors of a 1 x N MRR-based WSS are analyzed in
detail based on numerical simulation using transfer matrix theory. Two types of NV x
N MRR-based WSS architectures consisting of MRR-based WSSs and MRR-based
WSSs, and MRR-based WSSs and optical couplers are proposed. The performances
of the proposed architectures are studied.

In Chapter 7, a simple but typical chip-scale scalable optical interconnections
based on MRRs are proposed, which consist mainly of microring resonator devices:
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microring lasers, microring switches, microring de-multiplexers, and integrated pho-
todectors. Their throughput capacities, end-to-end time latencies, and transmission
packet loss rates are evaluated using OMNet++. The study attempts to show that
it is feasible to build on-chip optical networks and advanced optical interconnects
for high performance computation and communication systems using MRR-based
devices.

Finally, the conclusions and future works are presented.



Chapter 2

Microring-Resonator-Based
Switches

Photonic integration technologies are attracting significant research and develop-
ment interest globally and making an huge impact on green information and commu-
nication technologies and high-performance computing systems since they provide
high-bandwidth, low latency, and high power efficiency transmission in photonic-
integrated circuits. Integrated silicon photonics provides a promising platform for
high density integration of photonic and electronic components manufactured by
CMOS-based technology on the same platform. Microring resonators made of waveg-
uides are extremely important components that can be integrated on a chip to per-
form switching operations directly in the optical domain. The waveguides can be
made of different materials. We focus our MRR devices on silicon-based devices for
their compatiblity with CMOS fabrication process and other reasons as introduced
in Section 1.1.2.

The refractive index of a silicon waveguide can be tuned by thermo-optic effect
or electro-optic effect. Thermo-optic effect is that when the silicon waveguide is
heated, its refractive index is changed with the temperature inside the waveguide.
Electro-optic effect is that the refractive index of a silicon waveguide is determined by
its carrier concentration inside the waveguide. Changing the carrier concentration
inside the waveguide by carrier injection can change the refractive index of the
waveguide. Tuning the refractive index of a MRR waveguide can modulate the light
signal output intensity of a MRR. It can also make light go through the MRR or stop
light propagation through the MRR. It is a specially important for optical switching
in MRR devices.

In this chapter, we review the literatures on resonant wavelength tuning tech-
nologies of microring resonators. We compare the switching speeds, tuning ranges,
and application feasibilities of existing switching technologies from the viewpoint
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of practical applications. We provide an overview of the state of the art of mi-
croring resonator switches in order to identify their suitability for current optical
networking trends. The remainder of the chapter is organized as follows. In Sec-
tion 2.1, we introduce basic MRR switch devices for switch architectures and optical
interconnections about their structures, the operating principles, and their key pa-
rameters. In Section 2.2 we summarize the most relevant works in the literatures
regarding tuning technologies for mircoring resonators: electro-optic, thermo-optic
tuning technologies and the tuning technology based on nonlinear optics. Relevant
microring-based devices are also reviewed. In Section 2.3, we analyze and discuss
the differences in performance for the different tuning technologies. We draw the
conclusions of this chapter in Section 2.4.

2.1 Basic Microring-Resonator-Based Switch
Devices

In this section we introduce the structures of basic MRR-based switch devices, the
principle of microring resonators, and the key parameters of microring resonators.
A MRR-based device makes up of a microring resonator and two waveguides which
can be perpendicular or parallel to each other as shown in Fig. 2.1. The microring
resonator is made of a microring waveguide consisting of a core layer and cladding
layers with different refractive indices. Figure 2.1(a) shows a schematic MRR switch-
ing structure making up of a single ring and two perpendicular waveguides while
Figure 2.1(b) shows a schematic MRR switching structure making up of a single
ring and two parallel waveguides. The MRR devices with two perpendicular waveg-
uides are often used as basic building blocks for switches with a large number of
ports [28-30], while the MRR devices with two parallel waveguides are often used
to build the switches that contain cascaded rings [31].

In the two cases shown in Fig. 2.1, optical signals entering the input port can
be either coupled into the MRR from the first waveguide, propagate in the MRR,
then be coupled into the second waveguide from the MRR, and get out from the
drop port, when their wavelengths meet the resonant condition of the MRR. If their
wavelengths do not meet the resonant condition of the MRR, they will propagate
in the first waveguide and get out directly from the through port. In brief, an
optical signal at the wavelength ); is coupled to the microring and directed towards
the drop port if the wavelength \; satisfies the resonant condition, while all other
wavelengths are directed towards the through port. The resonance condition is
defined by 27 Rn.rs = mM;, where n.s¢ is the effective index of refraction of the
bending waveguide, R is the radius of the ring, and m is an integer indicating the
order of resonance.
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Input Coupler Through  Input Coupler Through
— : : —> —> : —>
ECoupler
T Drop
-+ CR—
Drop¢ Coupler
(a) MRR with perpendicular waveguides (b) MRR with parallel waveguides

Figure 2.1. Two basic microring resonator switch structures

A key characteristic of microring resonators is that by changing the refractive
index of the material in the ring waveguide, different wavelengths can be switched
between the through port and the drop port. A change of the effective index Angy
causes a shift of the resonant wavelength AN = Ao - Ancss/nesp, where \g is the
initial resonant wavelength of the microring. Figure 2.2 shows an example of this
behavior and the schematic spectrum at the drop port of the microring resonator.
The light signals at three resonant wavelengths at the input port are initially (i.e.
untuned state) deflected towards the drop port (A1, A3, and As) while the light
signals at the wavelengths of Ay, \j, and \g) are directed towards the through port.
When a change of the refractive index is applied by tuning the refractive index of
microring waveguide (i.e. tuned state), the drop transfer function is right-shifted
(see dashed line) so that all the light signals are directed towards the through port
and thus switching the light signals at the wavelengths of A\;, A3, and A5. Different
tuning techniques and their state of the art are extensively explained in Section 2.2.
Figure 2.2 also shows the free spectral range (FSR), defined as the spectrum distance
between two resonant wavelengths. Derived from the resonant condition of a MRR,
the free spectral range expression is FSR & A\*/(27n.s;R). Other important design
parameters are: the passband width (usually at -3 dB), the ON/OFF signal intensity
ratio, and the insertion loss defined as the power loss when the light signal passing
through the microring.

Another type of basic MRR switch structures is shown in Fig. 2.3. In the
structures, two or more MRRs are cascaded to build a device together with two
linear waveguides. The two linear waveguides are perpendicular or parallel to each
other, arranged in the similar way to Fig. 2.1. In this case, the signals at the
wavelengths within a band can be deflected toward the drop port. Figure 2.3(a)
or Figure 2.3(b) represents two three-MRR-cascaded switches. Moreover, higher
extinction ratios of drop signals or steeper flat-top wider passbands can be achieved
in the cascaded MRR devices. In such case, each microring resonator of a device is
named one order. The devices in Fig. 2.3 are called the third-order MRR switches
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. Drlop (untut'”led) 1
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Figure 2.2. Schematic drop transfer function of a microring resonator. Relevant
parameters for designing optical switches: single-channel passband width (usually
at -3 dB), free spectral range (FSR), and tuning spectral range.

since there are three MRRs cascaded.

Input Through Input Through
— — — —>
Drop ¢ ¢ Drop .
(a) MRRs with perpendicular waveguides (b) MRRs with parallel waveguides

Figure 2.3. Two basic microring resonator switch structures

2.2 State of the Art of Wavelength Tuning
Technologies for Microring Resonators

In this section we summarize the most relevant works in the literatures regarding
wavelength tuning technologies for microring resonators. As introduced above, the
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resonant wavelength of a MRR can be shifted or tuned by changing the refractive in-
dex of the MRR waveguide. Three technologies have been mainly reported to change
the refractive index of the material in the ring waveguide for switching applications.
The first one is based on electro-optic effect as mentioned above. In fact, in this
effect the refractive index of the material for a microring waveguide is changed by
changing the concentration of injected charge carriers [32]. The second one uses
thermal-optic effect [28,33], in which the refractive index of a material is modified
by heating the microring resonator. The refractive index of the material varies with
the change in the temperature inside the material. The third one uses free carrier
dispersion induced by single-photon [34] or two-photon absorption through a pump
laser [35]. There are other tuning techniques such as the tuning technique to exploit
chem-optical effect. In the effect, when the chemical compositions of a material are
changed, its refractive index change. This effect is widely used for micro-resonator
based sensors [36]. We neglect its analysis for switching applications.

Microring resonators have been reported to be made of silicon (Si), silicon nitride
(SiN), silicon oxinitride (SiON), tantalum pentoxide (TayO5), doped silicon diox-
ide (SiOq), GaAs-AlGaAs and polymethyl methacrylate (PMMA). Silicon is one of
widely used materials in large scale integration and there are a lot of mature pro-
cesses to fabricate silicon-based devices in efficient cost. Integrated silicon photonics
is the natural choice for chip-based, high-speed optical signal processing due to its
compatibility with CMOS technology and transparency to standard telecommunica-
tion wavelengths. This survey chapter focuses on silicon microring resonator-based
switch devices that have been successfully fabricated and experimentally demon-
strated. In the following sections we introduce different devices classified according
to tuning technologies. Furthermore, for different tuning technology, we introduce
the device details with different number of rings.

2.2.1 Electro-Optic Microring Resonator Switches

A microring resonator switch operation is based on light propagation controlled
by the change of the refractive index of the material used. Silicon lacks inversion
symmetry crystal structure and a large electro-optic coefficient, thus it does not lend
itself to the mechanism able to change the refractive index by an applied electric
field based on Kerr effect. However, the refractive index in heavily doped silicon
can be changed by injecting electrons and holes through a p-i-n junction based on
plasma dispersion effect [9].

Changing the injection currents of the electrodes leads to the change of the
injected electron and hole concentrations in the silicon waveguides, resulting in the
change of the refractive indices of the MRR waveguides. Approximate change of the

13



2 — Microring-Resonator-Based Switches

refractive index of silicon at the wavelength of 1.55 pm is [37]
An=—[88x 107 AN +8.5x 107'®. (AP)"] (2.1)

where AN is electron concentration change in cm™3; Ap is hole concentration change

in cm 3.

First-Order Electro-Optic microring Resonator Switches

Q. Xu et al. reported in 2005 [9] a microring resonator device with high-speed change
of the refractive index of silicon using electro-optic effect. The reported device shows
a breakthrough in the electro-optic tuning technology since it is three orders of
magnitude smaller than the previous one demonstrated, and it is able to be used
to modulate optical signals at 1.5 Gbps. The report has more than one thousand
citations up to now. The schematic of the microring resonator structure with a p-i-n
junction is shown in Fig. 2.4. Although the two-port configuration is suitable for
the modulation of optical signals, the working principle of this device supposes the
first step to develop optical switches, filters, and other devices. Figure 2.5 shows
the transmission spectra of the optical output at the resonant wavelength before
and after injecting electrons and holes through applying bias voltage on the p-i-n
junction embedded in the microring resonator device. This transmission spectra
confirm that the bias voltage leads to blue shift of the resonant wavelength of the
microring resonator, i.e. the resonant wavelength is decreased due to decrease in
the refractive index of the waveguide of the microring resonator.

Secon-Order Electro-Optic Microring Resonator Switches

A silicon photonic microring resonator electro-optic switch composed of two coupled
resonators (R = 5 pum) was fabricated and experimentally demonstrated [38, 39)].
Figure 2.6(a) shows the view scanning-electron-microscope (SEM) image of the sil-
icon photonic microring resonator electrooptic switch. Its spectrum of resonant
response is shown in Fig. 2.6(b).

The experiment is performed by simultaneously electrically biasing both micror-
ing resonators. Both of the cavities are biased with a square wave signal at a 100-ns
period with a 50% duty cycle, producing 50-ns optical gating packets at both output
ports. The key results from the experiment are the following. Rising and falling
times (10% to 90% of the signal) of 1.46 and 1.3 ns for through port, 1.71 and 0.87
ns for drop port, respectively, are obtained. 14-dB of optical extinction ratio (ER)
for signals egressing from both output ports of the switch is observed. Packet trans-
mission of the 40-Gb/s DPSK signal at the wavelength of 1559.5 nm is successfully
realized with power penalties of 0.6 and 2.4 dB for through port and drop port
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Figure 2.4. Schematic layout of the ring resonator-based modulator (Left). The in-
set shows the cross-section of the ring with the radius R = 6 ym. VF is the voltage
applied on the modulator. Scanning-electron-microscope (SEM) and microscope
images of the fabricated device (Right): (a) Top-view SEM image of the ring cou-
pled to the waveguide with a close-up view of the coupling region. (b) Top-view
microscope image of the ring resonator after the metal contacts are formed [9].

signals, respectively. The switch shows a 9-nm free spectral range (FSR) and -3-dB
passband width of 1.1 nm at its drop-port. In a word, fast electro-optical switching
speeds in the order of 1 ns were reported [38,39], indicating that the MRRs are
suitable for performing fast-speed optical switching.

High-Order Electro-Optic Micro-Ring Resonator Switches

In order to achieve large flat-top pass bandwidths and high optical-extinction-ratios,
multiple-microring coupled structures have been proposed for optical switching [40].
Multiple-microring coupled structures are named as high-order mircoring resonator
devices in which the dropped wavelengths propagate through several microring res-
onators. Light propagates from one microring to another one by direct light coupling
between the two rings.

X. Luo et al. reported in [40] that an electro-optically tunable switch consisting
of 10 cascaded coupled-racetrack microring resonators integrated with lateral p-i-n
diodes in silicon on insulator was fabricated as shown in Fig. 2.7 using CMOS-
compatible fabrication process. In the 10 cascaded microring resonator structure
each ring has a footprint dimension of 20 pum by 40 pum. Up to 30 Gb/s signal
switching capability is supported. Other important results reported in [40] are the
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Figure 2.5. Light transmission spectra of a microring resonator before (solid line)
and after (dashed line) a bias voltage is applied. The bias leads to decrease in
the resonant wavelength that is attributed to reduction in refractive index of the
waveguide of the microring resonator.
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Figure 2.6. (a) Top-view scanning-electron-microscope (SEM) image of the
silicon photonic microring resonator electro-optic switch. (b) Spectra of the
silicon photonic microring resonator electro-optic switch for both output ports
in the passive state [38,39].

dynamic response of the electro-optic switch from the throughput and drop ports
by switching 20-Gb/s signals. Measured results show a periodic transmission bands
with 6 nm free-spectral range, 80~140 GHz bandwidth and ~ 50 dB drop-port
extinction ratio. The on/off ratios are respectively ~ 10 dB and 45 dB in throughput
and drop ports, with ~ 1 ns switching time. The throughput losses range from 3.1
to 4.9 dB, while the drop losses range from 4.3 to 5.9 dB.
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Figure 2.7. Optical microscope image of the fabricated tenth-order coupled-mi-
croring-based switch integrated with lateral p-i-n diodes [40].

2.2.2 Thermo-Optic Microring Resonator Switches

The refractive index of silicon can be changed by changing its temperature. For
the thermo-optic tuning, the MRR switches must have electric heaters located on
their MRRs in order to change the temperature of the MRR waveguides. The
refractive index change of silicon yields a resonant wavelength shift of a microring
resonator, thus switching a given optical signal in different outputs. The refractive
index is changed according to An = K - AT, AT being the temperature variation
of the waveguide and K the thermo-optic coefficient of silicon [41]. In the MRRs
made of silicon material, approximate thermal change of the refractive index at the
wavelength of 1.55 pm is [37]

An = 1.86 x 107*AT (2.2)

where AT is the temperature change in °C. That is, 1 °C’ temperature difference
between the waveguides in the MRR switches leads to the difference of the refractive
indices of 1.86 x 107%.

First-Order Thermo-Optic Microring Resonator Switches

F. Gan et al. reported in [42] a large resonant wavelength shift of A\ ~ 20 nm of a
7-pm-radius silicon microring resonator. Figure 2.8 shows the fabricated microring
resonator (dashed line) which is located below a Ti multi-wire structure heater with
a diameter of 20 ym. Figure 2.9 shows the shifted drop-port transfer functions and
the free spectral range of 16 nm of the MRR when different powers are applied to
the heater. The experimental measurements report a switching rise time of 7 us and
a switching fall time of 14 us.

Single microring resonators are used as optical switches to configure more com-
plex structures such as the 4 x 4 router [28] as shown in Fig. 2.10(a). Each microring
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10 jim

Figure 2.8. Optical micrograph of fabricated heater above tunable
silicon microring resonator [42].
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Figure 2.9. Drop-port transmission spectra for different tuning powers, showing a
large tuning range of 20 nm which exceeds the 16 nm FSR of the resonator [42].

resonator of 10-um radius is used as a switch controlled by a heater above itself ex-
ploiting thermo-optical effect. The detail of a MRR is shown in Fig. 2.10(b). The
resonant wavelength of the ring resonator at 1550 nm is tuned within a range of
10 nm. When electric power is applied to the heater, the resonant wavelength of
the resonators is shifted at a rate of 0.25 nm/mW. Sherwood-Droz et al. [28] also
showed some combination of non-interacting paths through the router, and at most
one microring resonator is used for one path. All optical paths show a maximum
extinction ratio of 20.79 dB at drop or throughput port for a routed signal, and a
pass bandwidth of around 38.5 GHz corresponding to a bandwidth of 0.31 nm at
the wavelength of 1550 nm. The free spectral range is 8.8 nm. The average insertion
loss between all the possible paths through the 4 x 4 router is 0.51 dB.

Based on single microring resonator switch controlled by the thermo-optic effect,
a spatially non-blocking five-port optical router is experimentally demonstrated [29].
Figure 2.11 shows the optical router fabricated on a silicon-on-insulator (SOI) plat-
form using standard CMOS processing. Each microring resonator has a radius of
10 pm and the total footprint of the device is about 440 x 660 p m?. The results
show that all the microring resonators achieve -3-dB bandwidths of larger than 0.31
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Figure 2.10. (a) Microscope image of a 4 x 4 router shows gold contacts to
nichrome heaters above the microrings. (b) An SEM image shows the details
of the fabricated waveguide crossing and coupled rings (Insert shows close-up
of heaters) [28].

nm (38 GHz), and extinction ratios higher than 21 dB for through ports and 16
dB for drop ports. The free spectral range of a microring is approximatively 10
nm. Total insertion loss of a single microring is ~8 dB, which includes propagation
loss, crossing loss, and coupling losses between silicon waveguide and input/output
lensed fibers. The average wavelength shift is 4.8 nm for the microring resonator
from OFF state to ON state. 12.5 Gbps high-speed signal transmission experiments
showed high quality routing functionality of the optical router.
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Figure 2.11. Schematic layout of the five-port non-blocking on-chip optical router [29].

Here we show two different switch devices made of single racetrack shape micror-
ing resonators. Figure 2.12 shows the first example of switch based on two single
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racetrack-shape microrings used to build a 2 x 2 router architecture that can sup-
port signal throughput capabilities up to 320 Gb/s [30]. The microring resonator
switches are controlled by thermo-optic effect. In the racetrack resonators, the radii
at the bending sections are 5.5 um and the lengths of the straight sections are 4 pym.
The free spectral ranges of the switches are 36 nm, the drop resonance at 1520 nm
has a -3-dB bandwidth close to 12 nm, while the corresponding extinction ratio for
the drop-port resonant peaks is close to 18 dB. Insertion losses for the through and
drop ports are 10 and 12 dB, respectively.

IC8 - U

Figure 2.12. (a)SEM image of two racetrack-shape microring resonators as optical
switches using thermo-optic effect [30].(b),(c) Real time image when light is guided
into the Drop and Through port, respectively.

Figure 2.13 shows the second example of racetrack-shape microring-based switch
used to build a reconfigurable multiplexing device fabricated on a SOI platform [43].
The microrings have bending radii of 4 ym and straight coupling lengths of 2 pm.
Each microring is controlled independently through the thermo-optic effect of silicon,
and one wavelength is dropped or added from one ring. The measured results show
a FSR of 19 nm, a passband width of 0.2 nm, an insertion loss of 1 dB and an
ON/OFF extinction ratio of 23 dB. The results show that a wavelength shift of
~b nm in the transmission spectra at the drop port of one microring is achieved
when heating is applied. When the heater is driven by a 20-kHz square-wave voltage
signal, the temporal response at the drop port of one ring resonator shows a time
constant of 9 and 6 us for the rise edge and the fall edge respectively.

Second-Order Thermo-Optic Microring Resonator Switches

Thermal-optic tuning microring-based switches can be integrated in more complex
wavelength division multiplexing structures. Two examples that use the second-
order microrings (i.e. two rings per switch) are presented. The first example uses
thermo-optically tuned microring resonators to switch four channels in integrated
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Figure 2.13. Two single microring resonators are used to build the
(de)multiplexers. One wavelength is dropped or added after independently switch-
ing one ring on using thermo-optic effect [43].

SOI waveguide boards [44]. As shown in Fig. 2.14, four groups of the second-
order microring-based switches perform a demultiplexing functionality filtering the
output optical signals at different wavelengths. The filtered optical signals are sent
to all-optical wavelength converters (AOWCs). Titanium heaters are employed for
heating up the MRR structures and changing the effective refractive indices of the
microring resonators for wavelength fine-tuning. The diameters of the microring
resonators are 18 pym. The transmission spectra at the through and drop ports of
the packed devices are measured. The measured results show that each switch has a
free spectral range of 5 nm, a passband width equal to 0.04 nm, an extinction ratio
of 35 dB, and a total insertion loss (including the losses of both the second-order
microring resonator switches and all-optical wavelength converters) of 4.5 dB. The
structure is tested with a signal transmission capacity of 160 Gbit/s (40 Gb/s per
channel) at the wavelength of 1550 nm.
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Figure 2.14. Schematic structure of the four-channel second-order thermo-optic
microring resonator switch architecture [44].

The second example uses the second-order microring resonators to control the
wavelength pass bands and spacings of 20 channels for on-chip wavelength-division-
multiplexing systems with thermo-optic tuning technology as shown in Fig. 2.15 [45].
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All the micoring resonators are fabricated on a SOI wafer and have a radius of 6.735
pm. Light signals from input ports A and B are dropped into the drop ports A;,
and B; (1 =1, 2, ...... , 20) respectively, i.e., light propagates along path A — A;, or
B — B;. Both propagation directions have identical output responses. The microring
resonator reconfigurable filterbank demonstrates precise tuning of eleven (out of the
twenty) channels, with a channel spacing of 124 GHz (~ 1 nm) and crosstalk between
channels of about -45 dB. The free spectral range is 16 nm. The insertion loss (from
input towards drop port) for all channels ranges from 1.5 to 2.5 dB. Both examples of
the second-order thermal-tuned microring resonators demonstrate that the second-
order MRRs are suitable for on-chip wavelength-division-multiplexing applications.

drop ports-

200 pm

Figure 2.15. Optical micrographs of fabricated filterbanks with twenty
channel counter-propagating [45].

Third-Order Thermo-Optic Microring Resonator Switches

Sharper transfer functions and larger extinction ratio can be obtained when the
number of rings coupled together in a microring structure increases (i.e. the order
of the microring resonator increases). Thermally tuning the third-order micror-
ing resonators made of silicon waveguides are used for tunable filtering in WDM
applications [46]. Figure 2.16 shows the third-order microring resonator switches
fabricated. Their experimental results demonstrate flat-top spectral passbands with
~0.65 dB of intraband ripple, an out-of-band rejection ratio over 40 dB, a -3 dB
bandwidth of 0.38 nm, and a free spectral range of 10 nm. The microring resonators
have radii of 10 pm and the MRR switch shows an insertion loss lower than 0.9 dB.
The measured response spectra show a tuning efficiency of 48.4 mW /nm. Applying
10-kHz thermal tuning signals, the dynamic measurement demonstrates a 12.63-us
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rise time when the signal intensity increases from 10 to 90%, and a 6.31-us fall time
when the signal intensity decreases from 90 to 10%, respectively.

(a) (b) (d)

Figure 2.16. (a) Schematic structure of the third-order MMR filter. (b) Micro-
graph of the thermally tunable filter. Scanning electronic micrograph of the (c) bus
ring and (d) ring-ring coupling regions [46].

C. Stamadis et al. [47] used three thermo-optic tuning silicon mirocring res-
onators with diameters of 6 ym to perform switching. The obtained results show a
-3-dB bandwidth of 1.4 nm, a free spectral range of 28 nm, an extinction ratio of
22 dB and insertion losses lower than 3 dB. The device is tested with the signals of
160 Gb/s.

Fourth-Order Thermo-Optic Microring Resonator Switches

The fourth-order thermo-optic microring-based switches may provide very high ex-
tinction ratios and low crosstalks. Y. Goebuchi et al. reported in [31] a fourth-order
microring-based structure for multi-wavelength selective switching. The switching
is realized through independent thermo-optic tuning of series-coupled microring res-
onators, and the series-coupled microring resonators can switch arbitrary wavelength
channels without blocking other wavelength channels during the tuning intervals.
Reported results show a high extinction ratio of 39.0 - 46.6 dB and a crosstalk of
19.3 - 24.5 dB.

Figure 2.17 shows the structure of the wavelength selective switch [31]. The
round trip length of the racetrack resonator for the quadruple series-coupled mi-
croring resonator is approximately 610 pgm, and the curvature radius of the bending
part of the racetrack resonator is 55 um. Racetrack shaped heaters are formed on
the top of individual racetrack resonators.

23



2 — Microring-Resonator-Based Switches

By cascading two fourth-order microring-based switches [48], the measured re-
sults show that each switch has the spectral passband width of 0.21 nm and a free
spectral range of 2.2 nm. The bandwidth of overall spectral response are doubled
(0.42 nm) when switching on the two switches. The results show that, by means of
the ON/OFF switching capability of the two switches, the overall bandwidth can be
digitally controlled. Therefore, the two-switch architecture can be used as a switch
device with variable bandwidth that is required in optical networks.

17mol %Ta,0,-Si0, Throngh port

Si0,
cladding

Figure 2.17. Perspective view of a wavelength channel selective switch using
quadruple series-coupled MRRs [31].

2.2.3 All-Optical Microring Resonator Switches

Here we will review the most relevant all-optical microring-based switches reported
in the literatures. In this type of switches, tuning the resonant wavelengths of the
microring switches is realized by changing the refractive indices of the MRR waveg-
uide materials when high intensity laser beams pump the MRRs. High intensity
laser beam induces optical Kerr effect inside the MRR waveguides to change the
refractive indexes of the materials. In some cases, a laser beam can induce plasma
dispersion inside microring resonators resulting from single photon or two photon
absorption [49], [34], thus leading to the change of the refractive indexes of MRR
materials. Pumping laser beam may be input into the microring resonators by light
coupling with optical couplers as shown in Fig. 2.18 [35], or may be directly focused
on the surfaces of microring resonators from the tops of the microrings as shown
in Fig. 2.19 [49]. In addition, it is also possible to exploit the change of refractive
indexes of silicon materials inside the microring resonators through thermal-optic
effect by focusing laser beams on the microring resonators to heat the materials [50].
So far, only single ring devices (i.e. the first-order microring resonators) have been
reported for the optical tuning MRR switches for two possible reasons. The first one
is that high coupling loss between MRR waveguides leads to low pumping power
in the microring that can not effectively change the refractive index of the MRR
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waveguide, when the pumping laser beam is coupled into the MRRs by using op-
tical coupling scheme. The second is that several lasers are used to couple laser
beams into the MRRs or several laser beams are needed to irradiate multiple MRRs
for high-order MRR switch devices, resulting in large and complex space structures
that do not benefit to the integration of the MRR devices.

| 20 probe
: chanmnels

| DTG || PPG |

- electrical clock/trigger === electrical data signal — optical Iiberl

Figure 2.18. Diagram of the device structure and experimental setup used for ac-
tive measurements. (CSA: communications signal analyzer; DTG: data timing gen-
erator; A: tunable grating filter; mod: LiNbO modulator; OSA: optical spectrum
analyzer; Rx: receiver) [35].

A pump

A probe

— &

Figure 2.19. Scheme of laser pumping microring resonator from its top.
Probe light is coupled into the bus waveguide of the microring resonator
through optical coupler [49].

Simultaneous all-optical switching of tens of continuous-wave wavelength chan-
nels is reported in a microring resonator-based silicon broadband 1 x 2 comb
switch [35]. The state of the switch is toggled by modifying refractive index of
the ring via two-photon absorption induced by a pump laser source operating at
1.55-um wavelengths. The 1 x 2 all-optical comb switch shown in Fig. 2.20 uses a
100-pm radius silicon ring resonator. It has a footprint of ~0.04 mm?. The exper-
imental setup in Fig. 2.18 shows that the combined pump and probe signals pass
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through the switch and are analyzed using a power meter and an optical spectrum
analyzer. The transmission spectra of both drop and through ports, together with
a third port (a reference waveguide with the same length and cross section as the
through port waveguide), are shown in Fig. 2.21. The results show simultaneously
switching 20 continuous wave wavelength channels with the spacing of ~0.8 nm us-
ing the same pumping laser. The free spectral range that characterizes the reported
microring resonator is 0.8 nm in concordance with the larger radius of this device.
The results show an extinction ratio of 14.5 ~ 18.7 dB, a passband width of 0.085
nm (10.6 GHz) for all the channels, a switching rise/fall time around 1 ns, and the
insertion loss of 2.3 dB at the drop port. The switch overcomes the small band-
width of the traditional ring resonator since it simultaneously switches on or off all
the channels, and it may work in wavelength division multiplexing applications.
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Figure 2.20. Top-view microscopic picture of the fabricated 1 x 2
all-optical comb switch [51].
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Figure 2.21. Relative transmission spectrum over the C-band of the
through port (black, solid), drop port (black, dashed), and output of the
reference waveguide (gray, solid) [35].

A femtosecond pulse laser with a central wavelength of 415 nm is reported to
be used to pump the microring resonator [51] with the same geometric size as the
microring in [35] by focusing the pump pulses on its top surface. The result shows
that it can enable switching of a large number (~40) of wavelength channels spaced
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by ~0.85 nm. Overall optical bandwidth spans 33 nm. The switching time is less
than 1 ns. The resonant wavelengths of the ring are shifted by 0.2 nm after pumping,
i.e. the wavelength tuning range of the microring resonator is 0.2 nm. The insertion
loss of the ring is less than 3 dB over the entire spectral range from 1532 nm to 1565
nm.

A first-order microring-based 2 x 2 all-optical control switch is reported in [50]
as shown in Fig. 2.22. The switch has nanosecond-scale switching time (< 2 ns),
ON/OFF extinction ratios up to 11.5 dB, and insertion losses of ~1 dB at a data
rate of 10 Gb/s for static and dynamic operation. The FSRs of the resonators are
1.6 nm and the resonator modes have -3-dB bandwidths of 0.1 nm (12.5 GHz) on
average. The experimental setup is shown in Fig. 2.23. Two main pump lasers at the
wavelengths of 1536.6 and 1563.1 nm and an external laser at the wavelength of 532
nm are used to tune the resonant wavelengths of two microring resonators, resulting
in 2 x 2 switching function. The experiment is performed using 6 wavelength
channels from 1542.9 nm to 1559.8 nm. This device can be an important building
block in more complex routing structures to provide network designers with the
imperative 2 x 2 switching function. The 2 x 2 switch facilitates the design of
more complex routing structures, allowing the implementation of multi-function
integrated optical networks.

In0 OFF Out0
In0 ON Out1
In1 OFF Out1
In1 ON Out0

Figure 2.22. Schematic of the 2 x 2 switch layout and table for the switching states.

trigger zate

Figure 2.23. Diagram of the experimental setup. Solid lines represent optical fiber,
while dashed lines represent electrical cable [50].

The all-optical pumping scheme demonstrates the possibility of the device to
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achieve fast switching (2 ns) with high extinction ratios. It is worth noting that all-
optical microring resonator switching can be also realized by optically controlling
intra-cavity loss via Raman scattering [52]. However, in actual implementations,
electronic carrier injection instead of optical pump scheme is feasible to tune the
refractive index of a MRR for optical switching applications. Not only would the
optical pumping scheme be impractical in structures, but also electronic carrier
injection is expected to improve the speed, insertion loss, and power requirements
of the switches, while also providing a more stable switching scheme [50].

2.3 Comparison of Microring-Resonator-Based
Switch Device Performances

The performances of microring-resonator-based switch devices are strongly depen-
dent on their wavelength tuning methods, architectures, physical and geometrical
parameters. Their passband widths and insertion losses are dependent on the num-
bers and the diameters of the microring resonators consisting of the switching de-
vices as well as the coupling behaviours between the waveguides of the microring
resonators.

Small microring devices can achieve large wavelength tuning ranges and large
free spectral ranges. It is reported that when microring resonator diameters are
decreased from 3 to 2 pum [53,54], their free spectral ranges increase from 52 to 80
nm, while their bandwidths increase from 1.2 to 3.3 nm, indicating that the spectral
bandwidths of microring resonators increase if the diameters of microring resonators
decrease.

As mentioned previously, large flat-top spectral passband widths can be achieved
if high-order coupled microring structures are used as optical switches in the optical
interconnect systems [39, 45, 55]. The passband of a microring-resonator switch
may become wider and flatter using high-order microring-resonator switch structure
instead of single-microring-resonator structure [39]. It is reported that a flat-top
pass band of 310 GHz is achieved using the fifth-order microring-resonator switch
structure [55].

The difference between the switch devices using different wavelength tuning tech-
nologies is discussed as follows.

2.3.1 Electro-Optic Microring Resonator Switches

The refractive index of silicon can not be tuned directly using Kerr effect as men-
tioned in Section 2.2. However, the refractive index of heavily doped silicon can be
changed by injecting electrons and holes through a p-i-n junction based on plasma
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dispersion effect. Moreover, the effective refractive index of the waveguide for a mi-
croring resonator can be changed by using electro-optic material instead of silicon
oxide for the cladding layer of the waveguide of the microring resonator, i.e., the
core layer of the waveguide is made of silicon while the cladding layers are made
of the electro-optic material. Using this waveguide, the resonant wavelength of a
microring resonator can also be tuned by applying electric field on the microring
resonator.

Microring switch devices can achieve faster switching speed using the electro-
optic tuning technology based on plasma dispersion effect. Their switching times are
on the order of ~1 ns [39,40]. Using high-order microring-resonator structures, flat-
top spectral passbands of the microring resonator switches are able to be achieved.
A third-order microring add-drop filter consisting of silicon microring resonators
with the diameters of 5 um is reported to have a flat passband width of ~1 nm (125
GHz) at the wavelength of 1550 nm and a free spectral range of 32 nm [56]. The ~1-
nm wide passband can accommodate two, five, ten, and twenty channels in optical
networks at the spacings of 50, 25, 12.5, 6.25 GHz [57] respectively, where 6.25
GHz is defined as the frequency granularity of flexible optical networks. A compact
silicon-on-insulator add-drop filter composing of microring resonators with a 3-pm
diameter for wavelength-division-multiplexing on-chip interconnect applications [54]
is reported to have a passband width of 210 GHz (1.7 nm) and a FSR of 52 nm (6.34
THz), with only 2.9-dB insertion loss and a drop-port extinction ratio as high as
25 dB. The device could accommodate up to 30 high-bit-rate data channels at the
spacing of 6.25 GHz within one FSR. However, the channel passband is not flat. It
is reported that when the diameter of the microring resonator is reduced to 2 pm,
the passband width increased to 410 GHz (3.3 nm) and the FSR increased to 80 nm,
which spans almost both the C and L bands [53]. The device would accommodate
up to 60 high-bit-rate data channels at the spacing of 6.25 GHz within one FSR.

Advantage: Microring resonator switches with the electro-optic effect have higher
switching speed. High throughput microring resonator switches can be fabricated
with CMOS-compatible process technology in low cost, and monolithic integration
can be realized. The switches have potential to be used in high speed optical com-
munication networks and optical interconnection in networks on-chip.

Drawback: The resonant wavelengths of microring resonators may be shifted
due to their high sensitivity to ambient temperature fluctuation caused by the large
thermo-optic coefficient of silicon (1.86 x 10~* K~1). Fortunately, a lot of approaches
have been proposed and successfully implemented to mitigate the influence of the
temperature sensitivity. Several schemes involving active compensation have been
demonstrated, in which heaters provide feedback that dynamically stabilizes the ring
resonance [58-60]. There have also been several schemes that involve passive com-
pensation. One scheme is to use polymers with negative thermo-optic coefficient as
the cladding materials of MRR waveguides to counteract the positive thermo-optic
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coefficient of silicon [61-64]. Recently, a scheme was reported to use a Mach-Zehnder
interferometer (MZI) design to stabilize the resonant wavelengths of microring res-
onators in silicon electro-optic modulators, through the spectrum blueshift with
temperature to counteract the spectrum redshift of a conventional microring res-
onator [65,66]. The degradation from thermal effects can also be mitigated using a
pre-emphasized driving signal [67].

2.3.2 Thermo-Optic Microring Resonator Switches

Thermo-optic microring resonator switch devices have large wavelength tuning range
while they have slow switching speed. The devices can achieve the wavelength tuning
range larger than 20 nm [42]. Typically, their switching times are on the order of 10
pus due to slow thermal diffusion speed. Using the third-order microring-resonator
switch structure, a flat-top passband response with a -3-dB bandwidth of 1.4 nm
(175 GHz) at the wavelength of 1550 nm and a FSR of 28 nm are reported [47].
This flat-top band can accommodate 28 high-bit-rate data channels at the spacing
of 6.25 GHz within one FSR.

Large transmission capacities have been achieved in thermally tuned silicon mi-
croring resonator-based router. A 2 x 2 router architecture was reported to support
up to 320-Gb/s throughput [30], using a dual-ring 2 x 2 thermo-optic switch residing
on a SOI photonic motherboard.

Advantage: Thermo-optic microring resonator switch devices have large wave-
length tuning ranges. More than 20 nm (2.5 THz) wavelength tuning range has been
achieved [42]. They are easy to be fabricated and to be implemented in low cost.

Drawback: The switching speeds of these devices are rather slow. Typically, the
switching times are on the order of 10 pus. However, they can be used in the optical
communication networks in which fast switching times are not required.

2.3.3 All-Optical Microring Resonator Switches

All-optical microring resonator switching can be realized based on shifting the reso-
nant wavelengths of microring resonators using optically induced plasma dispersion
effect, Kerr effect, and optically induced heating effect in silicon material. It can
also be realized by controlling intracavity light propagation loss via inverse Raman
scattering.

However, silicon does not possess strong nonlinearity and large electric-optic
coefficient while Kerr effect is dependent strongly on nonlinear electric-optic coeffi-
cient. Hence, high power or extremely high power lasers are needed for all-optical
microring resonator switches. In this case, laser will damage the microring resonator
structure. Thus, it is not an effective method to use Kerr effect for switching purpose
in silicon-based microring resonator devices.
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Optically induced heating effect is actually similar to thermo-optic effect. The
waveguide material absorbs the energy of a pump laser and the energy changes into
heat. The heat changes the temperature of the waveguide, resulting in changing the
refractive index of the waveguide material.

Inverse Raman scattering in silicon leads to strong loss at the anti-Stokes wave-
length. It could be a scheme to realize all optical control of microring resonator
switches using this effect. Currently, the most effective method reported for all-
optical microring resonator switching purpose is to use optically induced plasma
dispersion effect which results from single photon or two photon absorption.

All-optical microring resonator switch devices can generate high switching speed
(less than 1 ns), and tens of channels can be simultaneously switched on or off. A
1 x 2 all-optical comb switch using a 200 um diameter silicon ring resonator with
a switching time of less than 1 ns is reported [51]. The switch enables simultane-
ous switching of 40 wavelength channels spaced by ~0.85 nm. The overall optical
bandwidth of the device spans 33 nm.

However, the optical pumping scheme is not superior to electro-optic tuning
scheme in structures, speed, insertion loss, power requirements, and device stabili-
ties. The devices have very small wavelength tuning ranges and narrow passband
widths. Expensive ultrafast pulsed lasers are used to pump microring resonators.
The pumping lasers need large space, which may not be suitable for compact optic-
electronic integration. The comparison of the three tuning technologies is listed in
Tab. 2.1.

Table 2.1. Comparison of microring resonator-based switch performances

Tuning technology Switching time Tuning range Complexity

Electro-optic 1 ns 2.8 nm [59] Simple
Thermo-optic 10 ps >20 nm [42] Simple
Optical tuning 1 ns 0.2 nm [51]  Complicated

2.4 Conclusions

The chapter was focused on examining wavelength tuning technologies for microring
resonator-based switch devices in silicon photonic interconnection networks and op-
tical communication networks. Based on the descriptions above, we draw conclusion
as follows:

The resonant wavelengths of silicon-based microring resonators for switching ap-
plications in photonic interconnection networks can be tuned through electro-optic
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effect, thermo-optic effect, optically induced plasma dispersion effect in silicon mate-
rial. The performances of microring resonator switch devices are strongly dependent
on their wavelength tuning methods, architectures, physical and geometrical param-
eters. Their passband widths are dependent on the numbers, the diameters of the
microring resonators, the physical properties of MRR materials, and the coupling
characteristics of the MRRs in the switch devices. In small diameter microring de-
vices, large free spectral ranges, large passband width, and large wavelength tuning
ranges can be achieved. In high-order microring switch devices, wide and flat-top
spectral passbands can be achieved.

Electro-optic tuning can achieve faster switching speeds (~1 ns) and suitable
wavelength tuning ranges (AX ~ 2.8 nm) for MRR switch devices. However, the
optical central wavelengths of the passbands of the MRR switch devices may be
drifted caused by temperature fluctuation during the carrier injection in the p-i-n
junction. This limits the capacity of the signal transmission in optical interconnec-
tion systems. Fortunately, the optical wavelength fluctuation can be mitigated us-
ing temperature compensation, wavelength track and feedback, MZI interferometer
spectrum stabilization, driving signal pre-emphasis, and other relevant techniques.

Thermo-optic tuning provides large wavelength tuning ranges (AX > 20 nm)
with low switching speeds (10 us) for MRR switch devices. It is relatively easy to
tune the resonant wavelengths of the microring resonators. So far, experimental
results demonstrate the maximal supported signal throughput of 320 Gbit/s using
thermo-optic tuning micoring resonator devices.

Optically induced plasma dispersion effect inside silicon through single photon
and two photon absorption can change the refractive index of a silicon waveguide
of a MRR switch device. Experimental results show high switching speeds (less
than 1 ns) and tens of channels can be simultaneously switched. However, the
optical pumping scheme would be impractical in structures for opto-electronic inte-
gration due to large pumping laser dimensions. High pumping laser power is also
needed since it is not easy to couple high power directly into the devices due to
high light coupling loss. In comparison, electronic carrier injection can increase the
switch speeds, decrease the insertion losses, and decrease power consumptions of
the switches, while also providing a more stable switching scheme, indicating that
the optical pumping scheme is not superior to electro-optic tuning scheme for MRR
switch devices in structures, speeds, insertion losses, power requirements, and device
stabilities.

32



Chapter 3

Design of Microring Resonator
Devices for Switching Applications

in Flexible-Grid Networks

In this chapter, the physical characteristics of microring resonator switching devices
are thoroughly analyzed using a model based on the field coupling matrix theory.
The spectral response and insertion loss properties of these switching elements are
simulated using the developed model. Then we investigate the optimal design of
high-order MRR-based devices. First, the structure and the spectral response be-
haviors of the MRR-based devices are illustrated in Section 3.2. The spectral pass-
band widths and insertion losses of MRR-based switching devices as the functions
of several physical characteristics of the MRRs, such as the coupling coefficients
between the MRRs, the ring diameters, and the propagation losses in the MRRs,
are analyzed and discussed in Section 3.3. In Section 3.4 simple switch architectures
based on MRRs are demonstrated as a possible application of the studied elements
in flexible-grid networks. Results show that by cascading three microring resonators
it is possible to achieve the flat-top passband widths ranging from 6.25 GHz to 3
THz, while having the insertion losses compatible with the use in flexible-grid op-
tical communication networks. The architectures of simple MRR optical switches
with limited functionalities are discussed, showing the potential use of MRRs for
switching applications in flexible-grid optical networks.

3.1 Introduction
The constant increase of traffic has urged effective use of the available spectral re-
sources in optical core networks. The development of mature and reliable optical

orthogonal frequency division multiplexing (OFDM) transmission systems helped
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to solve the problem. However, the adoption of optical OFDM systems made in-
adequate the traditional fixed-grid division of the optical spectrum used in WDM
networks. Thus, flexible-grid networks have been introduced as mentioned in Chap-
ter 1

In flexible-grid networks, the fundamental device is a flexible WSS which has
to cope with the need to switch channels with variable bandwidths. Early WSSs
were demonstrated using integrated optics [68,69]. Commercial WSSs use free-
space optics exploiting MEMS [5] or liquid crystal switching elements [70]. Hybrid
integrated and free-space optics WSSs [71] were demonstrated in laboratory. These
devices cannot be used in short reach networks such as networks on chip or in board
to board or data center interconnects due to their large volumes. The flexible-grid
WSS based on AWG described in [72] requires a complex fabrication process and
hardly achieves a very narrow steep-edge flat-top passband.

MRRs are instead highly wavelength selective and can be easily integrated on
chip. MRRs were studied as filters, switches, modulators, routers, multiplexers for
optical communication networks and optical interconnections [73-75]. Wide flat-top
passbands can be achieved by cascading several MRRs and by properly selecting
structural design parameters [76,77]. A 1.4 nm wide passband, corresponding to
frequency bandwidth of 175 GHz, using three cascaded MRRs, were reported [15].
Compact 5-th order ring resonator optical filters based on submicron silicon photonic
wires with a flat-top pass band of 310 GHz were demonstrated [78]. A maximal
bandwidth of 6 nm (750 GHz) was reported [79] . However, devices for flexible-grid
networks have stricter requirements.

Tuning actions are required to select a proper passband or change a passband,
depending on the switching needs. Thermal [80,81], electrical [40] or optical tuning
technologies can be exploited to dynamically select a proper set of wavelengths for
different switching speeds. Optimizing the design of MRRs becomes fundamental to
develop MRR switching devices characterized by very narrow or very wide flat-top
passband widths.

In this chapter, we investigate the optimal design of high-order MRR-based de-
vices, which are obtained by cascading several microring resonators. First, the struc-
ture and the spectral response behaviors of the MRR-based devices are illustrated
in Section 3.2. The spectral passband widths and insertion losses of MRR-based
switching devices as the functions of several physical characteristics of the MRRs,
such as the coupling coefficients between MRRs, the ring diameters, and the propa-
gation losses in the MRRs, are analyzed and discussed in Section 3.3. In Section 3.4
simple switch architectures based on MRRs are demonstrated as a possible applica-
tion of the studied elements in flexible-grid networks. Finally, conclusions are drawn
in Section 3.5.
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3.2 High-order Microring Resonator-Based Switch
Devices and Transfer Matrix Theory

High-order MRR-based devices are composed of two linear waveguides and several
cascaded MRRs, as shown in Fig. 3.1. The device cascading N microrings is named
Nth-order MRR-based device. In these devices, it is assumed that all MRRs operate
at the same resonant wavelength. The signal from the input port propagates in
the first waveguide. The portions of the spectrum at the resonant wavelengths
are coupled into the first MRR and they propagate through the N — 1 remaining
MRRs. Finally, the propagating spectrum is coupled to the output waveguide and
exits at the drop port. Instead, the portions of the spectrum not correspondent to
the resonant wavelengths exit from the through port. In Fig. 3.1, a,, a;l and b, b;l,
withn € [0, 1,2, ..., N, N + 1], denote the complex mode normalized amplitudes and
their squared magnitudes correspond to the modal powers. k, represents instead the
dimensionless field coupling coefficient, while k2 is the power coupling coefficient.
k2 and k% represent the power coupling coefficients between bus waveguides and
MRRs at the signal input port and the drop port.

Through Drop

bOT TbN+1
T3N+1

Input Add

Figure 3.1. Structure of a high-order MRR-based switching device.

To study the response spectrum of MRR-based devices, it is necessary to compute
the resulting signal (i.e., by 1) at the drop port. The computation can be performed
based on the field coupling matrix theory [82]. The light propagation in the MRR-
based device can be described using the transfer matrix equation as follows:

[ AN+1 ] _ 1:[ (PN—n - Qn-pn) - Py l Z(()) ] : (3.1)

bN+1 n=0

In Eq. 3.1, P, describes the coupling matrix between the (n — 1) and the n'"
MRR. In particular, Py and Py correspond to the coupling matrices between the

35



3 — Design of Microring Resonator Devices for Switching Applications in Flexible-Grid Networks

input waveguide and the first MRR, and between the output waveguide and the last
MRR respectively. P, can be computed as

| —t, 1

where t,, and ¢ are the transmission coefficient and its complex conjugate respec-
tively. Furthermore, ¢2 is the power coupling coefficient such that |k,|? + |t,|* =
with the simplifying assumption of no external losses in the coupling between bus
waveguides and MRRs, and between MRRs.

Furthermore, @,,, representing the propagation matrix in one MRR, is written

0 efiﬁRTr
Qn - [ eiﬁRﬂ 0 ] )

(3.3)

where [ is equal to 2mn(f)f/c + ia, n(f) is the frequency dependent effective re-
fractive index, f is the propagating mode frequency, « is the light propagation loss
per unit length in the MRRs, and R is the MRR radius.

Finally, Eq. 3.1 can be expressed in the following form:

EAREI! 4

Thus, by and by, the signals at the through and the drop ports respectively,
can be expressed as

bO B - an’ (35)
and D AD
bN+1 = ECLN+1 + (C — B) ag. (36)

3.3 Physical Characterization of High-Order
Microring Resonator-Based Switch Devices

The MRRs considered in this work are built using silicon waveguides with silicon
oxide as cladding. We refer to the waveguides with cross sections of 450 nm wide and
250 nm thick, whereas the thicknesses of silicon oxide cladding at top and bottom
are 1 and 3 pm respectively. The effective refractive indices of the waveguides
are calculated, using the finite difference method, to be about 3.212 for transverse-
electric (TE) polarization mode and 3.023 for transverse-magnetic (TM) polarization
mode at the wavelength of 1.55 um. We keep fixed these values because they depend
on the waveguide structures which are the same in all the considered cases. We
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disregard the large wavelength shift for different polarization light propagation under
resonant condition and we focus on light propagation in TE polarization only for
simplicity.

The spectral response at the drop port is influenced by several physical param-
eters: the number of coupled MRRs, the coupling coefficients between waveguides
and MRRs and between MRRs, the MRR diameters, and the propagation losses in
the MRRs. In the following sections, we study the effect of each parameter on the
spectral response, to determine which is the most suitable high-order MRR-based
device to build WSS for flexible grid optical networks. The results are obtained by
simulating the behaviors of high-order MRR-based devices using the mathematical
formulas reported in Section 3.2. In the figures, arrows are used on the frequency
axes to show the ITU-T central frequencies of channels with spacing 100 GHz.

All N MRRs are assumed to be identical in size. If not differently stated, the
MRR diameters are set to 20 pm and the light propagation losses to 5 dB/cm.
Furthermore, the power coupling coefficients between bus waveguides and MRRs
are set to k3 = k%, and the power coupling coefficients between MRRs meet the
following condition:

W =ld= . =k | =025k (3.7)

3.3.1 Sensitivity to Number of Microring Resonators

The desired response spectrum should present a flat-top passband to preserve signal
shape and intensity. Figure 3.2 depicts the response spectra at the drop port of
Nth-order MRR-based devices, for variable N, with coupling coefficients satisfying
Eq. 3.7. A single MRR-based device has a response spectrum that corresponds to a
Lorentz curve. In the case of a 2nd-order MRR-based device, the top of the response
spectrum is not flat, while the coupling of three MRRs results in a flat-top passband.
If more than three MRRs are used, fluctuations in the top passband appear. Thus,
we focus on N = 3 in the following analysis, i.e., on 3rd-order MRR devices.

3.3.2 Sensitivity to Power Coupling Coefficients and
Propagation Losses

The spectral response of a 3rd-order MRR-based device at its drop port is analyzed
by varying the coupling coefficients between MRRs, and between the bus waveguides
and MRRs.

In Fig. 3.3 the spectral response is shown for different values of the coupling
coefficients between the waveguide and the first MRR, while the coupling coefficients
between the MRRs are set according to Eq. 3.7. The passband width increases with
increasing coupling coefficients. In Fig. 3.4 it is shown that the -3 dB passband width
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of a 3rd-order MRR-based device i) increases linearly with the coupling coefficients.
ii) is independent of the propagation losses ranging from 3 to 30 dB/cm. Indeed,
losses almost do not affect the device passband width.
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Figure 3.5 reports the insertion loss, computed as the power loss between the
input waveguide and the output waveguide, at the drop port of the MRR-based
device as a function of the coupling coefficient with the propagation loss as a pa-
rameter. The insertion loss decreases with increasing coupling coefficients, with a
steeper decrease when the power coupling coefficients are below a given threshold,
between 0.2 and 0.3 depending on the propagation loss. For higher values of the
power coupling coefficients the insertion loss exhibits a slower decrease. Thus, it is
important to carefully adjust the value of the coupling coefficients because a small
difference in coupling coefficient implies a significant change of the insertion loss.
Finally, higher propagation losses imply higher values of insertion losses. Instead,
for low propagation losses the insertion losses assume very low values and they are
almost constant with respect to the power coupling coefficient variation.

We observed that larger flat-top passband width can be achieved if the power
coupling coefficients between MRRs are increased with respect to the coupling co-
efficient between the waveguide and the first MRR. Thus, we modify Eq. 3.7 by
adding a coefficient v to the equation;

k2 = k3 =025k, (3.8)

where v > 1. In Fig. 3.6, it is shown that the passband of the structure increases with
increasing «. If v is larger than 1.5, the spectral response exhibits large fluctuations
at the top spectrum that makes the device unsuitable for flexible grid applications.
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Figure 3.6. -3 dB passband width as a function of the coefficient -,

with MRR diameter D = 20 um, propagation loss 5 dB/cm and power
coupling coefficients k2 = 0.16.
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3.3.3 Sensitivity to the Ring Diameters of Microring
Resonators

Figure 3.7 shows the coupling coefficient between the linear waveguide and the MRRs
versus the MRR diameters to obtain a given passband width. In the simulation, light
propagation losses in the MRRs are set to 5 dB/cm when the diameters are greater
than 10 pum, whereas for the diameters of 4, 8, and 10 pm, the light propagation
losses in the MRRs are set to be 40, 13.1 and 7.5 dB/cm, respectively [83]. These
values are exponentially dependent on the bending radii [84,85].

To obtain a given passband bandwidth the coupling coefficients between the lin-
ear waveguides and the MRRs must be linearly increased with the MRR diameters.
The coupling coefficient increase can be achieved by decreasing the gaps between
the linear waveguides and MRRs.
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Figure 3.7. Coupling coefficient Figure 3.8. -3 dB passband width

vs. the MRR diameter under a as a function of the MRR diameter

given passband width. under a coupling coefficient.

The passband widths are instead inversely proportional to the diameters, as
shown in Fig. 3.8, which reports the passband width as the function of MRR di-
ameters for a light propagation losses of 5 dB/cm. The passband widths roughly
decrease exponentially as the MRR diameters increase. Thus, it is better to use
MRRs with small diameters to obtain large flat-top passbands that can be suitable
to be used in WSS based on MRRs for flexible-grid networks.

Figure 3.9 shows the insertion loss as a function of the diameters of MRRs
for variable passband widths. The insertion losses decrease drastically with the
increase of MRR diameters until the diameters are larger than 10 pm, while for
larger diameters the insertion losses are almost constant. The reason is that the
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bending losses increase drastically for MRRs with small diameters. In particular,
the bending losses increase exponentially with the decrease in diameters when the
MRR diameters are smaller than 10 gm. The insertion losses strongly depend on the
bending losses for small MRRs while the propagation losses, including bending losses
and intrinsic transmission losses through linear lengths become almost constants for
larger MRRs.

For ring diameters larger than 10 pgm the insertion losses are almost constant
for a given passband width as the MRR diameters increase. Indeed, as previously
described, coupling coefficients between MRRs must be increased for increasing
diameters of MRRs to achieve fixed passband widths. The coupled light powers into
the MRRs compensate the increased propagation losses when the MRR diameters
are increased. As a result, the insertion losses of the MRR devices change very little.

Finally, Figure 3.10 shows the insertion loss as a function of the MRR diameters.
Enlarging the MRR diameters implies not only increasing the light propagation
distance in the MRRs, but also decreasing the bending loss.
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3.4 Applications of High-Order Microring
Resonator Switching Devices for Wavelength
Selective Switches

The analyzed MRR-based structures show the characteristics that can be of great
benefit in designing WSSs for flexible-grid networks. Indeed, by varying the diame-
ters or the power coupling coefficients it is possible to obtain flat-top bandwidths at
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the output port with highly variable, spectral responses, ranging from very narrow to
very large bandwidths. For instance, Figure 3.11 depicts the spectral responses with
flat-top passband widths of 6.25 GHz and 3 THz bandwidths, which are respectively
the minimum and the maximum passband widths that can be achieved in 3rd-order
MRR-based switching devices. The narrow passband width is achieved when the
MRR diameters are 20 ym, the coupling coefficient k2 = 0.02, k? = k2 = 0.01, and
the propagation losses in the rings are 5 dB/cm. The wide passband width is instead
achieved when the MRR diameters are 2 pum, coupling coefficients are k3 = 0.53,
k¥ = k2 = 0.2, and propagation losses are 25 dB/cm. The insertion losses of the
two elements are 4.35 dB and 0.36 dB, respectively. Thus, by properly selecting
design parameters, flat-top passbands with bandwidths varying from 6.25 GHz to
3 THz using a 3rd-order MRR-based structure can be achieved. In the case that
a passband wider than 3 THz is required, several MRR-based switching devices,
operating at different frequencies, can be cascaded and a much wider passband can
be achieved. For example, a 4 THz passband width can be achieved if we cascade

two MRR-based switching devices in two continuous frequency interval having a
passband width of 2 THz.
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Figure 3.11. Spectral response with -3 dB bandwidths of 6.25 GHz and 3 THz.

Obviously, it is required to cascade several of these devices to achieve more com-
plex switching functionalities for a flexible-grid network. A possible application for
flexible-grid network is depicted in Fig. 3.12 which represents a simple 4-stages op-
tical switch able to switch 12.5, 25, 50, and 100 GHz -3 dB passband widths at the
drop ports. In this case, all MRRs have the diameters of 20 ym with the propagation
losses of 5 dB/cm while coupling coefficients k2 = 0.037,0.072,0.15, 0.285 between
bus waveguides and MRRs are used. The four groups of MRRs have different ef-
fective refractive indices equal to 3.212, 3.214, 3.216, and 3.22 respectively. Figure
3.13 shows the transmission spectra at the four drop ports and at the through port.
Insertion losses are 2.5, 1.33, 0.72 to 0.47 dB, respectively.
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Figure 3.12. Structure of a wavelength selective switch with four drop ports
at different passband widths.
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Figure 3.13. Transmission spectral response of WSS with four drop ports.

Another switching device which can be built with a MRR-based structure is
shown in Fig. 3.14. In this case MRR-based devices have the same structure and
they are characterized by a -3 dB passband width of 12.5 GHz. At output ports, it
is possible to select combinations of the signals at the drop ports and at the through
port thanks to the use of optical switches, exploiting for example Semiconductor Op-
tical Amplifiers (SOAs). Moreover, the third-order MRR switches can be switched
on or off by tuning the refractive index of the waveguide of one of the three MRRs in
a third-order MRR switch. According to the required switching functionalities, the
structure of Fig. 3.14 can be modified or it can be used as a building block for the
design of a flexible WSS. The MRRs require to be properly designed (i.e., selection
of the MRR diameters and of power coupling coefficients) to guarantee low losses
which will ensure the scalability of the WSS. Thus, further work will consist in the
study of the appropriate design of MRR-based devices to build a scalable flexible
WSS.

Nevertheless, MRR devices show some limitations. The resonant wavelengths
of the MRRs are sensitive to the geometrical sizes of the MRRs. A very small
fabrication error such as 10 nm, which reaches micro-fabrication precision limit in
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Figure 3.14. Structure of a simple WSS with four drop ports.
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modern industrial processing fields, can lead to a 0.5 nm resonant wavelength shift
of a MRR. Dispersion implies resonant wavelength shift and coupling coefficient
variation between MRRs, the latter leading to passband width fluctuations.

3.5 Conclusions

Wide flat-top passbands can be achieved in 3rd-order MRR-based devices consisting
of three cascaded MRRs. The passband widths of the devices are mainly influenced
by the MRR diameters, the coupling coefficients between the linear waveguides and
MRRs, and the coupling coefficients between the MRRs.

A detailed analysis on the impact of design parameters on the spectral response
and on the insertion losses of these devices has been provided. The bandwidths of
the devices increase linearly with the coupling coefficients while they are inversely
proportional to the ring diameters. Flat-top passband widths varying from 6.25
GHz to 3 THz can be achieved using 3 cascaded MRRs by properly selecting the
MRR diameters and the coupling coefficients between the bus waveguides and the
MRRs and between MRRs, while keeping their insertion losses acceptable.

We showed possible structures of optical switches with limited switching capa-
bilities. Future works will investigate how scalable and full-capable switches can be
built using MRR-based devices. Indeed, although in the early development stage,
MRR-based switching devices seem a promising alternative to free space optics or
liquid crystal switching systems which are today proposed to build WSSs in the
flexible-grid scenario.
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Chapter 4

Spectral Shaping of Passbands of
Microring Resonator Switches

Spectral shaping of the passbands of microring resonator switches is studied in this
chapter. Multistage high-order microring resonator-based optical switch structures
are proposed to achieve steep-edge flat-top spectral passband. Using the transfer
matrix analysis model, the spectral response behaviors of the switch architectures
are simulated. The results show that multistage high-order microring resonator-
based switches can achieve steep edge flat-top spectral passbands with rectangular
shapes which can meet the spectral passband requirements of flexible grid optical
networks.

4.1 Introduction

Flat-top spectral passbands with steep edges are required for filters, switches, and
other photonic devices in optical communication networks and on-chip intercon-
nects to reduce crosstalk and to achieve uniform transmission intensity distribution
through the communication systems. To support the grids, channel spacings, and
frequency slots of flexible grid networks, ultra-narrow passband filters/switches are
needed. Microring resonators have high wavelength selective characteristics and
narrow flat top passbands with steep edges may be achieved in MRR devices as
introduced in Chapter 3 by accurately controlling the ring diameters, coupling co-
efficients between rings and waveguides, as well as the number of microrings.

A 90-cascaded-MRR structure as shown in Fig. 4.1(a) was reported and fabri-
cated to achieve sharp peak transmission response and long group delays [86]. In the
structure, the drop waveguide of the first microring resonator is the input waveguide
of the second ring, the drop waveguide of the second microring resonator is the in-
put waveguide of the third ring, and so forth. With such an arrangement, each ring
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resonator in the cascades filters the input light and relays the filtered light to the
next cascaded microring. As a result, the ring resonator structure has very sharp
transmission peaks at the drop ports but high loss. If a single ring resonator in a
relay stage is replaced with two or more rings, as shown in Fig. 4.1(b), flattened
top passpand can be achieved by optimizing the coupling coefficients between the
MRRs while the insertion loss can be reduced a lot. The structure in Fig. 4.1(b)
is called multistage N**-order MRR devices, where the “order” refers to the num-
ber of rings in one stage as introduced in Chapter 3. In Fig. 4.1(a), there is only
one ring in a stage, thus the structure is named multistage first-order MRR device
although there are many MRRs in the final layout. In the multi-stage structure,
the signal dropped at the first stage is propagated into the input waveguide of the
second stage, the signal dropped at the second stage is propagated into the input
waveguide of the third stage, and so on. This permits to obtain a very steep edge
flat-top wide passpand but with a low insertion loss.
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Figure 4.1. (a) Layout of a MRR structure for sharp transmission peak. (b)
Multistage N**-order MRR structure for steep-edge flat-top passband.

In this chapter, we use the transfer matrix model to simulate light transmis-
sion through multi-stage N*'-order MRR-based switches and cascaded N''-order
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MRR-based switches without relay stages. We first compare numerical simulation
with experimental measurement to confirm the validity of the model. The spec-
tral response behaviors of the multi-stage N*"-order MRR switches are discussed
and compared with those of simply cascaded MRR structures without stages. The
results show that the multi-stage N**-order MRR structure provides superior pass-
band characteristics to the N*"-order MRR structure without stages at the same
number of MRRs.

4.2 Improved Algorithm of Transfer Matrix
Equations for Cascaded Microring Resonator
Devices

As pointed out in [87], the computation results in Eq. 3.1 may be inaccurate or un-
physical for large number of MRRs N (typically > 20), due to numerical overflow in
matrix elements for large N, which is caused by large value é in the case of weak
coupling coefficient k, between neighbour MRRs. The problem was encountered
in our simulation even when N > 10. To solve this problem, we apply the same
method as in [87] as follows:

We reformulate Eq. 3.1 as

An | _ ~A-1p—1| On+1
ap —1 N —-1p-1 aN+1
|- n e |
e (4.2)
_ A B AN+1
C' D bN+1
where P, ! and Q! are the inverses of P, and Q,. Q' = Q,.
A'D' D’
by = (C" — —grav+1+ a0 (4.3)
/
a
by = —§GN+1 + EO, (4.4)

For single input, i.e. a1 = 0, we obtain the transmissions by and by; at both
the through and the drop ports in Fig. 3.1 as follows:

D/
bg = gao (45)
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1

ECLO (46)

bN+1 =

Since all the elements P, are proportional to the weak coupling coefficient k,,
the calculated matrix elements in Eq. 4.2 are limited to small values and no expo-
nential divergence or numerical overflow occurs, so that the calculations following
Eq. 4.1-Eq. 4.6 become accurate and convergent.

To confirm the validity of the equations above, the simulated results are com-
pared with experimental measurement [46], as shown in Fig.4.2. In the simulation,
all the parameters of the device are the same as those in [46]. The device consists
of three MRRs with the radii of 10 um. The effective index of refraction of the
waveguides for the MRRs are 3.8. The light propagation loss is 3 dB/cm. The
power coupling coefficient of k2, k%, k2, and k3 are 0.164, 0.0049, 0.0049, and 0.164,
respectively. The thin curves represent simulated results, while wide solid curves
are the measured ones. Simulated results are in very good agreement with the ex-
perimental measurements. We also used the above equations to simulate the drop
responses of the MRR-based devices and compared our results with the correspond-
ing experimental measurements in [88,89]. Also in this case the numerical simulated
results are in good agreement with the experimental measurements. Thus, we will
use the transfer matrix theory to predict the light transmission behaviors of the
MRR devices in the following sections.

Normalized drop (dB)

1.551 1.552 1.563
Wavelength (nm}

Figure 4.2. Comparison of numerical simulation with experiment measure-
ment: Wide solid curves represent experimental measurements; Thin curves
represent simulated results.
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4.3 Multi-Stage Microring-Resonator-Based
Switch Elements

Using the transfer matrix equations from Eq. 4.1 to Eq. 4.6 we simulate the optical
output behaviors of multistage MRR-based switches as follows. In the simulation, we
assume that all MRRs have the same geometric parameters, including ring resonator
diameter, waveguide width, and waveguide thickness. We set that the coupling co-
efficient ky between the input linear waveguide and the first MRR is equal to the
coupling coefficient ky between the output linear waveguide and the last MRR,
and that the coupling coefficients ki, ko, ...... , kn_1 between two adjacent MRRs in
stages have the same values. Figure 4.3 shows the response spectra at drop ports for
multistage third-order MRR-based switches, i.e., three MRRs are used in each stage.
In the three figures, the geometrical radii of all the third-order MRRs are 10 pm.
However, their passband widths are different. From Fig. 4.3(a) to Fig. 4.3(c), the
passband width increases and their coupling coefficients between bus linear waveg-
uides and MRRs, and the coupling coefficients between MRRs increase. The power
coupling coefficients between two adjacent microrings are 0.0008, 0.003, 0.013, and
the coupling coefficients between the linear waveguides and the microrings are 0.068,
0.135, 0.27, respectively. In these parameters, we can obtain -3 dB passband widths
of 0.1, 0.2, and 0.4 nm, corresponding to the bandwidths of 12.5, 25, and 50 GHz
in frequency for the switches, respectively. These passband widths correspond to
a part of the widths of standard frequency slots in flexible grids recommended by
ITU-T. The effective indices of refraction of the waveguides of the MRRs are set to
3.8 [46]. The light propagation losses through the MRRs are 5 dB/cm [83]. Since the
light propagation loss through a MRR is sensitive to light polarization direction and
TE polarization light has lower propagation loss in the waveguide with rectangular
cross section used in this work, only TE polarization light propagation is considered
in our simulation.

As can be seen from Fig. 4.3, the passband width of the switch is different
for different coupling coefficient between MRRs and different coupling coefficient
between input/output waveguide and MRR. Furthermore, the passband roll-off edge
of the switch becomes steeper and the passband becomes narrower when the stage
number increases from 1 to 6. This indicates that increasing the number of microring
in each stage improves the spectral passband shape at the drop port of the switch.
The roll-off edge of light output spectral response becomes steeper and steeper as
the stage number increases, while the response spectrum at drop port keep flat-top
shape. The -3 dB bandwidths decrease from 0.13 to 0.08 nm in Fig. 4.3(a), from
0.27 to 0.18 nm in Fig. 4.3(b), and from 0.52 to 0.36 nm in Fig. 4.3(c) when
the stage numbers increase from 1 to 6. Furthermore, rectangular transmission
responses are achieved when the stage number increases. However, the insertion
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losses of the switches also increase when more stages are used. The insertion losses
of the switches increase from 1.56 to 9.49 dB in Fig. 4.3(a), from 0.78 to 4.79 dB
in Fig. 4.3(b), and from 0.39 to 2.45 dB in Fig. 4.3(c) when the stage numbers
increase from 1 to 6. Comparing the output powers corresponding to the flat-top
parts of the curves, the devices show higher output powers when they have larger
passband widths. This indicates that the devices show lower insertion losses when
they have larger passband widths.
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Figure 4.3. Response spectra at drop port of multistage third-order
MRR-based switches.

Now we compare the response spectra of multistage N**-order MRR switches
with the response of N**-order MRR switches which have the same MRR numbers
but without stages. Fig. 4.4(a) reports the response spectra of multistage third-order
MRR switches. In the switches, there are three MRRs in a stage. The geometrical
radii of the third-order MRRs are 10 um, the power coupling coefficients between the
microrings are 0.0049 and the coupling coefficients between the linear waveguides
and the microrings are 0.16. The effective index of refraction of the waveguides of
the MRRs is 3.8. The light propagation losses through the MRRs are 5 dB/cm.
Fig. 4.4(b) reports the response spectra of N*"-order MRR switches without stages.
All the geometrical radii of the MRRs, index of refraction, light propagation losses
through the MRRs, the coupling coefficients between the microrings, and the cou-
pling coefficients between the linear waveguides and the microrings are the same
as those in Fig. 4.4(a). As can be seen in Fig. 4.4, the response spectra of multi-
stage resonator switches are different from those of N**-order MRR switches without
stages although they have the same numbers of MRRs. In Fig. 4.4(a), all the curves
show clear, regular, and smooth shapes for the multistage N*"*-order MRR switches
when the stage number increases from 2 to 6. However, in Fig. 4.4(b), all the
curves show irregular and fluctuating shapes for the N**-order MRR switches with-
out stages when the microring number increases from 6 to 18. Comparing those
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curves in Fig. 4.4(a) with Fig. 4.4(b), we can see that the roll-off edge of response
spectrum becomes steeper and steeper as the stage number increases for multi-stage
third-order MRR switches while the response spectrum keeps flat-top shape. How-
ever, for a MRR switch without stages, the shape of the response spectrum at drop
port changes a lot when the MRR number increases. Fluctuation is seen in the
top passband of the response spectrum. We also compare the response spectra of
multi-stage N*"-order MRR switches, which have 2, 4 - 10 MRRs in a stage, with
the response spectra of simple N*"-order MRR switches without stages when both
switches have the same MRR numbers. The response spectra of the multi-stage N-
order MRR switches show the same behaviors. This indicates that the multi-stage
Nt'_order MRR-based devices in Fig. 4.1(b) have better performance in passband
property than N*-order MRR-based devices without stages in Fig. 3.1.
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Figure 4.4. (a) Response spectra at the drop port of multi-stage third-order
MRR-based switches. (b) Response spectra at the drop port of N*-order
MRR-based switches without stages.

We note that the insertion loss of the multistage N**-order switch increases with
the number of stage since the signal intensity from its drop port decrease when the
number of stage increase as shown in Fig. 4.4. This implies that there is a trade-off
between insertion loss and passband width to achieve an optimal stage and microring
numbers for switch design which deserves further investigation.

4.4 Conclusions

The transmission behaviors of multistage N*"-order MRR-based switches were sim-
ulated by using an improved algorithm for the transfer matrix theory. The results
showed that steep-edge flat-top spectral responses at the drop ports of multistage
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MRR-based switches were achieved. Increasing stage number can obtain steeper-
edge response spectra of the multistage MRR-based switches, however it also in-
creases the transmission losses of the switches. The simulation showed that the
multistage N*"-order MRR-based switches provided better passband properties than
the cascaded MRR-based switches without stages. Clear, regular, smooth, steep
roll-off edge flat-top passpands were achieved in the multistage N*'-order MRR-
based switches. Irregular and fluctuating passpands were shown in the N*-order
MRR-based switches without stages. Thus, in order to achieve steep-edge flat-top
passpands of MRR switches or filters, it is better to use the multistage N**-order
structure with optimal design instead of the simple N**-order structure without
stages. Note that there is a trade-off between the insertion losses and the passband
widths to achieve an optimal performance in a switch design. We also note that the
tunability of the switch passbands is important for the MRR switch design. They
can be achieved by changing the refractive indices of the waveguides using thermal-
optic tuning, electric-optic tuning technology, and others. They will be investigated
elsewhere.
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Chapter 5

Bandwidth-Variable
Microring-Resonator-Based

Wavelength Selective Switches

Two types of microring-resonator-based wavelength selective switch architectures
are proposed in this chapter to realize variable output bandwidths varying from 0
to 4 THz. One consists of 320, 160, and 80 third-order MRR switches with -3 dB
passband widths of 12.5, 25, and 50 GHz, respectively. Another one consists of two-
stage switch structures. The first stage is a 1 x 4 MRR-based wavelength selective
switch with the passband width of 1 THz per output port. The second stage makes
up of four passband-variable MRR switch blocks with the widths ranging from 0 to 1
THz. Each block makes up of 80, 40, 20 third-order MRR switches with the passband
widths of 12.5, 25, and 50 GHz, respectively. Their insertion losses and crosstalks in
the worst cases are numerically analysed and compared, showing acceptable insertion
losses and tolerable crosstalks for practical MRR switching applications in flexible
optical networks.

5.1 Introduction

Due to continuous increase of traffic load in telecommunication networks, rigid fixed-
grid wavelength division multiplexing optical networks can no longer keep up with
the emerging bandwidth-hungry and highly dynamic services in an efficient manner.
The research community has focused on seeking more advanced optical transmission
and networking solutions that utilize the available bandwidth more effectively. The
flexible optical networking paradigm has emerged as a way to offer efficient use of
the limited resources [1]. In the flexible optical networking, the network dynamically
adjust its resources, not only the optical bandwidths but also the modulation formats
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according to the requirements of each connection. For the flexible networks, very
important components are flexible optical switches.

Flexible optical switches should have variable bandwidth characteristics (i.e.,
tunable optical bandwidth and center frequency per channel) at a fine granular-
ity. The key to provide such variable bandwidth characteristics lies in wavelength
selective switches, which sit at the heart of the optical switch [3]. The very first
proposal for a variable passband/flexigrid WSS was reported in [4]. It is possible
to construct advanced WSSs using liquid crystal- on-silicon technologies [5] or mi-
croelectromechanical system [6]. But they need large space to realize wavelength
selection function and they can not be used in chip-level optical networks and optical
interconnections. AWG-based WSSs [90] are available in the market, but their fab-
rication is relatively complicated compared with the fabrication of MRRs reported.

Mircroring resonators as wavelength selective components have attracted wide
attentions for applications in optical interconnections and optical networks, due
to their evident advantages in wavelength high selectivity, compact foot printing,
fast switching, and low power consumption. Experiments have shown the potential
for MRRs to be used as high performance modulators, filters, routers, switches,
add/drop multiplexers in optical interconnections and optical networks as introduced
in Chapter 1. In particular, the resonant wavelengths of the MRRs can be tuned
using thermo-optic effect, electro-optic effect or other techniques as introduced in
Chapter 2. This makes the passband widths of MRR devices be adjusted quite agile.
Thus the variable passband widths become achievable in the MRR devices.

Based on the available spectrum in the C band, we design our MRR switch
architectures with the variable bandwidths in the range from 0 to 4 THz in this
chapter. Two types of microring-resonator-based switch architectures are designed
to realize variable output bandwidths. One consists of 320, 160, and 80 third-order
MRR switches with -3 dB passband widths of 12.5, 25, and 50 GHz, respectively.
Another one is a two-stage switch architecture consisting of a 1 x 4 MRR-based
wavelength selective switch with the passband width of 1 THz per output port
as the first stage, and four switch blocks as the the second stage with each block
composed of 80 third-order MRR switches with passband widths of 12.5 GHz, or 40
third-order MRR switches with passband widths of 25 GHz, or 20 third-order MRR
switches with passband widths of 50 GHz. Their insertion losses and crosstalks in
the worst cases are numerically analysed and compared.

5.2 Switch Architectures and Insertion Loss
We give the details on the design of the bandwidth-variable architectures. We
also discuss the maximal insertion losses of the architectures for their practical

applications in optical networks and optical connections.
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5.2.1 High-Order Microring Resonator Switch Architecture

Figure 5.1 shows a switch architecture to achieve variable pass bandwidths by se-
lecting combinations of the signals at the drop ports and at the through port. The
architecture consists of a lot of third-order MRR switches with different passband
widths. We report the switch architectures with variable passband widths of 1 and
4 THz as follows.

Through
00000
Output
) Drop ‘Drop ‘Drop ) Drop
Optical switch

Figure 5.1. Architecture consisting of MRR switches with variable pass bandwidths.

Input
R

Variable Passband Widths of 1 THz

The first architecture consists of 80 third-order MRR switches with the bandwidths
of 12.5 GHz, the light coupling coefficients between the linear bus waveguide and
the MRRs, and between the linear waveguides at drop ports and the MRRs of the
third-order switches are k2 = k2 = 0.0464. The light coupling coefficients between
two MRRs in the third-order switches are k% = k3 = 0.0116. The second architecture
consists of 40 third-order MRR switches with the bandwidth of 25 GHz, the light
coupling coefficients are kf = k3 = 0.0939, ki = k3 = 0.0022. The third architecture
consists of 20 third-order MRR switches with the bandwidth of 50 GHz, the light
coupling coefficients are k3 = k2 = 0.1878, k¥ = k3 = 0.0469. All the third-order
MRR-based switches in the three architectures are divided into four groups. The
MRRs in each group have same radii. The radii of the MRRs in the four groups of
MRR switches are designed to be 12.617, 12.708, 12.8, and 12.891 um, respectively.

In detail, for the architecture consisting of 80 third-order MRR switches, the
MRR switches are divided into four groups and each group has 20 third-order MRR
switches. The first group consists of 20 third-order MRR switches with the radii of
12.617 pm. The second group consists of 20 third-order MRR switches with the radii
of 12.708 pm. The third group consists of 20 third-order MRR switches with the
radii of 12.8 um. The fourth group consists of 20 third-order MRR switches with the
radii of 12.891 pum. For the architecture consisting of 40 third-order MRR switches,
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the MRR switches are divided into 4 groups and each group has 10 third-order MRR
switches. The first group consists of 10 third-order MRR switches with the radii of
12.617 pm. The second group consists of 10 third-order MRR switches with the radii
of 12.708 pm. The third group consists of 10 third-order MRR switches with the
radii of 12.8 ym. The fourth group consists of 10 third-order MRR switches with the
radii of 12.891 pum. For the architecture consisting of 20 third-order MRR switches,
the MRR switches are divided into 4 groups and each group has 5 third-order MRR
switches. The first group consists of 5 third-order MRR switches with the radii of
12.617 pm. The second group consists of 5 third-order MRR switches with the radii
of 12.708 pum. The third group consists of 5 third-order MRR switches with the radii
of 12.8 um. The fourth group consists of 5 third-order MRR switches with the radii
of 12.891 pm. Such radius selection is based on a trade-off between design accuracy
and fabrication precision.

In principle, all the third-order MRR-based switches should have different radii
for different central frequencies according to the resonant equation of MRRs intro-
duced in Chapter 2, i.e. 2rRn.s;y = mA;. In this case, the difference of MRR radii
between two adjacent third-order MRR-based switches is less than 0.005 pgm. Such
a small radius difference is beyond the precision limitation in current semiconductor
fabrication technologies. To avoid this problem, each group of MRR switches are
set to have the same radii since such design makes the fabrication feasible. We as-
sume the effective refractive indices of the linear waveguides and the waveguides of
the first MRR switches in the three architectures to be 3.296 at the wavelength of
1.55 pm. The refractive index differences of the waveguides in two adjoining third-
order switches are approximate 2.15 x 107*, 4.3 x 1074, and 8.6 x 10~* for the three
architectures respectively so that all the switches in the architectures can output
light signals with different wavelengths but with same passband widths. The differ-
ent waveguide refractive indices can be achieved using thermo-optic or electro-optic
effect as we introduced in Chapter 2. The geometrical spacing between the two
third-order MRR switches is 50 pm. In the architectures, the variable bandwidths
ranging from 0 to 1 THz can be achieved by switching on or off a part of switches
so as to achieve variable pass bandwidths.

Variable Passband Widths of 4 THz

For variable bandwidths varying from 0 to 4 THz, we select small MRRs with the
radii of 3.03 pm since small MRRs have large free spectral range which can avoid
signal interference between channels. We set same radii for all the MRRs, because
the resonant wavelengths of small MRRs are very sensitive to the variation of the
diameters of the MRRs leading to very high precision requirement in device fabri-
cation. Using same radii for all the MRRs can avoid the high precision requirement
in device fabrication. Instead, we assume that the refractive indices of MRRs are
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tunable and that the refractive indices of MRRs match the variation of the resonant
wavelengths of each MRR switch. The first architecture consists of 320 third-order
MRR switches with the bandwidths of 12.5 GHz, the light coupling coefficients be-
tween the linear bus waveguide and the MRRs, and between the linear waveguides
at drop ports and the MRRs of the third-order switches are k3 = k2 = 0.0105.
The light coupling coefficients between two MRRs in the third-order switches are
k? = k3 = 0.0026. The second architecture consists of 160 third-order MRR switches
with the bandwidth of 25 GHz, the light coupling coefficients are k% = k3 = 0.021,
k? = k2 = 0.0053. The third architecture consists of 80 third-order MRR switches
with the bandwidth of 50 GHz, the light coupling coefficients are k% = k3 = 0.042,
k% = k2 = 0.0105. The geometrical spacing between two neighbor third-order MRR
switches is 20 um. The waveguides have the cross sections of 450 nm wide by 220
nm height, and their inherit effective refractive index is 3.296.

Figure 5.2 reports typical transmission spectra of the MRR switch architecture
in Fig. 5.1 that can be achieved by selectively switching on/off a part of third-order
MRR switches. Figure 5.2(a) shows the pass bands with the widths of 12.5, 25,
50, 100, 150 and 200 GHz which are obtained from the through port of the switch
architecture. Figure 5.2(b) reports the transmission response spectra at the drop
port corresponding to the pass band spectra in Fig. 5.2(a). The operation spectra
are obtained when the through port outputs the signals and when all the drop signals
are extracted from all other ports and propagate into the bus linear waveguide and
are output from one port instead of the through port. Actually, various bandwidths
can be achieved. For example, in the architecture consisting of 160 third-order MRR
switches with the pass band of 25 GHz, the 25 GHz band at a central frequency
can be achieved directly from the drop port of one of the switched-on third-order
MRR switches. It can also be obtained from the through port by switching on 159
MRR switches of which the central frequency spacings are tuned to be equal to
their band widths, and the central frequency spacing between the last one and the
last second one is tuned to equal half of their bandwidths, so that these unwanted
signals are discarded from their drop ports. The 50 GHz band can be obtained by
combining the output from the drop ports of two of the third-order MRR switches.
They can also be achieved from the through port by switching on the 158 switches
and discarding the unwanted signals. Furthermore, more switches can be added and
be switched on to reduce the residual noise from the dropping switches, so as to
reduce the inter-channel signal crosstalk. In addition, comparing Fig. 5.2(a) with
Fig. 5.2(b) we can see that lower insertion losses and more uniform signal intensity
distribution can be achieved when they get out from the through port of the switch
than they get out from the drop ports.

Figure 5.3 reports the maximal insertion losses of the MRR switch architectures
in Fig. 5.1 as the functions of propagation losses of MRRs when their variable
passband widths are 1 and 4 THz. The maximal insertion loss is defined as follows.
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Figure 5.2. Typical transmission spectra at the through port (a) and the drop
port (b) of the microring resonator switch architecture. 5 dB/cm propagation loss
in rings, 3 dB/cm propagation loss in linear waveguides. 3 pm radius of rings, 20
pm spacing between neighbor rings.

When all the MRR switches in the architectures drop their light signals from their
output ports, and when all the losses caused by dropping the signals from all the
MRR switches and the loss in linear waveguide are taken into account, the last MRR
switch at the end of the linear bus waveguide has the lowest dropped light power,
corresponding to the maximal insertion loss. For other cases, for instance, when only
one switch with shorter light propagation distance in linear bus waveguide drops its
light signal, or when two MRR switches and more than three switches drop their
light signals, the dropped light powers are higher than the lowest one. Thus, the
defined maximal insertion loss corresponds to the worst case in light switch for all
the architectures.

Figure 5.3(a) shows the maximal insertion losses of the switch architectures con-
sisting of 80 drop channels with the passband width of 12.5 GHz, 40 drop channels
with the passband width of 25 GHz, and 20 drop channels with the passband width
of 50 GHz when the propagation losses in the linear bus waveguide are 2, 3, and 5
dB/cm and when the propagation losses in the microring resonators vary from 3 to
30 dB/cm. For a linear silicon waveguide, the realistic value of its propagation loss
is reported to be around 3 dB/cm. Low loss less than 1 dB/cm in linear waveguide
was also reported [83]. However, the losses in microring resonators are much higher
than the values in linear waveguides. 3 - 4 dB/cm loss is regarded as low loss while
5 dB/cm or more could be the realistic values of the propagation losses in silicon
MRRs. It reported ultra low propagation loss of 2 - 3 dB/cm in MRRs [83]. For
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Figure 5.3. Maximal insertion loss as a function of propagation loss in rings when
the propagation losses in bus waveguide are 2, 3 and 5 dB/cm respectively.

comparison, 3 - 5 dB/cm propagation losses in the linear silicon waveguide and 3 -
30 dB/cm propagation losses in the ring silicon waveguide are used in the figures. As
can been seen, the maximal insertion losses increase linearly with the propagation
losses in the microring resonators while they increase with the propagation losses
in bus waveguide. In particular, the switch architecture with 80 x 12.5 GHz drop
channels has higher maximal insertion loss than the architecture with 40 x 25 GHz
drop channels, and the switch architecture with 40 x 25 GHz drop channels has
higher maximal insertion loss than the one with 20 x 50 GHz drop channels.

Figure 5.3(b) shows the maximal insertion losses of the switch architectures con-
sisting of 320 drop channels with the passband width of 12.5 GHz, 160 drop channels
with the passband width of 25 GHz, and 80 drop channels with the passband width
of 50 GHz when the propagation losses in the bus waveguide are 2, 3, and 5 dB/cm
and when the propagation losses in the microring resonators vary from 3 to 30
dB/cm. As can been seen, the maximal insertion losses show the same behavior as
that in Fig. 5.3(a). They increase linearly with the propagation losses in microring
resonators while they increase with the propagation losses in bus waveguide. The
switch architecture with 320 x 12.5 GHz drop channels has higher maximal inser-
tion loss than the architecture with 160 x 25 GHz drop channels, and the switch
architecture with 160 x 25 GHz drop channels has higher maximal insertion loss
than the one with 80 x 50 GHz drop channels.
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Thus, both Figure 5.3(a) and Figure 5.3(b) show that the architecture using the
MRR switches with the bandwidths of 50 GHz has the lowest maximal insertion loss
while the architecture using the MRR switches with the bandwidths of 12.5 GHz has
the maximal maximal insertion loss. This indicates that the architecture using the
MRR switches with wider bandwidths has lower insertion loss than the one using
the MRR switches with narrower bandwidths in order to achieve the drop channel
combinations with same variable passband widths. The reason is that the weaker
coupling coefficients between the MRRs, between bus waveguide and MRRs are
used in the switch architecture consisting of the narrower passband MRR switches,
resulting in lower dropped powers.

Moreover, it can be seen from Fig. 5.3(a) or Fig. 5.3(b) that, in some cases, the
maximal insertion losses are less than 4 dB/cm either for the architectures consisting
of 80 x 12.5 GHz, 40 x 25 GHz, 20 x 50 GHz, or for the switch architectures
consisting of 320 x 12.5 GHz, 160 x 25 GHz, 80 x 50 GHz. This implies that when
the architectures are properly designed and the parameters are properly selected,
the insertion losses of the architectures may be decreased to acceptable values for
practical optical networks.

5.2.2 Two-Stage High-Order Microring Resonator Switch
Architecture

Usually, if the wavelength bands for all the signal channels cover a very wide spectral
range such as C band, the wavelength bands are better to be divided into several
sections for optical switching architectures so that the light signals can be separated
and output in several sections. In this case, multi-stage switch architectures must
be used to realize the spectral separation. The reason is that the free spectral range
of the MRRs in a transmission system must be greater than the covered spectral
range of C band (about 4.5 THz) in order to avoid several channels to go through
a same MRR switch, i.e., to avoid crosstalk between channels. FSR is inversely
proportional to the diameter of the MRRs. For 4.5 THz FSR, the diameters of
the MRRs are about 3 um. For so small MRRs, very weak couplings between the
MRRs in the MRR switches must be used to guarantee a narrow passband width of
12.5 GHz. As a result, the passband shapes of the MRR switches may be deformed
seriously. When the C band is divided into several sections, the MRRs with small
FSRs can be used for each section. Thus large MRRs can be used. In this case,
it can effectively avoid crosstalk between signal channels which are distributed in
different spectral ranges. However, it is possible to incur high insertion losses and
extremely nonuniform signal intensity distribution in the architectures, caused by
the nonuniform signal intensity output from the switches in the first stages of the
architectures.
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Figure 5.4 shows a two-stage MRR switch architecture. The first stage is a 1
x 4 MRR-based wavelength selective switch with the passband width of 1 THz
per output port. In the 1 x 4 MRR-based WSS, the signals are dropped from
three third-order MRR switches or output directly from the linear bus waveguide.
The three third-order MRR switches of the 1 x 4 WSS use different MRRs with the
radii of 2.667, 2.755, and 2.844 pm independently, and their corresponding FSRs are
greater than 42 nm (> 5 THz). The coupling coefficients for the the MRR switches
are ki = k3 = 0.65 and k7 = k3 = 0.165. The geometrical spacings between two
switches are 50 pm. In the second stage, there are four switch blocks, corresponding
to 4 variable passband MRR switches which have the same architectures as those
shown in Fig. 5.1 with the passband widths ranging from 0 to 1 THz. Each block
may consist of 80, 40 or 20 third-order MRR switches with same diameters. The
diameters of the MRRs in the first, second, third, and fourth block are 27.928, 28.074,
28.22, and 28.366 pum, respectively. When each block in the second stage consists
of 80 third-order MRR switches, the coupling coefficients for the the MRR switches
are k2 = k2 = 0.053, and k% = k2 = 0.013. In this design, the passband width of
each third order MRR switch is 12.5 GHz. The intrinsic indices of refraction of the
waveguides of the MRRs are 3.926 while they are assumed to be tunable for the
different MRR switches. When each block consists of 40 third-order MRR switches,
the coupling coefficients for the the MRR switches are k7 = k2 = 0.0106, and
k% = k3 = 0.026. In this design, the passband width of each third order MRR switch
is 25 GHz. When each block consists of 20 third-order MRR switches, the coupling
coefficients for the the MRR switches are k3 = k3 = 0.0212, and k% = k3 = 0.052.
In this design, the passband width of each third-order MRR switch is 50 GHz.

Figure 5.5 shows the maximal insertion losses of the two-stage switch architec-
tures in Fig. 5.4. Comparing Fig. 5.5 with Fig. 5.3(b), the two-stage switches
show higher maximal insertion losses. The reason is that the output light signal
intensities dropped from the switches in the first stage are not distributed uniformly
into the switches in the second stage as shown in Fig. 5.6.

Figure 5.6(a) and Figure 5.6(b) show the transmission spectrum responses of the
MRR switches in the two-stage architecture (4 x 80 x 12.5 GHz) as shown in Fig.
5.4. As can be seen, the dropped signal intensities show a nonuniform distribution.
The insertion losses range from 4.1 to 11.6 dB and from 4.2 to 12.78 dB for the
third-order MRR switches with the central wavelengths ranging from 1.538 to 1.546
pm and from 1.546 to 1.554 pum, respectively. The differences of the maximal and
minimal insertion losses are 7.5 and 8.67 dB.

Figure 5.6(c) and Figure 5.6(d) show the transmission spectrum response of the
MRR switches in the architecture(320 x 12.5 GHz) as shown in Fig. 5.1. Compared
with Fig. 5.6(a) and 5.6(b), they are much better in the uniformity of insertion losses
of the switches. The differences of the maximal and minimal insertion losses are 0.46
dB and 0.45 dB that are much less than 7.5 and 8.67 dB. The results in Fig. 5.6 are
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Figure 5.4. Two-stage switch architecture consisting of one 1 x 4 MRR
WSS and four blocks.
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Figure 5.5. Maximal insertion loss of the two-stage MRR switch architecture as a
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62



5.2 — Switch Architectures and Insertion Loss

4 x 80 x12.5 GHz 4 %80 x12.5 GHz
& 0 418 T - 0 T 4248 T
_msaaa O o -I-II.-_jj-Eﬂ_E_l_ _.10?3aa|” T 123?‘1\3
%‘10'..' i (AR AR ilui'.I'ITi %-10 (I ”|| A A Of ::I “i
g 20| i £ 2] i
@ | @
%-30—_ |||“|!I“ !l.!l!i.!.!!l -||||l_| %_30_ |||||||l|||l|||': !||I||||'|| _l
c I i T '|-||'|| c |||“||| I|||I I!'l“
(=] ,I | o i
E—tﬂ]— ,.||II|||-||I:;.I||||I|| AR E—-m- "'I'II:IIIHHI..I|I|
£ o} ““(MIH i Mufh:/ i e (( it M il ( E.su-, I”'[Hfh”"" |1{ hlinhm( (m '”‘lfuum i
E-ﬁﬂ QU I S 6ol L i -' it Y
1538 1540 1.542 1.544 1.546 1.546 1548 1850 1552 1.554
Wavelength (um) Wavelength (um)
(a) Wavelength from 1.538 to 1.546 ym (b) Wavelength from 1.546 to 1.554 pm
4 x 80 x 12.5 GHz architecture. 4 x 80 x 12.5 GHz architecture.
320:12SGHZ 320:‘2.513“2
—_ 0 38d8 T o A2608 ~ 0 43d8 T 47508
g_m_l:l||||\u||||||||I|\I'|"|“ |IIIII g_wj (A A AT
o | (A A © (AN ffHanat I|||||||||||||| (I
o -204 i D -204 -
2 I _ it a
@ o [IIHANA OO e @ 304 | |||I|||I| (T II|I|||I|
§ R R LD L g WO i
ﬁ“‘m‘--.-'n [T TP TR P T g""o'lull (AT AR
§ ol l.mrmwmnmmm.rrrfrmrmmrmn mn mrmnﬂ E 5ol rﬂrrt :rlfrmnrrfmw il .mrr i
LT ELRL L c AR I
'g -60 \ 1| II‘IIILHIJIIIII I|I IlIH L E .BO b TFEET ’ IIIIIII'II.““.IIIIJI.”I““ pALE] I 2
1.538 1.540 2 1544 1,546 1.546 1.548 1.550 1,552 1.554
Wavelength (pm) Wavelength (pm)
(¢) Wavelength from 1.538 to 1.546 pm (d) Wavelength from 1.538 to 1.546 pm
320 x 12.5 GHz architecture. 320 x 12.5 GHz architecture.

Figure 5.6. Transmission spectrum response of the MRR switches in the
two architectures.

obtained when the propagation losses in all the MRRs for the two architectures are
5 dB/em while the propagation losses in all the linear bus waveguides are 3 dB/cm.

The nonuniform insertion losses of the MRR switches in the two-stage archi-
tecture come from the nonuniform output signal intensities of the switches in the
first stage. The output spectra of the switches in the first stage are not rectangular
shape as shown in Fig. 5.7. As can be seen in Fig. 5.7, each curve of the output
spectra shows that the output signal intensity increases first, then it almost does
not change, later it decreases when the wavelength continues to increase.

Moreover, there are light coupling losses between the waveguides at the output
ports in the first stage and the input ports in the second stage that are not taken into
account in Fig. 5.6(a) and Fig. 5.6(b). The coupling losses between the waveguides
at the output ports in the first stage and the input ports in the second stage lead
to extra power losses in the two-stage architecture when the signals propagate from
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the switches in the first stage to the second stage, resulting in high insertion loss
in the two-stage switch architecture. Therefore, it should be careful to design the
two-stage architecture in the wide spectral range.

However, if only a part of light waveband is used in an optical communication
system, high insertion loss can be avoided by carefully selecting the light wave-
lengths.

5.3 Crosstalk Analysis

Crosstalk

Inter-channel crosstalk is a critical issue for optical networks. It leads to the reduc-
tion in the signal-to-noise ratios of the signal receivers in optical networks, resulting
in the increase in the bit error of the transmission systems. Here we define the
inter-channel crosstalk as the ratio of the light power of the adjacent channels at
the central wavelength of the wanted channel to that at the central wavelength of
the wanted channel as shown in Fig. 5.8. For the definition of the crosstalk, we
assume that each third-order MRR switch in the switch architectures occupies a
light channel in Fig. 5.8.

Figure 5.9 shows the comparison of the maximal inter-channel crosstalks in the
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Figure 5.8. Transmission spectra of a switch architecture consisting of 320
third-order microring resonator-based switches with the pass bandwidth of 12.5
GHz and the definition of the inter-channel crosstalk in the switches.

architectures consisting of 320x12.5 GHz, 160x25 GHz, and 80x50 GHz third-
order MRRs in Fig. 5.1 with the maximal inter-channel crosstalks in the two stage
architectures consisting of 4x80x12.5 GHz, 4x40x25 GHz, and 4x20x50 GHz
third-order MRRs in Fig. 5.4. Total spectral bandwidths in all the architectures are
4 THz. The upper curves represent the maximal crosstalks versus the propagation
losses in the rings of the two-stage architectures. The lower curves represent the
maximal crosstalks versus the propagation losses in the rings of the architectures
without stages, i.e. the architectures which consist of 320 MRR switches with the
passband widths of 12.5 GHz, or 160 MRR switches with the passband widths of 25
GHz, or 80 MRR switches with the passband widths of 50 GHz. It can be seen that
the inter-channel crosstalks increase with the increase in the propagation losses in the
MRRs. This is because the propagation losses through the MRR switches increase
when the propagation losses in the MRRs increase, resulting in the decrease in the
output signal powers of the MRR switches and the increase in the inter-channel
crosstalks. It can be also seen that the inter-channel crosstalks for the two types
of architectures consisting of the MRR switches with the pass bandwidths of 50
GHz are less than those with the pass bandwidths of 25 and 12.5 GHz at the same
propagation losses of the MRRs. This indicates that there are lower inter-channel
crosstalks for the two types of architectures when the architectures use the MRR
switches with wider passband widths.

Comparing the upper and the lower curves in Fig. 5.9, the two-stage architectures
show larger maximal crosstalk values than the architectures in Fig. 5.1, which are
caused by nonuniform signal intensity output from the first stage. However, the
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worst cases i.e. the maximal crosstalk cases can be avoided by selecting suitable
light wavelengths. We note that the curves of the crosstalks are almost same when
the propagation losses in linear bus waveguides vary from 2 dB/cm to 5 dB/cm.
This means that the propagation losses in linear bus waveguides influences little on
the crosstalks in the two architectures.

Techniques to reduce crosstalks

There are several methods to reduce the crosstalks in the two types of architectures.
One simple method is to use the MRR switches with narrow passbands. As shown
in Fig. 5.10, the crosstalk values can be reduced to -40 dB from -25 dB when the
passbands of the MRR switches are reduced a half in the case that all the wanted
light channels are output independently from drop ports. In this case, the passband
width of each MRR switch is equal to half of the central frequency spacing between
neighbor MRR switches. The three upper curves represent the maximal crosstalks
as the functions of propagation losses in the MRRs of the switch architecture in
Fig. 5.1 when the passband widths of the MRR switches are 12.5, 25, and 50
GHz and when the central frequency spacings between two neighbor MRR swtiches
are equal to the passband widths of the MRR switches. The three lower curves
represent the maximal crosstalks as the functions of propagation losses in the MRRs
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of the the switch architecture in Fig. 5.1 when the passband widths of the MRR
switches are 6.25, 12.5, and 25 GHz, but their central frequency spacings between
two neighbour MRR switches are 12.5, 25, and 50 GHz respectively. However, using
the MRR switches with narrow passbands in the two architectures could incur higher
insertion loss because it needs to use smaller coupling coefficients between the MRRs

to achieve small passband widths. Smaller coupling coefficients lead to lower output
powers of the MRRs.
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ferent diameters. ferent diameters.

Another method is to use larger MRRs instead of the small MRRs in the dis-
cussed architectures. Figure 5.11 shows the maximal crosstalks of the switch ar-
chitectures in Fig. 5.1 as the functions of the propagation losses in the MRRs of
the architectures when the MRRs have different diameters. The solid curves repre-
sent the maximal crosstalks as the functions of the propagation losses in the MRRs
with the diameters of 24.24 pym when the MRR switches have different passband
widths. The dot curves represent the maximal crosstalks as the functions of the
propagation losses in the MRRs with the diameters of 6.06 um. For the upper solid
and dot curves, the passband widths of the MRR switches are equal to the central
frequency spacings between two adjacent MRR switches. For the lower solid and
dot curves, the passband widths of the MRR switches are equal to a half of the cen-
tral frequency spacings between two adjacent MRR switches. It is evident that the
crosstalks of the larger MRR switch architectures are smaller than the the crosstalks
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of the larger MRR switch architectures, indicating that the switch architectures con-
sisting of larger MRRs can reduce the crosstalk. The reason is that steeper edge
flat-top spectral passbands can be achieved in the larger MRR switches as discussed
in Chapter 3, resulting in lower crosstalks between neighbor channels. However, the
larger MRRs will have smaller FSR. The FSR limitation must be considered in the
architecture design.

However, when the diameters of the MRRs are greater a critical value, increasing
the MRR diameters can not reduce the crosstalks any more. Figure 5.12 shows the
maximal crosstalks of the switch architectures in Fig. 5.1 as the functions of the
propagation losses in the MRRs of the switch architectures, when the architectures
consist of the MRR switches with the diameters of 24.24 and 48.48 ym and when
the MRR switches use different passband widths. The solid curves represent the
maximal crosstalks as the functions of the propagation losses in the MRRs with
the diameters of 48.48 ym when the MRR switches have different passband widths.
The dot curves represent the maximal crosstalks as the functions of the propagation
losses in the MRRs with the diameters of 24.24 ym. For the upper solid and dot
curves, the passband widths of the MRR switches are equal to the central frequency
spacings between two adjacent MRR switches. For the lower solid and dot curves,
the passband widths of the MRR switches are equal to a half of the central frequency
spacings between two adjacent MRR switches. Their curves almost coincide. Thus,
there are optimal MRR sizes to achieve the satisfactory crosstalks for the MRR
switch architectures.

5.4 Architectures for Reconfigurable Optical
Add/Drop Multiplexers

Based on the two switch architectures, we can develop more advanced devices such
as flexible-grid reconfigurable optical add/drop multiplexers (ROADM) for optical
networks and optical interconnections. The ROADM is an application module that
allows software-controlled transparent optical switching of wavelength channels into
and out of a fiber in an optical network. The ROADM application is particularly
valuable because more dense wavelength-division multiplexing networks are deployed
extensively in metropolitan networks, which have a large number of wavelengths and
a bandwidth demand that is relatively large and unpredictable even with sophisti-
cated network planning [91]. The ROADM is valuable in this type of network by
adding the flexibility in software to “express” individual channels through a node or
to “add” and “drop” a wavelength for information access or rerouting along another
path in the network.
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Figure 5.13. Architectures for reconfigurable optical add/drop multiplexers

Fig. 5.13 shows a reconfigurable optical add/drop multiplexer based on the ar-
chitecture in 5.1. The new wavelengths or light channels are able to be selected
and added from the top MRR switches. Some wavelengths from the input port are
selected and dropped from MRR switches at the bottom, depending on the require-
ments of networks on wavelengths. For the ROADM with high-order MRR switches
in Fig. 5.13, wavebands instead of single wavelengths can be added or dropped. The
selected wavelengths in ROADM can be changed by tuning the refractive indices of
the MRR switches using electro-optic effect and thermo-optic effect as introduced
in Chapter 2. The reconfigured operation of the OADM is realized by changing the
selected add/drop wavelengths with the refractive index tuning technologies and
may be controlled automatically by programming. If the ROADM is applied in Fig.
5.4, we can configure multi-stage optical add/drop multiplexers.

5.5 Conclusions

We designed the MRR switch architectures consisting of 320, 160, and 80 third-order
MRR switches with -3 dB passband widths of 12.5, 25, and 50 GHz, respectively,
and the two-stage MRR switch architectures consisting of 4 x 80 x 12.5 GHz, 4
x 40 x 25 GHz, and 4 x 20 x 50 GHz. Both architectures are able to achieve
variable output bandwidths varying from 0 to 4 THz. Numerical analysis shows
that the former is superior to the latter based on the comparison of the maximal
insertion losses and crosstalks in the worst cases. However, proper selection of optical
spectra used can avoid high insertion losses and serious inter-channel crosstalks in
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the latter architecture. Anyway, acceptable insertion losses such as less than 4
dB and low crosstalks such as -20 dB can be achieved in the two architectures by
selecting optimal geometrical sizes of their MRRs and the physical parameters of
their waveguides.
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Chapter 6

Multiple-Input and
Multiple-Output
Microring-Resonator-Based
Wavelength Selective Switches

Microring-resonators-based bandwidth-variable wavelength selective switch archi-
tectures with multiple input and output ports are proposed for flexible optical net-
works in this chapter. The light transmission behaviors of a 1 x N MRR-based WSS
are analyzed in detail based on numerical simulation using transfer matrix theory.
N x N MRR-based WSS architectures consisting of only MRR-based WSSs, and
consisting of both MRR-based WSSs and optical couplers, are proposed. The ar-
chitectures show highly variable bandwidths, acceptable losses, high signal crosstalk
suppression, and versatile structural design for optical interconnections, and they
have potential to be applied for optical interconnections and optical networks, in
particular, for high performance computing systems and data center networks.

6.1 Introduction

Continuous growth of traffic stimulates a series of innovations in optical networks and
optical interconnections, such as using wavelength routed WDM technology, elas-
tic bandwidth allocation, bandwidth-variable transponders and bandwidth-variable
optical cross connects, distance-adaptive spectrum resource allocation, and other
technologies to increase transmission capacities and spectral efficiencies of the net-
works [92-94]. In the innovations, new optical switches and routers with wavelength
selection function are needed to meet new demands. Moreover, not only should
their spectral passband widths be variable instead of fixed passband widths, but
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also multiple functions and large count ports of switch architectures and routers are
needed.

As introduced in previous chapters, microring resonators are ideal devices to
be used to build wavelength selective switches or optical routers for photonic inte-
grations that are able to adapt to dynamic bandwidth allocations and bandwidth
variations in the optical networks or optical interconnections. In a complex opti-
cal networks and interconnection networks, specially, when the networks have very
large number of optical components, many influencing factors on the performances
of basic devices such as optical switches in the networks should be taken into ac-
count. In the complex optical networks and interconnection networks built with
MRRs, the chromatic dispersion in refractive indices of MRR waveguides and light
coupling coefficients between waveguides, the fabrication errors should be taken into
account in the design, since accumulated errors and accumulated performance pa-
rameter variations could lead to evident variations in light propagation behaviors of
the architectures.

In this chapter, we introduce basic principles to design complex MRR-based WSS
switches in Section 6.2. We propose 1 x N microring-resonators-based bandwidth-
variable wavelength selective switch architectures in Section 6.3. As a proof of
concept, the structural design of a one-input and four-output port switch is intro-
duced in detail. The switching performance is evaluated, including the variable
passband range of the switch, the insertion loss, and the crosstalk suppression ratio
in adjacent channels. Then, we demonstrate N x N MRR-based WSS architectures.
Initial analysis on their performances is shown. Finally we conclude our results in
this chapter.

6.2 Basic Principles to Design Complex
Microring Resonator Wavelength Selective
Switches

6.2.1 Selection of Passband Widths of Microring-Resonator-
Based Switches

In this chapter we discuss the design of the complex WSS architectures which consist
of cascaded MRRs as shown in Fig. 3.1 as basic switch unit. The structural param-
eters of a basic MRR switch unit are selected based on the transfer matrix equations
Eq. 3.1 - Eq. 3.6. Using the equations, a required transmission spectrum of the
MRR switches can be achieved by selecting the structural parameters of MRRs. In
particular, the maximal flat-top spectral response may be achieved by arranging the
MRRs to be symmetrically distributed in the switches [95], i.e., the light coupling
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coefficients between the linear bus waveguides at the input ports and the MRRs of
the switches, and between the linear waveguides at the drop ports and the MRRs of
the switches are set to the same values. The light coupling coefficients between two
adjacent MRRs should be set to those values as reported in [22], so that the maxi-
mal flat-top spectrum may be achieved. For the MRR switches consisting of three
cascaded MRRs, the coupling coefficients between the linear bus waveguides and
the MRRs, and the light coupling coefficients between two adjacent MRRs should
meet the equation as k¥ = k3 = 0.25k5 = 0.25k3.

Passband width is one of the most important parameters of a wavelength selective
switch. To select a passband width, we should take two parameters into account
for the design. One is the free spectral range of the MRR, another one is the
insertion loss of the MRR switch. Both of the parameters are relevant to the MRR
diameters. Based on our previous results [95], it is necessary to use larger MRRs for
the switch to achieve a narrow bandwidth. If small MRRs are used, it requires very
weak coupling between MRRs to achieve such a narrow bandwidth. However high
propagation loss occurs in small MRRs due to drastically increased bending loss in
the MRRs. Hence there is an optimal combination in the free spectral range and
insertion loss of a MRR in order to determine the passband width of a MRR switch.

A larger MRR will have a smaller free spectral range since the free spectral range
of a MRR is inversely proportional to its diameter. In a switch with a small FSR,
strong light signal interference i.e. crosstalk will occurs if the light signal frequencies
cover a wide range that is greater than several FSRs. Assuming a signal at the
frequency f; can be dropped from a MRR switch, all the signals at the frequencies
fa = fi+mxFSR, where m is an integer, can be also dropped from the switch. This
leads to interference or crosstalk between the signals at these frequencies. Therefore,
large FSR should be used to avoid the crosstalk between channels. The FSR of a
switch should be greater than the frequency range of the input light signals through
the MRR switch.

6.2.2 Tuning Central Frequencies of Passbands of
Microring Resonator Switches

Microring resonator can be fabricated into a circle or a racetrack shape. The resonant
equation of a microring resonator can be re-written in a general format as

n(f)L =me/ f (6.1)

where L is the perimeter of a MRR, m is the mode number of light propagation
in the miroring, and c is the light propagation speed in vacuum. Based on the
equation, the passbands of MRR switches can be shifted if the refractive indices
of waveguides in the MRRs are changed as introduced in Chapter 2. As shown in
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Fig. 6.1, the passbands instead of single frequencies or wavelengths are shifted 125
and 250 GHz when the refractive indices of MRR waveguides are changed 0.0021
and 0.0043 respectively. Exploiting this property we can achieve the passbands with
different central frequencies for MRR-based switches.
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Figure 6.1. Frequency shift of the passbands of a third-order MRR switch with
the MRR radii of 12.617 pm by tuning the refractive indices of MRR waveguides.
When the refractive index is changed 0.0021, the passband with the width of 12.5
GHz is shifted 125 GHz; When the refractive index is changed 0.0043, the passband
with the width of 50 GHz is shifted 250 GHz.

MRRs may be made of different materials. Since silicon material is compatible
to large scale integrated circuits used for electronic industry, it is widely investigated
to be applied in photonic integrations. The change in refractive indices of silicon
waveguides can be achieved using thermo-optic effect or electro-optic effect as in-
troduced in Chapter 2. If using thermo-optic effect, the MRR switches must have
electric heaters in the devices to change the temperature of the MRR waveguides.
Approximate thermal change of refractive index of silicon may be calculated using
Eq. 2.2 [37].

If using electro-optic effect, the MRR switches must have electrodes formed on
the inner and outer sides of the MRRs. Changing the injection currents of the
electrodes will change the injection electron and hole concentrations in the silicon
waveguides, resulting in the change in the refractive indices of the MRR waveguides.
The changed value of the refractive index of silicon may be calculated using Eq.
2.1 [37].
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6.2.3 Limitation
Chromatic Dispersion

To design wavelength selective switches based on MRRs, several factors to affect the
performance of a switch must be taken into account. First, the effect of chromatic
dispersion on the transmission spectral response bandwidths of MRR-based switches
must be taken into account in the design. The refractive indices of the waveguides of
the MRRs change with light propagation wavelengths in the MRRs. The light cou-
pling coefficients between the MRRs, and between the linear waveguides and MRRs
also change with the light propagation wavelengths [96]. Using beam propagation
method (BPM) and finite element method (FEM) in the software optiBMP [97]
to simulate light propagation through a silicon waveguide with the cross section of
0.55 pm wide by 0.22 pm high, the extracted effective indices of the refraction of the
silicon waveguides in the MRRs versus the light wavelengths are shown as in Fig.
6.2. It can be seen that the refractive index of the waveguide decreases linearly with
the wavelength. The fitting function can be written as ne¢s ~ 3.58109 — 0.18365A,
where n.ss is the effective refractive index, and A is the wavelength. Replacing the
wavelength with a frequency, we obtain n.sr ~ 3.58109 — 0.18365¢/ f, where c is the
light speed, f is the light frequency. If written in a general format, the effective
effective refractive index of the MRR waveguide is n.s¢ ~ n.—0.18365¢(1/f — 1/ f.),
n. is the effective refractive index at the central frequency f..

Using the BPM and FEM, we extract the light power coupling coefficient between
two MRRs as a function of the wavelength represented by the red dashed line in
Fig. 6.2 when the gap between the waveguides of the two MRRs is 220 nm. We
get the fitting function as k? ~ —0.52906 + 0.3912)\. Replacing the wavelength with
the frequency, the function is written as k% ~ —0.52906 + 0.3912¢/f. In a general
format, the equation may be written as k? ~ k? + 0.3912¢(1/f — 1/ f.) where k? is
the light power coupling coefficient between the MRRs at the central frequency f..

The dispersion in the refractive index of a silicon waveguide makes the response
spectra of the MRRs move to different wavelength positions. The dispersion in light
coupling coefficients leads to the variation in the passband widths and the passband
shapes of the MRRs as shown in Fig. 6.3. The passband (black curve) of 12.5 GHz at
the central frequency of 193.15 THz is deformed and is narrower than the pass band
(red thin curve) of its ideal structure without dispersion, while the passband (blue
dashed curve) of 12.5 GHz at the frequency of 193.2 THz is wider than the pass band
(blue dot thin curve) of its ideal structure without dispersion. Narrow passbands
show relatively strong impact caused by dispersion, compared with wide passbands.
The two passbands (wine dot dash curve and violet dot dot dash curve on the right
sides) of 50 GHz show relatively weak effect caused by dispersion, compared with
the two passbands of 12.5 GHz.
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Figure 6.2. Extracted dispersions of the microring-resonator parameters

Fabrication Errors

In semiconductor device fabrication, there are fabrication errors such as MRR di-
ameter, waveguide width, and height errors, eccentricity of internal and outer circles
in MRRs. The diameter error of a MRR leads to a perimeter variation, resulting in
varying its resonant wavelength. Current semiconductor device fabrication precision
is limited to 10 nm in geometrical dimensions. A 10-nm diameter error of a micror-
ing resonator with a diameter of 10 um could lead to a resonant wavelength shift of
1.5 nm. Such a large resonant wavelength shift could cause high transmission loss
or very strong inter-signal interference in some cases.

The waveguide width, height, and section shape determine the light propagation
modes in MRR waveguides and the effective refractive indices of the waveguides. The
errors in the waveguide width, height, and section shape affect the light propagation
modes, lead to the change in the effective refractive index and chromatic dispersion.

Since the wavelengths of light propagation in the MRRs are in the order of
one micron magnitude, the surfaces of the MRR waveguides are relatively rough.
The rough surfaces of the wavguides cause retro-reflection of the light in the MRR
waveduides, resulting in high light propagation loss, serious signal interference, and
strong noise.

Thus, in the design of WSSs, the fabrication errors should be taken into account.
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Figure 6.3. Dispersion in light coupling coefficient leads to the change in the
passband shapes of the MRRs. The passband (black curve) of 12.5 GHz at the
frequency of 193.15 THz is deformed and is narrower than the passband (red thin
curve) of its ideal structure without dispersion, while the passband (blue dashed
curve) of 12.5 GHz at the frequency of 193.2 THz is wider than the passband (blue
dot thin curve) of its ideal structure without dispersion. Narrow passbands show
relatively strong impact caused by dispersion, compared with wide passbands.
The two passbands (wine dot dash curve and violet dot dot dash curve on the
right side) of 50 GHz show weak influence of dispersion, compared with the two
passbands of 12.5 GHz on the left side.

Insertion Loss and Cross Talk

The insertion loss of a switch architecture and the crosstalk between adjacent light
channels are important parameters to characterize the MRR switch architecture.
The insertion losses of MRR switch devices are influenced by the light coupling
coefficients between the bus waveguides of the MRR switches and the MRRs, and
the light coupling coefficients between the MRRs, and the propagation losses in the
MRRs and the bus waveguides. As reported in Chapter 3, when the light coupling
coefficients between the bus waveguides and the MRRs and between the MRRs
increase, the insertion losses of the MRR switches decrease. There are the minimal
insertion losses at optimal diameters for the MRR switches. If the diameters are less
than the optimal diameters, the insertion losses of the switches increase drastically,
due to drastically increased bending losses in the MRRs. The crosstalks of the
MRR switches are influenced mainly by the spectral passband shapes and passband
widths. A high insertion loss leads to a low received signal power in a detector
while a strong crosstalk leads to a strong signal noise. Both high insertion loss and
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strong crosstalk lead to a low signal noise ratio, resulting in a high bit error rate in
an optical network. They should be carefully considered in the MRR-based WSS
design.

6.3 Multiple-Input and Multiple-Output
Microring-Resonator-Based Wavelength
Selective Switch Architectures

6.3.1 1x N Bandwidth-Variable Microring-Resonator-Based
Wavelength Selective Switch Architecture

As an example, a 1 x 4 bandwidth-variable micro-resonator-based wavelength selec-
tive switch architecture is configured as shown in Fig. 6.4. In the architecture, there
are one linear bus waveguide, 80 third-order MRR-based switches consisting of three
cascaded MRRs. To match the minimal frequency slot width for flexible networks in
ITU-T G.694.1, each switch has a pass bandwidth of 12.5 GHz. All the light signals
covering a bandwidth of 1 THz are input into the wavelength selective switch from
its input port. The light signals can either be dropped by the third-order MRR
switches at their resonant frequencies or go through the linear bus waveguide and
be output at the end of the linear bus waveguide. The 80 third-order MRR-based
switches are divided into 4 groups. Each group consists of 20 third-order MRR-
based switches. We assign the MRRs in each group to have same radii. The MRR
radii R for the 4 groups of MRR switches are set to 12.617, 12.708, 12.8, and 12.891
pm, respectively. The silicon waveguides of 0.550 pm wide by 0.22 pm high are used
for the MRRs and the liner bus waveguides.

The effective refractive indices of the waveguides are calculated to be 3.296 at
the wavelength of 1.55 pm by using finite difference method in optiBMP [97]. The
refractive index difference of the waveguides in the two adjoining third-order switches
is tuned to be approximate 2.15 x 10~ by using thermo-optic or electro-optic effect.
The light coupling coefficients between the linear bus waveguide and the MRRs,
and between the linear waveguides at drop ports and the MRRs of the third-order
switches are set to k3 = k3 = 0.0464. The light coupling coefficients between two
MRRs in the third-order switches are set to k¥ = k3 = 0.0116. The geometrical
spacing between the two third-order MRR switches is 50 pm. The footprint of the
MRR architecture is about 4 mm long by 0.1 mm wide. The propagation losses
through the linear bus waveguides are 2 dB/cm and the propagation losses in the
MRRs are 3 dB/cm [98].

The light signals from the MRR switches in a group are dropped into a common
linear waveguide. Multiple channels can be dropped from one output port, and the
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maximal passband width can be 20 x 12.5 GHz = 250 GHz at one drop port.

Figure 6.4. Schematic of a bandwidth-variable microring-resonator-based
switch architecture consisting of 80 third-order MRR-based switches that are
divided into 4 groups. Each group consists of 20 MRR switches with the pass
bandwidth of 12.5 GHz. The architecture has 4 multi-channel drop ports with
the passband width varying from 0 to 250 GHz that can be achieved by switching
on/off a part of MRR switches in a group.

Typical transmission spectra of the switches with different bandwidths and com-
binations at four drop ports are shown in Fig. 6.5. The variable passband widths of
the MRR~based WSSs are achieved by switching on or switching off some or all of
the third-order switches. Each third-order switch can be switched on or switched off
by tuning refractive index of the waveguide in one of the third-order MRRs through
thermo-optic effect [99] or electro-optic effect [37].

Figure 6.5(a),(b),(c) show 4 passbands with the same widths of 12.5, 25, and 50
GHz respectively at four drop ports, but their central frequencies are different. Each
drop port outputs one passband. In Fig.6.5(a) the first drop port has the minimal
insertion loss 2.05 dB while the fourth drop port has the maximal insertion loss 2.66
dB. Other two drop ports have the insertion losses varying from 2.05 to 2.66 dB.
The nonuniform insertion loss is caused not only by different propagation loss in the
MRRs and the linear bus waveguide, but also by the light coupling losses between the
MRRs and by the light coupling losses between the MRR and the linear waveguide.
The light dropped from the first port has the shortest light propagation distance
while the light dropped from the fourth port has the maximal light propagation
distance, resulting in the minimal and maximal propagation losses. In Fig. 6.5(b)
the four drop ports show the insertion losses varying from 2.13 to 2.68 dB. In Fig.
6.5(c) the insertion losses at the four ports vary from 2.15 to 2.69 dB.

Figure 6.5(d) shows 4 different passbands with the widths of 12.5, 25, 50, and
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Typical transmission spectra of the switches at four drop ports.

(a),(b),(c) 4 pass bands with the same widths of 12.5, 25, and 50 GHz respectively
but different central frequencies at four drop ports. (d) 4 different pass bands with
the widths of 12.5, 25, 50, and 100 GHz and 4 different central frequencies at four
drop ports. (e) Two 12.5-GHz-wide passbands and one 25-GHz-wide passband with
different central frequencies at Port 1, one 25-GHz-wide passband at Port 2, one
12.5-GHz-wide passband and one 50-GHz-wide passband with different central fre-
quencies at Port 3, and one 100-GHz-wide passband at Port 4. (f) 4 same pass
bands of 250 GHz but different central frequencies at four drop ports. The vari-
able passbands are achieved by switching on or off a part of the third-order MRR
switches.(a)-(f) The insertion losses at the drop ports vary from 2.05 to 2.85 dB.
BW: -3 dB bandwidth; IL: Insertion loss.

100 GHz and 4 different central frequencies dropped from four drop ports.

The

insertion losses at the four ports vary from 2.05 to 2.7 dB. Figure 6.5(e) shows that
several different passbands can be achieved from one drop port and that different
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drop ports have different output passbands. In Fig. 6.5(e), there are two 12.5-GHz-
wide passbands and one 25-GHz-wide passband with different central frequencies at
Port 1, one 25-GHz-wide passband at Port 2, one 12.5-GHz-wide passband and one
50-GHz-wide passband with different central frequencies at Port 3, and one 100-
GHz-wide passband at Port 4. The insertion losses of the three passbands at the
first port vary from 2.05 to 2.15 dB. The 100-GHz-wide passband at Port 4 has the
maximal insertion loss 2.74 dB. Figure 6.5(f) shows 4 same pass bands of 250 GHz
at different central frequencies dropped from four drop ports. The first drop port
has the minimal insertion loss 2.2 dB while the fourth drop port has the maximal
insertion loss 2.85 dB. Other two drop ports have the insertion losses varying from
2.2 to 2.85 dB.

| 2.47dB
01 %

2800000

-10
] -22.0111d
-20
-30_/ / / / / |
-40 y T y T " /
193.30 193.35 193.40 193.45 193.50
Frequency (THz)

Drop (dB)

Figure 6.6. Output power spectra of 16 light channels with the bandwidth of
12.5 GHz per channel are shown from one drop port in which 20 light channels
can be dropped at the same time in the bandwidth-variable microring-resonator
switch architecture. The crosstalk suppression ratio greater than 20 dB between
two neighborhood channels are shown. Insertion loss is less than 2.47 dB.

Figure 6.6 shows the independent output power spectra of 16 light channels.
Each light channel occupies a bandwidth of 12.5 GHz. As can be seen, the crosstalk
between two neighborhood channels vary from -22 to -22.18 dB. It can also seen
that the insertion loss for one channel varies from 2.47 to 2.33 dB. The maximal
insertion loss is approximately 2.8 dB. Thus the architecture shows low insertion
loss and weak crosstalk in adjacent channels, both of them show good uniformity.

If we hope to achieve wider passbands, we can let more third-order MRR switches
instead of 20 MRR switches share a linear bus waveguide for light output. Moreover,
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we can use the through port of the WSS as one of the light signal output port. In
this case, some light signals from the drop ports will be discarded.

6.3.2 N xN Bandwidth-Variable Microring-Resonator-Based
Wavelength Selective Switch Architecture

N x N bandwidth-variable MRR-based wavelength selective switches can be built by
using one set of 1 x N bandwidth-variable MRR-based wavelength selective switches
and one set of N x 1 bandwidth-variable MRR~based wavelength selective switches,
or by using one set of 1 x N bandwidth-variable MRR-based wavelength selective
switches and one set of NV x 1 optical couplers. Actually, the structure of 1 x N
bandwidth-variable MRR-based wavelength selective switches is the same as the
N x 1 bandwidth-variable MRR-based wavelength selective switches, except for
contrary light propagation directions in the two structures. As an example, we
configure two 4 x 4 bandwidth-variable MRR-based WSSs as shown in Fig. 6.7.

O
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Figure 6.7. Proposed N x N MRR-based bandwidth variable wavelength selective
switches and the wavelength map(/N = 4). (a) Architecture consisting of all WSS at
two stages. (b)Architecture built by a combination of WSSs and optical couplers.

In Fig. 6.7(a), the 4 x 4 WSS consists of four 1 x 4 MRR WSSs and four
4 x 1T MRR WSSs. All the MRR WSSs have the same structures and the same
parameters. The output signals of the four 1 x4 MRR WSSs at the first stage (Top)
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are separated and are sent to the input ports of the four 4 x 1 MRR WSSs at the
second stage (Bottom) independently. The output signal at any drop port of any
WSS at the first stage contains a waveband of which the bandwidth is variable. The
variable bandwidth is achieved by switching on/off some of the MRR switches at
the first stage through wavelength tuning of the MRRs. The signals will be further
filtered and selected by the WSSs at the second stage. Moreover, some light signals
can be stopped by the WSSs at the second stage when the MRR switches are turned
off.

In Fig. 6.7(b), the switch consists of four 1 x 4 MRR WSS at the first stage and
four optical couplers instead of the WSSs at the second stages. The output signals
of the four 1 x4 MRR WSSs at the first stage are separated and are sent to the four
4 x 1 optical couplers at the second stage independently. The output signal at any
drop port of any WSS at the first stage contains a waveband of which the bandwidth
is variable. However, the light signals from the drop ports of the WSSs at the first
stage can not be filtered and selected in the couplers at the second stage. But the
optical couplers have small insertion loss and they are cheaper than the WSSs.

Comparing the two architectures in Fig. 6.7, it is found that steeper-edge flat-
top passband can be achieved in the WSS-WSS architecture in Fig. 6.7(a) than in
the WSS-Coupler architecture in Fig. 6.7(b). As shown in Fig. 6.8, when the final
output ports of the two architectures have same passband widths of 12.5, 25, and 50
GHz respectively, the passband curves (The red, dark cyan, and magenta dot lines)
achieved in the WSS-WSS architecture show steeper edges than ones (The black
solid, dash, and dash dot lines) achieved in the WSS-Coupler architecture. This is
because the passbands of the switch architecture in Fig. 6.7(a) are filtered further
at the second stage. Steeper edge passband of a WSS will have a lower inter-channel
crosstalk, benefiting to signal transmission in the network. However, the passband
curves achieved in the WSS-WSS architecture show respectively lower output power
than ones achieved in the WSS-Coupler architecture when the architectures have
the same output spectral passbands. This means that the insertion loss of the WSS-
WSS architecture is higher than the loss of the WSS-Coupler architecture since the
optical couplers at the second stage of WSS-Coupler architecture have much lower
insertion loss than the WSSs at the second stage of WSS-WSS architecture.

Figure 6.9(a) shows the independent output power spectra of the light channels
of the WSS-WSS architecture when each light channel occupies the passband width
of 12.5 GHz. The average crosstalk between two adjacent channels is -25.4 dB.
The average insertion loss is 4.75 dB. The maximal insertion loss is 6.35 dB that
is not shown in the figure. Figure 6.9(b) shows the independent output power
spectra of the light channels of the WSS-Coupler switch architecture when each light
channel occupies the passband width of 12.5 GHz. The average crosstalk between
two adjacent channels is -22.1 dB. The average insertion loss is 2.6 dB. The maximal
insertion loss is 4.2 dB that is not shown in the figure.
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Figure 6.8. Transmission responses of the two 4 x 4 microring-resonator-based
wavelength selective switch architectures when each third-order MRR switch
has the passbands of 12.5, 25, and 50 GHz. WSS-WSS denotes the 4 x 4 switch
architecture consisting of 1 x 4 WSSs totally. WSS-Coupler denotes the 4 x 4
switch architecture consisting of 1 x 4 WSSs at the first stage and the optical
couplers at the second stages.
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Figure 6.9. (a) Independent output power spectra of the light channels of the

WSS-WSS switch architecture. The average crosstalk between two adjacent
channels is -25.4 dB. The average insertion loss is 4.75 dB. (b)Independent
output power spectra of the light channels of the WSS-Coupler switch archi-
tecture. The average crosstalk between two adjacent channels is -22.1 dB. The

average insertion loss is 2.6 dB.
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Table 6.1. Comparison of 4 x 4 WSS-WSS and WSS-Coupler architectures

Property WSS-WSS  WSS-Coupler
Average insertion loss (dB) 4.75 2.6
Worst insertion loss (dB) 6.35 4.2
Average adjacent channel crosstalk (dB) -25.4 -22.1
Cost High Low

Thus the WSS-WSS architecture shows lower inter-channel crosstalk but higher
insertion loss than the WSS-Coupler architecture. The WSS-WSS architecture has
steeper edge flat-top spectral passband than the WSS-Coupler architecture. But the
cost in the fabrication of the WSS-WSS architecture is evident to be higher than
the WSS-Coupler architecture, and its structure arrangement is more complicated
than the WSS-Coupler architecture. In a word, both architectures have their own
advantages and drawbacks. They are summarized in Table 6.1.

6.4 Conclusions

We proposed bandwidth-variable MRR-based wavelength selective switches with
multiple input and multiple output ports. We gave a detailed analysis on the
switches consisting of the third-order microring resonators. By switching on or
off a part or all of the third-order microring-resonators-based switches via tuning
the refractive indices of the waveguides in the MRRs, the passbands with variable
widths in a very large range are able to be achieved. For the 4 x 4 switch in the
example the the passbands with variable widths from 12.5 to 250 GHz at one out-
put port were demonstrated. The average insertion losses are estimated to be 4.75
and 2.6 dB, and the average adjacent channel crosstalks are -25.4 and -22.1 dB re-
spectively for the WSS-WSS and WSS-Coupler architectures when the diameters
of the MRRs in the architectures are around 12 pym and their passband widths are
12.5 GHz. If the passband widths of the MRR switches as the basic units of the
WSS switches are increased, the insertion losses of the WSS switches will be reduced
and the crosstalks will get lower. These losses and inter-channel signal crosstalks
of the proposed bandwidth-variable microring-resonator-based wavelength selective
switches are acceptable for the applications in optical networks on chip and optical
communication networks.

Compared with the WSSs made of liquid crystal on silicon (LCoS)spatial light
modulators (SLMs), the proposed MRR-based architectures have evident advan-
tages. Typically, LCoS-SLMs WSSs available on market have large volume such as
200 x 150 x 30 mm and they show high insertion loss of 2 x 6 = 12 dB when
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cascading two LCoS WSSs. The proposed switches have small volumes with the
widths of microns and the lengths of several millimeters, and they can be integrated
in large scale. Moreover, the MRR-based WSSs could be superior to the LCoS WSSs
in low power consumption, relatively simple device fabrication technology.

The proposed MRR-based architectures are also superior to the WSSs consisting
of cyclic array waveguide gratings (AWG)s in several aspects such as in versatile
structural design, light switching control. In particular, the passband widths of the
proposed architectures can be varied in a very large range from a few GHz to a few
THz while it is relatively difficult to use AWG switches to do so. Thus the pro-
posed bandwidth-variable microring-resonator-based wavelength selective switches
have the potential to replace in part or completely the LCoS and AWG WSS switches
for the applications in the optical networks, in particular, for high performance com-
puting systems and data center networks.

86



Chapter 7

Performance Studies of Optical
Interconnections Based on
Microring Resonators

In this chapter, a scalable optical interconnection architecture based on MRRs is
proposed. The optical interconnect architecture consists mainly of microring res-
onator devices: microring lasers, microring switches, microring de-multiplexers, and
integrated photodectors. The performance of the architecture is studied. The sim-
ulation on the end-to-end latencies and the packet loss rates of the architecture
under large traffic loads shows that the architecture proposed has potential to be
integrated on a chip scale CMOS-compatible silicon photonic platform.

7.1 Introduction

Scalable, low latency, and high-throughput interconnection is essential for future
high performance interconnect networks such as high performance computing sys-
tems and data center networks. Interconnect networks based on electronic multi-
stage topologies have large latencies due to the multi-hop nature of these networks,
and high power consumption in the buffers and the switch fabrics.

As global internet traffic growing exponentially, the data centers, which host
many internet application servers, are facing rapid increase in bandwidth demands.
Furthermore, as more and more processing cores are integrated into a single chip
[100], the communication speeds between racks in the data centers will become slow
and the communication times between racks increase significantly. Fast and low-
latency interconnection schemes are required for the cores to communicate with the
storage systems and the other servers inside or outside of the racks so that data
centers can achieve low latency, large throughput, high flexibility, high resource
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efficiency, low power consumption, and low cost.

Recent advances in key components of integrated photonic circuits, such as large-
port-count low-loss silicon arrayed waveguide gratings [101], Si ring modulators [102],
high-responsivity epitaxial germanium photodetectors [103], hybrid semiconductor
optical amplifiers [104], and hybrid semiconductor laser sources [105], are paving
the way for device integration in large chip-scale optical switch systems. Integrated
optics may meet the requirements of future high performance computing systems
and data centers.

A scalable chip-scale integrated optical interconnect architecture was proposed
[106]. In the architecture, the key optical component is a cyclic arrayed waveguide
grating (CAWG). The modulators as wavelength multiplexers for the signal trans-
mitters at the input side of the CAWG and the wavelength de-multiplexers for the
signal receivers at the output side of the CAWG are composed of microring res-
onators. Since the process and technique to fabricate CAWGs are more complicated
than to fabricate microrings, we propose to build a scalable interconnect network
using a microring resonator switch to replace the CAWG for the architecture. In
addition, the transmitters in the optical interconnect architecture reported [106]
are made up of off-chip comb lasers, a 1 x N splitter, and MRR modulators. The
lights from the off-chip comb lasers are coupled into a 1 x N splitter and are sep-
arated into different nodes at the input side of the CAWG. Then the lights are
modulated by the microring modulators. Here we propose to use directly modu-
lated wavelength-multiplexed integrated microring laser arrays to replace the the
off-chip lasers, the splitter, and the modulators for the architecture, due to the fact
that directly modulated wavelength-multiplexed integrated microring laser arrays
on chips are available [107]. The application of directly modulated laser arrays as
the transmitters of the architecture will simplify greatly the optical interconnection
architecture and reduce the transmission power losses in the architecture.

In the chapter, the performance of the proposed MRR optical interconnection ar-
chitecture is studied by simulating the end-to-end transmission latencies and packet
loss rates under high traffic loads. It will demonstrate if it is feasible to build MRR
WSSs for flexible grid on-chip networks and to develop advanced optical intercon-
nects and optical networks. The optical interconnect network is simulated using
OMNet+-+.

7.2 Optical Interconnect Architecture

The proposed optical interconnect architecture is shown in Fig. 7.1. The archi-
tecture is made up of MRR lasers as transmitters, a N x N MRR switch, MRR
de-multiplexers, and integrated photodectectors. We assume a centralized control
plane here for simplicity. At the input side of the N x N MRR switch, there are N
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Figure 7.1. Proposed microring-resonator-interconnect architecture.

nodes. Each node has a transmitter array that uses M microring lasers modulated
directly by signal modulators to generate the data packets. At the output side, there
are also N nodes. Each node has one 1 x M MRR de-multiplexer and M integrated
photodectectors to receive and measure the signals. There are many choices for the
N x N MRR switch. Here we use the N x N MRR switch configured in Fig. 6.7(b)
that is the same as Fig. 7.2(a) or use the MRR switch as shown in Fig. 7.2(b)
proposed in [108]. Figure 7.2(a) is a typical MRR based N x N switch at N = 4.
The signals from one input port are distributed into different output ports. The
signals at different wavelengths or frequencies from different input ports combine at
one output port. The signals are allocated by turning-on/off the third-order MRR
switches in the N x N MRR switch. Figure 7.2(b) is a compact cross-and-bar MRR
optical interconnect architecture that can be used as the switch at N = 4 [108]. It
has the same function as Fig. 7.2(a).

7.3 Performance Evaluation of Microring
Resonator Interconnect Architecture
We evaluate the end-to-end time latencies, packet loss rates, and throughputs of the

proposed optical interconnect architecture. The simulated parameters are similar
to those reported in [106]. We assume uniform random traffic with a packet size
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of 1024B in all the simulations. The inter-arrival time between two packets follows
Bernoulli distribution. The line rate is set at 10 Gb/s. We define the maximum
offered load as N x line rate. For each node, there is a 16-kB input buffer for each
transmitter. There is a 10-ns guard time between any two consecutive transmissions
due to the ring reconfiguration time. The control plane runs a 2-GHz clock and takes
three clock cycles to make an arbitration for each request. The control plane handles
all the contentions based on round robin arbitration. The transmitter will send out
the next packet right after it gets the permission while the contended packet will
stay in the input buffer and wait for the next grant. The transmitter will send a
new request to the control plane immediately after a failed attempt or a successful
packet transmission.
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(a) 4 x 4 microring resonator switch. (b) 4 x 4 microring resonator switch.

Figure 7.2. Two typical N x N microring resonator switches

Figure 7.3 shows the average end-to-end transmission time latency as the function
of normalized average load of the MRR interconnect architecture with 4, 8, 16, 32,
and 64 nodes on the two sides of the N x N MRR switch. Figure 7.4 shows the
average packet loss rate as a function of the normalized average traffic load for the
proposed interconnect architecture. The normalized load is defined as the ratio of
the simulated load divided by the maximal throughput of the architecture at a node
number. The transmission capacity of the interconnection architecture changes with
the node number. The simulated loads and corresponding throughputs are shown
in Fig. 7.5. The throughput increases from 160 Gb/s to 40.96 Tb/s when the node
numbers at the input side and output side of the MRR switch increase from 4 to 64.

It is evident that the architecture with large number of nodes and larger loads
shows larger end-to-end time latencies, since the control center needs more time to
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arbitrate and check the request of all the nodes. The latency increases when the
traffic load increases, and there are a turning point of the load at which the latency
increases drastically as shown in Fig. 7.3. For instance, when the loads of the archi-
tecture with 4, 8 and 16 nodes are larger than 40% of their maximal throughputs,
their latencies increase from 1 us to longer than 4 us, while the latencies are much
shorter than 1 us when the loads are less than their turning points. Correspondingly,
the packet loss rates increase drastically after the turning points as shown in Fig.
7.4. As can be seen that their average end-to-end time latencies of the interconnect
architecture are less than 8 us. This indicates that the architecture has satisfactory
end-to-end latency.

The packet loss rates of the interconnect architecture influences on the bit error
ratio of the received signals. As can be seen in Fig. 7.4 that the packet loss rates
of the architecture with 4, 8, 16 nodes are less than 0.5% when the loads are less
than 40% of their maximal throughputs, i.e., when the throughputs are 64, 256,
1024 Gb/s. The packet loss rate of the architecture with 32 nodes is less than
0.5% when the load is less than 30% of its maximal throughput, corresponding to
the throughput of 3.072 Th/s. The packet loss rate of the architecture with 64
nodes is less than 0.5% when the load is less than 20% of its maximal throughput,
corresponding to the throughput of 8.192 Th/s.

7.4 Conclusions

In this chapter a simple but typical chip-scale scalable optical interconnect archi-
tecture based on MRRs was proposed and the performance of the architecture was
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Figure 7.5. Average throughput of the proposed interconnect architecture.

studied by simulating its end-to-end transmission time latencies and its transmission
packet loss rates. The interconnect architecture makes up of mainly of microring
resonator devices: microring lasers, microring switches, microring de-multiplexers,
and integrated photodectors. Numerical simulation showed the low latencies of 8 us
and the low packet losses of 0.5% at high load of 3 Tbh/s when the node numbers at
both input and output sides of the interconnect architecture are less than 64. The
results indicate that it is feasible to build high performance flexible grid on-chip
optical networks and advanced optical interconnects using MRR-based devices.
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Chapter 8

Conclusions

The research work of the dissertation is focused on investigating how to develop
microring-resonator-based switches and switch architectures for possible applica-
tions not only in flexible-grid on-chip networks but also in optical interconnection
networks for optical communication systems. Basic properties and performances of
the switches and the switch architectures are investigated related to their applica-
tions in the networks. The results show that high performance, large bandwidth
varying range, low insertion loss, low crosstalk optical MRR-based switches and
switch architectures can be achieved to meet the requirements of flexible-grid net-
works.

The physical characteristics of microring resonator switch devices were thor-
oughly analyzed using a developed model based on the field coupling matrix theory.
The spectral response and insertion loss properties of these switching devices were
simulated using the developed model. Results show that they are influenced by the
number of cascaded MRRs, the coupling coefficients between the bus waveguides
of the switch devices and the MRRs and between the MRRs, the MRR diameters,
and the propagation losses in the MRR switch devices. The main factors affecting
the passband widths of the MRR switch devices are the diameters of the MRRs,
the coupling coefficients between the bus waveguides and the MRRs and between
the MRRs, and the ring numbers. The bandwidths increase with the increase in
the coupling coefficients between the waveguides and the MRRs and between the
MRRs. Using smaller MRRs can achieve larger passband widths in the switches.
Cascading multiple MRRs can achieve flat-top passbands in the switches by optimal
design which can improve the uniformity of the power distribution in the optical net-
works. When the coupling coefficients between the bus waveguides and the MRRs
and between the MRRs increase, the transmission losses of the switches decrease.
However, there are optimal diameters to achieve satisfactory insertion losses. When
the diameters of the MRRs are smaller than a threshold value, the losses increase
drastically when the diameters decrease due to drastically increased bending losses
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in the MRRs. If the diameters of the MRRs are greater than a threshold value,
the losses also increase with the increase in the diameters. Results show that it is
possible to achieve flat-top passband widths ranging from 6.25 GHz to 3 THz by
cascading three microring resonators, while having insertion losses compatible with
the use in flexible-grid optical communication networks. The architectures of simple
optical switches with limited functionalities and the pass bandwidths of 12.5, 25, and
50 GHz as well as the combination of these pass bands were demonstrated. Satis-
factory transmission spectra and low insertion losses of these devices were achieved,
showing the potential use in scalable flexible wavelength selective switches.

The MRR switch architectures consisting of 320, 160, and 80 third-order MRR
switches with -3 dB passband widths of 12.5, 25, and 50 GHz, respectively and the
two-stage MRR switch architectures consisting of 4 x 80 x 12.5 GHz, 4 x 40 x
25 GHz, and 4 x 20 x 50 GHz were investigated. Both architectures are able to
achieve variable output bandwidths varying from 0 to 4 THz. Results show that the
former is superior to the latter based on the comparison of the maximal insertion
losses and the crosstalks in the worst cases. However, suitable selection of optical
spectra can avoid high insertion losses and high crosstalks of the adjacent channels
in the latter architecture. Anyway, acceptable insertion losses such as less than 4 dB
and acceptable crosstalks such as -20 dB can be achieved in the two architectures
by selecting suitable geometrical sizes and the physical parameters of the MRRs in
the architectures.

The spectral shapes of the passbands of cascaded MRR switches and multistage
cascaded MRR switches were investigated in detail. The results show that steep-edge
flat-top spectral responses at the drop ports of the multistage MRR-based switches
were achieved. Increasing stage number can obtain steeper-edge response spectra of
the multistage MRR-based switches, however it also increases the transmission losses
of the switches. The simulation shows that the multistage cascaded MRR-based
switches provide better passband properties than the cascaded MRR-based switches
without stages. Clear, regular, smooth, steep roll-off edge flat-top passpands were
achieved in the multistage cascaded MRR-based switches. Irregular and fluctuating
passpands were shown in the high-order MRR-based switches without stages. In
order to achieve steep-edge flat-top passpands in MRR switches or filters, it is better
to use the multistage cascaded MRR structures with optimal design instead of the
simple cascaded structures without stages. But there is a trade-off between insertion
losses and passband widths to achieve an optimal performance in the switch design.

Bandwidth-variable microring-resonator-based wavelength selective switches with
multiple input and multiple output ports were proposed. A detailed analysis was
given on the performances of the switches consisting of the third-order microring
resonators. As a proof of concept, the structural design of 4 x 4 wavelength selec-
tive switches was investigated in detail. The results show that the average insertion
losses are 2.6 and 4.75 dB, and the average adjacent channel crosstalks are -25.4 to
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-22.1 dB respectively for the WSS-WSS and WSS-Coupler architectures when the
diameters of the MRRs in the architectures are around 12 pm and their passband
widths are 12.5 GHz. The insertion losses and signal crosstalks are acceptable for
the switches to be applied in on-chip optical networks and optical communication
networks. Deep research works show that the MRR-based WSSs are superior to the
WSSs based on the liquid crystal on silicon spatial light modulators due to lower
power consumption, and easier device fabrication technology. In particular, the
proposed MRR-based architectures are superior to the WSSs based on cyclic array
waveguide gratings in structural design versatility, light switching control agility,
and passband width adjustment, implying that the proposed bandwidth-variable
microring-resonator-based wavelength selective switches have the potential to re-
place in part or completely the LCoS and AWG switches for the applications in the
optical networks, in particular, for high performance computing systems and data
center networks.

A chip-scale optical interconnect architecture, which mainly consists of MRR
devices (MRR lasers, MRR switches, and MRR demultiplexers), was proposed. The
performance of the optical interconnect architecture was studied by simulating the
end-to-end time latencies and the transmission packet loss rates at large throughputs
using OMNet++, indicating that it is feasible to build MRR WSSs for flexible
grid on-chip networks and to develop advanced optical interconnects and optical
networks. The results demonstrated low latencies and low packet losses at large
throughputs in the proposed chip-scale optical interconnect architecture.

Mircroring resonator-based devices are relatively difficult to be fabricated with
relatively high cost using current industrial technologies. Tentative fabrications are
under the way. The research works of the dissertation were done mainly based on the
theoretical aspects and the numerical simulations due to the limitation of current
fabrication technologies, the lack of the experimental setups, and the shortage of
measuring instruments on the MRR-based devices.

Future works will be focused on three aspects: 1) MRR switch device fabrica-
tion, experiment, and fabrication error impact research. 2)MRR device polarization
independence research. 3)Large scale integration theory based on MRR devices and
photonic integration technology research.

In the research works of the dissertation, all the devices are assumed to have
ideal properties, precise structural sizes, and perfect structure shapes. However, in
a practical fabrication, there are fabrication errors in MRR diameters, waveguide
widths, and heights. The MRRs have eccentricities of internal and outer circles. The
surfaces of the waveguides of the MRRs are not smooth and they have roughness to
some degree.

The diameter error of a MRR will change its perimeter, thus changing its reso-
nant wavelength. The waveguide widths, heights, and section shapes of the MRRs
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determine the light propagation modes in the MRR waveguides and the effective re-
fractive indices of the waveguides. The errors in the widths, heights, and waveguide
shapes of the MRRs will change the light propagation modes in the waveguides, the
effective refractive indices of the waveguides, and the light coupling coefficients be-
tween the waveguides, thus changing the transmission response spectra of the MRR
devices, increasing the insertion losses, and increasing signal noises.

A rough surface of a waveguide leads to light scattering in the waveguide, re-
sulting in light propagation loss and retro-reflection. The retro-reflection will incur
signal interferences in optical networks.

Silicon has a large refractive index. The high refractive index contrast between
silicon and cladding media in the waveguides makes a strong light confinement but a
strong polarization dependence of light propagation in the waveuides. TE and TM
polarization lights have different propagation behaviors in the waveguides. Never-
theless, the optical devices in optical networks usually require that the light propa-
gation behaviours in the devices are not sensitive to the light polarization. Actually,
proper waveguide structure design may improve the polarization sensitivity of the
light propagation behaviors in the waveguides.

Repaid progress in silicon photonic integration technology paves a way for large
scale integration of silicon photonic devices. The large scale integration was not
discussed in the dissertation.

These works mentioned here were not done in the dissertation due to the limi-
tation in facilities, instruments, and time. They will be future works in next step.
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