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It’s been a hard day’s night,

and I've been working like a dog.
It’s been a hard day’s night,

I should be sleeping like a log.
But when I get home to you,

I find the things that you do,

will make me feel alright.

When I'm home everything seems to be alright,

When I'm home feeling you holding me tight, tight, Yeah.

You know I feel alright.

Lennon € McCartney






Abstract

This thesis addresses the design, realization and characterization of reconfigurable
optical network components based on multiple microring resonators. Since ther-
mally tunable microring resonators can be used as wavelength selective space
switches, very compact devices with high complexity and flexibility can be cre-
ated.

In chapter 1 an introduction to this thesis is given by stating the context
in which the work has been done. A brief overview of optical communication
networks is given as well as a description of the projects in which the research has
been carried out. Finally the basic properties of microring resonator filters are
presented, like the Free Spectral Range and Finesse.

In chapter 2 an application oriented top-down design approach for the micro-
ring resonator as wavelength filter is described. A scattering matrix model of a MR
is used, that incorporates the coupling constants, radius and the losses. With this
model the geometrical design parameters are investigated and chosen such that the
network specification can be met. It comes out that for high bandwidth filtering
applications the coupling constants need to be relatively large. Furthermore for
a MR which drops as much power as possible, the coupling constants need to be
equal. Physical layer simulations of the MR in a network environment are done

that confirm the high bandwidth filtering application.
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In chapter 3 the thermal properties of a microring resonator are described.
These properties allow the filter to be tuned to a specific wavelength. This way
switching functions can be realized and fabrication errors and environmental tem-
perature changes can be corrected. The basic properties of thermal tuning are
explained, whereafter the design and characterization of a thermally tunable sin-
gle ring is given. Several SiO,/Si3sN,; MRs with chromium €Q-shaped heaters were
fabricated. The MRs show good reproducibility and the parameters extracted
from measurements show good agreement with the designs. A thermal tunability
between 11.3 pm/mW and 20 pm/mW for several different geometries is demon-
strated. A method of increasing the switching speed is described, that uses an
overshoot and bias of the driving signal. By using this method the rise-time of the
MR response was improved by 42%, enabling modulation frequencies of 10 kHZ
and switching speeds in the order of 0.1 ms.

Chapter 4 is describing the use of devices built out of more than one single
MR to create complex structures with enhanced functionality. Some examples
of these complex structures are described, like an optical-cross-connect, a recon-
figurable A-router and an optical network unit. The multiple MR structures are
compared to their competing technologies and it is calculated that the used area
can be reduced with a factor of 50 by using complex MR functions. Some examples
of fabricated and measured structures based on multiple MRs are given. First a
wavelength selective switch is demonstrated which has an ON/OFF ratio of 12 dB
and a channel separation better than 20 dB. Second, a Vernier switch is shown
which has a total Free Spectral Range of 28 nm, by combining the specifications of
two rings. Finally a reconfigurable optical add-drop multiplexer is demonstrated
which is made out of four MRs and which is pigtailed and packaged. It demon-
strates a symmetric add and drop response with 17 dB resonance peaks. Since
the tuning range of the rings is larger than the Free Spectral Range of the rings,
any wavelength can be addressed. A single channel configuration could be reached
by only 20 mW of driving power. A four channel configuration uses 446 mW of

driving power.
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Chapter 5 gives system level measurements in order to assess the performance
of multi MR based structures in optical networks. It describes the system level
characterization methods, - setups and the measurements on both single MR as
well as multiple MR structures for 10 and 40 Gbit/s datasignals. The results show
that 10 Gbit/s non-return-to-zero datasignals can be filtered by the described MR
as a clear eye diagram is measured. A measurement of the groupdelay confirms
this also since the delay of 7 ps does not contribute significantly at this datarate.
The 40 Gbit/s return-to-zero measurement results show that the reconfigurable
add-drop multiplexer can filter these signals with clear eye diagrams to all add
and drop ports. A power penalty of 1 dB was measured at a bit-error-rate of 1077.
The measurements also demonstrate the principle of multicasting the 40 Gbit/s
signals to more than one output port at once.

Finally, in chapter 6, a discussion is given of the results presented in this thesis
and of the use of MRs in optical telecommunication components. This discussion
will lead to the conclusion that it is possible to design and realize multiple MR
devices allowing high bitrate optical network components with reconfigurable func-
tions. The chapter also gives an outlook recommending future research for multi
MR structures in optical telecommunications components. In this context also
some brief comments on recent picosecond pulse measurements are given, where

pulses with a length in the order of the round-trip time of the MR are filtered.






Samenvatting

Dit proefschrift beschrijft het ontwerp, de realisatie en karakterisatie van her-
configureerbare optische netwerkcomponenten die gebaseerd zijn op meervoudige
microringresonatoren. Omdat thermisch verstembare microringresonatoren kun-
nen worden gebruikt als gollfengte-selectieve schakelaars, is het mogelijk om zeer
compacte componenten te maken met een grote complexiteit en flexibiliteit.

Hoofdstuk 1 is een introductie voor dit proefschrift waarin de context staat
beschreven waarbinnen dit werk heeft plaatsgevonden. Een kort overzicht van
optische telecommunicatienetwerken wordt gegeven, alsmede een beschrijving van
de projecten waarbinnen het onderzoek heeft plaatsgevonden. Ten slotte worden
de basiseigenschappen van een microringresonator (MR) behandeld.

In Hoofdstuk 2 wordt een toepassingsgerichte ontwerpaanpak beschreven voor
de MR als gollfengtefilter. Een scattering-matrix-model van de MR wordt gebruikt,
dat de respons van de MR in termen van de koppelconstanten, de radius en de
verliezen beschrijft. Met dit model worden de geometrische parameters van de MR
onderzocht en worden deze parameters zo gekozen dat aan de netwerkspecificaties
kan worden voldaan. Het blijkt dat voor breedband filterapplicaties relatief hoge
koppelconstanten nodig zijn. Verder dienen de koppelconstanten zo symmetrisch
mogelijk te zijn om de MR zoveel mogelijk vermogen te laten schakelen. Simu-

laties van de MR op the physical-layer binnen netwerkomgevingen bevestigen de
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breedband filtercapaciteit van de MR filters.

In Hoofdstuk 3 worden de thermische eigenschappen van een MR behandeld.
Door deze eigenschappen kan een filter worden verstemd naar een specifieke golf-
lengte. Op deze manier zijn schakelfuncties te creéren en kunnen fabricagefouten
en omgevingsinvloeden worden gecorrigeerd. Eerst worden de basiseigenschap-
pen van thermisch verstemmen behandeld, waarna het ontwerp en de karkakter-
isatie van thermisch verstembare enkele microringen wordt beschreven. Meerdere
Si0y/SizNy MRen met een chromen verwarmingselement zijn gefabriceerd, waar-
bij een thermische verstembaarheid van 11.3 pm/mW tot 20 pm/mW is gemeten
voor verschillende filters. Een methode om de schakelsnelheid te verbeteren wordt
beschreven, waarin gebruik wordt gemaakt van een overshoot en een bias om het
aandrijvende signaal te optimaliseren. Op deze manier kon een verbetering van
42% worden bereikt in de rise-tijd van de respons, waardoor modulatiefrequenties

van 10 kHZ of schakelsnelheden van 0.1 ms konden worden bereikt.

Hoofdstuk 4 beschrijft het gebruik van meerdere microringen om zo complexe
structuren te realiseren met een uitgebreide functionaliteit. Voorbeelden van deze
complexe structuren zijn onder andere een optical-cross-connect, een herconfig-
ureerbare A-router en een optische netwerkunit. De multi-microringstructuren
worden vergeleken met hun concurrerende technologien en aangetoond wordt dat
de gebruikte oppervlakte kan worden verkleind met een factor 50 door gebruik te
maken van de multi-MR-structuren. Enkele voorbeelden worden gegeven van gere-
aliseerde structuren gebaseerd op multi-MR’en en de bijbehorende metingen. Ten
eerste wordt een gollfengte-selectieve schakelaar gedemonstreerd die een AAN/UIT
ratio heeft van 12 dB en een kanaalscheiding die beter is dan 20 dB. Vervol-
gens wordt een Vernier-schakelaar gepresenteerd die, door het combineren van de
eigenschappen van twee ringen, een totale Free Spectral Range heeft van 28 nm.
Tenslotte wordt een herconfigureerbare add/drop multiplexer gedemonstreerd die
bestaat uit vier ringen en volledig is gepigtailed en behuisd. Het component laat
symmetrisch add- en dropgedrag zien met een resonantiepiek van 17 dB. Omdat het
verstembereik van de ringen groter is dan hun Free Spectral Range, kan iedere golf-

lengte worden geadresseerd. De multiplexer kan in een enkel-kanaal-configuratie
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worden gesteld met een aandrijfvermogen van 20 mW en in een vier-kanaal con-
figuratie met een vermogen van 446 mW.

Hoofdstuk 5 geeft de systeemniveau-metingen weer die zijn gedaan om het
gedrag van multi MR-structuren in optische netwerken te bepalen. De resultaten
laten zien dat een 10 Gbit/s non-return-to-zero datasignaal kan worden gefilterd,
omdat een duidelijk open oog-patroon is gemeten. Een meting aan de groupdelay
van de MR bevestigt dit, omdat een vertraging van 7 ps geen significante bij-
drage levert aan deze snelheid. De resultaten met een 40 Gbit/s return-to-zero
datasignaal tonen aan dat de herconfigureerbare add/drop multiplexer deze sig-
nalen kan filteren met open oog-patronen voor alle in- en uitgangspoorten. Een
power-penalty van 1 dB is gemeten bij een Bit-Error-Rate van 107°. De metin-
gen tonen tevens dat deze structuren de mogelijkheid bieden om de 40 Gbit/s
datasignalen te multicasten naar meer dan n uitgang tegelijk.

Tenslotte worden in Hoofdstuk 6 de resultaten uiteengezet die worden gepre-
senteerd in dit proefschrift. De discussie van deze resultaten leidt tot de conclusie
dat het mogelijk is om om multi MR-structuren te ontwerpen en te realiseren,
die datasignalen met grote bandbreedte kunnen filteren. Zo kunnen deze MR
structuren leiden tot optische netwerkcomponenten met herconfigureerbare com-
plexe functies. De aanbevelingen in dit hoofdstuk kunnen leiden tot toekomstig
onderzoek op het gebied van multi MR-structuren voor optische telecommunica-
tienetwerken. Binnen deze context wordt tevens een korte beschrijving geven van
recente picosecondemetingen, waarbij de duur van de puls ongeveer even groot is

als de rondgangtijd van de microring.
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CHAPTER 1

Introduction

This chapter gives an introduction to this thesis by sta-
ting the context in which the work has been done. A
brief overview of optical communication networks will
be given as well as a description of the projects in which
the research has been carried out. Finally the basic prop-

erties of microring resonator filters are presented.

Parts of this chapter were extracted from:
Geuzebroek, D.H. and A. Driessen ”Ring Resonator Based Wavelength Filters”, in Wavelength
Filters For Fiber Optics, Venghaus, H (edt.), to be published 2006



2 Chapter 1. Introduction

1.1 Preface

This thesis deals with a topic that is covered by the term telecommunication. All
the activities, both academic as well as commercial, within this particular branch
is driven by the ever increasing demand for data-transport facilities. Since the
Internet has dramatically changed the way we work, communicate, relax or in
general how we live, the demand for data bandwidth will keep on rising. Every
forecast of any subject related to the demand and transport of data, shows rising
graphs. Maybe the only exception to this is the profitability of the commercial ac-
tivities, especially in optical telecommunications, in the past few years. Currently
however, positive sounds are appearing showing prudence effort with commercial

investments in optical telecommunications.
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FIGURE 1.1: Expected number of DSL subscriptions in EMEA
with compound annual growth rate of 26% [1]

A positive side of the telecommunication downturn, was in the increase in
academic interest in this area. Topics, like how to decrease operating cost and
manageability of telecommunication networks, are now thoroughly investigated.
All these activities are driven by the potential demand of a broadband data con-

nection for every household. Which needs low cost components, since the costs
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can not be shared, and manageable network components since large numbers of
customers with changing demands need to be handled.

Meanwhile the demand for bandwidth keeps on growing. For example the
amount of broadband Digital-Subscriber-Lines (DSL) subscriptions in 2004 in Eu-
rope, Middle East and Afrika (EMEA) was 33.1 million of which 95% in the 27
largest European countries [1]. Figure 1.1 shows a market prediction [1] that shows
that in 2010 this will be increased to 146.9 million in 2010, with a compound an-
nual growth rate of 26%. The question remains what is regarded as a broadband
connection. Sometimes anything with a higher bandwidth as an analog modem
was regarded as broadband. Weldon [2] states that currently a broadband connec-
tion is one that exceeds 24 Mbit/s. Furthermore, in the near future real broadband
connections should have a bitrate of 50 to 100 Mbit/s and in 5 to 10 years this will

exceed 1 Gbit/s . These numbers are driven by the applications which consume
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FIGURE 1.2: Predicted broadband online entertainment market
for various drivers [1]

more and more bandwidth like Video-on-demand, were high quality video stream
are streamed towards the customer. As is shown in Figure 1.2 the applications

concerning video will have a strong increase in application, driven on one side by



4 Chapter 1. Introduction

the demand for video services and on the other hand by the bandwidth available.
But this will not be the big cash-cow everybody was searching for. The increase for
bandwidth will most likely come from a process now known as "triple-play”, were
telephone, television and (internet) data-services are combined. Extending this
towards more services, like e.g. remote computing, together with lots of users per
household (all machines will have an IP number, even the refrigerator), ”multiple-
play” service will demand more bandwidth. Furthermore a change in data traffic
direction can be noticed, since more and more users are also uploading data for
peer-to-peer networks or distributed computation. This changes the network from
being asymmetric (more toward customer) into a symmetric one.

According to [2,3] the only way to be able to meet these demands is the optical

implementation.

1.2 Optical Telecommunication Networks

Since more than 30 years optical telecommunication networks have been in the
spotlight, of both academic as well as industrial research, as the most promising
method of transporting large amounts of data over large distances. In [4] a system
capacity, incorporating both the practical amplification window (80 nm) and non-
linear system impairments, is in the order of 150 Th/s . This kind of capacities are
possible since the introduction of low loss fibers together with amplification in the
optical domain. By the introduction of wavelength division multiplexing (WDM)
very high speed point to point connections became possible which made as much
as possible use of the available bandwidth (high spectral efficiency).

(Optical) networks can be divided into three categories according to the average
span between the network nodes and the bandwidth used. Wide Area Networks
(WAN) span typically several hundreds to thousands of kilometers with total bi-
trates of Thit/s. A Metropolitan Area Network (MAN) spans normally the area
of a large city up to several hundreds of kilometers. The Access Network (AN)
connects the end-user to the higher level networks and can span up to a few tens

of kilometers.



1.3. Fiber to the Home 5

The transport of data between the network nodes in WAN and MAN network
are already nearly all optical, since there is no good competing technology which
can span large distances with low loss and high bitrates. The network nodes,
switching and routing the data through the network, are still electrical since all-
optical techniques have not yet matured. The transport of data in the AN is still
done by the electrical counterparts, like Digital Subscriber Lines (xDSL) and cable
access. Though optical techniques are customary for use in the Internet backbone,
fiber connections to the home (FTTH) or office building (FTTB) so far only are
implemented in densely populated areas were no fibers have to be put into the
ground. In these areas, like the urban regions in Japan, point-to-point FTTH is
employed successfully. However in less dense populated areas F'TTH still proved to
be too expensive. Several developments are aimed at reducing the costs of optical

access methods.

1.3 Fiber to the Home

A lot of effort has been done in investigation of bringing the fiber into the customers
homes. When fiber to the home (FTTH) is discussed the following statement from
Mattew Peach sets the right context: ” FTTH is a bit like politics. Almost every-
body has an opinion about it but not many people know what’s really happening,
pretty much until after it has happened. And as with politics, there is a range of

views as diverse as society itself”. [5]

1.3.1 Passive Optical Networks

First of all, the type of optical network is a factor of major influence. When opt-
ing for an optical access network, there are several possible layouts [3] of which
the three mainly used are schematically given in Figure 1.3. The first is a point-
to-point dedicated fiber connection for each subscriber. This option requires sig-
nificant amounts of fiber to be deployed, and would therefore be a very costly
architecture as subscribers are mostly located at rather large distances from the

access provider. The solution for this could be found in a local switch closer to
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the subscribers. This would lead to a reduction in fiber use, but requires an ac-
tive component in the field that needs to be powered, which might be expensive

to maintain. The most attractive option is the Passive Optical Network (PON,

—0 —e
—O ——@

FiGURE 1.3: Schematic drawing of different FTTH network;
point-to-point (left), active star (middle) and passive splitter
(right)

H.O.

right picture in Figure 1.3). This layout requires no active switching or routing in
the network or any of its components (hence passive). An optical splitter is used
to divide the data stream, thus creating a point-to-multipoint network. The end
user will be equipped with a transceiver, capable of switching to a certain channel.
This could be done by wavelength division multiplexing (WDM) or time division
multiplexing (TDM), sharing the same connection by either separate wavelengths
or time slots for each transceiver. All the active equipment will be localized in the

head-office (H.O.), allowing easy maintenance.

Until now FTTH deployments, especially the PON layout, does not meet its
expectations. Although a lot of fiber is brought towards the end customers homes
[6], this is mainly facilitated by point-to-point layouts to (newly build) premises.
Since the electrical competing technologies like Cable and xDSL can still also
meet the bandwidth demands, they have the competing edge of an already present
infrastructure. However when the demand for bandwidth keeps rising, FTTH
is by many foreseen as the only capable infrastructure [2,3]. xDSL might even
be a driver, instead of a competitor, since the currently large demand for DSL

connections lead to more fiber network advancing towards the premises [7].

The key issues in FTTH will be cost and manageability. This thesis will dis-
cuss efforts to lower the (component) costs and increase the manageability by

integrating complex reconfigurable functions.
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1.4 Integrated optics

As was discussed in [8] currently 90% and in future around still 70%, of the costs
of optical components is in packaging. Therefore integrating as many functions
as possible is desired for low cost components. It is especially attractive when
the components can be made with standard processes in mass-production scale.
Furthermore a flexible building block is required that can be used for filtering and
switching functions and that is suitable for integration. This thesis will discuss the
use of integrated optic microring resonators as building block for low cost, highly

flexible and high bandwidth optical network components.

1.5 Microring resonator

Microring resonators (MR) represent a class of filters with characteristics very
similar to those of Fabry-Perot filters. However, they offer the advantage that
the injected and reflected signals are separated in individual waveguides, and in
addition, their design does not require any facets or gratings and is thus particu-
larly simple. MRs evolved from the fields of fibre optic ring resonators and micron
scale droplets [9-12]. Their inherently small size (with typical diameters in the
range between several to tens of micrometers), their filter characteristics and their
potential for being used in complex and flexible configurations make these devices
particularly attractive for integrated optics or VLSI photonics applications [13-18].
As will be outlined in the following, MRs are used in filter applications, delay lines,
as add/drop multiplexers and modulators, while other applications in optical sens-
ing, spectroscopy or coherent light generation (MR lasers) are outside the scope of
this thesis. In the following the 4-port microring serving as a wavelength filter is
discussed, while the 2-port operation of microrings as is used in [19] is not covered.
This chapter starts with the basic principles and the functional behaviour of a sin-
gle microring resonator which are needed for the understanding of the following

chapters.
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1.5.1 Fundamental aspects

through

—— . I

throug]

FIGURE 1.4: Schematic drawing of a microring resonator (right)
and SEM picture (left) with in- and output port waveguides

A basic schematic drawing of a MR is shown in Figure 1.4. The structure
consists of a ring waveguide with radius R and two straight port waveguides. The
ring and port waveguides are evanescently coupled; a fraction x of the incoming
power is coupled to the ring. When the optical path-length of a roundtrip is a
multiple of the effective wavelength constructive interference occurs and light is
'built up’ inside the ring: the MR is ON resonance. As a consequence, periodic
fringes appear in the wavelength response at the output ports as is shown in
Figure 1.5. At resonance the drop port shows maximum transmission since a
fraction ko of the build up power inside the ring is coupled to this port. In the
through port the ring exhibits a minimum at resonance. In the ideal case with
equal coupling constants, at resonance all the power is directed to the drop port.
An additional 180° phaseshift of the light coupled back to the through port after
a roundtrip with respect to the light coming directly from the in port, causes at

resonance full extraction of the light in this port.

Before coming to a more detailed description of MRs it is worthwhile to in-
troduce a number of key parameters of MRs. The difference in position between
two consecutive resonant peaks, see Figure 1.5, is called the Free Spectral Range

and can be defined either in the frequency or wavelength domain (FSR or FSR),
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FIGURE 1.5: Simulated response of a MR for the through- (black)
and drop port (grey). Also shown is the Free Spectral Range, the
distance between two consecutive fringes

respectively):
FSR;=Af = ——— FSRy, = A\w~ G
ng2m R ng2mR
with n, the group index [17]
dneyy dnegy

ng = nesr(fo) + fo = Neff(Ao) — Ao

df fo dA Ao

(1.2)

With ness the effective index, R the radius of the ring, c¢ the speed of light in

vacuum and fj is the center frequency, i.e. the frequency where the length of the

optical path in the ring is equal to an integer multiple of the wavelength, also

indicated by the resonance frequency of the MR. Analogous )\ is defined as the

resonance wavelength of a MR. Another important parameter of the MR is the
Full Width Half Maximum (FWHM) or 3-dB bandwidth, which is a measure for

the bandwidth of the device. A quality measure of the microring is the Finesse F
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which is the ratio between the FSR and the 3-dB bandwidth [20].

1/4
FWHM ~ 1— (X,X5)/2
X; = /(1 —kK2)el™ (1.4)

With x the abovementioned fraction of the field coupled to the ring, o the losses
per length inside the ring and L, the length of the optical path in the ring. High
Finesse devices have a small FIWHM and a strong intensity build-up in the ring
when in resonance. Therefore high F' devices are suitable for applications were
high intensities in the cavity are necessary like lasers or non-linear optical (NLO)
devices. Instead of the Finesse also the quality factor () can be used as an absolute

measure for the wavelength selectivity of the microring resonator according to:

Q = wo/Awrwan = Mo/ ANrwrMm (1.5)

Where Awpw gy and AXpw g are the respectively 3-dB bandwidths in frequency
and wavelength domain. The speed of high bit-rate communication is limited by
the bandwidth of the optical filters. As this bandwidth in high Finesse MRs devices
is becoming increasingly small only medium Finesse devices (F' ~ 10 - 20) with
relative large coupling constants (k ~ 0.4-0.6) are employed for these applications
as will be shown in the next chapter. The FWHM is determined by the coupling

constants and the loss inside the ring according to [21,22]:

C \/XlXQ
27TRTLQ 7T\4/ X1X2

FWHM; = (1.6)

1.5.2 Bent waveguides

Bent waveguides exhibit radiation losses, which -for a given confinement of the
guided wave- increase as the bend radius decreases. On the other hand, for a
given bend radius, the bending losses decrease, as the confinement of the guided
wave gets stronger, or alternatively spoken, the bending losses decrease, as the (ef-

fective) index contrast between the ring and its surrounding/substrate increases.
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In the following we will focus on high index contrast rings (n > 0.1), since this
is a prerequisite for small footprint devices offering the required integration po-
tential. In relation to the index contrast the term 'minimum bend radius’ is used
to define the lowest acceptable (technology-dependent!) radius keeping the bend
losses sufficiently low. ’Sufficiently low’ is dependent of the application and also
related to the coupling fractions as this chapter will show. Typically one designs
for a bending loss below 1 dB per 360° roundtrip. The minimum bend radius as a
function of effective index contrast is illustrated in Figure 1.6. As can be seen, a
high index contrast enables extremely small dimensions and thus compact struc-
tures, but at the same time puts severe challenges to the fabrication technology.
In addition, the stronger the confinement and the smaller the ring dimensions the
more polarization related issues become important. On the one hand, polarization
dependence is strongly dependent on symmetry in strongly guiding waveguides.
However, even if a chosen geometry would exhibit low birefringence in a straight
waveguide (i.e. the propagation constants for TE- and TM-polarized light are ap-
proximately the same [23]) this is normally no longer true in bends or rings with
small radii. In that case, the modes are no longer pure TE- or TM-like, the reso-
nance wavelengths and other filter characteristics become polarization dependent
and even polarization conversion can occur [21,24,25]. Thus polarization indepen-
dence does either require a specific design and an advanced technology [24], or one
has to resort to polarization diversity [26]. On the other hand, the polarization

behaviour can be used to make polarization converters.

1.5.3 Other MR geometries

The shape of MRs is evidently not restricted to a circle. Nearly any geometrical
path that provides optical feedback will act like the microring. An often used
geometry is the racetrack [27] which is shown in Figure 1.7. In this geometry
the couplers of the resonator are straight waveguides that allow accurate control
of the coupling constants at the expense of being somewhat larger and leading
consequently to a reduced FSR. Another common shape is the disk [28] instead

of a ring as shown in Figure 1.7. A disk is more difficult to make single mode,
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FIGURE 1.7: Other Microring resonator shapes: Racetrack (left),
disk (middle) and Manhattan configuration (right)

since the lateral width of the cross section is large. But since the lateral contrast
of the disk is higher than the contrast for a ring, potentially lower losses can be
obtained. The place of the adjacent waveguides is not important. As can be seen
from equation (2.4) only the total roundtrip length influences the response and
not the place of the coupling regions. Another common shape therefore is the so
called cross-grid or Manhattan [29] configuration as is shown in Figure 1.7. This

structure allows for very optimal use of area and is in large extend scalable.
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1.6 Projects

This section gives a brief overview of the research projects within which the results

described in this thesis were obtained.

EC-IST project NAIS

The EC-funded project NAIS (Next-generation Active Integrated-optic Subsys-
tems) aims to develop existing integrated optical microresonator technology into
a robust, densely-integrated active photonic platform, to create an optical subsys-
tem on a chip. The subsystem as is shown in Figure 1.8 combines functions such
as high-speed optical switching, modulation, and wavelength multiplexing and fil-
tering, in a scalable manner, to eventually handle hundreds of optical information
channels. These functions are becoming increasingly vital to realize fiber optic
access networks that provide high-bandwidth telecommunications services to the
home or desktop. By using optical microresonator technology and organic electro-
optic materials large-scale photonic integration of active functions is feasible. A
new generation integrated optic technology is developed that eventually leads to
low-power, highly manufacturable and hence low-cost network subsystems on a

chip, which can be deployed in optical network nodes. For the realisation of the
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FIGURE 1.9: Integrated wavelength multi-casting router, using
thermally tunable micro-ringresonators, applied in a tree-and-
branch access network topology

final deliverable, a subsystems with active functions, a chain of activities is carried
out that include the study of the materials aspects of special passive and organic
electro-optic optical materials, development and application of new design tools,
the technological realization and the detailed characterization of devices. Parallel
to these activities system studies are performed in order to supply specifications
and assure the relevance of the new devices and subsystems. Special attention is
given to the manufacturability and a possible route to large scale, low-cost pro-

duction of the proposed subsystems.

Dutch Freeband Broadband Photonics project

In the Dutch Freeband Communications project ”BroadBand Photonics” a dy-
namically reconfigurable broadband photonic access networks is investigated. The
project aims to develop and validate a novel system concept, which will enable to
provide congestion-free access to users with traffic demands fluctuating in time and
in place. A dynamic network reconfiguration techniques will be explored, based on
optical wavelength routing in the optical fibre feeder part of these (hybrid) access
networks. The project will approach the goal of a reconfigurable access network

along two tracks. First the network topologies and functionalities will be investi-
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gated, which provide reconfigurability while minimizing installation and operation
costs, enhancing network availability, and facilitating network maintenance. Sec-
ond the possibilities for advanced integration of the optical and electrical functions
will be investigated, yielding more compact, cheaper, more reliable and less power
consuming devices; in particular for the most cost-sensitive sites, namely the wave-
length routing site and the user site.

One of the parts under investigation is a reconfigurable multicast lambda-router
based on thermally tunable MRs as is depicted in Figure 1.9. Using a high level
of integration in passive optical integrated circuit technology (silicon oxynitride),
the concept deploys micro-ring resonators, which can thermally be tuned to select
a specific wavelength for dropping from a waveguide to another waveguide. As
shown in Figure 1.9, a matrix of micro-ringresonators is put within a rectangular
grid of waveguides, in order to select wavelengths and to partially couple power
into outgoing waveguides feeding the Optical-Network-Units (ONU) at the user
site. In the same way, upstream signals from the ONU-s are guided by the router

via the feeder fibre to the local exchange.

1.7 Outline

This thesis is structured as follows: After the brief introduction of the microring
resonator fundamentals in the current chapter, a more detailed discussion will be
given in chapter 2. In that chapter an application oriented top-down design
approach for the microring resonator as wavelength filter will be given. With
the aid of a scattering matrix model of a MR, a geometrical design can be made
which meets the demands of the network specifications. Finally physical layer
simulations of the MR in a network environment will be described which confirm
the geometrical design.

In chapter 3 the thermal properties of a micro ring resonator will be described.
These properties allow the filter to be tuned to a specific resonance wavelength.
This way switching functions can be implemented. In addition fabrication er-

rors and environmental temperatu