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Chapter 1
Introduction

The developments in the photonic integration platforms endow the fabrication of Pho-
tonic Integrated Circuits (PICs) that can lead the way of the mass production of high
performance optical devices at low cost. At present, PICs are considered as the com-
plementary circuits to those of electronic integration to provide faster communication
with lower power dissipation, mostly in fiber-optic communication. Other fields such
as computing, sensing and neural networks are also in the interest of PICs. However,
comparing to electronics, the photonic integration technology is still underway in terms
of maturity and standardization. There is not yet a common agreement on a standard
photonic circuitry template. One of the reasons is that PICs can be fabricated in differ-
ent materials, while for electronic circuits, Silicon is the dominant material. Moreover,
each fabrication facility has its own fabrication recipe which depends on the used mate-
rials, application type and design approach. Therefore, PIC design procedure requires
preliminary information about the related platform (material, fabrication techniques
etc.) and also so much effort to obtain the optimized device performance by the simu-

lations and analysing the characterization results of test samples.

So far, photonic integration technologies considered different materials such as In-
dium Phosphide [1], Silicon [2-4] and Silicon Nitride [5]. The range of optical functions
that can be carried out PICs depends on the material choose. For instance, Indium
Phosphide (InP) based integration technology can support to monolithic integration
of a semiconductor optical amplifier (SOA) for fabrication of integrated semiconductor
lasers. Even though Silicon is not an efficient material for lasing due to its indirect
bandgap, Silicon-on-Insulator (SOI) technology comes into prominence thanks to its
Complementary Metal Oxide Semiconductor (CMOS) compatible fabrication process
that can enable integration of optics and electronics on the same chip [6,7]. More-
over, Silicon photonics benefits from high-index-contrast structures that can support
to dense integration of small footprint PICs on chip. On the other hand, Indium-
phosphide membrane on silicon (IMOS) integration scheme is a developing technology
that aims the integration of InP based optical layer and Silicon based electronic layer

on the same chip [8]. The IMOS technology is a promising candidate since it allows
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also the integration of active devices and similar to SOI, it provides high-index-contrast

structures.

The reproducibility with guaranteed performance of PICs is the main goal of a
fabrication foundry. The concept so called “generic foundry approach” to PICs fabri-
cation aims to expedite the procedures of design, fabrication and characterization of
PICs [9,10]. In generic foundry approach, the designers use the basic building blocks
(BBs) provided by the Process Design Kits (PDKs). BBs are the elementary compo-
nents, which can be assembled to compose more complicated structures. PDKs are the
set of files regarding materials and device geometries to the model fabrication process.
The number of BBs offered by a foundry determines a variety of applications that the
foundry can offer. The design of a BB requires then strong interactions between theo-
reticians, able to create a numerical model of the considered device, and technologists,
able to to fabricate and characterize the devices. They should mix their expertises to
create a model able to describe the functional characteristics of the considered BB. In-
troducing novel photonic devices increases the inventory of PDKs and therefore, allows
to design more complex circuits for advanced photonic applications in a time efficient
way. The key factor of this way of working comes from the fact that the designer is not
interested in the actual shape, geometrical feature an size of any component, but only
in its transfer function or any other functional characteristic. The real device features
are managed by the foundry which has rules to convert the required functionalities into

physical characteristics.

Figure 1.1: The characterized chip samples of SOI (left), fabricated by the INPHOTEC
and IMOS (right), fabricated by the NanoLab@TU /e.

Moreover, further cost reduction is obtained by Multi Project Wafer (MPW) ser-
vices in integration photonics which allow to reach more users, as they integrate a
number of PIC designs on a wafer. The devices studied in this thesis have been fab-
ricated through two MPW runs. The examples of the fabricated chips are shown in
Fig. 1.1. The SOI PICs were fabricated by the INPHOTEC of the Scuola Superiore
Sant’Anna, while the devices in IMOS platform were fabricated in the NanoLab@TU /e
facilities of the Eindhoven University of Technology.
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1.1. MOTIVATIONS OF THESIS

1.1 Motivations of thesis

Before describing the content of this thesis and the theoretical and experimental results
obtained with this work, it seems important to me also to evidence the important per-
sonal and professional achievements I obtained during this PhD activity. I have been
personally involved (as it will be explained later) in the theoretical modelling activity,
developing original codes and using commercial CAD tools (COMSOL, Lumerical and
OptoDesigner), in the design of the mask layouts for technological fabrication (Op-
toDesigner and Nazca Design), in the implementation of experimental setups (both in
TU/e and UniFe), in the measurement of the realized devices and in the elaboration
and the interpretation of the obtained results. This wide spread range of activities
gave me an initially unexpected broad experience in this field where cross competences

are reasonably expected both in photonic research and industrial environments.

Existing structures Presented structures

Single Ring Resonator Vertically c:;:.':ed ;'i':;r:‘:grﬁ:;::hd
—— o7
-y Y 5 &>
» O » » O »
= . e | TN

’ O

Cross Ring Resonator »

» \

Horizontally Coupled
O, == O
» » » » »

T‘ G]

O .. |0

Type of application

s

Figure 1.2: Schematics of the studied structures with their applications. The single ring
and cross-grid ring resonator structures (left column) are considered as the reference
devices for performance comparisons with the proposed devices (right column). The
embedded resonators (or Eye-like ring resonator) (middle column) are only reviewed
in terms of bandwidth variable add/drop filtering applications.

The presented research is focused on the design and characterization of a novel
micro ring based coupled resonators aiming at introducing a new building block by in-
vestigation its performance for wavelength routing, reflection and sensing applications.
Since the proposed device has two cavities that are coupled to each other via a bus
waveguide, the structure is referred to as indirectly coupled resonators (ICR). Indirect
coupling has an advantage from a design point of view. The preliminary design work
regarding the coupler sections requires only the optimization of bend-to-waveguide cou-
pling, which usually exists in PDKs of many fabrication facilities, since the single ring
resonators are one of the basic building blocks. Consequently, once the single ring
resonator parameters are well known, designing an ICR is straightforward. Setting up

the second ring in the configuration allows to introduce new photonic functions such

3



CHAPTER 1. INTRODUCTION

as non-reciprocal wavelength routing, reconfigurable single or multiple wavelengths
reflection and differential sensing.

Performance assessments of the studied ICRs are carried out by comparison of ex-
isting devices as shown in the blue coloured domains of Fig. 1.2, where the single ring
and cross ring resonators have been considered as the reference devices. On the other
side, the embedded ring resonators are reviewed in terms of bandwidth tuning capabil-
ities. The characterized MRR based structures in this thesis are mainly fabricated in
SOI technology, except an IMOS based ICR has been used as a supportive structure
for the reflection analysis. The main contribution obtained from the IMOS devices in
the presented research relies on the characterization of quasi-TE (Transverse Electric)

and quasi-TM (Transverse Magnetic) polarized directional couplers.

1.2 Micro Ring Resonators

Optical ring resonators have been first proposed by Marcatili in 1969, to investigate
propagation losses in waveguide bends [11]. Since then, micro ring resonators have
been utilized in various applications, such as wavelength channel filters [12-14], laser
cavities [15, 16], modulators [17, 18], switches and routers [19-24]. Recently MRRs
are being considered also in the implementation of photonic neural networks [25-28].
MRRs can be fabricated in different integration technologies. However, Silicon based
MRRs are of a particular interest in realizing compact CMOS compatible photonic

circuits [29].

»

» 2
0, 50 e
A% DO T ==L
> > @ = [

(a) (b) (c)

Figure 1.3: Type of single micro ring resonators: (a) all-pass, (b) add-drop, (c) cross-
grid.

Ring resonators are often used with evanescent coupling to optical waveguides. A
close-loop of a bend waveguide (it must not necessarily be circular. Alternatively, cir-
cular rings with longer rectilinear coupling regions are called racetrack) is placed in
proximity of a bus waveguide where the power of the propagating light can couple
into the resonator. The three types of configurations and their working principles are
illustrated in Fig. 1.3. The basic configuration shown in Fig. 1.3(a) is called all-pass
configuration. It consists of a straight waveguide and a ring resonator. In this config-

uration, the incoming wavelengths are either transmitted (non resonant wavelengths)

4



1.2. MICRO RING RESONATORS

or stopped (resonant wavelengths) at the output port (through port). Resonant wave-
lengths of the resonator appear as transmission dips in the spectra. Separation of two
consecutive resonances in wavelength domain depends on circumference of the resonator
cavity and effective refractive index of the optical mode. The add/drop configuration
shown in Fig. 1.3(b) retrieves individual resonance peaks at the bottom port due to
the presence of the second waveguide that performs drop function. The same dropped
wavelengths can be added to the through port transmission if the right-bottom port
is used as an input port. As shown in Fig. 1.3(c), the cross-grid configuration uses a
waveguide crossing to connect a cavity to two perpendicular waveguides. As the input
and add ports are located in a row, cross-grid resonators allow to fabricate compact

and scalable switching matrices.

Coupled Micro Ring Resonators

Single MRRs are categorized as first order resonators. Second and higher orders can
be achieved by placing multiple rings in proximity so that, they become coupled res-
onators. A variety of the applications of coupled resonators depends on topological
ways of cascading cavities. Externally and internally coupled resonators in all-pass
configurations are shown in Fig. 1.4. The first scheme (Fig. 1.4(a)) called Coupled
Resonator Optical Waveguides (CROWS) can be constructed by two and more res-
onators that are placed side by side to increase resonator order (referring to number
of rings). On the other side, higher order rings can be embedded inside a ring cavity,
as shown in Fig. 1.4(b). This structure is useful to make small footprint devices. But,
the device order is limited by the first ring’s area. Therefore, there is a trade-off be-
tween order number and footprint. Rotational position of the internal resonator can
be freely chosen. Typical second order embedded rings have horizontally placed inter-
nal resonators. In this way, the overall structure resembles to an eye, thus they are

sometimes called Eye-like ring resonators.

(a) (b)

Figure 1.4: Type of coupled micro ring resonators: (a) CROW (b) Embedded (Eye-
like).

Precise control on the coupling and resonant wavelength of CROWSs enables the im-
plementation of various optical phenomena such as slow light [30], coupled-resonator
induced transparency [31] as well as Fano resonances that can offer unique spectral char-

acteristics. Fano resonances are known especially for their very narrow and sharp asym-
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metric line shape [32]. As a special case of Fano resonance, the Electromagnetically-
Induced Transparency (EIT) effect can be generated by two directly coupled res-
onators [33-35]. EIT effects can be created also in the embedded ring configuration
that has been proposed and studied for many applications such as switching [36], mod-

ulation [37], sensing applications [38,39] and slow light [40].

1.3 Indirectly coupled ring resonators

Up to now, we have introduced the ring configurations presented in the literature. In
the following, we will present a new configuration based on indirect coupling. Unlike
to the previously reported coupled resonators where the cavities have direct power
exchange, indirectly coupled resonators in the cross-grid configuration are assisted by
a bus waveguide placed between them and a waveguide crossing, as shown in Fig. 1.5.
Therefore, coupling occurs in three-waveguide system in horizontal direction, while the
vertical coupling sections remain the same as shown for the single ring configuration
in Fig. 1.3(c). The reason of referring to this configuration as ICR has two aspects:
firstly, the interaction of the resonators through the bus waveguide obeys a 3x3 coupling
formalism and the interaction of the cavities exists through another waveguide (central
bus waveguide). Secondly, resonance wavelengths of each resonator encounter the
presence of the other ring due to the shared routing path that connects the two rings
by a vertically placed straight waveguide. The former is valid when the rings are placed
behind the crossing waveguides according to the input port (Type-I) as shown in Fig.
L.5(a).

Figure 1.5: Wavelength routing of indirectly coupled resonators according to the posi-
tion of the rings. Type-1 (a) and Type-II (b).

If the rings resonate at different wavelengths, i.e., rings have different radii (R; #
R5), Type-I configuration has two resonance wavelengths present at the upper (Green)
and bottom (Blue) drop ports, which are routed by the bottom and the upper rings,

respectively. On the other hand, in Type-II configuration, rings are positioned in front
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of the crossing. In this case individual resonances inversely route to the drop ports
with respect to those of Type-I configuration (Fig.1.5(b)).

It can be said that the choice of the position of the coupled rings is not trivial, since
wavelength routing behaviour of the device is non-reciprocal, meaning that Type-I and
Type-II configurations can be interchanged simply by swapping the input and through
ports. Moreover, when the rings resonate at the same wavelength, Type-I acts as a
reflector and Type-II acts as a splitter. While the former will be investigated in details,
the latter is out of the scope of the thesis.

ICRs can be operated in two working regimes depending on whether the rings
have the same resonances. If so, we define such condition as synchronous (the same
resonance wavelength) for reflection condition, otherwise non-synchronous (different
resonance wavelengths), which allows wavelength routing. Each type of application
that has been considered in this thesis requires a certain type of ICR in a defined

operation. Operational functions of the device will be explained in Chapter 3.

1.4 Application fields for the assessment of ICR

We consider three different areas of applications to assess the optical features of ICR.
A major part of research effort is spent on the applications concerning the wavelength
routing properties of the proposed device for flexible optical networks and network-
on-chip systems. Secondly, the device is analysed to investigate possible wavelength
reflection applications. Finally, a theoretical work is developed in the field of biosensing
applications. Each application of interest can be performed under the certain working
conditions and type of device. Hence, the photonic functions of the ICR and the related

application fields studied in the presented work can be grouped as follows:

e Wavelength routing
Both Type-I and Type-II configurations are used to introduce the concept of
bidirectional communication in a reconfigurable add/drop multiplexer architec-
ture for wavelength division multiplexing (WDM) based flexible optical networks.
Additionally, an ICR based switch fabric is confronted by conventional topolo-
gies in Network-on-Chip (NoC) systems in terms of scalability. For implementing

wavelength routing operations, the device must be in non-synchronized condition.

e Reflection
This application strictly requires synchronized condition in Type-I configuration.
The same device can be switched from routing mode to reflection mode by thermal
tuning of the rings via integrated heaters on-chip. SOI devices are characterized
for single wavelength reflection. Transmission measurements of a racetrack ICR

fabricated in IMOS are presented as an example of a reflection comb generation.

7
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e Sensing
In this application, both synchronized and non-synchronized conditions in Type-
I configuration are needed to introduce differential optical sensing scheme. The
synchronized condition supports to on-chip calibration process, while the non-
synchronized condition is considered for measurement process. This application

is studied only theoretically, by using analytical models developed in this thesis.

Different chapters are dedicated to each type of application. In each one, the
related application background and research motivations are presented together with

the results obtained from both simulations and experiments.

1.5 Thesis outline

The thesis is structured as follows:

In Chapter 2, the layer stacks of the SOI and IMOS technologies are introduced
and basic waveguide propagation parameters are presented. The quasi-TE and quasi-
TM mode directional couplers fabricated in the IMOS technology are experimentally
characterized. In addition to standard S-bend curves, the presented directional cou-
plers include ultra sharp bend corners that reduce the footprint and power coupling
contributions induced by the bend sections. The results are discussed in terms of fabri-
cation tolerances for optimum device performance and the validity of the coupled mode
theory applied to high-index-contrast structures.

In Chapter 3, analytical models based on the Transfer Matrix Method are de-
veloped for the single ring, embedded rings and ICR structures. The experimental
characterization results of the fabricated SOI single micro ring resonators are reported.
Theoretical transmission characteristics of the ICR and the embedded rings are anal-
ysed for the working conditions of the desired applications.

Chapter 4 topologically investigates wavelength routing properties of ICRs, con-
sidered as novel photonic switching elements in the interest of WDM technology based
Flexible Optical Networks and Network-on-Chip applications. By using non reciprocal
wavelength routing properties of the ICR, the concept of bidirectional communica-
tion is introduced and used to propose a 2-direction 4-channel transponder aggregator
(TPA) scheme for the next generation reconfigurable add-drop multiplexer systems.
Moreover, scalability analysis of an ICR-based wavelength router topology is carried
out and the results are compared with the conventional photonic switch element based
on the cross ring configuration. Network communication performances of single silicon
MRR, cross ring and ICRs are investigated by means of Bit-Error-Rate implemented
with 10Gbps Dense WDM links.

In Chapter 5, the reflection properties of the Type-I ICR are studied. The condi-
tions for driving the resonator in the reflection regime are experimentally tested and the

results are presented. The required design parameters to increase the reflectivity are
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addressed. In addition to the single wavelength reflection, the condition for multiple-
wavelength reflection generation is commented and the measured reflection spectra of
an ICR reflector fabricated in the IMOS platform is provided to demonstrate a comb
reflection spectrum.

In Chapter 6, an ICR based differential optical sensing scheme is proposed and
theoretically analysed. An on-chip sensor calibration method provided by the scheme
is introduced. The presented assessments of the sensing performance are carried out
by a comparison with the results obtained from an identically designed conventional
single ring resonator based sensing scheme.

Finally, conclusions about the most important results achieved in this thesis are
drawn in the last chapter together with future works that can follow the research pre-

sented in this thesis.




CHAPTER 1.

INTRODUCTION

10



Chapter 2
Basic photonic circuit elements

In this chapter, we first introduce material systems of the SOI and IMOS technolo-
gies. Before discussing the components which are of interest for this thesis, it is in
fact better to summarize the most important features of the materials which will be
used to fabricate the devices and some of the features of the basic components used in
the following: straight waveguides and directional couplers. These devices are the sim-
plest BBs of more complicated PICs. Transmission measurements of single quasi-TE
mode Si and InP waveguides are provided. Further, an experimental characterization
of directional couplers fabricated in IMOS is presented. The content of this chapter
is largely transcribed from the published article: Ali Emre Kaplan, Gaetano Bellanca,
Jorn P. van Engelen, Yuqing Jiao, Jos J. G. M. van der Tol, and Paolo Bassi, " Exper-
imental characterization of directional couplers in InP photonic membranes on silicon
(IMOS),” OSA Continuum 2, 2844-2854 (2019).

2.1 Waveguide Layer Stacks

Waveguides are the principal elements of PICs where light propagates at a certain
optical mode. The waveguide cross sections of SOI and IMOS integration platforms
are illustrated in Fig. 2.1. In the SOI platform, the deep etched Silicon (Si) waveguide
on the top of the SiO, cladding has 480 x 220 nm? cross section. On the other side, the
deep etched Indium phosphide (InP) membrane core with the size of 400 x 300 nm?
is bonded on an adhesive polymer, divinylsiloxane-bis-benzocyclobutene (DVS-BCB),
that is used for wafer bonding of Si and InP [8]. While the SOI waveguides of the
studied structures support only the single quasi-TE (Transverse Electric) mode, the
InP waveguides support both quasi-TE and quasi-TM (Transverse Magnetic) modes.
The structures characterized in this thesis were designed for the TE polarization except
the directional couplers where also the TM couplers are considered. Therefore, modal
analysis presented here is done for the fundamental quasi-TE mode and obtained by
Finite Element Method (FEM) simulations [41].

The refractive index contrast of the core and cladding An = (neore = Neladding ) [Mcore

11



CHAPTER 2. BASIC PHOTONIC CIRCUIT ELEMENTS

SOI IMOS

Figure 2.1: Cross sections of SOI (left) and IMOS (right) deep etched waveguides.

plays a critical role to realize compact devices. Even though scattering losses in wave-
guides increase at higher values of An, overall insertion loss of the device could be
reduced since higher value of An increases the light confinement and therefore reduces
the minimum bending radius [42]. Both integration schemes offer high index contrast
structures by having the refractive indices ng; ~ 3.47 and ng;o, ~ 1.45 for the SOI,
and nr,p ~ 3.17 and ngep ~ 1.5 for the IMOS at wavelength A = 1550 nm. The
upper claddings, which are not visible in Fig. 2.1, have similar indices as the bottom
claddings.

The effective index evolution with respect to wavelength can be seen in Figure
2.2, that shows the simulated effective refractive indices of the fundamental TE mode
propagation in a wavelength range of 50 nm. The group index (n,) is responsible for
phase delay in cavity and can be calculated by using the slope of the effective index
curves together with respect to A and the relation ng(A) = nerr(A) - A(Onerr(N)/ON)
holds. The values of ny and n.ss reported in Table 2.1 are used in the analytical models

as the technology parameters.
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Figure 2.2: Effective refractive index of the fundamental TE mode in SOI and IMOS
waveguides as a function of wavelength.

Figure 2.3 shows simulation results of the propagation losses in the bend sections
due to power scattering expressed in dB per 90° for different values of the radius of cur-
vature. The results are obtained through an OptoDesigner (Phoenix Software) script
(provided during a training at INPHOTEC), which uses the Film Mode Matching
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Parameter SOI IMOS
Negf 2.40 2.15
ng 4.08 3.75

Table 2.1: Effective refractive index and group index of the fundamental TE mode in
SOI and IMOS waveguides at A = 1550 nm.

Method [43]. The loss becomes significant below a 3 pm radius for the IMOS waveg-
uides. On the other hand, the bend loss in SOI can be neglected down to about a
radius of 2 um. However, these results do not give any information regarding surface
roughness based scattering losses since the calculated bend loss is based on modal field
distributions. Therefore, it is most likely that fabricated waveguides would have more
losses than expected. Furthermore, bend waveguides may cause polarization conver-
sion in bends. Depending on curvature radius, the mode index in a bent waveguide
can be different from that of a straight waveguide becasue of the large index con-
trast. This difference can cause an additional loss in transition from bend to straight

waveguide [44].

=—=|MOS
—=SO0I

0 =
Radius (uzm)

Figure 2.3: Loss per 90° bend waveguide with respect to curvature radius

Overall, according to the simulation results, both technologies can offer very com-
pact resonators. However, the SOI, thanks to higher index contrast and wider geometry,
shows slightly better performance in terms of bend loss. The simulation results pre-
sented so far are the main required parameters for the preliminary analysis of PICs.
For ring resonators, the parameters ny, and loss factor of the entire cavity are crucial

since they are related to the Quality factor and Free Spectral Range [45].

2.1.1 Waveguide transmission

The measurement setup is sketched in Fig. 2.4. Light from a tunable laser source (TLS)
feeds an optical component tester which measures the ratio of its output power and the

power measured at the input. Measurement process is controlled by a software that
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synchronizes wavelengths emission from the TLS and reading process of a photodiode.
The output signal of the tester is used to excite the couplers (device under test, DUT)
with the polarization adjusted by a polarization controller. The signal, guided by a
standard cleaved SM fiber, is vertically coupled to the SM input waveguide of the DUT
via the on-chip grating couplers. The transmitted signal is then retrieved by another
SM fiber connected to the tester to obtain the transfer function. This signal is also
monitored by the OSA using a 90:10 splitter. Thermal stabilization of the chip during
the experiments was done using a thermoelectric cooler (set at 24 °C), driven by a

temperature controller, placed under the aluminium chip holder.

: 0 oo

m—— 000

TS o.M bUT

: z - M
TED 200C i
0sA

Figure 2.4: Experimental setup for transmission measurements. TLS: Tunable laser
source (Yenista T100S-HP), CT400: Optical component Tester (Yenista CT400), TED
200C: -Thermoelectric temperature controller (Thorlabs), OSA: Optical spectrum an-
alyzer (Yokogawa -AQ6370), DUT: Device under test and PC: Polarization controller.

Normalized transmissions of the SOI and IMOS waveguides are shown in Fig. 2.5
with an image example of a fabricated IMOS waveguide as an inset. The measured
SOI waveguide has two 1200 pum long straight waveguides connected to a S-bend in
the middle that has 10 gm curvature radius. The IMOS waveguide consists of two 185
pm long straight waveguides connected by the bend sections with 20 pum radius. Light
couples from fiber to single mode waveguides through focusing grating couplers placed
at the ends of the waveguides that excites the fundamental quasi-TE mode. Those
couplers allow vertical coupling to the fibers, which are positioned over the chip at an
angle (typically 10°) and are available as BBs in process design kits of the fabrication
facility.

The insertion losses of SOI and IMOS waveguides are around 10 dB and 7 dB,
respectively. Due to the lack of waveguides designed with different lengths, it was not
possible to know, and then compare, their propagation losses in terms of dB/cm. If one
can neglect the waveguide losses, then the coupling losses of SOI and IMOS grating
couplers can be estimated as 5 dB and 3.5 dB per grating, respectively. It is generally
assumed that waveguides in the two materials have both a maximum transmission

wavelength at 1550 nm. The discrepancy between the two measured maxima (1542 nm
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Normalized transmission [dB]
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Figure 2.5: Normalized transmission measurements of single TE mode in SOI and
IMOS waveguides and an example picture of a fabricated IMOS waveguide.

for SOI and 1510 nm for IMOS) can be ascribed to the grating performance. Besides
possible fabrication variations, the inclination of the input and output fibers can also
affect the maxima. We set the fibers inclined by 10° in both cases, however, gratings
fabricated in different materials can require slightly different angles. We noticed, in fact,
that the shift of the maxima in the spectra is around 10 nm from 8 to 11 degrees. Since
grating couplers are wavelength dependent, this limits the significant measurements to
a certain wavelength range. As seen in Fig. 2.5, each curve has a certain transmission
bandwidth. The wavelength span used to measure the studied devices covers the C-
band in the telecommunication window (roughly, 1530 - 1565 nm), except the IMOS
directional couplers which are characterized at the fixed wavelength of 1550 nm. Note
that the measured 3-dB bandwidths of both grating couplers (~ 50 nm) is sufficient to
cover the C-band, if their maxima are at 1550 nm.

After having introduced the main characteristics of straight waveguides and before
starting the discussion on ring resonators, it can be helpful to analyse Directional
Couplers (DCs), which their optical features should be taken into account for designing
ring resonators. Therefore, a part of the thesis is dedicated to study the IMOS DCs.
Nevertheless, the ring resonators characterized in this thesis were mostly Silicon, the

working attributes of DCs are applicable to both technologies.

2.2 Directional Couplers

Directional couplers are one of the fundamental building blocks of photonic integrated
circuits. They allow electromagnetic power exchange between two or more closely

spaced waveguides. Typical applications of DCs are power splitting or wavelength
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filtering, as well as switching, if electrical controls are present. In fact, a micro ring
resonator coupled to waveguides is basically composed of two 2 x 2 directional couplers
and two straight waveguides, as previously shown in Fig. 1.3.

In this section, we experimentally study the performance of directional couplers.
Analytic modelling of this component is generally done using the Coupled Mode The-
ory (CMT) [46-55], but this simple model has been originally proposed for low index
contrast waveguides, which is not our case. In [56], it has been theoretically shown
that the CMT can still be used for high index contrast devices if a careful choice on
the coupling coefficient calculation is done. Here we experimentally validate that the-
oretical results comparing calculations with experimental results obtained with IMOS
devices. Besides investigating the validity of the Coupled Mode Theory (CMT) ap-
plied to directional coupler structures with high index contrast, we can study the effect
of some different topological choices in device fabrication. In particular, in addition
to the conventional curved structures, we also consider ultra sharp corner bends that
reduce the footprint. The effect of fabrication tolerances on the different guided mode
polarizations is also discussed.

The task of determining the functional parameters of DC components is challenging.
The use of a numerical approach would certainly lead to realistic answers, since any
device can be precisely modelled even in 3D. However, this approach is not applicable in
our design process since it requires specific modelling of the considered devices, while we
want to limit our attention to the device functional behaviour. So, in practice, we look
for an analytical model set up with characteristic parameters extracted from the results

of many numerical simulations, fabrication runs and experimental measurements.

The studied Directional Coupler structures

In the following, we will consider directional couplers made by two parallel waveguides.
In particular, two different types of DCs have been investigated. They are sketched in
Fig. 2.6.

extra length

P,

Figure 2.6: Sketches of the two studied symmetric coupler structures: (a) with bends;
(b) with mirrors. The corner bend is placed as an inset for showing the extra length
to the coupling section.
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The former structure (shown in part (a) of the figure) has the classical shape, with
two parallel waveguides close enough to couple the desired amount of power from one
waveguide to the other, and input and output sections made by curved bends. Both
curves of each arm have radius R. Inevitably, some coupling occurs also in these
bends. This affects the overall coupler performance. Though such undesired coupling
decreases when R decreases, it cannot be fully eliminated, since too small values of
R cause unwanted high radiation losses. It is then better to include this effect in the
design procedure. This can be done simply by increasing the real coupler length L by a
further coupling length L, that represents the effective extra length resulting from the
bend coupling. Alternatively a sharp corner with low loss can be made by a mirror [57]
instead of bend, as sketched in part (b) of the same figure. This provides the advantage
of further reduction of the circuit foot print. However, as shown by the inset of the
figure, representing a corner, the mirror shape has an extra waveguide section which
is in proximity with another mirror in the coupling section. So, also in this case, an
extra coupling length L; should be considered.

In both designs, the ports labeled as P; and P, are the input ports, while P; and
P, are the output ones. The straight sections of the coupler, with length L, are spaced
by a gap g, which is defined from edge to edge of waveguide cores. Two sets of devices
with curved bends have been fabricated with R equal to 10 or 15 pum. This allowed
to investigate the strength of the coupling contribution imposed by the curves. Values
of R have been chosen large enough to limit bending loss and polarization conversion.
The values of the gap g and the length L of the parallel waveguide sections of both type
of couplers are summarized in Table 2.2. For each value of g, ranging from 100 to 400
nm, some values of the coupler length L are considered. This will allow to determine,
by fitting the experimental results, the value of the coupling length L., i.e. the distance
necessary to ensure a complete power transfer from one guide to the other.

g (nm) L (pm)
100 5,10, 15, 20
200 10, 20, 30, 40

300 15, 30, 45, 60
400 35, 70, 105, 140

Table 2.2: Couplers design parameters.

2.2.1 Theoretical model of the directional couplers

The schematic of the central part of both type of couplers is shown in Fig. 2.7(a),
while Fig. 2.7(b) shows the picture of one of the fabricated directional couplers. In
this picture, the dark parts are the InP whereas the brighter parts correspond to 2 um
wide trenches of the BCB bonding layer. Two types of grating couplers are used to

excite either a quasi-TE and a quasi-TM mode.
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Figure 2.7: (a) Coupler structure schematic; (b) picture of a fabricated device.

The CMT model conventionally considers only the part of the device where the two
waveguides are parallel and assumes that only one of the two input ports is excited by
its guided mode. Using symbols introduced in Fig. 2.6 and normalizing powers so that
Pi(z=0)=1and Py(z =0) =0, the two output powers are shown (see for example [46])
to be given by

P3(2) = cos*(kz) = P, (2.1)

Py(2) =sin®(k2) = P, (2.2)

where k is the coupling strength and z is the longitudinal coordinate. P, and P, are
also known as the through and coupled powers of the device. The distance at which
coupling is complete is known as the coupling distance L.. It depends on the coupling
strength, described by the coupling coefficient k. The relationship between L. and
k can be found through the mismatch ApS, different for TE and TM polarizations,
between the propagation constants of the two modes with even and odd symmetries of

the full coupler, the so called device super-modes. It holds [58]:

™ ™

Lc = A—B = % (23)

The CMT does not use super-modes, but computes the coupling coefficient using
the modes of the single waveguides. Different expressions of x have been proposed in
these years, trying to adapt the original model to the new device features (higher index
contrast, larger coupling, etc). In [56] some of the proposed CMT formulations have
been checked to verify how successfully they can be used in the most demanding case
of high index contrast and strong coupling, as it occurs in semiconductor waveguides.
In particular, it has been shown that the coupling coefficient x should consider not
only the coupling between the transverse mode field distributions of the two single
waveguides, but also between the no longer negligible longitudinal components. In

other words, the coupling coefficient x should be calculated as:

t z W * w *
= == AceE - -ELdS + — Ae E, E%dS. 2.4
K=K +K 1 s, € iy - Buyo + 1 Js.. ELuy Liyy ( )

Superscripts t and z denote the transverse and longitudinal contributions due to the
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corresponding components of the electric field E of the two single parallel guides (named
1 and 2) and Ae is the dielectric constant perturbation that one guide introduces to the
other to create the coupler. Values of (2.3), which can be considered exact since they
are obtained from super-modes, have been shown [56] to be in quite good agreement
with those given by (2.4), while other expressions did not behave so well. The values
of k obtained from the super-modes and CMT have been calculated using a Finite
Element Method (FEM) mode solver [41].

The experimental check of the CMT model results requires however some further
comment. In fact, as mentioned before, the simple model of parallel waveguides cannot
be used to describe real structures. For example, the effect of the extra (variable) cou-
pling due to transition regions (bends or mirrors) should be included in the equations.
To do so, (2.1) and (2.2) have been rewritten as

Pitrough = cos?[k(L + Ly)] (2.5)

Pcoupled = SiHZ[K(L + Lb)] (26)

where, as before, normalized powers P, = 1 and P, = 0 have been considered and &
is always the coupling coefficient given by the CMT. L is the length of the straight
parallel waveguides (values listed in Table 2.2) while the extra coupling due to bends
or mirrors has been then described by a fictitious length L;, to be determined, which
is added to the length L [59].

Moreover, the input and output powers depend also on the efficiencies of the in-
put/output grating couplers and might perform differently from device to device. In
order to take into account also these effects, the measured output responses can be

expressed as:

Poouniea. = sin?[k(L+Ly)] a1 -«
pleds s )]0 -e when P; is considered as input (2.7)
Pthroughl = COSQ[/{(L + Lb)] tQy - Q3

and

Peoupied, = sin?[k(L+Ly)] - ag -«
pled 2[ ( )]0z 3}When P; is considered as input (2.8)
Pihrough, = €cos”[K(L + Lp)]- o~y

where «; represents the overall attenuation induced by these effects in the i-th arm.

These four sets of measured data (two for each through and coupled ports) can be
combined to eliminate the fiber-to-waveguide, bend and waveguide losses. One gets
PtQ _ 2 Pth'roughn 1- P2

—to_ = cC =R 2.9
Pc2 711:[1 Pcoupledn PCQ ( )
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where P, and P, have been defined by (2.1) and (2.2).

One can then finally get the set of values

1
- 1+VR

which will be fitted by (2.6) to find x and L.
The couplers behavior will be studied only at the fixed wavelength A = 1550 nm.

P, (2.10)

The mode confinement and coupling strength depend in fact on the wavelength and

we did not want to consider this further variable.

2.2.2 Experimental results and fitting procedure

In order to determine the coupler parameters and validate also experimentally the
results obtained in [56], which suggest that Eq. (2.4) provides the best way to calculate
the coupling coefficient x to be used in the CMT, we have measured 96 devices (48
devices per polarization) fabricated with the design parameters reported in Table 2.2.
The measurement setup is the same as sketched in Fig. 2.4. The incident polarization
at the input port for the two modes is controlled by adjusting the polarization controller
according to the maximum achievable transmission.

The values of the parameters x and L, were found by fitting the experimental results
expressed by values given by (2.10) with those obtained by the theoretical model and
given by (2.6). The fit process is critical for accurate interpretations of the experimental
results. The fitting procedure to determine the values of k and L, was implemented
by a MATLAB code [60]. Values of x and L, valid for each polarization have been
determined applying a best fit procedure (nonlinear least squares method) to each set
of measurement results corresponding to couplers with the same shape and gap g, but
different lengths L to find the best fitting values of x (or, according to 2.3, L.) and Lj.
The initial guesses of k and L; were found to be crucial, since the error function had
many local minima, but not all of them could be associated to physically reasonable
results. In particular, as the extra coupling imposed by the bends can not be larger
than the coupling resulting from an equi-length structure of parallel waveguides, L
must be positive but also lower than the coupling length L.. Moreover x must decrease
for increasing gaps. Considering these conditions, the optimization was implemented
by making iterations of different initial guesses of x and L,. The expected values of k
were chosen using CMT while the maximum of expected values of L; were normalized
to L.. Then, 20 iterations for x were done by using 0.1-x-m where m =1,2,3, ..., 20.
and 10 iterations for L, by 0.2- L, -n where, n =1,2,3,...,10. Lastly, the local minima
of error function are inspected to check if it meets the conditions mentioned before.
If not, this solution is discarded and a new minimum of the error function is checked,
until all conditions are satisfied. As each iteration step for x requires the whole set of

iterations for L, so the total number of implemented iterations (200) was sufficient to
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2.2. DIRECTIONAL COUPLERS

provide full coverage of all possible fitted values according to the previously mentioned

procedure conditions which can be listed as:

e The value of root mean square error (rmse) of the fit function must be minimized.
e [, obeys 0< Ly < L.
e x must decrease as the gap increases.

Figures 2.8 and 2.9 show the results for the TE and the TM polarizations for
different values of the gap g, respectively. The symbols refer to measured data, while
the lines show the best fitting curves. The blue symbols or lines refer to devices with
corner bends, while the red color characterizes results obtained for devices with curved
bends with 10 yum curvature radius, and green refers to devices with curved bends with
15 ;1 m curvature radius. Part (a) of both figures refers to g = 100 nm, (b) refers to g =
200 nm, (c) refers to g = 300 nm and (d) refers to g = 400 nm. For a gap of 100 nm
the effect of the extra coupling due to different transitions is evident. For larger gaps
(and then longer devices) such effect tends to reduce. The overall standard deviation
of rmse was found to be 4.6 x 1073, confirming the quality of the fit procedure.

An ideal DC coupler should have equally coupled powers independent from the
input port. However, due to the measurement errors and possible imbalances in the
upper and lower branches of the coupler (including total length and grating coupler
performance), there can be some differences between the two measured coupled powers
that can be defined as

P, coupled; P, coupleda

AP, = - . (2.11)

Pcoupledl + Pthroughl Pcoupledg + Pthrough2

The error bars in Fig. 2.8 and Fig. 2.9 refer the mean value of a set of AP, obtained
from four measurements of each type of coupler (four different lengths for each gap).
The small value of the standard deviation (7.6 x 10-3) of overall AP, reasonably shows

the repeatability of the measurements.

The fitting procedure allows to determine x and then, once L. has been calculated
using (2.3), also to separate the bend contribution, given by L;, which can be expressed

introducing the parameter k; defined by
ky = —. (2.12)

Values of k, for the different configurations (bend radii of 10 and 15 pm and corner
sections) are shown in Fig. 2.10. As expected, the weakest contribution comes from
the corner bends, while larger curvatures contribute more to the total coupling. The

negative trend of k; for increasing gaps confirms also that bend contributions weakens
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g =100 nm

Figure 2.8: Fit curves of measured P, for TE polarized excitation of couplers with gap
of (a) 100 nm, (b) 200 nm, (c) 300 nm and (d) 400 nm. Symbols refer to measured
data, lines to best fitting curves. Blue refer to corner bends, red to curved bends with
10 pm curvature radius, green to curved bends with 15 ym curvature radius.

for larger waveguide spacing. But even at larger gaps such as 400 nm, there is still
some interaction between waveguides in both corner and curved bends. These results

also confirm that coupling of the TM polarization is stronger than that of the TE one.

More interesting results needing careful comments come from the fitted values of
the coupling coefficients x. These values are shown in Fig. 2.11. Symbols show the
values obtained by the fitting procedure of the different structures, the dashed line
shows the result of the CMT theory and the solid line shows those derived from super-
mode simulations. One can note first that the symbols are always superimposed, i.e.
that values of k do not depend on the type of structure (bends or mirrors), which
proves the quality of the fitting process. One can also see that the agreement between
the experimental and the theoretical values of x is much better for the TM polarized
modes (Fig. 2.11(b)). Rather surprisingly, on the contrary, the coupling coefficients
of TE coupler are measured to be larger than the simulated ones (Fig. 2.11(a)). If
we assume that both TE and TM couplers share the same fabrication tolerances, a
possible reason of this mismatch can be related to some technological issues that can

be more effective for TE polarized fields.
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Figure 2.9: Fit curves of measured P, for TM polarized excitation of couplers with gap
of (a) 100 nm, (b) 200 nm, (c) 300 nm and (d) 400 nm. Symbols refer to measured
data, lines to best fitting curves. Blue refer to corner bends, red to curved bends with
10 pwm curvature radius, green to curved bends with 15 pm curvature radius.
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Figure 2.10: Relative contribution of bend coupling of TE (a) and TM (b) input
polarization at A = 1550 nm.

To figure out the difference in expected and obtained results of the two polarizations,
one can notice that the height of the waveguides is fixed with a good precision, since

it depends on the layer thickness, which is assumed to be precisely controlled. Their
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Figure 2.11: Experimental results in comparison to FEM simulations of super-modes
and Coupled Mode Theory for (a) TE and (b) TM coupling coefficient at A = 1550 nm.

width, however, critically depends on the tolerances of the lithography process, which
affect the lateral dimension, therefore, the gap. The different vertical and horizontal
fabrication tolerances have an impact on both the mode shapes and on coupling. As
the electric field is mostly horizontally polarized for TE modes and mostly vertically
polarized for TM modes, the effect of fabrication errors in waveguide width should then

impact more on TE than on TM modes.

A further technological issue to be considered comes from the etching process.
Etching may for example induce some roughness in the waveguide sidewalls. This
generates some scattering which affects coupling. But a larger effect is expected to
come from the etching depth which can be due to the lag effect. Smaller gaps, in
fact, reasonably make complete etching down to the required depth more difficult.
For example, considering the topology with closest waveguide, the slot between the

waveguides should be 300 nm deep and 100 nm wide.

To investigate the effect of all these possibilities (excluding scattering due to lateral
surface roughness), we have then simulated different situations. We have changed the
widths of the waveguides, the gap size, and added a floor in the slot, simulating a
not perfect etching process. Parameter were changed one at a time, to check their
relative effect on the final results. Values were chosen realistically, considering the
used technology. The waveguide width tolerance was assumed to be Aw = + 20 nm,
while the footing layer was supposed to be up to 100 nm (irrespective of the gap, which
is clearly a highly pessimistic hypothesis).

Fig. 2.12 shows the impact of width and etch depth (or footing layer) variations
and results of post FEM simulations. The light blue areas represent the interval of
the coupling coefficient for the worst cases of the gap and width combinations, related
the E-beam lithography effects alone. Changes of the expected values of the coupling
coefficients are small, but anyway explain rather well the discrepancies between the TM

theoretical and experimental results. The (dark) grey areas refer on the contrary to the
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effect of the footing layer. This issue clearly affects mostly TE theoretical results. The
decreasing difference between measured and expected values of the coupling coefficients
confirms that the footing layer decreases for increasing gaps. The assumption of 100
nm thick footing layer was then pessimistic, but can be a starting point for a more

detailed analysis.

TE Mode TM Mode
0.5 L ‘ Aw 0.5 width variation P Aw
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Figure 2.12: The effect of fabrication variation on (a) TE and (b) TM mode coupling
coefficient in terms of width (Aw = £20 nm), light blue domain and etch depth (Ah =100
nm), grey domain. Red line represents the ideal case and dark blue parts are the cross
section of width and etch depth variations. The cross section of coupler is placed as
an inset.

As one can see, the introduction of the incomplete etch depth can reasonably ex-
plain the difference between measured and simulated coefficients for the TE polarized
modes, suggesting that this is the most critical technological issue. Similarly, as pre-
viously reported in [61], TE coupling coefficients of shallow etched waveguides in SOI
technology were mostly influenced by slab thickness variations while the effect of width
variations were found to be weak. Correspondingly, we found similar results for deep
etched waveguides, considering the footing layer a slab in coupling sections. However,
we additionally demonstrated that the effect of width variations, albeit limited, be-
comes dominant when a strong TM polarized coupling is present (see the blue domain
between 100 and 200 nm of ¢ in Fig. 2.12(b)).

These results also allow to conclude that devices based on the TM polarized modes
have the advantage of being more tolerant to fabrication issues as their performance de-
pends more on the membrane thickness, if it is precisely controlled. However, since the
TE modes are more confined in the guide, bends with smaller radius for TE mode are
allowed and provide lower bend losses. Based on the provided PDKs of the INPHOTEC
fab, the SOI ring resonators presented in this thesis were designed, by considering only

for the TE polarization.
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2.3 Conclusions

In this chapter we first introduced the SOI and IMOS waveguide layer stacks and
related technology parameters such as effective indices of TE mode and group index.
A theoretical comparison of bend losses with respect to curvature radius was provided.
Transmission measurements of straight waveguides of both types of waveguides were
presented. 3-dB bandwidths of the grating couplers in both technologies were greater
than 50 nm, with the maxima at different wavelengths of 1510 and 1542 for IMOS and
SOI, respectively.

Next, we have presented a theoretical and experimental analysis of directional cou-
plers with both curved and corner bend connectors, fabricated by the IMOS technology
aiming both at experimentally assessing the CMT and defining design criteria to set
up design kits for this recent and promising technology. Key design parameters have
been presented.

It has been first confirmed that corner sections have reduced coupling contribu-
tions and footprint compared to curved couplers. However, even if the waveguides are
far from each other, there is always a non negligible coupling imposed by the corner
sections.

We have then compared the TE and TM mode results in terms of coupling coefficient
obtained by fitting the coupling ratio measurements. Neglecting the side-wall roughness
effects, TM mode couplers anyway exhibited a good agreement between theoretical and
experimental results, confirming the successful possibility of using the CMT theory also
for high index contrast waveguides.

Larger discrepancies between theoretical and experimental results for the TE case
have also suggested that a critical issue in device fabrication comes from the etching
process, which does not allow complete etching for narrow trenches.

Finally, TM coupling coefficients were found to be more tolerant to fabrication
variations than TE ones under the same deviations of waveguide width and etch depth
in the coupling section. On the other side, the circuits that require small radius can

benefit from highly confined TE polarization.

26



Chapter 3

Design and modelling of micro ring

resonators

This chapter presents Transfer Matrix Method (TMM) based analytical models of
MRR structures. Modelling and static transmission characterization results of single
micro ring resonators are first provided. Then, an analytical model of directly coupled
ring resonators (Eye-like) is developed. Finally, the critical design aspects and working
regimes of indirectly coupled resonators are introduced. The theoretical transfer func-
tions of devices based on this configuration are obtained and discussed. The transfer
functions developed in this chapter will be used in the next chapters when comparisons

of the experimental results are discussed.

3.1 Modelling of single micro ring resonator

Single MRRs coupled to waveguides in different configurations have been introduced
in Chapter 1. In this section we develop a TMM based modelling, considering the
so called cross-grid configuration [62], to study its transmission characteristics. An
example of wavelength routing of a MRR in the cross-grid configuration is illustrated
in Fig. 3.1, using FDTD simulations [63]. At the resonance wavelength of the ring, near
A = 1540 nm, the incoming light is routed toward the drop port (left). This process is
called channel dropping in Wavelength Division Multiplexing (WDM) communication
systems. Instead, in the off resonance case, the light is transferred to the through
port (right). The resonance condition induced by the geometry of the device and

propagation mode satisfies:

m)\ms = neffL (31)

where m is an integer number (m =1, 2, 3, ...), A5 is the resonant wavelength and
nerrL is the optical path of the ring, being n.ss the effective index of the propagating
mode and L =27 R the ring geometric length.

In order to attain the best dropping performance, the coupling between the bus
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X [pm] X [um]

Figure 3.1: An example of wavelength routing process of MRR in cross-grid configu-
ration. The electric field intensity on resonance at 1540 nm (left) and off resonance at
1500 nm (right).

waveguides and cavity should be optimized. Placing the cavity too close to the bus
waveguides can cause an over coupling condition which can degrade the channel rejec-
tion and introduce more insertion loss to the through port. On the other hand, very
weak coupling, called also under coupling, can cause insufficient channel dropping. The
optimum feasible performance depends on the relationship between the coupling and
the cavity losses. Anyway, the best performing wavelength routing devices require the
critical coupling condition, which will be discussed in detail later in this chapter. Sim-
ulating realistic resonators (the minimum value of radius among the fabricated rings
was 12 pm) requires quite big computational resources. Therefore, analysing such de-
vices via analytical models gives a flexible and fast design approach. This is ture, in
particular, if one is interested in having an idea of the geometrical parameters in order
to implement a network, where many rings are involved. For this reason, an approach
based on BBs and PDKs should be preferred when a device involving more than a

single ring is investigated.

Analytical model of single MRR

The schematic of a MRR in cross-grid configuration is depicted in Fig. 3.2. A ring
cavity with radius R is vertically and horizontally coupled to straight waveguides by
the directional couplers labelled as (DC) and (DCy), respectively. The input (E;,),
drop (Ey), through (Ey;,) and add (E,qq) are the normalized complex mode amplitudes
such that their squared magnitudes are proportional to the modal power. The inset
of the figure represents the coupling matrix where k& and t are the cross and through
coupling coefficients and * denotes the conjugated complex value. In case of lossless
coupling, |k|? +[t?| = 1 holds. In the previous section, it has been shown that the DC

coupling powers can be presented as a cosine or sine function coupled by the field
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3.1. MODELLING OF SINGLE MICRO RING RESONATOR

coupling coefficients. Here, for simplicity, we denote ¢ and k as the square root of (2.5)
and (2.6).

Figure 3.2: Schematic of the micro ring resonator in cross-grid configuration.

The fields at the output ports can be related to the input fields at the in and add
ports as follows [64]:

Ey, = t1Eyp + k1 Es (3.2)
Ey=tyEogq + ko Eyatlte/t (3.3)
Ey =t;Es-kiE;, (3.4)
Ey = t3 Eya e — k3 Euuq (3.5)
Es = Bya’/te0l (3.6)

where « is the round-trip loss coefficient of the ring and is the ratio of coupled
field intensity into the ring and the feedback field (round-trip travelled) intensity. This
coefficient includes all possible loss sources in the cavity, e.g. radiation and scattering
losses. The crossing and waveguides, on the contrary, have been considered lossless.
The phase shift 6 is defined as 6 = 5 * L where the propagation constant 5 = 2mn.ss/A
and L is the circumference of the cavity. For simplicity, we can remove E 43 = 0 from
the calculation and assume that E;, = 1.

Solving the equation system one gets the final expressions of E; and Ej, as

t — tyaet
=— 2 " 3.7
T trthae (3.7)
—kj koa4G1/4
= (3.8)

1 —titaet®
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and the corresponding power expressions for the through port

|t1|2 - 2t1t20&6i9 + |t2|20[2€i29

P, = |Ey|* = . .
th | th| 1 —2t1t204619+ |t1‘2|t2|20426129

(3.9)
and drop port function

o121k 120 1/2i0/2
Py = |E4? = Ra[koPae _ (3.10)
1- 2t1t20&616 + |t1|2|t2|2a26120

When the ring is on resonance (# = 2rm, m is integer number), P, reduces to

|t1 — tQOé|2

Py, = :
th 1- 2t1t2a + t%t%oﬂ

(3.11)

The critical coupling is then required to achieve the highest extinction ratio (ER:
the difference between maximum and minimum transmitted powers expressed in dB)
of the through port (Fy,) transmission [65]. As a consequence, the dropped wavelength
power maximizes. In other words, the transmitted power to the through port can be
theoretically zero when the following relationship between coupling and loss of the ring
holds:

151
123

. (3.12)

The critical coupling condition in lossless case (a =1) can be only achieved with
identical couplers. For real applications, possible sources of loss factor, e.g., bend or
surface roughness induced scattering, should be taken into account. This adds another
difficulty to design high performance resonators. However, a careful estimation of the
possible losses for a given radius can help to optimize the transmissions by redesigning
the gaps of the waveguide to ring coupler, i.e. by tailoring the coupling coefficients of

the couplers. In this way, the critical condition can be still achieved.

Transmission profiles and resonator parameters

As an example, Fig. 3.3 shows the through (P,,) and drop port (P ) transmissions
obtained by the presented model calculated with, k; = ks = 0.3, a = 0.99, R= 20
pm. Power of the resonant peaks maximizes periodically (FSR = 4.64 nm) at certain
wavelengths (defined by (3.1)) where the through port exhibits transmission dips with
an extinction ratio of about 20 dB. Except FSR, which depends on ring radius and
mode effective index, all the other resonator metrics relate to the coupling coefficient.
Considering a given loss factor, it is possible to adjust k£ according to the critical
coupling condition (3.12).

The functional characteristics of a ring resonator can be described by some figures
of merit (FOM) such as the frequency separation of consecutive resonance peaks, rep-

resenting the Free Spectral Range (FSR), the Q-factor corresponding to a measure of
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Figure 3.3: Transmission of the through (solid) and drop (dash) ports (ky = ko = 0.3,
a=0.99, R = 20 um).

sharpness of the resonances and the 3-dB bandwidth, also called Full width Half Max-
imum (FWHM). Assuming weak coupling (k << 1) and A >> FWHM) [66], expressions
of FOM of MRRs and the related formulas can be summarized in Table 3.1. As stated
earlier, the main topological design parameters are the length of the cavity and gap

(as it is responsible of coupling coefficient k).

The analysis of MRRs in this chapter is made by considering silicon devices and

therefore, their simulated technology parameters reported in Table 2.1.

Just as an example of how the design process can be implemented, one can start
investigating the effects of coupling strength on bandwidth and sharpness. Figure 3.4
shows the through and drop port signals behaviour for different coupling coefficients,
varying from 0.1 to 0.7. Parameters of the radius and loss coefficient are the same
as before. As shown in Fig. 3.4(a), the sharpness of the transmission dip near reso-
nance increases by decreasing the coupling coefficient. However, strong coupling also
introduces insertion loss after a certain value, such as, at £ = 0.70. It can also be
seen in Fig. 3.4(b) that the drop port exhibits smooth transmission in the wavelength
span and does not efficiently perform wavelength selectivity. On the other hand, if the
coupling is weak (k = 0.10), the ER of the through port dips reduces by a factor of four
compared to the case when k£ = 0.30 and the dropped wavelength experiences higher
insertion loss, which is 6 dB in this example. As a result, there is a trade-off between

sharpness, which concerns of Q-factor and insertion loss of resonant peaks.

In order to choose a proper waveguide spacing of coupler for the design of the
desired resonator, one should consider also the minimum value of radius realizable
without increasing too much bend losses. The Film Mode Matching (FMM) method
based [43] simulation results of the bend-to-straight waveguide couplings according to
the radius of the curvature and gap are shown in Fig. 3.5. As the curvature radius

increases, the coupling strength enhances. However, the gap must be taken into account
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FOM Description
2
FSR = AN =— Free spectral range
ngL
A2k2
FWHM = Full width half maximum
WneffL
_ IR Finesse
- FWHM
A errL
Q= WM o J;\f F | Quality factor

Table 3.1: Figure of merit of optical micro ring resonators (assuming weak coupling

(k <<1) and A >> FWHM).
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Figure 3.4: Transmission profiles of the through (a) and drop ports as a function
coupling coefficients.

to prevent over coupling as well as possible low Q- factors. Therefore we have decided
to fix the gap at 150 nm and radii between 12 and 25 pum for fabrication, including
the indirectly coupled resonators. Decision of gap is made considering the coupling
effects on the transmission profiles. Power reduction of the dropped peak can be kept
below 3 dB, with k£ between 0.2 and 0.3. So, 150 nm of gap ensures, according to the

simulations, all bend couplings, from a radius ranging from 12 to 25 pum.

3.1.1 Transmission measurements of single Silicon MRRs

The measured transfer functions of a ring with the cavity of R = 20 pm is shown in

Fig. 3.6. The FSR of the measured resonator is 4.67 nm. Due to the SOI grating
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Figure 3.5: Bend to straight waveguide coupling at A\ = 1550 nm of different radii of
curvatures as a function of gap.

coupler response, the spectrum centred at about 1550 nm shown in Fig. 2.5 presents
the central region of the spectrum. The ER of transmission dips is about 9 dB, while
the dropped peaks have about 25 dB of ER (also called as WDM channel rejection).
The Q-factor of the resonance peak near 1554 nm, shown in Fig. 3.6(b), is ~16,500
(corresponding 0.095 nm of FWHM). By using the equation of FWHM reported in
Table 3.1, we found the coupling coefficient to be k = 0.19 (the simulated one was
0.26) at 1550 nm.

Power [dB]
Power [dB]

1520 1530 1540 1550 1560 1570 1548 1548.5 1549 1549.5 1550 1550.5
wavelength [nm] wavelength [nm]

(a) (b)

Figure 3.6: Measured transmissions of through (black) and drop (red) ports of a ring
(R= 20 pum) (a), and a zoom view near A =1549 nm.

Measurements of the fabricated SOI resonators with different radii are now reported.
The results are shown in Fig. 3.7. The model outcomes, with the inserted parameters
reported in Table 2.1, are in good agreement with the obtained results. The smallest
radius (R = 12 pum) results in the largest FSR (around 8 nm), while the ring with
the radius of 25 ym has a FSR below 4 nm. The corresponding measured Q factors
range from ~9500 up to ~20000. Figure 3.7(b) shows the values of the Q factor vs.
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radius. As we mentioned in the previous chapter, directional couplers are wavelength
dependent and therefore each resonance wavelength is associated to a different value
of k. This can affect the FWHM and may cause variation in QQ values in the measured
wavelength span. The bars in the Figure refer to the lowest and the highest values
measured in the C-band. The mean values of the measured Q) factors remain between
16 x103 and 18x103, except a lower Q when R = 12 pym. The difference comes from the
fact that bend to waveguide coupling depends also on the radius, as effective coupling
length increases as radius gets bigger. This results in different coupling coefficients
and, in most cases, the larger R, the larger coupling power. Furthermore, attenuation
in different lengths is also variable, even though the bend induced losses are neglected.

However, scattering losses in bends appear to be dominant when the radius is 12 pm.
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(a) (b)
Figure 3.7: Measured Free Spectral Range (a) and Q-factor (b) vs. radius.

So far, we have presented the transmission results when the temperature of the de-
vices remains constant during the measurements. In the next subsection, we investigate

resonant wavelength manipulation based on thermo-optic effects.

Thermal tuning

Resonance wavelengths of a fabricated ring can differ from the expected ones, since
ring resonators are sensitive to fabrication variations and thermal conditions. In order
to ease calibration, the device should be tunable. This can be done by inducing a tem-
perature variation in the device cavity. Increasing temperature will result in a red-shift
of resonance wavelengths. Two different methods, known as off-chip and on-chip, can
be considered to configure the device to operate at the desired wavelengths. In off-chip
method, a thermoelectric cooler (TEC) cell can provide a temperature control of the
whole chip via a surface which is attached to the bottom of the metallic chip holder.
Since the resonators are sensitive to room temperature, this device is used to stabilize
the chip temperature during the measurements. On the other hand, integrated heaters
allow more precise wavelength shift control of each single ring by applying a voltage

to heaters via electrodes. Figure 3.8 shows an example of how device tuning is oper-
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ated. Figure 3.8(a) is a view of the aluminium holder with input and output coupling
with fibers and electrodes. Figure 3.8(b) shows the microscope image highlighting the
coupling sections for fibers and electrodes on the metallic pads. While the electrical
connections are made of Gold, the resistor placed on a 1 pm thick SiOs cladding, shown
in Fig. 3.8(c), is of Titanium. The width of the heaters is fixed as 3 pum, their lengths

depend on the ring radius that have resistance in order of a few tens of 2.

oY
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Figure 3.8: Implementing thermal tuning: an image of a part of the measurement setup
(a). The temperature of the chip is controlled by a thermoelectric cooler (TEC) cell
placed under the aluminium chip holder. The electrodes connected (bottom) to the
metal pads to drive the integrated heaters and the fibers aligned (upper) on the grating
couplers (b). The cross section schematic of the waveguide with a metallization layer
of Titanium (c).

Thermally tuned resonances of off-chip and on-chip approaches are shown in Fig.
3.9. The first results are obtained by setting TEC at different temperatures by an offset
of 4 °C. In this way, the whole chip either heats up or cools down. This causes all the
device refractive indices change according to the temperature variation AT. When the
temperature increases, the wavelengths experience a red-shift in the spectrum due to
the increased effective refractive index of the resonance modes. Resonance wavelength
shifts in the through port spectrum are shown in Fig. 3.9(a). The measured thermal

tuning coefficient is about 95 pm/°C.
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Figure 3.9: Resonance wavelength shifts according to temperature variation controlled
by TEC (a) and to the applied voltage on the integrated heaters (b).

The use of TEC can tune only roughly the device temperature. To have more

precise and stable control on wavelength tuning and in particular to tune a single ring,
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electrically driven integrated heaters can be used to heat up locally the parts of the
device where the heaters are placed. Resonance shifts induced by an applied voltage
are shown in Fig. 3.9(b). These measurements are obtained from the same device
whose transmission spectra are shown in Fig. 3.6. A linear fit of the amount of the
measured wavelength shifts 0\ compared to applied power is shown in Fig. 3.10. The
tuning efficiency obtained from the slope of fit is 110 pm/mW. This value can slightly
differ from device to device, because the length of the resistor is proportional to the

radius of the resonator. In the presented example, the radius was 20 pm.
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Figure 3.10: Resonance wavelength shift compared to applied power.

Table 3.2 summarizes the characterization results of single MRRs fabricated with
the SOI technology.

A A AT
R [pm]  Q factor FWHM [nm] FSR [nm)] A_I): A—;\) Nz
pm pm °C
12 - 25) 9700 - 19500 [0.08 - 0.16 3.75-7.85] 95 110 — 1.15
[ [ ] I ] 0 W —

Table 3.2: Characterisation results of single MRRs fabricated in SOI.

In dense WDM (DWDM) network applications, the FSR of a ring is recommended
to be greater than the spectral extent of the C-band to by-pass other wavelengths in
off state. However, large FSRs can be obtained only with small radii, but at a cost
of increasing the bending loss. The maximum FSR reported for silicon MRRs is 93
nm with bending loss 0.009 dB/90° [67]. Moreover, FWHM and Q-factor are inversely
proportional, and the responsible design and technology parameters for achieving high

Q-factor are the coupling and loss coefficients [66].

In this section, we have investigated first order MRR in cross-grid configuration.
By using the developed analytical model, the critical design parameters, k, and R are
investigated for silicon rings. Next, we will introduce directly and indirectly coupled

resonators.
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3.2 Directly coupled micro ring resonators

Bandwidth variable channel dropping filters are the key components, providing variable
bandwidth characteristics to wavelength selective switches, in flexible optical network-
ing. Dynamic reconfiguration of network sources can benefit from multiple sub-carriers
that can be aggregated to introduce so called Super channel. Super channels increase
spectral efficiency, providing adaptive bandwidth assignments in flexible grids [68]. In
this section, we develop an analytical model for a second order coupled MRRs in ad-
d/drop configuration. Particularly, the type called Eye-like ring resonators where an
embedded (or loaded) second ring is coupled to another ring. We first review electro-
magnetically induced transparency (EIT)-like effects. Later, we extend our analysis
to investigate possible applications of embedded rings in terms of bandwidth variable

add/drop filtering applications in the context of Super channels.

Modelling of second order embedded ring resonators

Horizontally embedded ring resonators are shown in Fig.3.11. The device consists of
four couplers as shown in the schematic. The transfer function of the device can be
derived using coupled mode theory [69]. The t; and k; ( i= 1, 2, 3, 4) represent the
coupling coefficients of the i-th coupler. F,,, E;,, E4 and E,4q are the normalized

complex mode amplitudes at the input, through, drop and add ports, respectively.

Ein Ewn

(t4, k4) (tZIkZ)

Figure 3.11: Schematic of embedded ring resonators.

The constitutive equations of the structure can be described by following equations:

Eq = k3Bt 4 + ks Eqaq (3.13)

Eyp =t Eip + k1 Estp1 4 (3.14)
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By =~k By + 1" By (3.15)

Ey =ty Ey)1 4 + ko Estha o (3.16)

Es =t3FEo1 4 — k3 Eoda (3.17)

Ey=t4E3)1 4 + kyEgtba o (3.18)

Es =ty Es o — ki E3thy 4 (3.19)

Eg =t5E5120 — k3 E111 4 (3.20)

where

Yap = Yage' s (3.21)

Parameters o, and 6, , (a = 1, 2) are the loss coefficient and phase shift a-th ring
resonators. Therefore, for imstance,%1 and %2 indicate the quarter round-trip phase shift

of the outer ring and half round-trip phase shift of the inner ring, respectively.

Derivation of the transfer function

For simplicity, one can assume that the couplers are lossless and neglect the phase shifts
in the input and output waveguides. We can also remove F, 4y = 0 from the calculation
and set £y =1. Thus we can insert (3.17) and substitute in (3.18) and (3.19). Then
E, and E5 become

By =t3t4Exp1 0 + kyEgt)a o (3.22)

and
Es =t) Egt)e 0 — t3k; Eat)y o. (3.23)

Next, (3.23) is substituted in (3.20),
Eo(1—t5t51)e) = —t2*t5 k) Eothy otba o — ki E1ty 4. (3.24)
One can write (3.24) by inserting (3.15) and (3.16) as
Eo(1 = t5ti + k3 kativn2v022) = kT k31a — Ea(Kit5t50 otbo g + K3tTt5t4001) - (3.25)

and its simplified version,
EgA=kik311 4 - ExB (3.26)
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where A=1- t;tilpg + k§k4tf¢1,2¢2,2 and B = kit§t§w172¢2’2 + k;t{t;uﬂﬂl ThUS, E@ can
be expressed as
Eg = (k{k314 - E2B)/[A. (3.27)

By substituting (3.27) in (3.15), (3.22) and (3.23), F4, E4 and E5 can be expressed in

terms of solely Fs as

ki k3 kathy atha o + Eo(AtTt5ta001 01 4 — Blativa0 * 114)

P B (3.28)
Ey= ki k3 kahrata + Ep(Atitathr o — Bkathy) (3.29)
A
B - kikstii athao + Eo (jf@ki%z - Btjiba) (3.30)
Together with (3.28) and (3.30) allow us to extract E, using (3.16),
Y + 7 - Ak;t
Y+ it2¥14 (3.31)

A+o-X

where

X = Atjtotstshy — Btitokab 2020

Y = kikskatTton 209291 4,

Z =k |ko|* ;101 419 and

0 = Akakyti1n 9102 9 + Bloti1)s.

Finally, E, at the drop port can be calculated by substituting (3.31) in (3.13) obtaining

Y+27- Ak*tﬂ/Jl 4
Bk 12y, ) 3.32
T e e (332)
as well as its explicit expression,
E k;k3t4\/a10[26w%6192 - k?fk?gtgw/oélei%l
d= T —.
1 — 5t 0e®® + titsarane®ei® + koky (5 +17) /a1 /age%e% — titatitya et
(3.33)

In order to find the through port transfer function, it is needed to first substitute
(3.31) in (3.29) then substitute the resulting Ey in (3.14) which gives the through port

(Ey,) function as follows

~ Akt5ty 01 4 — Bhikyy athan \ (Y + Z — Akftopr 4\ kikikatbr oo
Eth = tl + + .
A A+o-X A

(3.34)

In agreement with power conservation, it can be verified that the lossless case
requires |Ey, |2+ |Ey4f> = 1. 61 and 6, are the round trip phase shifts of the outer and the
inner ring, respectively. Since the two rings have different perimeters, their resonance

wavelengths A\; and Ay can be found by n.rrL1 = miA; and neypLg = moAy for the outer
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and the inner ring. Phase shifts can be defined as 6; = 2m;7 (i = 1 or 2), where m;
are integer numbers and L; and Ly are the circumferences of the outer ring and the
inner ring, respectively. It can be noticed from (3.33) that the phase shifts of the rings
are combined in the ways of ei2m(mi+m2) or ei2n(mi+m2)/2 for eif1/2¢i2/2  Since m, and
my are integer numbers, the first term is always equal to 1. The second term can be
either -1 or 1 depending on whether (m; +my) is even or odd. Therefore, the through
port or the drop port characteristics can change very rapidly according to the sign of
the second term. If A\; and Ay are set to be equal, the device has two operation regimes
according to whether (m; —ms) (representing phase difference) is an even or an odd
number [37,70].

We will investigate dual-ring coupled system for SOI structures. The situation
refers to Case I when (m; —ms) is an even number, while Case II refers to (m; —ms)
is an odd number. The SOI technology parameters (n, and n.ss) are used in the
analysis. Since we want to study the effects of coupling on the transmission behaviour
of the device, we use coupling ratios (K) for ring-to-ring (Ks, K4) and ring-to-bus
waveguide (K7j, K3) couplings, defined as t;= m and k; = /(1 -1t?). We
first set symmetrical coupling ratios as K; = K3 = 0.4 and K = K4 = 0.2 and assume
lossless case (a=1). As shown in Fig. 3.12(a), the transmission profiles of the through
port exhibit distinct results according to the phase difference of the coupled rings. The
EIT-like effect can be observed when m; — my = odd number. A very narrow peak
appears at A = 1547.1 as a prominence with an enhanced power of 7 dB. In Case I, the
profile switches to a flat pass-band transmission. It seems clearly from Fig. 3.12(Db)
that the phase profiles change dramatically depending on the phase difference of the
two resonators that determines two distinct transmission profiles. Maximum effective
phase change in a short wavelength range are about 7 and and 27, for even and odd

number, respectively.

——odd
——even

S| |

L L L -1 L L L
1.5465 1.547 1.5475 1.5465 1.547 1.5475
wavelength [pm] wavelength [pm]

(a) (b)

Figure 3.12: Through port transmission (a) and phase response (b) in Case I (even
number) and Case II (odd number) when K; = K3 = 04, Ky = K4, =0.2 and a = 1
(lossless).

Phase [7]

Transmission [dB]

-12¢

On the other hand, the drop port spectra has transmission dips in both cases, as
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shown Fig. 3.13. The notch in the Case II relates to the EIT-like peak of the through
port spectrum, while in Case I, the transmission profile of the drop port splits into two
and its stopband coincides with the flat-top passband in through port transmission.
Maximum effective phase changes in the same range exhibit 27 and and 7, for Case I

and Case 11, respectively.

0
—-107
m
k=)
= —
S -20 £
) ——odd o
é’ ——even 8
@ -30 i
o
F 40t
oL— ‘ ‘ - : :
1.5465 1.547 1.5475 1.5465 1.547 1.5475
wavelength [m] wavelength [pm]

(a) (b)

Figure 3.13: Drop port transmission (a) and phase response (b) in Case I (even number)
and Case II (odd number) when K; = K3=0.4, Ky = K, =0.2 and a =1 (lossless).

We can now study the effects of changes in the values of K; in the device per-
formance. In this analysis, we will study asymmetric coupling strengths of the inner
ring, by changing value of K,. The reason for this relies on the fact that considered
embedded ring resonator provides versatile transmission characteristics because of the
presence of the inner ring. According to the model, asymmetric coupling of the inner
ring can strongly affect the transmission profiles that we have shown so far. As before,

we will show the effects of asymmetric coupling in two separated cases as Case I and
Case II.

Case I: m; — my = even number

In Case I, we study passband evolution according to the coupling. In this case, we
assume the loss is fixed as a = 0.99 and ring-to-bus couplings are constant (K; = K3 =
0.4). The tested values of K, ranges from 0.2 to 0.01, while K5 remains equal to 0.2.
The outer ring radius is selected as 20 um and its phase shift according to inner ring
is set as an even number. Note that, interchanging the values of K, and K, will result
in the same transmission profiles, since we assume K; and K3 are equal. Figure 3.14
shows the through port responses with different values of K, which induce asymmetric
ring-to-ring coupling. Wavelength spacing between two consecutive transmission dips
shown in Figure 3.14(b) decreased by 0.6 nm when a 20 times smaller coupling of K4
with respect to K.

Furthermore, the asymmetric coupling has an impact on the transmission notches

of the drop port spectrum. As shown in Figure 3.15 periodic doublet peaks with 45
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Figure 3.14: Through port transmission according to K, variation (K;=K3=0.4, K,
=0.2) (a) and zoom view (b).

dB of ER in the middle with the symmetric coupling experience a reduced ER in the
notch for a smaller and asymmetric coupling. The ER reduction in this case is near 27.5
dB. The valley at 1.55 pm between two split consecutive resonances shown in Figure
3.15(a) can be further reduced by increasing ring-to-bus coupling of the outer ring as

we will later show when we will compare single and embedded rings transmissions.

0 7 0
E ‘10 E_‘]O =
k=) k=2
c | c
2 -20 K1=0.2 2 .20t ;=02 ||
0 K4=0.1 0 Ky=0.1
& 30; K,=0.05 & ?ig.g?
& — K,;=0.01 § 30" ,=0.01/]
F 40 =
-40 |
1.546  1.548 1.55 1.552 1.554 1.546 1.5465 1.547 1.5475 1.548
wavelength [pm] wavelength [pm]
(a) (b)

Figure 3.15: Drop port transmission according to Ky variation (K;=K3=0.4, Ky =0.2)
(a) and zoom view (b).

Case II: m; - ms = odd number

Now we can repeat the same analysis when the phase difference is set to be an
odd number, keeping all other parameters equal to those used in Case I. As shown in
Fig. 3.12, the through port can provide a narrow EIT-like effect when the ring-to-ring
coupling is symmetric. This effect can be manipulated varying coupling coefficients.
Figure 3.16 shows how the EIT-like effect is effected by decreasing K. In particular,
there is transition from the EIT-like effect (K4 = 0.2) to two split notches for small
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coupling change (K, = 0.1). The bandwidth of the induced passband by decreasing

coupling and its maximum are inversely proportional.

Og
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= = K4=0.05
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1.546  1.548 1.55 1.552 1.554 1.546 1.5465 1.547 1.5475 1.548
wavelength [um] wavelength [m]
(a) (b)

Figure 3.16: Through port transmission according to K, variation (K;=K3=0.4, K,
=0.2) (a) and zoom view (b).

Similarly to what happens in the through port transfer function, double peaks in the
drop port separate from each other as well as decrease their ER at K, = 0.1. However,
reducing the coupling coefficient will eventually increase the ER until it reaches the

same value of the dip in the initial condition.
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wavelength [xm] wavelength [pm]
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Figure 3.17: Drop port transmission according to Ky variation (K;=K3=0.4, Ky =0.2)
(a) and zoom view (b).

So far, we have considered the effects of asymmetric coupling between inner and
outer ring coupling, by keeping the coupling of the outer ring and the bus waveguide as
constant. The analysis developed until now reviewed embedded ring resonators char-
acteristics and will be compared when we will present transfer function measurements
of the SOI devices. Next, we will compare the resonance characteristics of the single

and embedded ring resonators with the same parameters.

43



CHAPTER 3. DESIGN AND MODELLING OF MICRO RING RESONATORS

Comparison of single ring and embedded rings resonators

Letting the ring-to-ring coefficient Ky and K, equal to 0, the embedded rings structure
is converted into a single ring resonator with the radius of 20 pm. The transmission
curves of both structures reported in Fig. 3.18 show that the FSR range of the single
ring is divided into two parts so that the EIT-like effect and mode splitting occur in the
embedded case corresponding to the resonance wavelengths of the single ring resonator
when the phase difference A# is odd and even number, respectively. The FSR of the
single ring in this example is 5.2 nm and narrower passbands of the embedded rings

that centred single ring resonances have the notches separated by 1.6 nm.

0

o o -10
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= -25] =

-30 - -40

1546 1548 155 1.552 1.554 1546 1548 155 1552 1554

wavelength [um] wavelength [um]

(a) (b)

Figure 3.18: Comparison of the single and embedded rings transmissions in the through
(a) and drop (b) ports according to even and odd phase difference conditions.

On the other side, similar behaviour of the drop port spectra of both structures can
be seen in Fig. 3.18(b) in Case II. The transmission dips appear where the single ring
resonant maximizes. This phenomenon can be seen in phase responses, as shown Fig.
3.19(b). While the Lorentzian curve of single ring resonance has a smooth transmission
(similar to the through port of embedded rings in Case II), the effective phase changes
of the embedded exhibit sharp transitions.

As previously mentioned, it is possible to enhance flatness of the bandwidth between
two consecutive transmission dips at the drop port transmission, when the embedded is
in Case I (see the referred band with the central wavelength of 1.55 pum in Fig. 3.18(b)).
In this case, drop port passbands get wider and provide flat-top wide bandwidths that
can be considered for super channel applications. We will investigate this proper as a
next step of the analysis.

Obtaining flat-top wide passbands requires strong coupling between both rings and
bus waveguides. In this time, we set larger ratios, K1 = K3 = 0.9 Ky = K, = 0.6.
Figure 3.20(a) shows the transmission spectra obtained with these parameters. The
flat-top resonance wavelength (see the inset) have 3.25 nm of FWHM (equivalent to ~
400 GHz) with 0.25 dB of fluctuation and 45 dB of ER in Case I. As opposed to single
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Figure 3.19: Phase change comparison of the single and embedded rings at the through
(a) and drop (b) ports.

ring case, flatness and the bandwidth of drop port resonances of embedded rings can
be greatly improved by a suitable tailoring of coupling coefficients. In the single ring
case, as shown in Fig. 3.4(b), dropped signals loose their wavelength selectivity due
to over coupling situation. In embedded case flattened resonances are the results of
overcoupling. However, thanks to the presence of the second ring, it can still provide
spaced transmission spectra with high channel rejection, when m; — ms is an even
number.

Figure 3.20(b) shows the drop port bandwidth evolution between Case I and Case
II. Letting (my — (mg + Am)), where m; = 3, mg = 1 and Am = [0 1], my — mo
becomes no longer integer number for A = 0.25, 0.5 and 0.75 with 0.25 step of Am.
This allows to analyse the transition from Case I to Case II. Passband bandwidth in
Case I decreases by increasing A. For example Yellow curve (see inset) has 2.4 nm
of FWHM, which corresponds to ~300 GHz. In this case the reduction of bandwidth
is 100 GHz with 0.75 dB of IL. When m; — msy becomes an odd number, bandwidth
maximizes to ~ 600 GHz, with an IL around 4 dB. Therefore, by keeping the phase
difference of the two resonators around even number it is possible to modify passband
and in practice it can be carried out by thermal tuning of the inner ring.

Overall, distinct spectral characteristics of the embedded ring resonator can be
achieved depending coupling and phase shifts treatments. According to this theo-
retical model, EIT-like effect and resonance splitting can interchangeably manipulate
transmission of the through and drop ports. On the one side, symmetric ring-to-ring
weak coupling takes advantage from sharp power enhancements. On the other side,
strong coupling can enhance 3-dB bandwidth and passband flatness of the dropped
resonances when the device is configured in Case I and such flat-top resonances can
further be configured to wider passband setting the phase difference as Case II. Via-
bility of bandwidth manipulation operations will be discussed in the next chapter with

some measurement results on the SOI embedded rings.
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Figure 3.20: Flat-top passband of the drop port (a) in Case I and bandwidth evolution
from my — me=even to m; — my=odd number in four steps of Am (b) (K; = K3 =0.9,
K2 = K4 = 06, a = 099)

3.3 Indirectly coupled micro ring resonators

Previous sections presented analytical models and principal transmission characteris-
tics of existing devices. In this section, analytical modelling of the proposed device,
indirectly coupled resonators (ICR), is presented. The working regimes such as wave-

length routing and reflection and their related conditions are addressed.

Analytical modelling of indirectly coupled resonators

The schematic of the device, as well as the quantities necessary to describe how it works,
are illustrated in Fig. 3.21. The incident (Ej,), routing and outgoing (Ep, Eps, Eps)
complex mode amplitudes are grouped according to their propagation direction. The
couplers with two waveguides (DC; and DCy) are in vertical direction, while the three
waveguide coupler (DCj) is placed horizontally. In the schematic, the propagation
direction of the positive superscript sign amplitudes is represented with red arrows,
while the negative ones are green coloured.

Table 3.3 lists the design parameters that are used in the model. Starting by setting
E;, = 1, the power transmissions at the output ports are normalized. The straight
waveguides are assumed to be lossless (a,,= 1). This does not limit the validity of
the results, since waveguide propagation loss contributes only to the overall insertion
loss of the device. In the vertical direction, Ey; and E,, are the field amplitudes at the
drop ports connected by the crossing and E,3 is the field amplitude at the drop port.
The distance between them, L,, which is also the distance between the two vertical
couplers, depends on the radius of the rings. The fields at one of the ports of the
vertical couplers DC; and DC5 can be defined as Ef] = Efy = %= eWuslv where
the propagation constant f,,, = 27n.s¢/A. Similarly, the central input (E7}) of DC5 can
be written as E} = e E;,, where the phase shift between the input port and DCj is

46



3.3. INDIRECTLY COUPLED MICRO RING RESONATORS

Figure 3.21: Schematic of the indirectly coupled resonators with indication of the mode
amplitudes. Red coloured arrows represent the positive sign mode amplitudes while
the green ones depict those of negative signs.

defined as = ¢eibuwsle and L, is the length of the input waveguide measured from

the excitation port.

Parameter North ring South ring Waveguides
Radius R1 R2 -
Loss coefficient o1 a9 Qg
Propagation constant 081 Bo Buwg
Phase shift per round trip 01 ) -
Phase shift in horizontal wg section - - 0,
Phase shift in vertical wg section - - 0y
Coupler length of DC1 L, - -
Coupler length of DC2 - L., -
Coupler length of DC3 - - L,
Coupling coefficient of DC1 K1 - -
Coupling coefficient of DC2 - Ko -
Coupling coefficient of DC3 - - K3

Table 3.3: Design parameters.

The coupling matrices of the two-waveguide coupling in DC, and DC5 can be

therefore defined as [49,53,69]

cos(k1Le,)

—i-sin(k1 L, )

—i-sin(k1Le, )

cos(k1Le,)

(3.35)
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E, _ cos(kaLe,)  —i-sin(koLe,) || EL (3.36)

E; —i-sin(koLe,)  cos(kale,) Eg '
and

En|_ cos(k1Le,)  —i-sin(kiLy) || O (3.37)

E} —i-sin(k1Le,)  cos(kile,) || Ej '

E}, _ cos(keLe,)  —i-sin(koLe,) || O (3.38)

E} —i-sin(koLle,)  cos(kale,) EZ ' '

Furthermore, the coupling matrices of the three-waveguide coupling in DC3 can be
defined as [71]

E; Cc1+ 0.5 Cy C1— 0.5 Eg
Ep3 = Co 261 Co Ef (339)

Eg C1 — 0.5 Cy C1+ 0.5 Eg

E5_ c1+05 ¢ c¢1-0.5 EQ_
Ei = Co 2cy Co 0 (340)
E§ c1—-05 ¢ c+0.5 EG_

where ¢ = %Cos(\/ﬁmchg) and ¢y = \_/—;Sin(ﬂﬁglz%). Since only the forward
propagation excited from the input port is considered, the zeros in right hand side
matrices have the meaning of non existing propagation from the output ports to the
input one.

By solving above coupling matrices, the final explicit expressions of the drop ports
(Ey2, Epy), the through port (E,3) and the reflection (E7) can be derived as follows;

It can be seen from the Fig. 3.21 that £y ,F5 and Ef, E7 have phase differences
of €®%1/% and e®%2/4 respectively. Similarly, £ ,F# and Ef, Ei have one quarter of
total round-trip phase shift defined as e?1/4 and e?2/4, The constituting equations can

be written from the coupling matrices for the (+) signed amplitudes as

E$ = (c1+0.5)E: + &2Ef + (¢c1 - 0.5)Ef (3.41)
36, 3

Ef =FEje 4 o (3.42)

E} = E3 cos(ki1L.1) (3.43)
6 1

Ef=Efe 4ol (3.44)
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Ef =(c1 -0.5)E: + coFf + (1 +0.5)Eyg (3.45)
30, 3

Ei=Ete 4 o} (3.46)

ES = E7 cos(kaLes), (3.47)
6, 1

Ef = Ete 4 al (3.48)

Efy=—i* Efsin(kyLe) (3.49)

Ef, = Efye®vap, (3.50)

and the (-) signed mode amplitudes,

E7 =cy(E; + Ej) (3.51)
36, 3

E; =FEze 4 a2 (3.52)

E3 = E; cos(ki1Ley) —i*sin(kyLa ) B (3.53)
6 1

E; =Fze 4o (3.54)

E; =(c;-0.5)E; + (¢; +0.5)E; (3.55)
30, 3

E; =FE;e 4 o} (3.56)

E7_ = Eg COS(]'CQLCQ) —1% Sin(k‘chg)El_O (357)
6, 1

E; = Eye 4 a2 (3.58)
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Ey =(c1-05)E; +(c1 +0.5)E; (3.59)
By = Eqeftvar, (3.60)
Ef, =—ixsin(ki L) ES. (3.61)

According to the matrices (3.35),(3.36) and (3.39), the through port E,3, north
drop port E,; and south drop port E,s can be defined as

Ey = EYycos(k1Ler) —i % sin(ky L ) Ef (3.62)
Epg = CQ(Eg + Eg) + QClEf (363)
Ep4 = EI_O COS(kQLCQ) — 1% Sil’l(l{?Qch)ES_. (364)

Starting from equation (3.41), by substituting the redefined Ef and EJ obtained
from the equations (3.42), (3.43) and (3.46), (3.47), EJ can be found as

_ ebr+ My Eg

E3
1-M;

(3.65)
and by substituting the same equations in equation (3.45), one can get,

. CEr+M;E}
Ef = 11_—M212 (3.66)

where M(iva) = (ca12) £0.5) cos(k(ljg)LC(l’Q))ei9(1,2>a(172).
Finally, £ and E{ can be written in terms of input port:

_ Epetear, Bycy

E3 1

(3.67)

and :
_ Epetear,Bicy

A
and A = (1-M;)(1-M;) - M;M;.

Eg

(3.68)

where B(9)=1- M(me) + M(_1,2)
Using (3.67) and (3.68), all the other positive sign equations can be defined ac-
cording to the input. Similarly negative signed EJ can be derived by substituting the

equations (3.53), (3.54) and (3.55) (3.59), as follows

Eg My — i+ sin(ky Lo )eB /A EY,
1- M;

whereas E; can be redefined, by substituting the equations (3.57) , (3.58) and (3.59)

E; = (3.69)

50



3.3. INDIRECTLY COUPLED MICRO RING RESONATORS

in (3.56), as follows

By M —ix sin(kqLeg )e®0%2/4 By,

E> 3.70
Next, by substituting (3.70) in (3.69) one can get
E; - 1By My sin(koLg)e®0%2/* — i(1 - My ) sin(ky Loy ) e /A EY, ‘ (3.71)

A

Since the £}, and £, are known from the previous calculations, the overall equation
system can be solved with having explicit descriptions of F5 and Ef. Therefore, the
final explicit expressions of (3.62), (3.63) and (3.64) normalised to Ej, = 1 can be found

as

—- Sin(/igLCQ)ei392/404§/4e“9%ei9y [Aco(By + BoMy sin(ky L, ) sin(kaLe,)) + Bica My |

E. =
P2 Acos(k1Le,)
(3.72)
- —i - sin(ky L, )e30/4a3 e i0s[ Acy(By + ByM; sin(ky Le, ) sin(kaLe, )) + Byea My ]
P Acos(kaLe,)
(3.73)
along with the through port (Ep;3)
B, - 2¢1A + 3[ By cos(k1Le, )e?r oy + By cos(kaLe, )e%2 s ] (3.74)
A
and finally the reflection (E7)
Ef = ~csin(ki Le, ) sin (2 L, ) €30 4302/ 4% % By By (0" + a3") (3.75)

A2

To better highlight the behaviour of the device, lossless rings with different radii
have been initially considered. Depending on the phase condition at the resonance,
two different transmission schemes are possible, as shown in Fig. 3.22 and Fig. 3.23.
The former refers to the situation in which there are no common resonances for the
rings (asynchronous case), while the latter is for the synchronous case, where at least a
common resonance exists. This condition is used for routing applications of the device.

In the asynchronous case, all the resonances of the two rings are different, and the
power reflected back to the input port is negligible. As seen from the Fig. 3.22(b),
the reflected powers at the resonances are determined by the drop port (ER). In fact,
for each resonance the only contribution to the reflection comes from the power re-
routed toward the input port by the off resonant ring, and it is proportional to the
ratio between the power at the through port and the power at the drop. This power
re-routing toward the input port is also responsible for the transmission dips observed

in the drop spectra.
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Figure 3.22: (a) Theoretical transmission spectra of reflection (Red), through (Black),
North drop (Green) and South drop (Blue) ports, when all the resonances in the
spectrum are in the asynchronous case (01 # 65); (b) enlarged view in the central region
of the spectrum.

1548 1550

When the two rings resonate at the same wavelength (A ~ 1547 nm in Fig. 3.23), i.e.
in the synchronous case, the reflection reaches its maximum value. As one can notice,
this is observed only for the wavelength corresponding to degenerate resonance modes.
For non-degenerate resonant modes, i.e. for asynchronous resonances, the same be-
haviour previously described can be observed. Close resonances show reflection peaks
too, but not as high as the one observed when the resonances of the two rings are
synchronous. The side mode reflections, i.e. the reflections at non-degenerate reso-
nances, have double peak profiles due to the proximity of the two different resonances
with suppression (defined as the difference between the maximum intensity of the main
peak and the maximum intensity of the strongest minor peak) below -15 dB.

The presence of a high reflection for the synchronous resonance has a direct impact
also on the through and drop port transmissions, as it can be observed in the top inset
of Fig. 3.23(b). Indeed, both through and drop ports have high transmission rejection
in a very narrow band. The depth of these dips is related to the critical coupling
condition. If the critical coupling condition is fulfilled, in fact, the device acts as an
optical isolator with respect to the output ports and totally reflects the incoming light

back to the input, as it will be discussed next.
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Figure 3.23: (a) Theoretical transmission spectra of reflection (Red), through (Black),
North drop (Green) and South drop (Blue) ports, when a synchronous resonance exists
(01 = 0, for A ~ 1547 nm); (b) enlarged view with insets of the transmission curves for
this resonance (top plot) and (bottom plot) for two asynchronous resonances.

Critical Coupling

As previously stated, in the single MRR, the critical coupling condition is present at
the resonance when the propagation losses in the ring are compensated by the power
coupled into it, if the coupler is assumed to be lossless [64]. In the ICR, if the rings
have the same radii and the same coupling with the waveguides, they are synchronized

in terms of round trip phase shift and new parameters can be replaced as it follows

a1 =02 =X

6, =6,=0
b (3.76)

K1 = R9 = Ry

R3 = Rp.

Here, we describe new coefficients x, and x;, as the vertical and horizontal coupling
coefficients and the analysis mainly investigates their ratio. To make coupling strengths
more significant in the solutions, they can be redefined as /s;z = k3L, and Ky = KyLe, =
KyLe,. By substituting the new parameters from (3.76) into (3.74), one can get the
through port function

7. 2¢1 A + 2Bc2 cos(k, e

s = 2 (3.77)

Since the cavities are identical, A and B can be written as A = (1-M*)(1-M*) -
(M~)2=(1-M*=M-)(1-M*+M") and By = (1- M*+M-~) where M = M = M*.
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Finally, the simplified expression of the through port can be obtained as

Eps = cos(v/215) - COS(H;,)ewia . (3.78)
1 - cos(v/2k),) cos (k) eifa

and the corresponding power can be written in the form

cos(V/2k,,) - cos(k), e a ’

Pa.=|E.?= 3.79
i =l 1 - cos(V/2k},) cos(k)) e (3.79)
When the rings are on resonance, § = 2rm and m = 1,2,3... , the critical coupling
condition is found to be
cos(\/2k,
o= M (3.80)

cos(ky)

As Eq. (3.80) shows, the critical condition holds when the internal cavity loss is
equal to the power coupling ratio of the horizontal and vertical couplers. If the rings
are lossless (a = 1), the critical coupling ratio becomes x, = \/5/{%, which allows to
define the ratio between the power coefficients in the form K, = K,/2. As a result
of this condition, critical coupling is achieved when the horizontal power coupling is
half of the vertical one. It must be pointed out that this condition reduces to the well
known K}, = K, for the case of single micro ring resonator [65]. On the other side, in
lossy cases (« < 1) the critical coupling condition is met by specific values of , and ;.
From the design point of view, this means a need of optimization of either horizontal
or vertical couplers according to the value of «, since the relationship between o and
the ratio x, [k, defines the device performance in terms of ER of the through port and

of IL of the drop port transmissions at the resonance.

Loss and coupling ratio analysis for the device performance

In this section, we investigate how the cavity radiation losses and the coupling coeffi-
cients of the horizontal and vertical couplers affect the transmission and the reflection
characteristics of the ICR. The critical coupling condition for the double ring resonator
is defined by Eq. (3.80). When this condition is verified, and rings are synchronous,
the transmission is minimized and the reflection is maximized. However, examining
how the device performs when this condition is not fulfilled can be useful to understand
the role of the different parameters on the device behaviour.

The effects of the cavity radiation losses and of the power coupling ratio Kj/K, on
the reflection and on the transmission at the through and drop ports are illustrated in
Fig. 3.24. In this analysis, K}/K, varies from 0.1 up to 2. The figure has two rows:
the top line shows the results of the synchronous case (0; = 6s), for the wavelength of
the peak of Fig. 3.23(b) near A = 1547 nm. The figures on the bottom lines, on the

contrary, refer to the asynchronous case (6; # 62) and results for the resonant peak near
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A = 1545 nm of Fig. 3.22(b) are reported. Transmissions and reflections are all plotted
in dB.

From the left side column plots it can be noticed that, regardless the phase shift
conditions, there are certain cases where the ER reaches —45dB. On the other hand, the
drop port transmission reduces by around -9 dB when the two rings are in phase at the
common resonant wavelength. As shown in the right column plots, the highest value of
the reflection, which is theoretically 0 dB, can only be achieved for the synchronous case
(top row of Fig. 3.24) when the rings are lossless (a = 1) and the horizontal coupling is
half of the vertical coupling (K,/K, = 0.5). In the asynchronous case (bottom row of
Fig. 3.24), the reflected light intensity at the resonance does not exceed —15 dB. For
both cases, the reflection is very sensitive to ring losses, as it rapidly decreases when

raising the attenuation inside the resonators.

Through port Drop port Reflection
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Figure 3.24: Relationships between the loss coefficient («) and the power coupling ra-
tio K3/ K, of the horizontal and vertical couplers on the transmissions of the Through
port (left column), Drop ports (middle column) and Reflection (right column). The
upper row plots are for the synchronous case (6; = 63) and refer to the common reso-
nant wavelength A ~ 1547 nm, while the bottom row charts show the results for the
asynchronous case (6; # 65) when A ~ 1545 nm.

These results demonstrate that the device can be configured to exhibit, at a syn-
chronous resonance, optical isolation at the transmission ports. In this case, in fact,
the only outgoing field is the reflected one. Once the loss coefficient of the resonators is
known, the coupling coefficients of DC}, DCs, and DCj5 can be designed accordingly.
For instance, if a = 0.995, in order to achieve a reflection > -1 dB (equivalent to a
reflectivity of 0.794), the ratio Kj/K, must lie between 0.4 and 0.75. To switch the
operating regime from router to mirror, the two rings should resonate at the same wave-
length simultaneously. Retrieving the routing operation will then require cancellation

of simultaneous resonance. In this case, the overall phase difference is responsible for
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wavelength separation of the two disjointed resonances.
These two distinct behaviours will be exploited in the next chapters to use ICR for
wavelength routing (chapter 4), reflection (chapter 5) and sensing (chapter 6) applica-

tions.

3.4 Conclusions

In this chapter, the analytical models of single, embedded and indirectly coupled ring
resonators have been developed by using the TMM approach. Key points for a success-
ful design of performing devices, considering silicon-on-insulator technology parame-
ters, have been discussed. The results of the static transmission characterization of
the single micro ring resonators have been presented. The FSR of the measured single
MRRs range from 7.85 to 3.75 nm for the radii of 12 to 25 pm. Moreover, the mea-
sured FWHMSs were between 0.08 and 0.16 nm with the corresponding Q-factors of 9700
and 19500. The obtained thermal tuning parameters were 95 pm/°C of temperature
variation and 110 pm/mW of applying power.

An analytical model of the horizontally embedded ring resonators has been pro-
vided. The transmission characteristics of the device have been reviewed. Transforma-
tion of the electromagnetically induced transparency (EIT) effect into the resonance
splitting effect was illustrated by manipulating ring-to-ring coupling and phase shift
difference of the coupled resonators. Next, the device has been studied under a strong
coupling condition. Very wide flat-top resonances with 400 GHz of bandwidth, 0.25
dB of IL and 45 dB of ER were demonstrated. Bandwidth reconfiguration has been il-
lustrated by the transition from the even number to odd number phase difference. The
obtained bandwidth range of the drop port transmission was 100 GHz to 600 GHz,
with 0.75 and 4 dB of IL, respectively.

Finally, an analytical model of the Type-I indirectly coupled resonators (ICR) was
presented. Possible operational regimes and their conditions were discussed. Depend-
ing on round-trip phase shift differences of the two resonators, the device can exhibit
wavelength routing and reflection. The conditions for maximizing single wavelength
reflection and dual wavelength routing operation were studied by investigating coupling

ratios of the horizontal and vertical couplers and loss coefficient.
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Chapter 4

Wavelength routing properties of

indirectly coupled resonators

4.1 Introduction

Due to bandwidth limitations at high speed data transmission in electronic intercon-
nection, photonic interconnect technologies provide the most viable solutions to intra
and inter chip wavelength division multiplexing (WDM) communication at higher data-
rate with lower latency and lower power consumption, e.g. in traffic routing in data
centers [72] and even inside many core computing systems in form of optical Networks-
on-Chip (NoC) [73]. The need for MRRs appears in WDM technology as their spectral
filtering characteristics allow performing de/multiplexing processes of optical signals.
Wavelength routing in NoCs can be implemented with cascaded MRRs [19,21-23, 74]
and for many aspects, ring resonator based switching architectures may differ in foot-
print, number of routing wavelengths or scalability [75].

In response to ever increasing IP traffic demand in fiber-optic communication, opti-
cal links with fixed granularity wavelength spectrum in the C-band face spectrum effi-
ciency problems since the frequency grid permits transmissions of only a certain number
of wavelengths. As an alternative, the flexible or elastic optical networks can success-
fully address several issues in the dynamic management of transmission bandwidth and
wavelength routing algorithms for the next generation optical networking [76-78]. In
this framework, a reconfigurable optical add-drop multiplexer (ROADM) in an optical
node should have some properties such as colourless, directionless and contentionless
(CDC) [79]. Colourless represents the ability of the switch to handle all the wavelengths
available in the WDM link. On the other hand, contentionless is a property accord-
ing to which two channels with the same wavelength can be processed simultaneously,
while directionless interconnects WDM channels regardless of incoming or outgoing
direction. As presented in [80], three main design architectures, broadcast-and-select,
route-and-select, and wavelength-selective can implement ROADM following different

approaches. Due to topological constraints, broadcast-and-select and route-and-select
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architectures suffer from contention and they need modifications to become contention
free [80].

On the other hand, wavelength selective architectures, where add/drop operations
are carried by wavelength selective switches (WSS), are of special interest because
of their degree of configurability. WSSs can in fact act as transponder aggregators
to realize multi degree CDC ROADM nodes [81,82]. Ring based switching matrices
can be fully reconfigurable as long as the resonant wavelength of each ring switching
element in the network is controlled by electronics. In order to avoid interference,
each ring is responsible of routing a single WDM signal. Thus, its FSR should be wide
enough to by-pass other wavelengths when the ring is in off state, i.e. not configured to a
spcific wavelength. The main drawback of ring topologies is scalability. Interferometric
crosstalk in routing paths can be significant when number of rings increases in the
switch fabric. Implementing inter connectivity between a certain number of the input
and output ports depends on the switch topology. Therefore, number of the rings
required in the switch fabric for a given number of interconnection is an important

scalability parameter to deal with the power consumption and crosstalk.

4.2 Concept of wavelength routing in micro ring

resonators

In this section we introduce wavelength routing approaches in MRR topologies. An
example of cross-grid single MRR is illustrated in Fig.4.1. In this configuration, the
input wavelengths A1, A and A3, highlighted with different colors, represent individual
WDM channels and it is assumed that the resonance wavelength of the ring is A;.
When port number 1 is set as the input port (see Fig.4.1 (a)), A; is routed to port 3,
while the other wavelengths are by-passed toward to through port indicated number
4. If port 2 is selected as an input, then the drop and through ports are switched as
shown in Fig. 4.1(b). In this case as opposed to the first one, A; is retrieved at port 4.

1 }\2)\?
— —
A A A, A
2 # 1 3 1 742 3# )\2)\3
A A 4 A

(a) (b)
Figure 4.1: Wavelength routing operation of single cross-grid MRR.

Next, wavelength routing of dual cross rings in cross-grid configuration is illustrated
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in Fig. 4.2. This configuration deals with two wavelengths that can be routed simul-
taneously by setting up the rings to resonate at the same wavelength. It is known as
the basic photonic switching element (PSE) in scalable NoC architectures [83,84]. As
depicted in Fig. 4.2(a), among the incoming wavelengths at port 1, A; is received at
port 3. In the other case (b), drop port becomes number 4, as shown in the single ring
case (see Fig.4.1(b)). Thanks to the its topology based on twin rings, PSEs allow to

process multi wavelengths routing and are one of the most common devices in NoCs.

1 A Ay A
—
—)
|
A A, A
2 # 3 1 /\2 /\3 #
A —) A A
A Ay 4 M

(a) (b)

Figure 4.2: Wavelength routing operation of dual rings in cross-grid configuration
(known as basic switching element (PSE)).

In the following, the new switching element ICR, previously decribed in chapter 3,
will be illustrated. This switch looks interesting since it is a reconfigurable structure,
able to act both as a router and a mirror. In both cases tunability can be driven by
integrated heaters. In the rest of this chapter the router functionality will be illustrated.
In chapter 5, its operation as a mirror will be shown .

Wavelength routing operations of the indirectly coupled resonators is illustrated
in Fig. 4.3. In this configuration, the device can handle two sets of wavelengths
simultaneously. In the first case, shown in Fig. 4.3 (a), the upper ring routes A; to
the port 4, while Ay propagates to port 2, which is dropped by the lower ring. In
these operations, each ring routes the wavelengths in opposite direction and the two
wavelengths get separated in two drop ports. If the port 3 is set as input, Fig. 4.3 (b),
the routed wavelengths exchange the drop ports. Wavelength routing directions in ICR
alter according to the incident one. In both configurations, two sets of wavelengths are
routed at each time. Therefore the device exhibits non-reciprocal behaviour in terms
of wavelength routing characteristics. This phenomenon is the core property of the
presented device. Note that the term non-reciprocal in our case refers to wavelength
routing directions according to excitation port of the bus waveguide. Illustrations
presented in Fig. 4.3 will be referred to as Type-I (a) and Type-II (b) to emphasize
the different routing paths. By doing so, it is similar to those shown in Fig. 1.5.

By benefiting from the non-reciprocal property of ICRs, it is possible to introduce
novel switching topology since it gives the ability of bidirectional operations as well

as it extracts two sets of wavelengths from the bus instead of one. Dropping two
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(a) (b)
Figure 4.3: Wavelength routing operation of the Type-I (a) and Type-II (b) ICR.

wavelengths at the time allows to reduce the overall footprint of the circuit: one stage
with only two rings allows to do so instead of two stages with 4 rings, with the first
clear advantage of a reduction of 50% of the necessary tuning switching elements in
the overall system. Next sections investigate two case studies. The first introduces a
switch fabric based on ICRs to reveal bidirectional communication in a transponder
aggregator of CDC-ROADM systems. The second compares the PSE and ICR by
means of scalable interconnectivity in NoC applications to generalize NxN (N input

and N output) contention-free wavelength routing matrices.

4.3 ICR based bidirectional add/drop transponder

aggregator architecture

A four directional CDC ROADM architecture for access network is illustrated in Fig.
4.4. The wavelength selective switches (WSS) in the Optical Line Switch (OLS) dis-
tribute the desired WDM wavelengths to the add /drop sections where the Transponder
Aggregators (TPAs) interconnect the receivers (RXs) and transmitters (TXs). The
advantage of the use of TPAs relies on the fact that the connectivity between the
transponders and OLS can be reconfigured in all-optical way without manual inter-
vention [85]. In the concept of flexible optical networks, the integrated MRRs can
be densely integrated as a switch fabric in TPA architectures. For instance, in [86],
thermally tunable MRRs based ROADM in Si3N,/SiO, technology have been demon-
strated for access networks. In [20], a 4 channel ring based CDC ROADM architecture
has been implemented in SOI technology. In both ROADM architectures, the switch
matrices were constructed by MRRs in the cross-grid configuration, as illustrated in
Fig. 4.1.

The preliminary research on the proposed scheme in this thesis is carried out by con-
sidering previously reported architectures and photonic devices used in those schemes

such as interleavers and Multiplexers (MUXs). The main difference is the switching
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Optical Line Switch

Add/Drop TPA TPA
Section

Transponder Aggregators

T 1 I ]

‘ t Transponders

Figure 4.4: Colourless/Directionless/Contentionless (CDC) ROADM architecture (re-
produced from [85]).

matrix where, in our architecture, we used Type-I and Type-II ICR that are combined
in a single matrix and we profited from the non-reciprocal routing property to introduce

bidirectional communication in the TPA.

The schematic of the proposed 2-direction 4-channel ICR based TPA architecture
is depicted in Fig. 4.5. The scheme consists of four 1x4 MUXs (orange colored), 8
interleavers, 8 ICRs, two circulators and two TX/RX units. Each MUX is responsible
either for drop or add functions and multiplexes four different wavelengths in such a way
that the wavelengths are labelled according to the output configuration. In the Add
MUX, wavelengths should be connected to each output in a given sequential order (the
related wavelengths are labelled as A1, A, A3, A4) and this process can be implemented
by arrayed waveguide gratings (AWGs). However, the wavelength order, in fact, is not
necessary for the Drop MUX, since each MUX processes only one wavelength, thus as
an alternative to AWG, wavelength combiners could also provide this function. The
interleaver (INT) separates wavelengths regarding of either odd or even number of the
wavelength, which has been also used in the architecture presented in [20]. INT fil-
ters provide channel spacing to group odd and even number WDM signals and can
be realized by cascading integrated Mach-Zehnder interferometers [87]. Finally, the
circulators divert the dropped signals to the RX and the TX signals to the Add MUXs.
The circulators presented in the architecture are the devices that facilitate bidirec-
tional operations. They do not strictly have to be integrated since the process can
be implemented by fiber-optic circulators. The integrated part of the scheme consists
of AWGs, INTs, the switching matrix and their waveguide connections. Considering
further integration possibilities of circulators, an integrated optical circulator on silicon

is demonstrated in [88].
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Figure 4.5: Proposed 2-direction 4-channel Bidirectional CDC TPA architecture.

In this architecture, WDM channels arrive in the switching matrix from the two
different directions, D1 and D2 represented by the red arrows, are either added or
dropped by the cascaded ICRs in each row. Since each ring operates at a fixed resonance
wavelength, the scheme can handle four WDM channels simultaneously. Wavelength
ID assignments in the matrix follows a specific configuration rule: the North rings
wavelength IDs in the upper part of the first row (D1) follow an ascending order, while
the South ones follow descending order. When the second direction (D2) is introduced,
the previous order configuration is reversed. This method ensures that each INT in
the same column receives identical drop wavelengths regardless of direction and routes
the dropped wavelengths to the Drop MUX. For instance, the first upper INT in left
hand side receives only A\, from each row and can be used only for A\; for add function.
Since A4 has an even number id, the even number (e) output of the INT is connected
to the Drop MUX, while its odd number port (o) is connected to the Add MUX. The
described design rule is developed based on non-reciprocal routing property, such that
D1 and D2 wavelengths are handled by the Type-1 and Type-II ICRs, respectively. By
applying the same approach to the other columns, switching matrix can be configured
to meet colourless, directionless and contentionless properties and utilized for both
Add/Drop functions. When a ring should not add or drop any wavelength, it is then

driven in off state by the control voltage on heaters.

For the sake of simplicity, the illustrated scheme supports 2 directions, 2 add/-
drop functions for 4 wavelengths, named 2 x 2 x 4 ROADM, however it can have more

directions by adding more rows and columns in switching matrix.
An example of Add/Drop functions of a WDM signal (A4 of the last column of D1)
is illustrated in Fig. 4.6. The WDM channel in direction D1 is previously selected

by the WSSs from the ROADM ports (N, W, E; S) to be dropped for transponders.
The switch fabric made by ICRs accommodates the desired WDM channel to the
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transponders unit. In the Drop function, the routed wavelength A4 (Blue colour path)
at the fourth stage transmits to the even number output port of the INT, and then it is
received by the transponder via the lower Drop MUX and circulator. As the first three
stages (columns) can handle the other WDM channels simultaneously, the system can
be considered as colourless. When the input direction is flipped, the dropped signals

are then processed by the upper branch of the circuit.

Transponders

(o]

Figure 4.6: An example of Add/Drop functions in bidirectional CDC TPA.

When A4 should be added to D1, the signal coming from the transponder unit is sent
to the input of the Add MUX by the circulator (Green colour path) and then arrives
to the same ring that was previously assigned. So, both add and drop channels are
processed by the same ring resonator to implement connectivity to D1. Therefore, the
proposed structure can perform bidirectional communication between the aggregation
section and the transponder unit.

As shown in Fig. 4.4, ROADM architecture performs add and drop operations
in two separated blocks. Nevertheless the previously reported architectures based on
MRRs brought innovative solutions to improve conventional non-CDC ROADMs, they
still use two individual switching matrices for each add/drop block. According to
[89], combining add/drop wavelengths bidirectionally in the same switching matrix
can reduce the cost of Add/drop function in ROADM by 40-50%, even though it may
require the use of additional circulators. To the knowledge of the author, a MRR
based bidirectional CDC-TPA has not been proposed yet. A complete realization of
the proposed TPA architecture with a validated performance in real applications might
open new possibilities to reduce the cost of add/drop implementations in the flexible
optical networking.

Until now, wavelength routing features of ICRs have been exploited for a specific
utilisation for inter-node connectivity in the flexible optical networking. In the next

section, we elaborate scalability capabilities of ICR based Network-on-Chip in a more
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generalised manner, including also applications of intra-chip such as core-to-core com-

munication on-chip applications.

4.4 Topology investigation of ICR based wavelength

routing matrices in Network-on-Chip

In this section, we elaborate scalability properties of ICR based wavelength router
topology for optical NoCs applications. NoCs are becoming more and more attractive
for inter and intra-chip communication [90]. However, one of the main issues in the
NoC systems is crosstalk due to the inter-channel crosstalk in WDM channels that lim-
its the implementation of reliable communication systems [91,92]. This problem can be
limited by using high Q-factor rings, but cannot fully eliminated. Therefore, reducing
the number of rings in switching matrices without compromising switch capacity is
an important issue for large scale wavelength routers. As previously mentioned and
shown in Fig. 4.2, the standard photonic switch element (PSE) uses two sets of rings
as the first stage routing element. Cascading multi switching element allows to im-
plement higher connectivity on-chip networks. The way of cascading basic structures
determines topology. One of the main criteria of photonic switching fabrics to real-
ize compact and energy efficient NoCs is scalability. Number of switching element in
NoCs is proportional to number of connectivity and every topology has its own scalable
characteristics.

It is worthy to underline that NoC routing matrices do not necessarily have to be
directionless, which was a must for flexible ROADM systems, since core-to-core connec-
tivities in an optical layer of an chip can be fixed in a given switching matrix. Instead,
contentionless (or non-blocking) property is the main criterion in NoC applications,
because each core in IC layer must be able to communicate to all the other cores with
a certain number of wavelengths.

The simplest version of PSE and ICR are, in fact, first stage 2x2 wavelength routers
and both of them are composed of two rings. The comparison of PSE and ICR based
topologies will be made in terms of number of rings required to implement NxN net-
works. To do so, we first investigate how an ICR based routing fabric scales up by
cascading multiple elements. Schematics of 4x4 and 6x6 ICR routers are depicted in
Fig 4.7. Here the input and output ports are labelled as Ii and Ti (i=1,2,3,...), re-
spectively. Red and Blue arrows represent the direction of the incoming and outgoing
wavelengths. In these schemes, the number of available WDM wavelengths is equal
to the number of connections (N). As shown in Fig. 4.7(a), each row has two stages
where the resonance wavelengths of each ICR are set to be odd number for upper rings,
and even number for the lower rings. The type of ICR in each row differs according
to the direction of incoming signals. For example, the rings in the first row exhibit

routing profile of Type-I ICR to the direction 11, which it turns into Type-II according
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to direction of I3. Therefore, regardless of the direction, two blocks in the row handle

four different wavelengths.
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Figure 4.7: ICR router topology: 4x4 (a) and 6x6 (b) non-blocking routers.

In order to accommodate full connectivity available to every output, two rows must
be inversely connected to each other, i.e. each vertical waveguide must be connected
to all the other rings with both even and odd number resonances. These are the design
criteria to avoid contention, considering each input port must be assigned to only one
wavelength but in case it should be able to reconfigure to other wavelengths. The
router is reconfigurable, but once all the connections are established, the matrix re-
mains unchanged until the next reconfiguration. We can check contention-free channel
assignments as it follows: T1 can be assigned to A; and Ay through the first stage
ICR of the upper row. In this case, I1 and I3 ports use Ay and A;, respectively. Sim-
ilarly, other WDM channels such as A3 and A, can be available via the second stage
ICRs in the lower row. Thereby, a complete set of wavelengths is available to establish
communication links between T'1 and all the other input ports.

The presented non-blocking 4x4 wavelength router has 4 ICRs with total 8 rings.
By introducing a new set of row and column, the matrix becomes 6x6. Similarly, row
connections starting from the upper side are made by joining to a successive stage
in each row. Following this way, 6x6 non-blocking router requires 18 rings in total.
Now we can calculate number of rings needed for N? connectivity. As said before,
the number of WDM channels is determined by N number ports. ICRs in the routing
fabric deals with N (channel number) x N (connectivity) for a non-blocking scheme.

Since each ICR handles two sets of wavelengths, generalized expression for determining
2

N
required number of rings to built NxN routing fabric can be defined as 5 88 well as,
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2
e number of routing elements if we count each ICR as an individual routing element.

We now can compare the scalability of an ICR with the conventional PSE based
router called A-router [93]. As reported in [94], A-routers can provide non-blocking
M number of PSE to construct NxN
network. Since, similarly a PSE has two rings, total number of the required rings can
be defined as N2 - N.

The scalability evolution of A-router and ICR topologies in terms of the required

scalable routing matrices that need to use

number of the rings is illustrated in Fig. 4.8. The difference between them rapidly
increases as the matrix scales and eventually reaches ~ %50 when N = 16. This result
shows that having the abilities of non-reciprocal behaviour and handling routing of
two wavelengths in each element can significantly reduce the number of the ring used
in the router. Taking into account that rings in the systems should be tunable, ICR
based configurations can reduce power consumption of NoCs in the sense of large scale

intra-connections.
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Figure 4.8: Scalability of ICR and conventional A-router.

Next, we make a global comparison of ICR based topology with the existing topolo-
gies in the literature, including also non-ring based topologies. There are various
routing fabric implementations presented so far. For instance, Mach—Zehnder interfer-
ometer based topology [95], also some other topologies called Benes [96] and Clos [23].
Recently, a silicon PSE based 8x8 network called Omega is experimentally demon-
strated in [24]. A recent survey presents a comprehensive comparison of silicon based
switch topologies and their scalability formulations [97]. According to the provided
formulas in that paper Benes topology is commented as the best choice, because it has
the minimum number of switching elements to construct a non-blocking network. The
total number of switching elements of Benes topology was reported g(QloggN -1).
In comparisons to Benes, ICR based networks still have fewer number of elements up

to 16x16. On the other hand, for larger networks, Benes still has an advantage over
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ICRs based routers in terms of scalability. However, the Benes topology is a rear-
rangeably non-blocking architecture. Therefore, it needs a specific routing algorithm
to provide non-blocking routing, which is theoretically implemented only on a MZI
based switching fabric [97].

It is important to underline that when the ICR based networks grow, the number of
waveguide crossings increase by introducing new columns and rows in the system. For
instance, in the 6x6 router illustrated in Fig. 4.7(b), the last stage vertical couplers
must be connected to those of the first stage. To do that, the waveguides must tra-
verse the two vertical connections of the first and second stage. Therefore, waveguide
crossings in the circuit should be optimized in terms of crosstalk and insertion loss to
provide feasible NoCs.

So far, ICRs have been theoretically illustrated. In the next section, we evaluate
networking performances of individual Type-I and Type-II ICRs and PSE as well as

single ring devices by means of Bit Error Rate measurements.

4.5 Networking analysis of micro ring resonators

4.5.1 Description of the BER setup

To evaluate the performance of the investigated devices in terms of their capabilities to
provide digital transmissions, a setup for the measurement of the Bit Error rate (BER)
has been implemented. For the devices investigated in this thesis, the main interest
was in evaluating communications performances of the switching elements. For this
purpose, a simple and low-cost system based on commercial on-the shelf components
has been implemented. The setup for BER evaluation, in fact, is based on a FINISAR
FTLX6824MCC Tunable XFP Optical Transceiver and on a Silicon Labs Si5040 10
Gbps XFP Transceiver (see the photograph in Fig. 4.9).

W"‘”

Pi3 Raspberry Finisar Tunable DWDM
10 Gb/s XFP

s =
PES_ siLab 10*

Figure 4.9: The equipment for BER measurements.

The FINISAR FTLX6824MCC is a 10Gbit/s Multi-Protocol Tunable DWDM Op-
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tical Transceiver used for up to 80 km links. It supports from 8.5 Gb/s up to 11.35
Gb/s on a 50 GHz ITU-based channel spacing (C-Band). This device is used for
DWDM 10 Gb/s SONET/SDH, DWDM 10 Gb/s Ethernet and DWDM 10 Gb/s Fibre
Channel applications. The FTLX6824MCC is installed on a FINISAR FDB-1044 Eval-
uation Board, which ease the connection of the Transceiver with the required Power
Supply, with the Input/Output RF signals and with the 12C bus used for its control,

initialization and interrogation during the working procedures.

The Silicon Labs Si5040 is a complete, low-power, XFP transceiver suitable for mul-
tiple XFP module types, from short-reach datacom to long-reach telecom applications.
The Si5040 can be programmed for Line loopback, pattern generation, and pattern
check tests through a serial micro controller interface available through an 12C bus.
The use of its Evaluation Board eases, also in this case, programming and managing
of all the operations. In this section, for the application of interest, the fundamental
block is the TX Pattern Generator, which is programmed to provide the modulating
RF signal for the FTLX6824MCC Laser. The signal received from the FTLX6824MCC
Integrated Photodetector is driven to the RX port and, once processed to optimize the
detection process, driven to the RX Pattern Check block, which is used for BER eval-

uation.

The two cards are managed via their I2C bus. Commands are sent through a Rasp-
berry Pi 3 Model B+ card controlled with Matlab using a remote Personal Computer
connected to the Raspberry PI with a TCP-IP network. In this way, a single com-
puter is used to handle all the measurement procedures through devices coordinated
via the Matlab Instrument Control Toolbox. A Matlab script managing signal gener-
ation/recognition and BER evaluation, laser and photodetector setup, amplifier and
attenuation control has been suitably developed in the IOPLab (University of Ferrara),
where I and other undergraduate students have contributed to realize the setup. Fig.
4.10 illustrates a sketch of the basic setup used for BER measurements. The Si5040 and
the FTLX6824MCC are controlled on their 12C bus by using a Raspebrry Pi 3. The
setup includes also an Erbium Doped Fiber Amplifier (EDFA) and a programmable
attenuator, which are connected to the computer via a GPIB interface. The Optical
Amplifier is needed to compensate the losses introduced by the Device Under Test
(DUT) and by the connections of the different components of the setup. The use of
the fixed attenuator is mandatory as the available EDFA does not allow a minimum
gain below 23 dB and the minimum accepted power at the input of EDFA is -6 dBm.
The pass-band optical filter positioned before the photodetector reduces the optical
noise generated by the amplifier. The variable attenuator allows measurements of the
BER as a function of the received power. In this setup, the input power at the EDFA
is maintained fixed and, during the measurements, the optical power at the receiver
is reduced progressively to allow BER evaluation. If the DUT has a too high attenu-

ation, as it happens for butt-coupled devices, a second amplifier after the DUT could
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be introduced. In this setup, a single laser source is considered. With this setup, Back
to Back (B2B) and single channel measurements are allowed. For B2B, the DUT is
replaced with an attenuator having the same attenuation of the insertion loss of the
DUT. Alternatively, a direct connection of the output to input fiber through a straight
waveguide or via the through port of the DUT can be used. When WDM measurements
are desired, two other lasers are added to reproduce the existence of two interfering
channels acting on the central channel under test. The three channels are coupled with
a 4x1 optical coupler realized by using three 2x2 optical couplers suitably cascaded.

The overall attenuation of this input coupler is of about 9 dB in the whole extension

of the C-band.
Ethernet B
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Figure 4.10: Sketch of the measurement setup, which includes the Si5040 and the
FTLX6824MCC cards, a filter, a fixed attenuator, an Erbium Doped Fiber Amplifier
and a Programmable Attenuator.

The measurement procedure is managed through a Matlab script, which controls
all the instruments of the implemented setup. The script initializes the laser sources
(by selecting the desired channels, in the case of a WDM evaluation, or by selecting
the single wavelength of the source when a B2B or a single channel BER evaluation
is requested by the user) and the attenuation needed at the first step of the measure.
Then the laser and the EDFA are turned on and once the EDFA provides sufficient
power, the Si5040 is initialized to perform the BER evaluation. BER measurements
are performed by varying the attenuation until the power level on the Photodetector
reaches the lower limit. In this way, BER vs the Received Power is evaluated. The
Si5040 is usually configured to generate and check a pseudo-number PRBS31 10Gbps
bit sequence with a pattern length of of 240 — 1024. User defined bit sequences are
possible too, and considered when the system is tested, to allow visualization on an
oscilloscope.

The Si5040 is used in the implemented setup to modulate the FTLX6824MCC
XFP transceiver. The Laser of the transceiver can be modulated with 10Gbps NRZ
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signals. The carrier, corresponding to the central frequency of the channel, can be
configured via the 12C bus to emit on standard DWDM channels in the C-Band. This
transceiver supports 50GHz ITU-based channel spacing (C-Band) and when a DWDM
BER measurement is required, three adjacent channels are initialized. Each channel
is allocated at a different wavelengths and modulated with a signal coming from a
dedicated Si5040 card. The optical signal collected at the output of the DUT can be
amplified again, depending on its intensity, and then sent to the receiver section of
the XFP transceiver to be demodulated. A second amplification can be required if the
insertion loss of the DUT is too high. In fact, it is not possible to strongly amplify
the optical signal with the first amplifier, to avoid damages in the optical components
(polarizer, optical circulator, etc.) before the DUT, and on the DUT. The RF signal
at the output of the Photodetector contained in the FTLX6824MCC XFP transceiver
is then returned to the receiver section of the Si5040, for BER evaluation. During the
measurements, the system is kept under control through different monitors managed
by the Matlab script. In particular, transmitted and received powers, amplifier gain
and the attenuation introduced by the variable attenuator are initialized at each step
of the process. Moreover, both the interrupt warnings and alarms (such as Los of
Signal, Loss of Lock, Received Power under the threshold limit, etc.) of the XFP
transceiver and of the Si5040 are continuously checked, to exclude anomalous behaviour
of these devices. For each step of the measurement, the attenuation of the variable
attenuator is increased, in order to reduce the received power at the photodetector.
The measurement is terminated when the attenuation reaches its maximum assigned
value. If, during the measurement, the received power drops below the threshold (- 35

dBm), the measurement is stopped as the BER reaches, in this case, its maximum.

Before presenting the obtained results from BER evaluations, it is needed to men-
tion some stabilization issues of the described setup. During measurements processes,
we often faced unexpected laser signal power reductions. We observed transmitting,
and then receiving, power oscillations occurring in the FINISAR modules. We think
that the problem of unexpected oscillations (tens of dBs) is related to software syn-
chronizations of the laser sources and their master SiLabs modulator. These sharp and
repetitive power reductions resulted in abnormal BER values, which were quite unre-
lated to previously obtained ones. We noticed that in case of this problem, both laser
and modulation modules need to be restarted a couple of times. Also, in some steps of
during the measurement process, due to the lack of software synchronization, systems
interrupted, resulting zero BER values. To overcome this problem, each measurement
step for with the same values of attenuation is repeated two times, the ones interrupted
in the BER calculations were later removed from the results and rest of values were

used to obtain final BER vs. Received Power curves.
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4.5.2 Results of BER measurements

Prior to BER measurements, the resonance wavelength of the DUT is thermally tuned
to 1550.50 nm, which is the central communication channel. The other two interfering
channels at 1550.10 and 1550.90 nm were introduced, when needed, to simulate multi
wavelength communication. Resonance wavelength alignment is checked by the OSA
and when the maximum transmission of the communication wavelength at 1550.50 nm

is achieved, BER evaluation process is initiated.

Figure 4.11 shows the BER measurements as a function of the received power of
the single ring resonator with a radius of 19 um. Ports are labelled as shown in the
inset. All B2B curves presented in this section have been obtained from through port
transmissions of the measured devices. Since the resonances were shifted away from
the communication wavelength during B2B evaluation, this approach is similar to that
of replacing the DUT with a variable attenuator in the setup. Propagation of the
resonance modes from port 1 to port 3 and port 2 to port 4 can have, in fact, different
paths. While the former can by-pass waveguide crossing, in the latter, signal passes
through the waveguide crossing twice. However, determining the crossing induced
crosstalk and its possible power penalty is a difficult task simply by testing a single
or a few cascaded rings crossings. It is also possible that errors in BER calculation
can be more significant than a single crossing induced power penalty. In fact, T1- R3
and T2— R4 communications do not show any significant penalties. Additionally, the
normalized static transfer functions shown Fig. 4.11(b) confirm that the transmission
difference of the resonances that travel in different paths can be negligible. We assume
that the insertion loss and crosstalk of the waveguide crossing are low and perform
similarly (0.04 dB of insertion loss and -45 dB of crosstalk) as reported in [98].

Static transmission measurements, i.e. evaluation of the transmitted power as a
function of the wavelength when using a non-modulated signal, of the DUT shown
together with the BER results have been previously obtained by using the setup il-
lustrated in Fig. 2.4 in chapter 2. The reason of this is due to the fact that the
polarization of the introduced WDM signals in BER evaluations is different from that
of the tunable laser. Therefore, polarization control on the resonance wavelengths of
the DUT must be re-adjusted according to the fixed WDM signal of the laser source.
This avoids to obtain true static transmissions over a wavelength span because of the
polarization mismatch of the TLS and fixed communication signals, since only one
polarization controller for the input fiber was available. In addition, the bandwidth
variable filter placed therefore, photodetector of RX was fixed for a narrow band (~ 3
nm) to limit the EDFA induced noises. However, thanks to the OSA that receives a
portion of output signal via 90:10 splitter, the control of tuned resonance wavelength
of the DUT to 1550.50 nm was possible before the BER measurements were initiated.

The results of the PSE resonator are shown in Fig. 4.12. The measured device has

two rings with radii £y = 20 pym and Ry = 19 um. The experiments are implemented
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Figure 4.11: BER measurement of single ring resonator (a) and static transmission (b)
without applied voltage.

by tuning both rings to the central wavelength. Once the T1—-R3 curve is obtained,
the fibers are set on the port 2 and port 4 without altering the present resonance.
Similar to the results obtained on the single ring resonator, T1-R3 and T2—-R4 show
minimal penalties. As it can be noticed from the figure, the BER curves stop at
different received power levels. This is due to two main issues, the first one is related
to the power stabilization issues of the setup itself as explained before. The second one
is due to fact that small variations in applied voltage (order of mV) can cause slight
resonance shifts, so the received powers varies depending on thermal stabilization of

the DUT. As a result, each measurement has its own average received power.

To investigate networking performance of PSE under the condition shown in Fig.
4.2, where the two rings should resonate at the same wavelength, we removed the
bandwidth variable filter from the setup to obtain the static transmissions of the PSE
shown in Fig. 4.12(b). In fact, each drop port of the PSE contains the two resonances
of individual rings, because of its topology. It can be seen that the Red curve obtained
from the transmission from port 2 to port 4 has two resonances labelled as Ay and \g,
representing the resonances of the upper and lower rings. Once the rings are tuned at
the same wavelength (yellow curve) near 1549.7 nm, the WDM signal is set accord-
ingly and the bandwidth filter reintroduced in the setup. Then the BER evaluation is
implemented. In this case T2—R4 communication performance is compromised. The
measured power penalty at BER = 1079 is found to be 0.8 dB. The worsened network-
ing performance, which is albeit limited in our measurement, shows that PSE based
switching fabrics might suffer from interferometric crosstalk when a switching element
in the fabric must route two identical wavelengths simultaneously in order to avoid

contention.

Next, we investigated networking performances of Type-I and Type-II ICRs. We
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Figure 4.12: BER vs. Received power of PSE (R; =20 pum and Ry=19 pm) (a) and

static transmissions from port 2 to port 4(b), when Ay = Ag (Yellow) and Ay # Ag
(Red).

have designed both Type-I and Type-II devices with different radii. A microscope
image of the fabricated samples is shown in Fig. 4.13. The measurements have been
carried out on the devices that have either 18 or 19 pum of radii, positioned inversely
in the circuit. Therefore, the comparison could be possible to made by measuring only
one port. As stated earlier, the two devices can be converted into another depending
on whether left or right hand sides focusing gratings are used as an input. Another way
to do similar work is designing the rings in such a way that their drop port transfer

functions can coincide.
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Figure 4.13: Examples of the fabricated SOI Type-I (upper) and Type-II (lower) ICRs.

As shown in Fig. 4.14(a), T1-R2 channel is measured for both devices. They
show very similar performance. We have observed that even though the devices are
separately measured, B2B results remained the same. Therefore, the presented plot
has only one B2B measurement, which is of Type-I, but is also valid Type-II. In the
measurements the communication channel is routed by the lower ring Ry for Type-I
and R, for Type-II. However, as said before, wavelength dropping paths of ICRs share a
common path, which is the vertical waveguide section with a crossing. Therefore, back

scatterings induced by the sidewall roughness of the waveguides and bend curvatures
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produce resonance modes which can appear at drop port transmission. Figure 4.14(b)
shows the normalized static transmissions of drop ports number 2 (blue curve) and 4
(red curve). Some of the dropped resonance peaks have secondary peaks induced by

the other ring backscattering.
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Figure 4.14: BER vs. Received power of Type-I and Type-II ICRs. Type-I (R; = 18,
Ry =19 pm) and Type-II (R =19, Ry = 18 pm) (a) and normalized transmissions of
Type-I (upper) and Type-IT (lower) (b).

We noticed that power of these spurious resonances can have transmission power
just a few dB less than primary peaks. In the presented transmissions spectra, the
highest interferometric crosstalk is measured as to be -8 dB near 1552 nm in the Type-II
ICR. Regardless of the type of ICR, the backscattering induced resonances appear in the
drop ports transmissions due to their topology. Differently, such spurious resonances
propagate back to the input port in single ring and PSE resonators. Therefore, from
a scalable switching matrix point of view, inter-channel crosstalk in ICRs must be
carefully engineered since due to its topology, unexpected resonance modes can limit
to construct higher number of nodes in the network.

To evaluate the scalability of the ICR topology, we measured the communication
performance of a two-stage 1 x 4 router that has been designed with Type-I ICRs, as
shown in Fig. 4.15. The device, in fact, can implement 2 x 4 network if the through
port is also considered as an input. This configuration allows us to compare the first
and the second stage BER results that are relative to each each other. The rings have
been designed to have North and South rings with radii of 18 and 19 pum for the first
stage and 21 and 20 pum for the second stage of the router. In each measurement rings
independently tuned to the communication wavelength.

The characterization results are shown in Fig. 4.16(a). The same color configuration
is used to show corresponding transmissions in (b). As in the previous cases, the
first stage WDM links T1-R2 and T1-R6 have small penalties together with T1—-R3
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Figure 4.15: A microscope image of the fabricated SOI 1 x 4 router based on Type-I.
Output ports are labelled as 2 and 6 for the first stage drop ports, while 3 and 5 for
the second stage drop ports.

communication link, which was performed through the second stage. On the other side,
T1-R5 performed a slightly degraded communication such that its penalty at BER

= 107 is measured as 0.4 dB, which can still be neglected compared to measurement
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Figure 4.16: BER vs. Received power of 1 x 4 Type-I ICR router (a) and static
transmission of drop ports (b). Rings radii are Ry = 18 um, Ry = 19 pm, R3 = 21 ym
and Ry = 20 pum.

Before we conclude this section, it is important to emphasize that the devices
have been investigated in terms of possible interferometric crosstalk components. The
presented BER evaluations depends on the bandwidth of the resonances, since we have
introduced three WDM signals modulated at 10 Gbps for measurements in which, two
of them were considered as interfering channels set in closest frequency slots to the
central wavelength in the DWDM grid (0.4 nm separation). The suppression of the
two interfering channels was below -20 dB. Therefore, the system can be considered as a
single channel communication by considering possible interferometric crosstalk sources
related to Q-factor of the devices. It has been shown that all type of devices perform
similarly with minimal power penalties that are comparable to measurement errors,
except the PSE performed slightly lower when it needed to process same wavelengths

simultaneously. The measured power penalty was 0.8 dB at BER = 1079.
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4.6 Experiments on SOI embedded ring resonators

for investigation of add /drop filtering processes

In 3.2, an analytical model of a horizontally embedded coupled ring resonators was
developed to study the possible use of such resonators to obtained passband profiles
by driving the phase difference of the two coupled resonators. According to the model
outcomes, the phase difference in the two resonators can alter output characteristics of
these devices in such a way that its desired transmission window in the spectrum can
be obtained. The aim of this section is to investigate the possible use of embedded rings
for drop channel filtering applications that can be useful for flexible optical networks.

Due to the design rule check constraints, which forbid metallization trenches in
the circuits pass over waveguide sections, the devices with integrated metal heaters
had to be designed in racetrack forms. This condition did not allow to realize circular
embedded rings, considering overall footprint of the desired devices. The first two
embedded rings have mask layouts of the racetrack of embedded rings with horizontally
and vertically coupled inner rings, as illustrated in Fig. 4.17. The horizontally coupled
inner cavity bends have 12 um of radius and its straight waveguide sections are 40
and 14 pm. The outer ring bends have 15 pm radius with 35 and 50 pm long straight
sections. The vertically coupled configuration has the identical outer cavity while the
inner ring circumference is 10 pum shorter than the horizontally embedded one. We
used these design parameters to realize the devices with smallest footprint possible in
given conditions according to the allowed fabrication rules. Therefore, the devices in

Fig.4.17 are not fully optimized.

10 um

—~
g>|
~—

Figure 4.17: Mask layout of the racetrack embedded ring resonators in horizontal (a)
and vertical directions (b).

The analytical model was developed for the horizontal configuration. However, the
model is valid also for the vertically coupled device. The difference between the two
devices is the coupling strength between inner and outer rings. By rotating the inner
ring in vertical direction, it is possible to manipulate coupling of outer ring and bus
waveguide, but inner ring coupling still exists. Fig. 4.18 shows the measured transfer
functions. By these measurements, we tried to stimulate the Case II (m; —m2 = odd)

number. Phase shifts arrangements are carried out by tuning the inner ring. It can be
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seen from (a) that when the applied voltage is 2.1 V, the through port transmission
dips vanish and the device tends to exhibit a transparency window over the C-band.
However, since the measured fluctuation is 7 dB, the device showed poor through port

transmission, without satisfying the expected behaviours as illustrated in Fig. 3.18.
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Figure 4.18: Through port transmission spectra of the embedded ring resonators in
horizontal (a) and vertical directions (b).

On the other hand, vertically embedded rings showed better results since they
have different coupling coefficients. Introducing the third waveguide in the horizontal
couplers decreases remaining coupled power in the outer ring. Therefore even though
the both devices are identical in terms of design, vertically coupled embedded rings have
smaller coupling coefficients. When the inner ring is tuned at 1.3 V, the device switches
its operation to Case II. Sharper through port transmission curves also indicate smaller
coupling with respect to horizontally embedded rings. The notches induced by mode
splitting are still observable at 2.8 V. Note that in the theoretical analysis, we analysed
different coupling coefficients to investigate possible transmissions. In practice, we do
not actually change coupling coefficients but tuning resonance wavelength of the inner
ring results in different coupled strength into the outer ring, since the directional coupler
are wavelength dependent. This allow us to manipulate the transmission spectra.
However, we have noticed from these preliminary measurements and outcomes that
embedded ring resonators are difficult to operate the desired function at a desired
wavelength. Therefore, the demonstrated transmissions in (a) was between 1535 to
1560 nm, while the second (b) could be obtained only in the range of 1529 and 1534
nm. Furthermore, as previously shown in the model analysis, very sharp peaks due to
electromagnetically induced transparency (EIT)-like effect can occur when my —my =
odd number and the coupling is weak. However, the measured devices did not show
this, since the coupling strengths are higher (the expected power ratios of the bus
waveguides and outer rings were 70% for horizontal and 50% for vertical couplers in
horizontally embedded rings) in the racetrack version of the ring.

Next we investigate two horizontally embedded rings that are cascaded through
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the upper bus waveguide, as shown in Figure 4.19. The rings have been designed
to test Case I under a strong coupling condition and to perform bandwidth variable
Add/drop channel filtering, as previously shown in Fig. 3.20. In this configuration,
both devices have the same inner ring circumferences equal to 163 um. The outer ring
of the second device is 20 pym longer than the first one, which is 221 pym. Bend radii
of both devices are kept the same as 18 and 15 pum for the outer and inner ring bend
sections, respectively. Horizontal and vertical coupling sections are 14 and 16 pum long
respectively. These values were expected to provide strong couplings ( > 90%), with 150
nm of gap according to the simulations. Beside the offset length (20 pm) introduced
for the second device, the devices have identical design parameters. The reason of the
use of offset waveguide was to alter FSR of the second devices from the first one. In

this way, drop port spectrums can be compared to each other.

Figure 4.19: Mask layout of two cascaded over-coupled embedded rings.

The transmissions of the output ports are shown in Fig. 4.20(a). Flat-top passbands
of drop ports (P, and P;) spectra confirm strong coupling coefficients. In addition, as
a result of over-coupling, the through port transmission (T) remains below the drop
ports transmission (see Fig. 3.4 for the over-coupling spectra of the single ring). FSR
of P, and P, 3.72 and 3.48 nm, respectively. The measured fluctuations on passbands
between 1540 and 1550 nm are less than 3 dB and FWHM of both curves is ~1.32 nm,
corresponding to ~ 166 GHz. Within the measurement wavelength range the expected
phase shift difference is close to be m; — ms = even number.

We further investigated possibility of electrically driven thermally induced passband
variations of the first drop port P;. The obtained shifted resonances by varied applied
voltage which ranges from 0.5 to up to 2.5 V. As shown in Fig. 4.20(b), as the applied
voltage increase, passbands gradually widens and creates also a valley between twin
peaks. This effect can also be seen in the results of the analytical model analysis in Fig.
3.15(a) at 1.55 pm. 3-dB bandwidth of the initial passband is increased from 166 GHz
to 205 GHz, with a insertion loss 2.8 dB of when applied voltage is 2 V and However,
thermal crosstalk between inner and outer rings cause a red shift of the whole band by
0.24 nm.

As mentioned before, even and odd number phase differences can be available only
in a certain wavelength range. Therefore, device can exhibit Case-I1 and Case-1I be-
haviour in a wide range spectrum. It can be said that phase arrangements for a desired

transmission window remain challenging for embedded ring resonators. Limiting ther-
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Figure 4.20: Drop port transmissions of the cascaded embedded ring resonators (a)
and bandwidth variations according to the applied voltage (b).

mal crosstalk can ease to tune 3-dB Add/drop filtering passbands at the price of an
insertion loss.

However, one property of these devices can be beneficial for flexible optical networks.
In 4.3, we have proposed the ICR based transponder aggregator architecture. In this
architecture, interleavers were used to separate even and odd number of wavelengths
at the inputs and outputs of the switching matrix. This process is in fact very critical
to implement CDC wavelength operations. Considering the presented results, rings
embedded cascaded in such a way that their drop ports transmission share the entire

spectrum with wide and flat-top passbands that can be considered as an interleaver.

4.7 Conclusions

In this chapter, we first reviewed the basic switching elements, including single ring
and PSE. The routing properties of ICR were introduced. Then, a conceptional bidi-
rectional transponder aggregator based on ICR has been proposed and its working
principle was explained. The proposed scheme implements both add and drop func-
tions in a single switch matrix, using the concept of bidirectional communication that
can reduce cost of add/drop functions in ROADM systems.

Next, we analysed ICR based wavelength routing matrix in terms of contention
free scalable networks for NoC applications. Then we compared the ICR based topol-
ogy with the conventional PSE based A-router in terms of number of rings required
to construct NxN networks. According to the scalability formulas, ICR can reduce
the number of rings in wavelength routing fabrics by a factor of 2 and also can imple-
ment 16x16 networks requiring the fewest number of switching element than any other
topology reported in the literature.

We characterised networking performances of single, PSE and ICR devices as well

as 1x4 ICR router by means of BER evaluation. In general, all types of resonators
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performed similarly with minimal power penalties, except the PSE showed slightly
degraded performance (0.8 dB penalty) due to the interferometric crosstalk when it
was configured to process two wavelengths simultaneously.

Transmission characteristics of horizontally and vertically coupled embedded ring
resonators have been reviewed by measurements. According to experiments carried
out on the SOI devices, we have found these devices to be challenging to precisely
control desired transmission spectra due to non-uniform transmission behaviour in a
wide wavelength range. The fabricated resonators performed insufficiently to obtain a
proper EIT-like effect in the through port transmission.

However, two over-coupled embedded rings cascaded by a bus waveguide performed
wide band (166 GHz) and flat-top drop port transmissions. Bandwidth tuning results
implemented by tuning inner ring are presented. The obtained bandwidth enhancement
was ~ 40 GHz with 2.8 dB IL. It has been shown that overcoupled embedded rings can

be useful for the implementation of an optical interleaver.
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Chapter 5

Wavelength selective narrow band
optical reflector based on indirectly

coupled ring resonators

In the previous chapter, we evaluated functional properties of Type-I and Type-II
ICRs for wavelength routing applications where the individual rings are considered to
resonate at two different wavelengths. In this chapter, we investigate what happens
when the two rings resonate at the same frequency. In particular we will see that phase
synchronization, described in section 3.3, makes the device able to reflect the incoming
signal with an high Q factor in an highly selective way. Demonstrations of single and
multiple wavelengths of the ICR reflectors are provided through the SOI and IMOS
devices, respectively.

The work presented in this chapter is largely based on a submitted article: Ali Emre
Kaplan, Paolo Bassi and Gaetano Bellanca,“Tunable narrow band optical reflector
based on indirectly coupled micro ring resonators,” to Optics Express of Optical Society
of America (accepted, DOI: 10.1364/0OE.389830).

5.1 Introduction

Mirrors realized by MRRs have been previously proposed in the literature for various
applications such as laser cavities and sensing, as well as reflective filters in WDM sys-
tems [99-111]. Resonator-based reflectors can be implemented by using many different
configurations. For example, devices based on two rings [104, 105, 107] or three and
even more rings [106] have been proposed. A major drawback of these solutions is that
they exhibit multiple reflected wavelengths, spaced according to the device overall FSR.
Increasing the FSR to obtain a single working wavelength requires a reduction of the
MRR radius, with an immediate fallout in an unacceptable increase of bending loss at-
tenuation. To tackle this issue, cascaded ring resonators have been proposed to enhance
the FSR and pass band flatness without suffering from the reduced radius [112-114]
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issues (see [30] for more examples). Coupled resonators could benefit of the vernier
effect, which increases the wavelength tuning range (e.g. as end mirrors in laser ap-
plications [103,110,115]). Other approaches for realizing single wavelength reflectors
combine a Y-branch splitter with an embedded microring/microdisk [102,109] or side-
wall Bragg grating assisted ring and racetrack resonators [108,111]. The main problem
with these approaches, though interesting results have been recently presented [116], is
related to the footprint: indeed, a very high number of periods is needed to guarantee
high reflection. Moreover, precise fabrication of these gratings requires a high quality
lithography process.

Previously reported double ring based reflectors use directly coupled rings. They
exhibit reflections in presence of resonance mode splitting induced by coupling between
the clockwise (CW) and counter clockwise (CCW) propagation modes. However, mode
splitting for wavelength reflection occurs only in specific coupling conditions, especially
when coupling between cavities is weak [105]. This requires an additional design effort
to precisely determine the cavity-to-cavity coupling coefficients. Moreover, fabrication
issues such as sidewall roughness, which may produce strong reflections that propagate
back to input port [117], can harshly influence the performance of the device.

On the other hand, the ICRs can offer a single reflection condition, which depends
on the phase shift difference between two resonators. The other design parameters
such as coupling strengths, which are in common with the other type of ring reflectors,
should be optimized only to enhance the reflected power.

In the following, we will investigate the reflection properties of the device and
provide the optimal design parameters to evaluate the reflection performance and ex-
perimentally demonstrate that, by a suitable tailoring the resonant wavelength shifts
imposed via integrated metal heaters on chip, it is possible to make ICR to exhibit

reflection.

5.2 Working principle of ICR reflector

Figure 5.1 illustrates different working regimes supported by the Type-I ICR. As ex-
plained in the previous chapter, when the rings resonate at different frequencies, the
device acts as a router. and the resonant wavelengths are dropped by the rings and
driven to the respective output ports, as shown in Fig. 5.1(a). However, when the rings
are synchronized the light is readdressed back to the input port, thus giving rise to
reflection (as shown by the dotted-red path in Fig. 5.1(b)). In this case the rings have,
at the wavelength corresponding to the shared resonance, the same optical lengths. As
shown 3.3, this implies ¢, = 05, being 01 = nespi1 L1 and 0y = neprolo, where nesy, and
L; are the effective refractive index of the mode and the circumference of each ring,
respectively.

The phase shift synchronization can be obtained by fabricating rings with the same
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Figure 5.1: Working principle of the ICR when used (a) as a router, in the case of
phase shift (6, # 6, for all the ring resonances) and as a reflector (b) when 6, = 6, at
the common resonance of the two rings.

radii or, in case of different rings, through thermo-optical tuning. In the former case, all
the resonances are synchronized and a comb-type reflected spectrum, i.e. a spectrum
where many peaks are present, results. Reflected wavelengths are spaced depending on
the FSR of the rings, with peaks not equally spaced due to effective index dispersion.
In the latter case, two close resonances can be superimposed by shifting one to coincide
with the other, and a single reflected wavelength is then obtained.

Thermal tuning can also be used to shift the operating wavelength of the device by
heating both rings, in order to adjust the reflected wavelength to the desired value, or
to reconfigure it as a router avoiding any superimposition of the resonances, as it will
be explained in the next section of the chapter.

We first present experimental results of single wavelength reflection on the SOI
reflector, which has different rings. Then we will investigate the reflection spectra
obtained by the identical rings fabricated with the IMOS technology.

A microscope image of the characterized SOI ICR is shown in Fig. 5.2. Since
rings are different, the synchronous resonances at the desired wavelength must be
configured by thermal tuning. During this operation, because of the proximity of the
rings, thermal crosstalk is possible and an undesired drift of the resonance could be
observed. To overcome these effects, approaches such as thermal crosstalk cancellation
described in [118] should be applied.

5.3 Experimental results of SOI Ring Reflector

The experimental setup used to characterize the fabricated devices is illustrated in Fig.
5.3. It is similar to the setup described in Fig. 2.4, except the reflection spectrum is
retrieved from the input port using a circulator. In this way, the input and reflected

signals can be independently measured. The integrated heaters used for resonance
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Figure 5.2: Microscope image of the fabricated SOI reflectors with metal deposition
for micro heaters and probe pads.

tuning are driven by a suitable power supply. The resistance of each integrated heater

is ~14 € and depends mainly by the length of the titanium strip covering the ring.
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Figure 5.3: Experimental setup for reflection and transmission measurements.

Figure 5.4 shows the wavelength shift according to the power applied to the resistor
on the ring. The calculated tuning efficiency obtained from the slope of the linear fit
was found to be 115 pm/mW. The resonators have FSR of 5.04 and 4.76 nm for the
radii of 18 and 19 um, respectively. Therefore, the maximum required power to tune
the reflected wavelength within the FSR is below 45 mW.
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Figure 5.4: Measured resonance wavelength shift in ICR with respect to the applied
power.

The experimental results of the drop and through ports when the electrodes are not
polarized are shown in Fig. 5.5(b). In the following, we will refer to this configuration
as the OFF state. When no voltage is applied to the electrodes, all the resonances
are phase-unmatched and separated in the considered wavelength range. As shown in
Fig. 5.5(b), the two dropped wavelengths near 1540 and 1542 nm have @ = 17,500 and
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10 GHz of bandwidth. The North and South drop ports both show weaker secondary
resonance wavelength peaks driven by the other ring. This is caused by back scattered
signals induced by the sidewall roughness of the waveguides, which are not considered
in the analytical model. These signals, in fact, induce counter propagating modes
which appear in the spectrum of each drop.

Such resonances occur at the wavelengths where the model predicts coupling effects
between the rings. Without backscattering, such effects would be a further decrease of
the signal at the drop output. With backscattering, on the contrary, some undesired
signal is present in the channel. It however adds in spectral positions where the signal
level is much lower, being then less harmful for the device performance. As said before,
differently from the previously reported configurations based on side-by-side coupled
double rings, the coupling of these modes is not required for the reflection condition.
The ICR in fact, thanks to its topology, performs reflections using mutually shared
light paths for re-routing the dropped wavelengths back to the input port.
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Figure 5.5: (a) Measured transmission spectra of Through (Black), North drop (Green)
and South drop (Blue) ports in the OFF state (no applied voltage to the electrodes);
(b) enlarged view in the 1540 + 1550 nm wavelength range. In this figure, the dotted
Black curve is the fit, with the analytical model, of the Through port. In the same
plot, the calculated drop outputs are also illustrated (dashed curves). In this situation,
all the resonances in the considered portion of the spectrum are asynchronous, and
therefore separated.

In order to compare the model outputs with the experimental results, we first
extracted the technological parameters, such as group index, coupling and loss coeffi-
cients, by fitting our model to the measurements in the OFF state. The fitting plot
of the through port is the dotted Black curve of Fig. 5.5(b). The parameters ex-
tracted from this fit are reported in Table 5.1. The fitted loss coefficients a; and a»
are in good agreement with the expected propagation losses in the cavity, considering
3 dB/cm waveguide loss. The curves of the North (dashed Green) and South (dashed
Blue) drop ports obtained through the transfer matrix model using the parameters

obtained from the fitting are also plotted in Fig. 5.5(b). The same fitted parame-
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ng 8neff/8)\ R1 RQ k’l k’g k’g (051 (6]
4.08 1.046-106 18.02 19.01 0.232 0.236 0.182 0.986 0.987

Table 5.1: The extracted parameters obtained by fitting the parameters of the model
with experimental results.

ters have been also used in the analytical model to reproduce device responses when
the resonators are synchronized (ON state) for the common resonance. In this case,
thermally induced effective index change is introduced in the model.

To configure the device as a reflector, i.e. to turn it from the OFF to the ON
state, 1.7V have been applied to the electrodes of the North ring. This causes a
shift of 1.7nm on the peak of E,4, which now superimposes to the peak of E,, for
A ~ 1547 nm. The power required for this shift is about 14 mW. As seen in Fig. 5.6(b),
in this situation the power of the dropped wavelength is reduced to about -10 dB and
the power reduction compared to the OFF state is close to 5 dB. Furthermore, the ER
of E,3 increased up to 22 dB, with a difference of AER = 11 dB with respect to the

non synchronized case.
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Figure 5.6: (a) Measured transmission spectra of Through (Black), North drop (Green)
and South drop (Blue) ports with an applied voltage of 1.7 V to the North ring; (b)
enlarged view in the 1540 + 1550 nm wavelength range. As it can be noticed, the phase
synchronization is present for A ~ 1547 nm

The measured spectra of E; (reflection) and E,3 (through) are shown in Fig. 5.7(a).
When the rings are tuned to have a common resonance at A ~ 1547 nm, a very narrow
band reflection peak (@ ~ 30,000) with 50 pm (6.4 GHz) of linewidth and 11dB of
ER becomes maximized at the resonance (A ~ 1547 nm). The measured reflection to
transmission ratio is found to be 0.96 (linear scale). As seen in Fig. 5.7(b), a secondary
peak 9.87 nm on the right from the main resonance appears. This secondary peak has
an intensity 2 dB below the intensity of the main peak.

This undesired peak occurs because of the proximity of two non-degenerate resonant

modes. The suppression of side modes gets higher when resonances are more separated
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in wavelength. We also found from the model results that reflection port suppression

depends on Q-factor: the higher the Q factor, the higher the side mode suppression.
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Figure 5.7: Transmission and reflection as a function of the wavelength when the device
is in the ON state (a). Comparison of the measured reflection spectra in the OFF (Black
curve) and ON (Red curve) states (b). The enlarged view shows the spectra in the
region of the peak comparing also measurements with simulated results (Red dotted
curve) for A ~ 1547 nm.

Evaluation of the actual reflectivity by comparing the ratio between reflected and
the transmitted signals is not straightforward. In fact, thermal tuning for phase align-
ment is sensitive to measurement errors and the maximum reflection is achievable in
a very small wavelength range. Moreover, other contributions to the reflection such
as fiber to waveguide coupling, back scattering and Fabry-Pérot oscillations between
input and output gratings, result in a reflection floor distributed over the spectrum
even in the OFF state, as shown in Fig. 5.7(b). Since the measurements of ON and
OFF states can have different reflection floors, we calculated the reflectivity by mea-
suring the reflection enhancement with respect to the floor level at the wavelength of
the resonance. As a result, each reflection peak is investigated with its own reflection
floor and the difference is considered as the actual reflectivity coefficient.

The reflector has been tested in the wavelength range of 1520 - 1560 nm by applying
suitable polarization voltages to the integrated heaters in order to tune the reflection,
i.e. in order to superimpose two ring resonances, at the desired wavelength. Fig. 5.8
shows the measured reflectivity over a span of 37 nm. The maximum measured value
is found to be 0.63 (linear scale), similar to the predicted value of 0.68 obtained from
the model using the fitted parameters. The measured reflectivity has an average value
of 0.55 in the considered wavelength span and the maximum oscillation of about 15%.
The change in the measured reflectivity, which was not foreseen in the analytical model,
is due to the dependence on the wavelength of the coupling coefficients of the couplers.
Since the horizontal and the vertical couplers are different, their ratio changes when
tuning the device and therefore also the reflectivity, as shown in the reflection plot of
Fig. 3.24.
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Figure 5.8: Measured reflectivity as a function of the wavelength obtained through
thermal-tuning.

In order to have a uniform reflections in the tested wavelength range, the difference
between the cavity lengths should be reduced. However, in this case, the identical
radii will increase the strength of the side mode reflections and eventually lead to
a periodic comb reflection spectrum, since more resonances could be simultaneously
phase synchronized. Using different radii, for example 18 and 19 pm, allows to restrict
the number of simultaneous resonances to a single one at a fixed wavelength.

As stated earlier, higher reflectivity and side mode suppression require low losses
in the cavity. According to simulations, a propagation loss of 1 dB/cm in the rings,
neglecting the bend loss, would be sufficient to achieve a reflectivity higher than 0.9
and to improve side mode suppression up to 10 dB.

Wavelength dependence of other important quantities such as ER and FWHM of
the reflection peaks are shown in Fig. 5.9(a). The linewidth of reflected resonances
varies from 40 to 52 pm while the ER range is between 6.65 and 11 dB. Since the
propagation losses in bend sections can be minimized by increasing the radius, the
preliminary study on the coupling coefficient takes an important role for the critical
coupling condition to achieve narrow linewidth reflection spectra.

Fig. 5.9(b) shows the measured ER in the ON state (synchronous rings at the res-
onance) and its increase AER compared with respect to the OFF state (asynchronous
rings at the resonance). The maximum observed ER is near a wavelength of 1560 nm,
where the AER =29 dB.

From this plot it is possible to observe that, even though the reflection condition
requires a high ER in through port transmission, reflectivity strength and ER can be
uncorrelated. In fact, as it can be noticed from the plots in the first row of Fig. 3.24,
there is no correspondence between high reflection and high ER. Moreover, regardless
the phase matching condition is satisfied (bottom row in the same figure), the through
port always presents a high ER region depending on the coupling ratio of the horizontal

and vertical couplers. As an example, by considering the asynchronous case (6, # 65)
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Figure 5.9: (a) Measured ER and FWHM of the reflected peaks as a function of the
wavelength while tuning the common resonance of the two rings through the heaters;
(b) measured ER of the through port transmissions with its enhancement AER com-
pared to OFF state.

Reference  Device Type Material ~Reflectivity FWHM (pm)
[107] Directly coupled double MRRs' Polymer 0.23 120

[108] Grating assisted single MRR* SizNy 0.92 400

[109] Single microdisk resonator ¥ Silicon ~ N/A 17

[110] Directly coupled double MRRs' Silicon ~ 0.7* 160

[111] Grating assisted racetrack resonator ¥ Silicon — 0.74** 147

This thesis Indirectly coupled double MRRs T Silicon 0.63 51

I: not tunable, : tunable, *: estimated, **: simulated

Table 5.2: Comparison of experimental demonstrations of ring based reflectors.

with the values of K},/K, =2 and a loss coefficient a » 0.95, it is still possible to obtain
the highest ER achievable and keep the reflection power to less than -15 dB.

Comparisons among previously reported ring based reflectors [107-111] and the
device proposed in this work are shown in Table 5.2. Only the experimental works are
included in the list. While the grating assisted resonators show higher reflectivity [108,
111] our device, together with the reflector in [109], produces much narrower reflection
bandwidth. Unfortunately, the results reported in [109] do not provide the reflectivity
value. That device is a different implementation of the one originally fabricated in
Polymer [102] (not in the list because of lack of information on both reflectivity and
FWHM), where the ring is substituted by a microdisk. The reflectors in [107] and [110]
are made by two rings that are side by side coupled to each other. While the former was
fabricated in Polymer, the latter was made of silicon and used as an external cavity to
realize a tunable laser. As said before, the working principle of these mirrors is based on
counter propagating modes coupling. The devices presented in [109] and [111] combine
a resonator with two Y-branch splitters that connect the input and output ports to
implement Mach-Zehnder interferometer, where the branches of such interferometer

are coupled to a resonator as in add/drop configuration.

89



CHAPTER 5. WAVELENGTH SELECTIVE NARROW BAND OPTICAL
REFLECTOR BASED ON INDIRECTLY COUPLED RING RESONATORS

All reflectors listed in Table 5.2 use MRRs in either all-pass or add/drop configu-
rations while ICR uses a cross-grid configuration.

In this section, we experimentally demonstrated that ICRs with the rings that have
different radii can provide very narrow tunable single wavelength reflection. In the next
section we provide the results of multiple wavelength reflection measurements obtained

from racetrack version of ICR fabricated in the IMOS technology.

5.4 Multiple-wavelength reflection implemented by
a racetrack ICR fabricated in IMOS

According to the theory, an ICR with identical resonators can generate multiple re-
flections as a comb-like spectrum as a result of fully synchronized resonators in terms
of symmetric coupling coefficients, dispersion and loss. To test this statement, ICR
reflectors with identical rings have been designed and fabricated via IMOS MPW run
at the Eindhoven University of Technology, together with the characterized directional
couplers described in section 2.2. A Scanning Electron Microscope (SEM) image of
a racetrack Type-I ICR is shown in Fig. 5.10. Each ring has 15 pgm curvatures that
are connected by 1 pum and 5 pum long straight waveguides, which are coupled to bus
waveguide via 3x3 and 2x2 couplers, respectively. The couplers have 100 nm of gap

and the waveguides are polarized by quasi-TE mode.

Figure 5.10: A SEM image (by NanoLab@TU/e) of an ICR fabricated in IMOS.

The devices have integrated heaters, but unfortunately thermal tuning for reflec-
tion measurements have not been carried out yet. Therefore, we can present transfer
functions obtained by keeping the chip temperature at 24 °C. Results shown in Fig.
5.11(b) can only provide a proof-of-concept demonstration. Perfect matching can in
fact achieved only tuning the device because of unavoidable fabrication tolerances. The
reflected peak near 1508.5 nm (b) has ~0.77 (linear scale) transmission/reflection ratio
and Q-factor of ~11,000. However, non perfect symmetry of the transfer function plots
allow to deduce that these results could be improved using thermal tuning.

The normalized multiple resonance peaks with ~5.72 nm of FSR are shown in Fig.

5.12. Due to focusing grating coupler response, a group of 8 reflections have a comb-like
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Figure 5.11: Transmissions of the measured drop, through and reflection (a) and zoom
view at 1508.5 nm (b).

spectrum between 1490 and 1525 nm. Depending on reflection floor, the peaks have

different power levels with a maximum variation is 1.84 dB.
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Figure 5.12: Normalized reflection spectrum of IMOS ICR.

A rough guess of the reflectivity can be made, considering the peak magnitude and
comparing it to the corresponding reflection floor. For instance, at 1500.2 nm one finds
a 7.16 dB of difference between maximum of the peak and its reflection floor, which
corresponds to a reflectivity of 0.8. Despite this is a non optimal operating condition,
the reflectivity is anyway much higher than that achieved in SOI devices. This is a
good starting point to make performance comparison of ICR reflectors, considering

single and multiple wavelength reflection conditions.

5.5 Conclusions

In this chapter, Type-I ICR has been investigated as a highly frequency selective optical
mirror. An ICR device that has the rings with different radii can be configured through

thermal tuning to obtain a single narrow-band selective mirror. On the contrary, if rings
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with same radii are considered, multiple reflections and a comb-like reflection pattern
can be obtained. Both SOI and IMOS devices have been designed, fabricated and
measured.

The SOI ones have been extensively characterized. For these devices, the tuned
reflections (FWHM < 55 pm) in a 37 nm wavelength range showed @ ~ 30,000 and an
average reflection coefficient of 0.55. The reflection strength was found to be sensitive
to round trip propagation losses. However, as the analytical model suggests, higher
reflectivity can be obtained by improving the fabrication quality. For IMOS devices,
though characterization was not so extensive, preliminary results showed that a much
better reflectivity can be expected.

The design considerations allowing to achieve a single wavelength reflection with
high side mode suppression have been addressed. Unlike conventional directly cou-
pled ring based reflectors, which require the backward coupling of counter propagation
modes, the ICR topology uses forward propagation and needs only phase shift align-
ment of the resonators to achieve reflection condition.

As foreseen from the analytical model of the ICR, identical rings can impose a
condition that the reflection spectra of Type-1 can perform multiple wavelength re-
flections. This condition has been experimentally demonstrated by the racetrack ICRs
fabricated in IMOS technology. A set of eight reflection peaks spaced by 5.72 nm in the
wavelength spectrum had around 11,000 Q-factor and 1.84 dB peak power variation
in a wavelength range of 1490 and 1525 nm. The maximum measured transmission/
reflection ratio was 0.77 (linear scale). Due to the lack of thermal-optic tuning mea-
surements, the reflectivity of the fabricated IMOS ICR has been estimated using the
reflection floor where the actual reflections were measured and found be 0.80. This
value, however, can be reasonably increased if the perfect match between the two rings
can be obtained.

The ICRs driven in simultaneous resonance condition can offer more precisely tuned
reflected wavelength and can be an alternative device to Distributed Bragg gratings
and photonic crystals for the use of an external reflective cavity as well as an inter-
nal cavity in the integration platforms that use active materials for single wavelength
laser applications, sensing schemes as well as feedback systems in scalable ring based

switching architectures.
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Chapter 6

Theoretical study of a differential

optical sensing scheme

In this chapter, we introduce a proof of concept of a differential optical sensing scheme
for biosensing applications. The aim of this study is to provide an on-chip thermal
calibration method and to theoretically compare sensing performance of the presented
scheme with a single ring micro resonator through a case study.

The content of this chapter is largely transcribed from the conference paper : Ali
Emre Kaplan, Gaetano Bellanca and Paolo Bassi, “Differential Optical Sensing through
Coupled Micro Ring Resonators,” The Thirteenth International Conference on Quan-
tum, Nano/Bio, and Micro Technologies ICQNM, October 27- 31, 2019 - Nice, France.

6.1 Introduction

Integration of microfluidics with PICs promotes new emerging biosensing applications.
So far, various types of on-chip Si PICs, such as MRR, Mach—Zehnder interferome-
ter, photonic crystal and Bragg grating have been investigated for label-free detec-
tion [119]. Among them, MRR based sensors provide higher sensitivity and denser in-
tegration [120]. The add-drop configuration of MRR allows a sensing application that
measures the resonance wavelength shift according to upper cladding index change in-
duced by microfluids [121]. Figure 6.1 illustrates a schematic view a ring based biosens-
ing platform. A suitable measurement setup for this scheme consists of a tunable laser
source (TLS) that provides the incoming light, a splitter that connects output signals
to a spectrum analyser for signal monitoring during measurements and to a tester that
has a photodetector array for read-out process. A computer controls both TLS and
tester for wavelength tuning and collects the measured data via the tester.

The characterization of wavelength interrogation is based on the extraction of re-
fractive index change via resonant wavelength shifts induced by the interaction of fluids
and the evanescent field of a resonant cavity. The amount of the wavelength shift de-

pends on how much the analyte flow alters the effective refractive index. Such a shift
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Figure 6.1: Schematic view of a micro ring resonator based biosensing scheme: The
index change in the resonator can be either by analyte binding (as in this example) or
analyte concentration change in the microfluid flow.

can be formulated as [122]

_ Anclacl>\res

AN (6.1)

g
where Ang,q is the refractive index change of the cladding induced by the interaction of
the fluids and the ring resonator. This interaction can occur either by analyte binding
or concentration change of substances and the types of sensing are then called label-free
and bulk sensing, respectively. A MRR with high Q-factor is desirable for enhanced de-
tection limit of sensing applications. However, environmental and microfluidics induced
thermal perturbations must be considered since such spurious effects may significantly
affect wavelength shift at high Q-factor. Previously, a sensing scheme based on cas-
caded MRRs has been investigated using shared flow channel above the reference and
sensing rings where two solutions flow independently [123]. However, it was found
difficult to control precisely the temperature and pressure of each solution. Another
approach uses two frequency locked laser sources for imprinting the temperature differ-
ence of the rings in radio-frequency domain and achieves the state of the art sensitivity
in the order of 10-® RIU (Refractive Index Unit) [124]. Unfortunately, this method still
suffers from lack of thermal equilibrium of the sensor and requires more than one laser
source. The previously reported differential sensing platforms with thermal compen-
sation perform only wavelength interrogation, which relates the induced index change
to resonance shifts in the spectrum. Here, we propose an alternative scheme based on
ICR that is able to also support the intensity interrogation, which considers change in
optical power. This property also can help to eliminate the need of external thermal

stabilization systems and a reference fluid flow.

The schematic view of the ICR based sensor is depicted in Fig. 6.2. It is assumed
that the rings are identical and the induced effective index change occurs in one of the
rings, while the other ring is used as reference. Since the overall output transmission

depends only on the phase difference between sensing and reference resonator, we refer
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to this scheme as a differential sensing scheme.
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Figure 6.2: Schematic view of a ICR based differential sensing scheme: prior to mea-
surement process, ICR is set in reflection condition by tuning reference ring via inte-
grated heater. TLS and tester provide continuous transmission measurements. Once
the calibration signal is obtained via circulator, measurement process begins. The mi-
crofluid induced index change in the sensing ring puts the device in routing condition
(phase mismatch) and two separated resonances at North and South drop ports are
measured by a tester. The sensing signal shift in the South drop spectrum (lower inset)
is read relative to the fixed reference signal in the North drop port spectrum (upper
inset).

The basic principles of the measurement can be described as it follows: prior to
initiate the actual measurement, the device is set in the reflection condition by tuning
reference ring via its integrated heater. Phase alignments can be done by monitoring
the sensing and reference signals by OSA. This process allows to calibrate the sensor
for different ambient temperature conditions, therefore provides on-chip thermal sta-
bilisation. Once the calibration signal (reflection) is maximized, i.e. the two resonators
are synchronized, and therefore drop ports have transmission dips, the microfluid initi-
ates to flow over the sensing ring and system begins performing spectral measurement
through the TLS signals. Resonance shifts in the sensing ring spectrum due to re-
fractive index change induced by the fluids flow on the sensing ring and the reference
signals are then obtained by the tester. Finally, the extracted data is obtained from
the resonance shifts of the sensing signal relative to the reference ones. As shown in
the insets of Fig. 6.2, reference signals remain at the same wavelength, while sensing
wavelengths experience red shift and also intensity change till a certain point which
will be explained later.

It can be noticed that, the response of ICR to operation condition change (from
reflection to routing) causes a rapid change in transmission, as transition from a trans-
mission dip to a peak, depending on the index change. Therefore, as shown in the
lower inset of Fig. 6.2, the sensing signals experience, in additional to resonance shifts,

transmission enhancements (represented by the different colours in the lower inset).
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This is not the case for single MRR, because its resonance transmission ideally remains
constant. Power enhancement at the sensing ring drop port saturates at a certain
wavelength and after this point it performs only wavelength shifts as in single ring
case. This property is what we refer to as intensity interrogation. In this case power
enhancements are used to relate the induced index change. In the following, we will
illustrate these two approaches through a theoretical case study, by using identical de-
sign parameters for both single and ICR structures in their analytical models presented

in chapter 3.

6.2 Figures of merit

In order to evaluate pros and cons of the presented scheme over the single ring one, we

first need to calculate its sensitivity using the following parameter [125]:

AN

S =
Anclad

(6.2)

As we analyse the device theoretically, it is convenient to use the effective refractive
index An,ys instead of the Ang,q because the rings are identical in both single and ICR
ring schemes. The minimum detectable change of the n,.ss determines the Limit of
Detection (LOD), which corresponds also to the minimum wavelength shift AX. Since
this sensing scheme requires a spectrum analysis, minimum detection depends on the
setup. To eliminate setup dependency of the measurements, an intrinsic LOD (iLOD)
can be defined as [125]:

irop - LW HM (6.3)

S
meaning that the FWHM of the resonance peak is the lower limit of the wavelength
shift needed to distinguish two successive wavelengths. S and ¢LOD are used as the

test parameters to investigate the performance of the device.

6.3 Performance comparison of single ring and ICR

An the case study, wavelength shifting at the drop ports obtained from n.s¢ detuning
is illustrated in Fig 6.3. Both rings have equal radii of 20 ym and the coupling ratios
is fixed at 0.1 for both single ring and ICR (including three-waveguide coupler) config-
urations. We set the parameter obtained from SOI ring as follows: the initial n.sf =
2.4044 and n, = 4.08 at 1550 nm and index change span An.sy = 1073 divided in three
steps.

The green curves and the blue curves in Fig. 6.3(a) represent reference and sensing
signals, respectively. In the ICR scheme, the sensing signal exhibits a red-shift and

an intensity increase, while the reference signal intensity increases by maintaining the
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fixed wavelength. On the other hand, the single ring sensor (see Figure 6.3(b)) has
only wavelength shift with negligible peak intensity variations. Thus, the proposed ICR

configuration also allows to analyse intensity interrogation in addition to wavelength

interrogation.
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Figure 6.3: (a) Wavelength shifts induced by the change in effective refractive index
(from zero to 1073 with three steps) in the drop ports of the ICR (Green curves are
the reference signals, while Blue ones are for the sensing ones) and (b) single ring drop
port responses (each colour represents index change cumulative index change).

The comparison of the model outcomes of the two approaches is shown in Fig.
6.4. According to the An.sf, the wavelength shifts A\ (red lines) linearly increase in
both devices, where shifts in the ICR are defined peak-to-peak distance of sensing and
reference signals. However, the peak intensity variation AP (blue curves) is available
only for the ICR sensor and it shows a rapid increase for a small range of Angyy,
as shown in Figure 6.4(a). On the contrary, the single ring sensor has a very small
change in peak intensities which are basically floating-point errors so the AP remains
in principle constant, as shown in Figure 6.4(b). Table I summarizes the calculated
sensing parameters. The wavelength shift sensitivity Say nm/RIU is calculated from
the slopes of the AX and, since both devices have identical rings, Say is found to be
the same (918 nm/RIU). As opposed to the single ring case, the minimum resonance
intensity sensitivity of 515 dB/RIU within the range An.sf = 0.001 of the ICR sensor
demonstrates that it is possible to achieve intensity interrogation for a very accurate
sensing performance in a small An.¢; span. The Sap increases as the index change span
decreases. The most significant difference of the sensors seems the limit of detection.
The resonance line width determines the ¢:LOD such that it ensures at least 3 dB
bandwidth separation of two successive resonances. We found that the ICR based
sensor requires smaller effective refractive index change to meet i LOD condition than
single ring does and the detection limit of the ICR sensor is found to be enhanced by
a factor of 5.6 at the price of increased insertion loss of the sensor.

The limiting factor for the intensity sensing is based on the convergence of the AP
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Figure 6.4: Comparison of AP (blue curve) and AX (red curve) with respect to the
induced An.ys for coupled ICR (a) and single ring (b) sensing schemes.

TABLE 6.1. CALCULATED SENSOR PARAMETERS: SENSITIVITIES FOR WAVELENGTH Sa) AND
INTENSITY Sap INTERROGATIONS AND DETECTION LIMITS.

Sax [nm/RIU]  Sap [dB/RIU] iLOD [RIU]
Single Ring 918 - 2.47-107*
ICR 918 515 0.44-104

curve. For instance, when An.s is equivalent to around 0.8 nm wavelength shift, the
change in the transmitted power becomes negligible. This effect can be noticed from
Fig. 6.3(a), where the green curves around the maximum transmission are very close
to each other. However, minimum detectable intensity change is limited by the power
measurement accuracy. The curve of AP shown in Fig. 6.4(a) can give different values
of Sap depending on the minimum acceptable intensity interval; we fixed such value
at 0.1 dB and considered that changes below this value are negligible. Therefore, the
reported Sap in Table I is the minimum sensitivity. The maximum intensity sensitivity
can be achieved in smallest An.s¢ such that the power of peaks increases very rapidly
and reaches very high sensitivity up to 4.5-10* dB/RIU within the value of iLOD.
Furthermore, it is possible to enhance the intensity interrogation range by increasing
the coupling ratio, as shown in Figure 6.5. Stronger coupling strength gives rise to
smoother transitions over the x-axes. But, as a consequence of an increased coupling
ratio, the FWHM rises and results in +LOD impairment.

One of the main noise sources for biosensors is thermal noise. Either environmental
or resonator based self-induced thermal noise becomes critical for very highly sensitive
sensors, hence the temperature of the sensor should be precisely controlled during
the measurement [126]. This adds another difficulty to realize reliable sensors. To
overcome this issue, the proposed differential sensing scheme based on the coupled
resonators can in fact provide an alternative approach to compensate environmental
thermal noise by an initial calibration of the reference ring phase shift by searching the

local maximum of reflection that guarantees single resonance wavelength. Once two
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Figure 6.5. Effect of coupling ratio increments on the range of detectable An.s; in the intensity
interrogation scheme.

coupled rings are synchronized, which implies 6; = 65, then the resulting Sa) and Sap
can be disposed of the environmental thermal noise: during the sensing process, it is
possible to retrieve spurious wavelength shift by monitoring the reference resonance
wavelength. The amount of wavelength shift gives the portion of resonance shifts of

the sensing wavelengths caused by thermal noises.

6.4 Conclusions

In this chapter, we proposed and theoretically studied a novel optical biosensing scheme
based on differential sensing through the coupled micro ring resonators in SOI tech-
nology. The assessment of the sensitivity and limit of detection of the proposed device
have been provided by comparing the results obtained from the conventional single
ring sensor, having the same technology design parameters such as coupling ratio and
radius. Sensitivity of the wavelength interrogation was found to be identical for each
type of device, while the ICR based sensor has enhanced limit of detection by a factor
of 5.6 compared to the single ring sensor.

In addition, the presented device also supports intensity interrogation which is not
the case for single ring if only the spectral measurement is considered. However, such
interrogation was found to be possible only for a very small effective refractive index
change. The way of increasing the range of a detectable index change was reported
and possible resulting impairment on the limit of detection has been described.

Thanks to the possibility of an initial calibration of the device by monitoring
the back reflection, differential sensing scheme can eliminate environmental and self-
induced thermal noises. Therefore, this scheme can provide on-chip thermal control by
integrated micro resistors on the reference ring for realizing reliable integrated biosen-

sors and cost effective measurements.

99



CHAPTER 6. THEORETICAL STUDY OF A DIFFERENTIAL OPTICAL
SENSING SCHEME

100



Chapter 7
Conclusions and future works

In this thesis, applications of coupled ring resonators have been extensively investi-
gated. The theoretical and experimental outcomes have been elaborated, aiming at
introducing indirectly coupled micro ring resonators as a novel Building Block for Pho-
tonic Integrated Circuits. The methodology followed in the thesis includes modelling,
design and experimental characterization of devices fabricated through Multi Project
Wafer runs. Two different integration platforms (SOI, IMOS) have been considered to

investigate potential features of the proposed indirectly coupled resonators (ICR).

The presented research has first focused on basic photonic circuits elements such
as single mode waveguides and directional couplers. In Chapter 2, material structures
of the Silicon-on-Insulator (SOI) and Indium-phosphide Membrane on Silicon (IMOS)
integration platforms have been introduced. The experimental characterization results
of TE and TM mode directional couplers fabricated with IMOS technology have been
provided. According to obtained results TM mode couplers have exhibited better
agreement with the theoretical expectations. The modal simulation results suggested
that the critical issue for the TE mode coupler fabrication relies on the etching process
for narrow trenches. Since Micro ring resonators (MRRs) have two main design aspects
as coupling strength and length of the resonator, this part of the thesis has been carried
out to support interpretations on possible implications of resonator performance that
may happen. The findings of this analysis are valid to any integration technology that

uses high-index-contrast structures if their waveguide thickness is precisely controlled.

In Chapter 3, analytical models of single and embedded ring resonators as well as
ICR have been developed using the Transfer Matrix Method. The obtained transfer
functions have been used throughout the thesis for fitting or/and interpreting fabri-
cated devices’ behaviours. Working conditions of Type-I ICR for wavelength routing
and reflection have been addressed and commented to achieve best performance for
reflection condition. Static transfer function measurements of the single Silicon ring
resonators have been provided. The fabricated devices with ring radii in a range of 12
to 25 pm showed FSRs range from 3.75 up to 7.85 nm. The maximum obtained Q-
factor was 19,500 corresponding to 0.08 nm of FWHM of the ring with 25 pm of radius.
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The obtained thermal tuning parameters were 95 pm/°C for temperature variation and

110 pm/mW of applied power on integrated heaters.

Assessments of wavelength routing properties of ICRs have been made in Chapter
4, in the context of WDM technology based Flexible Optical Networking and Network-
on-Chip applications. Non reciprocal wavelength routing provided by ICRs has been
exploited to establish the concept of bidirectional communication in transponder ag-
gregator units for the next generation Reconfigurable Optical Add/Drop Multiplexer
(ROADM) systems. A 2-direction 4-channel colourless/directionless/contentionless
transponder aggregator (TPA) scheme has been proposed. This scheme unifies ad-
d/drop sections which have been considered two separated units in the previously
proposed TPA architectures. It has been demonstrated by the concept of bidirectional
communication that the proposed architecture can reduce the cost of add/drop func-
tions in ROADM systems. Furthermore, scalability analysis of ICR-based wavelength
router topology has been carried out and compared with the conventional photonic
switch element (PSE) based A-router topology. The comparison was made according
to the number of rings required to construct NxN network. It has been demonstrated
that ICR-based topology can implement equal number of connectivities with a reduced
number of rings up to ~ 50%. The proposed topology has been compared with also non-
ring based switching fabric approaches in terms of number of switching element and,
according to generalized formulations of scalable networks, the ICR-based topology
up to 16x16 network has the fewest number of switching element than any other fab-
rics reported in the literature. Through Bit-Error-Rate measurements with 3x10Gbps
DWDM links, networking performances of the first-stage single Silicon MRR, PSE and
ICR have been carried out by means of interferometric crosstalk and the results have

shown similar performances for all the devices with minimal power penalties.

Then, directly coupled two embedded ring resonators have also been reviewed by
experiments on SOI devices. The target application was a bandwidth variable add/drop
channel filter. Both horizontally and vertically embedded rings have been measured
and results have been provided and commented. However, it has been observed by
experiments that operating embedded rings for achieving desired phase difference of
the two resonators was difficult. In particular, the resonance spectrum of the tested
devices was not uniform enough; therefore, bandwidth tuning has been performed
insufficiently in terms of insertion loss. A positive outcome has been attained from the
two cascaded horizontally embedded ring resonator circuits. Overcoupled rings have
performed flat-top passbands with a linewidth of 166 GHz in a wavelength range of 1540
and 1550 nm, which was almost entirely demultiplexed by the drop ports transmission.
This transmission profile has been considered for the implementation of interleavers in
the proposed transponder aggregator where the add/drop wavelengths were assigned

with even and odd numbers.

As the second field of application, ICR Type-I has been considered as a reflector
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and results of this analysis have been presented in Chapter 5. By implementing phase
synchronization of coupled resonators, an ICR realized with different radii acts as a
single wavelength reflector. The experimental results of SOI ICR showed a good agree-
ment with the model outcomes. The average measured reflectivity over a wavelength
span of 37 nm was 0.55, with a peak of about 50 pm full-width-half-maximum, which
corresponds to a quality factor of ~ 30,000. On the other hand, an ICR with identical
rings fabricated with the IMOS platform has been tested without thermal tuning and
the device has performed a comb-like reflection spectrum consists of 8 wavelengths in
50 nm of wavelength span (1490-1540 nm) with a maximum fluctuation of 1.84 dB.

As the last type of application, a differential optical sensing scheme based on the
ICR has been proposed and theoretically investigated in Chapter 6. An on-chip sen-
sor calibration method to limit the environmentally induced thermal noise has been
introduced. A theoretical case study has been carried out to compare its performance
with that of a single ring based sensor. According to the model based analysis, the
achieved limit of detection enhancement was a factor of 5.6 in the ICR type sensor.
By leveraging reflection and routing conditions, ICRs can support both wavelength
and intensity interrogation measurements, in which the latter can provide very high
sensitivity in a short range of effective refractive index change.

In overall, outcomes of the conducted research of my doctoral activities have been
presented in this thesis. One of the strongest assets of ICRs is the versatility: they are
easy designable and easy operable. This is important since photonic circuits designers
can use the presented analytical function and related working regimes to implement
desired photonic functions and hopefully explore novel applications. ICRs as a new set

of Building Block can improve PDK portfolio of any photonic integration fabs.

Looking forward

Throughout the thesis, a number of application fields have been inspected to assess
potential features of ICRs. A variety of the investigated applications together with the
outcomes of the presented research have arisen also questions not only answers. Fu-
ture work considerations cover several continuum subjects. First of all, the proposed
ICR-based wavelength router fabric has been investigated only in terms of power con-
sumption of the switching matrix. However, in order to reveal true potentials of such
routers, crosstalk analysis also need to be elaborated to make possible realization of
the proposed transponder aggregator and to validate bidirectional communication per-
formance in real applications.

Monitoring actual routing wavelength assignments in integrated switching fabrics
is an important issue for power management and stabilization. This process is mainly
carried out by distributed integrated photodetectors that use a portion of the routing
wavelength on networks for feedbacks. Looking for a possible answer for the following

question can be a part of the future works: would it be viable using ICRs to provide a
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feedback system in switching matrices when an ICR is in reflection state?

Type-11 ICR has been considered only for routing applications. However, its phase
shift synchronization regime, instead of reflection, can split the power of the common
resonance equally. One of the next studies will consider Type-II ICRs as a tunable
wavelength selective 50:50 power splitter.

Finally, a possible implementation of differential optical sensing scheme would be

definitely helpful to determine feasibility of the proposed sensing scheme.
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