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Nederlandse samenvatting
—Summary in Dutch-

Optische glasvezelcommunicatienetwerken vereisen zenders en ontvangers
(transceivers) aan elke zijde van de glasvezel. Deze converteren de optische
signalen naar elektrische signalen en vice versa. Transceiver optiek volgt nu
hetzelfde pad als elektronica in de 20° eeuw. Fotonische componenten kunnen
worden gemonteerd op een optisch platform (equivalent met een Printed Circuit
Board (PCB)) of geintegreerd in een fotonische chip (Photonic Integrated Circuit
(PIC)). Deze trend is een van de belangrijkste drijfveren voor de vooruitgang
in transceivertechnologie. Fotonische integratie, in de zin dat het licht volle-
dig gecontroleerd wordt door middel van golfgeleiders op de chip, heeft een
heel nieuwe dimensie van fotonische componenten geopend en het vermogen
om complexe circuits op een enkele chip te integreren. In dit werk zal ik de
haalbaarheid van siliciumgebaseerde fotonische chips als integratie platform
voor optische communicatietoepassingen evalueren en dit door middel van drie
integratie voorbeelden.

1 Fiber-To-The-Home (FTTH) point-to-point (PTP)
central office (CO) meerkanaals zendontvanger

Voor de datacom en access markt heb ik een Fiber-To-The-Home (FTTH) point-
to-point (PTP) central office (CO) transceiver array ontwikkeld. Grote econo-
mische besparingen kunnen worden bereikt door het verminderen van de CO
ruimte. Ik heb hierbij gebruik gemaakt van de schaalbaarheid die fotonische
integratie biedt zodat men moeiteloos meerdere transceivers kan dupliceren op
een enkele chip. Normaal gezien bevat een Small-Form-Factor-Pluggable (SFP)
behuizing exact één optische transceiver. Door middel van optische integratie
kunnen we nu 4 tot 24 FTTH transceivers integreren in dezelfde SFP behuizing
(zie Fig. 1).

De uiteindelijke multi-transceiver chip moet voldoen aan de FTTH transceiver
specificaties, gebaseerd op de IEEE 802.3ah 1000Base-BX10 standaard. Daaren-



xiv NEDERLANDSE SAMENVATTING

g% |||-V photonics

Si photonics

% electronj

Optical multi-wavelength
transceiver array

Figuur 1: SFP behuizing die een enkele FTTH transceiver bevat en gebaseerd is op discrete
optica (bovenaan) en een SFP behuizing die 24 transceivers bevat door middel van
geintegreerde optica op een silicium chip (onderaan).

Figuur 2: 4-kanaals FTTH transceiver demonstrator, gerealizeerd in samenwerking met
Genexis, Caliopa en de Technische Universiteit van Eindhoven in het kader van het
Nederlands Smartmix-Memphis project.
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boven heb ik de chip ontworpen zodat het gebruik van technologie overgenomen
van de CMOS industrie wordt gemaximaliseerd. Hiertoe heb ik glasvezelkop-
pelingstechnieken die het licht uit het vlak van de chip koppelen, geoptima-
liseerd en gebruikt voor elektrooptische testen op waferschaal. Dit reduceert
de verpakkingskosten aanzienlijk en is daardoor essentieel in de korte afstand
transceivermarkt die heel prijsgevoelig is. Naast het oplossen van het glasvezel-
chip koppelingsprobleem moest ik ook andere componenten optimaliseren of
uitvinden om aan de IEEE specificaties te kunnen voldoen. Enkele voorbeelden
hiervan zijn een Planar Concave Grating (PCG) demultiplexer die de upstream
golflengtes splitst en een III/V transparante fotodetector die de downstreamgolf-
lengtes detecteert en tegelijkertijd transparant is voor de upstream golflengtes.
Al deze ontwikkelde componenten heb ik uiteindelijk gebruikt in een 4-kanaal
demonstrator. De demonstrator is te zien in Fig. 2 en is gerealizeerd in samen-
werking met Genexis, Caliopa en de Technische Universiteit van Eindhoven in
het kader van het Nederlands Smartmix-Memphis project. Met uitzondering van
de modulator drivers, waren alle elementen aanwezig in de demonstrator. Deze
zijn de op silicium gebaseerde fotonische chip, de III/V transparante fotodetector
array, de Transimpedance Amplifier (TIA) array en een optische glasvezel array.
Ik concludeer dat het mogelijk is om aan de FTTH specificaties te voldoen voor
deze 4-kanaals transceiver. Het integreren van meer dan 4 kanalen is beperkt
door het optisch vermogen budget. Hiervoor zou men een verbetering in modu-
latorverlies of een geintegreerde optische versterker of meer dan één laser nodig
hebben.

2 Polarizatie-multiplex (PM) differentiéle quadra-
ture fase shift keying (DQPSK) ontvanger

Voor de lange-afstand en mogelijks korte-afstand markt hebben we een ontvan-
ger onderzocht die een complex modulatieformaat demoduleert. Dit modulatie-
formaat is Differential Quadrature Phase-Shift Keying (DQPSK) die de spectrale
efficiéntie verhoogt. Daarnaast kunnen we ook beide orthogonale polarisaties
gebruiken om de bitrate te verdubbelen. Dit noemen we Polarization Multiplex-
ing (PM or Pol-mux). Een microscoopfoto van de DQPSK ontvanger is te zien in
Fig. 3, gerealizeerd in samenwerking met DAS photonics, Universidad Politec-
nica de Valencia, CEA Leti en het Institut d'Electronique Fondamentale (IEF) in
het kader van het Europees Helios project. We hebben DUV lithografie en Ge
fotodetector integratie gebruikt voor het maken van deze DPQSK ontvanger. Dit
circuit heeft een 90° hybrid en gebalanceerde fotodetectoren nodig. Succesvolle
werking aan 10Gb/s en 20Gb/s is aangetoond. Als laatste voorbeeld hebben we
een PM-DQPSK ontvanger onderzocht en ontworpen gebruik makend van een
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Figuur 3: DQPSK ontvanger demonstrator met gebalanceerd Ge fotodetectoren, gerealizeerd
in samenwerking met DAS photonics, Universidad Politecnica de Valencia, CEA Leti en het
Institut d Electronique Fondamentale (IEF) in het kader van het Europees Helios project.

2D polarisatie splittende roosterkoppelaar om beide polarisaties in te koppelen,
te splitsen en te roteren. Als alternatief voor deze 2D roosterkoppelaar hebben
we horizontale koppeling onderzocht door middel van een geinverteerde taper.
Hiertoe hebben we een polarisatie splitter en polarisatie rotator ontwikkeld.

3 FlexPON golflengte router

Een laatste voorbeeld is een Reconfigurable Optical Add-Drop Multiplexer
(ROADM) voor een Passief Optisch Netwerk (PON). Deze architectuur, genaamd
FlexPON, is ontwikkeld door Genexis en de Technische Universiteit van Eindho-
ven. Ringresonatoren worden gebruikt om gebruikerspecifieke golflengtes af te
leiden of bij te voegen op een dynamische en flexibele manier. Deze architectuur
is mogelijk dankzij siliciumgebaseerde geintegreerde fotonica. Een microscoop
afbeelding van de gefabriceerde FlexPON golflengterouter is te zien in Fig. 4. We
hebben de nodige subcomponenten onderzocht en geoptimaliseerd zodat de
golflengterouterspecificaties kunnen vervuld worden. Een polarisatieathankelijk
verlies (PDL) compensatie methode voor het gebruik van 2D roosterkoppelaars
als koppelingselementen is aangetoond, waarbij een PDL van slechts 0.15dB is
bereikt. Ringresonatoren zijn de hoofdcomponenten voor golflengteschakelaars.
We hebben deze verbeterd en hebben een ultrahoge kwaliteitsfactor van 1 mil-
joen bereikt. We hebben ook de reflectie van roosterkoppelaars geminimaliseerd
tot —45dB.
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Figuur 4: Microscoopfoto van een gefabriceerde silicium chip met FlexPON golflengterouter.






English summary

Optical fiber communication networks require transceivers on each side of
the fiber. These convert the optical signals to electrical signals and vice versa.
Transceiver optics is now following the same path as electronics in the 20"
tury. Photonic components can be assembled on an optical board (equivalent
to a Printed Circuit Board (PCB)) or integrated on a Photonic Integrated Circuit
(PIC). This trend is a main enabler in transceiver advancements. Photonic inte-
gration, in the sense that the light is fully controlled using on-chip waveguides,
has opened up a whole new dimension of photonic components and the abil-
ity to squeeze complex circuits onto a single chip. In this work I evaluate the
feasibility of Silicon Photonics technology as integration platform for optical
communication applications by means of three integration examples.

cen-

4 Fiber-To-The-Home (FTTH) point-to-point (PTP)
central office (CO) transceiver array

For the access and short-reach market I have developed a Fiber-To-The-Home
(FTTH) point-to-point (PTP) central office (CO) transceiver array. Large eco-
nomic savings can be accomplished by reducing the CO space. I exploited the
scalability of photonic integration to duplicate effortless multiple transceivers
on a single chip. Normally a single Small-Form-Factor-Pluggable (SFP) package
contains exactly one optical transceiver. Optical integration enables integrating
4 to 24 FTTH transceivers in a single SFP package (see Fig. 5).

The eventual transceiver array has to fulfill the FTTH transceiver specifications
based on the IEEE 802.3ah 1000Base-BX10 standard. Moreover, I designed the
circuit such that the use of technology leveraged from the CMOS industry is
maximized. Out-of-plane fiber-to-chip coupling techniques were optimized
and used to enable electro-optical wafer-scale testing. This reduces the packag-
ing cost substantially and is therefore thus essential in the cost sensitive access
transceiver market. Besides solving the fiber-to-chip problem, other components
had to be optimized or invented to be able to reach the IEEE specifications. A
Planar Concave Grating (PCG) demultiplexer splitting the upstream wavelengths
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Figure 5: SFP package containing one FTTH transceiver using discrete optics (top) and 24
FTTH transceivers (bottom) using Silicon Photonics technology.

Figure 6: 4-channel FTTH transceiver demonstrator, developed in cooperation with
Genexis, Caliopa and the Technical university of Eindhoven in the framework of the Dutch
Smartmix-Memphis project.
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and a III/V transparent photodetector which is transparent for the upstream
wavelengths and detects the downstream wavelengths were demonstrated.

All the developed components were eventually used in a 4-channel demonstra-
tor. The demonstrator can be seen in Fig. 6 and is realized in cooperation with
Genexis, Caliopa and the Technical university of Eindhoven in the framework
of the Dutch Smartmix-Memphis project. Except for the modulator drivers, all
components including the Silicon Photonics chip, the III/V transparent photode-
tector array, the Transimpedance Amplifier (TIA) array and optical fiber array
were present. I concluded that for this 4-channel transceiver array it is possible to
reach the FTTH specifications. Going to a higher number of channels is restricted
by the power budget. This would require an improvement in modulator loss or
the use of inegrated optical amplifiers or more than one laser.

5 Polarization-multiplexed (PM) differential quadra-
ture phase shift keying (DQPSK) receiver

For the long-reach and potentially access market I have investigated a receiver
which demodulates a complex modulation format, named Differential Quadra-
ture Phase-Shift Keying (DQPSK), thereby increasing the spectral efficiency. Fur-
thermore, by using both orthogonal polarizations, the bitrate can be doubled.
This is called Polarization Multiplexing (PM or Pol-mux). A microscope picture
of the DQPSK receiver demonstrator is shown in Fig. 7. This demonstrator was
realized in cooperation with DAS photonics, Universidad Politecnica de Valen-
cia, CEA Leti, the Institut d'Electronique Fondamentale (IEF) and the Technical
university of Eindhoven in the framework of the European Helios project. I em-
ployed DUV lithography including Ge photodetector integration to make the
DPQSK receiver. This circuit requires a 90° hybrid and balanced photodetectors.
Successful operation at 10Gb/s and 20 Gb/s was achieved. Finally I investigated
and designed a PM-DQPSK receiver using a 2D polarization splitting grating
coupler to couple, split and rotate the polarizations. As an alternative, horizontal
coupling by means of an inverted taper was considered. For this I developed a
polarization splitter and polarization rotator.

6 FlexPON wavelength router

Alast example is a Reconfigurable Optical Add-Drop Multiplexer (ROADM) for
a Passive Optical Network (PON). The particular architecture is quite unique
and is called FlexPON. It is invented by Genexis and the Technical university of
Eindhoven. Ring resonators are used to add and drop user specific wavelengths in
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Figure 7: DQPSK receiver demonstrator with balanced Ge photodetectors, realized in
cooperation with DAS photonics, Universidad Politecnica de Valencia, CEA Leti, the
Institut d Electronique Fondamentale (IEF) and the Technical university of Eindhoven in
the framework of the European Helios project.
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Figure 8: Microscope picture of a fabricated FlexPON wavelength router SOI chip.

a dynamic and flexible way. This architecture is enabled by integrated photonics.
A microscope picture of the fabricated FlexPON wavelength router chip is shown
in Fig. 8. I investigated the necessary subcomponents and optimized them such
that the wavelength router specs can be reached. A PDL compensation method
in the case of fiber-to-chip coupling by means of 2D grating couplers has been
demonstrated achieving a PDL as low as 0.15dB. Ring resonators, serving as
the main component for wavelength switching, have been improved to achieve
ultra-high Q’s of one million. Furthermore, the return loss of grating couplers
have been improved up to 45dB.



Introduction

1.1 Optical fiber communication

Humankind’s crazy progress started with the early usage of primitive tools in
order to shape the world to his needs. Now, as we are on the brink of conquer-
ing our solar system, creating artificial life and revealing the most fundamental
theory of the universal laws. None of which would have been possible without
the following three basic properties: a big tight and flexible interconnected brain
that enables self-awareness and the ability to learn complicated sequences of
movements or thoughts. Manipulators (hands, legs) to physically interact with
our surroundings and manipulate objects. Receivers (senses) and transmitters
(speech, touch) to extract/inject information from and into our surroundings.
Early human communication happened by means of sounds and together with
the human brain as powerful signal processor, complex languages were created
such that the information density of the sounds increased. Information was
spread from generation to generation by oral communication, thereby keeping
the obtained information, knowledge and technology and steadily creating new
insights. In order to spread information over greater distances and over greater
time periods, in order to enhance the information density, people invented alter-
native communication methods such as painting, writing, audio/video record-
ing,...Inventions such as the printing press, telegraph and laser are at the basis
of communication advancements. The tendancy toward increased information
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density, increased information reach and increased information speed has been
a constant through human history. It is the enabler of fast technological progress
and world peace.

In modern society we digitalize information and communicate by manipulat-
ing particles/waves.! Physically speaking the most suitable carrier would be
a neutrino as it only interacts by the weak interaction. For example, we could
transmit signals through the earth core since the chance that neutrino’s interact
with matter is extremely small. However, this makes these particles also difficult
to manipulate [2]. Another example of a good particle candidate is the photon.
Since it is massless and mainly interacts by the electromagnetic force, it can
be used to communicate over very long distances using optically transparent
media. A photon can be guided by forming a waveguide using optical materials
with different refractive indices and by the principle of total internal reflection.
The lowest cost photon waveguide is an optical fiber [3]. The most common
Single-Mode Fiber (SMF) is Corning SMF-28e and its current price is about $
0.2 per meter. In Fig. 1.1, the intercontinental fiber connections are shown. It
are these transmission networks that are at the core of today’s communication
infrastructure and enable the worldwide internet.

Transceivers are the components at the end of a fiber network that convert electri-
cal to optical signals and vice versa [4]. The main components of a transceiver are
lasers (light source), modulators (light manipulators) and photodetectors (light
sensors). Besides the optical fiber itself and the deployment costs, a big cost of a
transmission network are the optical transceivers. Optical communication ad-
vancements typically coincide with transceiver advancements. A straightforward
advancement is reducing the inherent cost of the transceiver. The operating cost
can be decreased by reducing the power consumption, reducing the footprint
of the transceiver or increasing tunability/flexibility. The performance can be
improved, as well as the reliability and self-testing capabilities can be included.
All these transceiver advancements will eventually decrease the cost per bit of a
transmission network.

1.2 Distance weighted transceiver cost reduction

The cost of a transmission network is determined by the optical link cost, i.e.
the fiber, amplifier and deployment costs. In submarine (~ 3000km), long-haul
(80 —3000km) and metro (20 — 80km) networks, the optical link cost is much
higher than the cost of the transceivers. The main transceiver advancements
for these long-reach networks are thus related to increased performance and in
alesser manner to reduced operating cost. High spectral efficiency (bit/s/Hz)

1Recently, a particle free communication method using quantum mechanical superposition
principles has been demonstrated [1].
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Figure 1.1: Submarine optical fiber networks on earth.

is of utter importance. Techniques which enhance the optical reach such as
Chromatic Dispersion Compensation (CDC), high Optical Signal to Noise Ratio
(OSNR) and high launch power/sensitivity are necessary and reduce the number
of amplifiers and/or exclude regeneration [5]. These transceivers need to operate
over several decades and need to be very reliable [6]. For the mid-range and
access transmission networks transceiver power consumption and footprint also
play a major role in decreasing the network cost. For the ultra-short-reach (such
as active optical cables in data centers) the optical link becomes very inexpensive
and thus the optical transceiver value is mainly determined by its fabrication
cost, compactness, power consumption and short-term reliability [7].

1.3 Optical integration value proposition

Transceiver optics is now following the same path as electronics in the 20th cen-
tury. Photonic components can be assembled on an optical board (equivalent to
a Printed Circuit Board (PCB) board) [8] or integrated on a Photonic Integrated
Circuit (PIC) [9]. This trend is a main enabler in transceiver advancements. Pho-
tonic integration, in the sense that the light is fully controlled using on-chip
waveguides, has opened up a whole new dimension of photonic components
and the ability to squeeze complex circuits onto a single chip. However, the
early cases of photonic integration (in the broad context of photonics on a chip)
were single photonic components such as photodetectors, modulators [10] and
wavelength demultiplexers having a superior performance over their discrete
counterparts. This increased performance is mainly achieved by tuning the
integration platform accordingly to the specific component needs. A couple of
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examples are the III-V materials for lasers and photodetectors, silica glass for
passive optical filters [11] and Lithium Niobate for modulators [12]. Photonic
systems quickly became an assembly of fiber based components and single
integrated components, merging the best of all worlds. But, as research and tech-
nology in integrated photonics advances, the chance that these multi-systems
dominate the photonics landscape is decreasing dramatically. Factors such as
size, cost and power consumption are becoming more important every day and
are the main driving force behind the search for the holy grail of complete pho-
tonic integration.

The applications of integrated photonic circuits are numerous and range from
active cables [13, 14] to sensing [15] and free space applications [16]. However,
although integrated photonics technology has the potential to become a major
player in all these fields, for future telecom applications it is the only possible so-
lution due to the inexistence of any alternative to meet future size and complexity
requirements. The main challenge in all of this is to develop a complete photonic
integration platform that has the potential to meet the required specifications.

1.4 Photonic integration platform choice

There are several approaches for complete photonic integration. Historically,
the most successful is using InP or in general Group III/V materials as plat-
form for integration [17]. The main reason for the success can be contributed
to the direct bandgap, enabling straightforward integration of active optical
components using a gain section. Also the fact that the bandgap can be engi-
neered contributed to the success of the I1I/V platform. At the end of the 20*"
century people started looking seriously into silicon or more generally Group
IV materials as integration platform candidate for telecom applications. This
platform is what one calls Silicon Photonics [18]. Research was driven by the
fact that Silicon Photonics could leverage on all the existing tools and progress
made in the silicon industry for micro-electronics [19]. Silicon technology has
been massively optimized during several decades now and forms a perfect
platform for integrated photonics with a potentially ultra-low cost-yield ratio.
Combining germanium with Silicon has been proven to be quite straightforward
and paved the way for high quality photodetectors [20]. Furthermore, using
doped waveguides high-speed modulation can be achieved [21]. However, one
major problem is the integration of light sources due to the indirect bandgap
of Silicon. Several solutions are developed based on the integration of III-V
material on the Silicon platform by means of hybrid or heterogeneous integration
([22], [23]). None of them could be called elegant but until the germanium laser,
which has recently shown to be very promising [24] , or other truly compatible
Complimentary Metal-Oxide-Semiconductor (CMOS)-compatible laser deliver,
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these solutions are second to none. Another alternative approach could be to
completely separate the lasers and the rest of the circuit using a co-packaged
I1I-Vlaser and Silicon Photonics chip but at the cost of increased packaging costs.

Putting the laser issue aside as this is at the moment a very application
dependent problem and solutions come in many flavors, one big general problem
that Silicon Photonics is fighting with are the total circuit losses and specifically
the fiber-to-chip coupling losses [25]. Furthermore, due to the high birefringence
of the silicon waveguides, both orthogonal polarizations are treated preferably
independently using a polarization diversity circuit [26]. In order to have full
benefit from the cost-yield ratio of the Silicon Photonics platform, low-cost chip
testing is a must and this can only be provided if surface couplers such as grating
couplers are used [27, 28], thereby enabling wafer-scale testing and thus pre-
packaging die selection. I will take the coupling problem as a starting point for
discussing silicon photonic integration for applications such as Fiber-To-The-
Home (FTTH) Point-To-Point (PTP) [29] and coherent optical transceivers [30].

1.5 Trends for integrated photonics

The quest for the ultimate complete integrated photonics platform is pursued
on different levels. First of all the III/V community is trying to mature the InP
platform [31, 32]. Although very good progress has been made, the InP platform
is in terms of reliability and killer defects, about 20 years behind the CMOS in-
dustry. Silicon Photonics on the other hand, instead of trying to catch up with
the CMOS industry, makes direct use of the materials, CMOS processes, tools
and infrastructure. In this sense Silicon Photonics is surfing the CMOS wave.
The main problem of the group IV platform is the absence of lasers or amplifiers.
One way forward is to make Silicon Photonics complete by achieving gain in sili-
con or germanium. Very interesting work can be found in [33] where successful
lasing has been demonstrated. Still there are some fundamental difficulties to be
addressed.

An integration strategy which combines the best of both worlds is integrating II-
I/V materials onto a Silicon Photonics platform. Although this is the least elegant
method, itis a strategy with the least uncertainty and risk. Hybrid integration can
take many forms. Prefabricated devices can be hybridly combined with a silicon
PIC by means of butt or out-of-plane coupling. A more intimate marriage is to
bond III/V dies on the silicon PIC whereafter the III/V is processed, achieving
lithographic alignment between the silicon and III/V devices [34].
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1.6 Structure of this PhD thesis

In this work I will focus on the use of PICs for transceiver-like applications. Espe-
cially telecom applications are addressed but a lot of the developed designs can
be used for other applications such as on-chip interconnects or bio sensing. The
telecom transceiver market is separated according to the optical link distances.
For access and short-reach market I have developed a Fiber-To-The-Home
(FTTH) point-to-point (PTP) central office (CO) transceiver array (see Chapter
2). For this case the scalability of photonic integration is exploited to duplicate
effortless multiple transceivers on a single chip and achieve a central office space
reduction. I was the main coordinator in this work and part of all stages in the
development process. This work was realized in cooperation with imec (fabri-
cation), Genexis (design and characterization) and the Technical university of
Eindhoven (characterization) in the framework of the Dutch Smartmix-Memphis
project. Due to the achieved technical success and big market potential of the
developed technology, an independent startup, Caliopa, was created to commer-
cialize the technology pioneered in this work.

For the long-reach and potentially access market I have investigated a receiver
which uses a complex modulation format, named Differential Quadrature Phase-
Shift Keying (DQPSK), thereby increasing the spectral efficiency (see Chapter
3). Moreover, both orthogonal polarizations are used to double the bitrate. This
is called Polarization Multiplexing (PM or Pol-mux). This work was realized
in cooperation with DAS photonics (main coordinator), Universidad Politec-
nica de Valencia (fabrication), CEA Leti (fabrication), the Institut d’Electronique
Fondamentale (IEF) (design) and the Technical university of Eindhoven (char-
acterization) in the framework of the European Helios project. My contribution
was mainly focused on design and layout.

A last example is a Reconfigurable Optical Add-Drop Multiplexer (ROADM) for
a Passive Optical Network (PON) (see Chapter 4). The particular architecture is
quite unique and is called FlexPON. Ring resonators are used to add and drop
user specific wavelengths in a dynamic and flexible way. This architecture is
enabled by integrated photonics. This work was realized in cooperation with
Genexis and the Technical university of Eindhoven in the framework of the Dutch
Smartmix-Memphis project. My work in this project was mainly focused on de-
sign and layout.
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Fiber-To-The-Home (FTTH)
point-to-point (PTP) central office
(CO) transceiver array

In this chapter I will analyze the feasibility of realizing a transceiver array for
the Central Office (CO) for a Fiber-To-The-Home (FTTH) network in the case
of a Point-To-Point (PTP) topology [1, 2]. The PTP topology has the drawback
of requiring a huge amount of optical transceivers in the CO. By integrating
the optical transceiver functionalities on a chip, multiple transceivers can be
squeezed into the same Small-Form-Factor-Pluggable (SFP) package which tra-
ditionally contains just one single transceiver.! Such transceiver arrays would
reduce the required CO space considerably and thus decrease the total cost of
a FTTH network [3]. I will evaluate Silicon Photonics candidature as integra-
tion platform. The eventual transceiver array has to fulfill the FTTH transceiver
specifications based on the IEEE 802.3ah 1000Base-BX10 standard. Moreover, I
will design the circuit such that the use of technology leveraged from the CMOS
industry is maximized. Out-of-plane fiber-to-chip coupling techniques for ex-
ample enable electro-optical wafer-scale testing reducing the packaging cost
substantially which is very important in the cost sensitive access transceiver

1We compare a single and multi-channel transceiver using an SFP package but this package is not
appropriate for a multi-channel device.
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market. First I will try to solve the vertical coupling problem using special grating
couplers. However, as these grating couplers are inherently not very broadband,
I'will conclude that it is impossible to use grating couplers as a viable coupling
technique to conform the FTTH transceiver specifications. To solve the prob-
lem I will introduce a new kind of photodetector which is transparent for the
upstream wavelengths (1490nm and 1550nm) and has a high responsivity for
the 1310nm wavelength band. This transparent photodetector simplifies the
coupling problem and makes it possible to use grating couplers while fulfilling
all IEEE specifications. Finally I will demonstrate a packaged 4-channel FTTH
transceiver array. This demonstrator was realized in cooperation with Genexis,
Caliopa and the Technical university of Eindhoven in the framework of the Dutch
Smartmix-Memphis project.

2.1 Introduction to Fiber-To-The-Home

Fiber-To-The-Home, abbreviated FTTH, is a service that provides narrow-
band/broadband services over an optical fiber to the residential customer. It
replaces the traditional copper wiring. The residential broadband service is
mainly spurred by the exponential growth of the commercial internet and the
World Wide Web (WWW). In order to meet these broadband needs, existing
copper or more hybrid fiber-copper networks have been pushed to the limit
using DSL (Digital Subscriber Line) technology such as VDSL (Very High Bit Rate
DSL). Speeds on the order of 50Mbps can be delivered to the customer using
this technology. However, this kind of speeds are only possible over distances
up to 300m. Cable modem services have similar performance. FTTH service is
by far superior to these traditional technologies. Instead of copper twistes pairs
or coax cable, the last mile to the home is an optical fiber. Back in the mid- to
late 1980s, when telephone and broadcast video services were largely provided
to residential customers, the exponential increase in bandwidth demand was
not predicted and copper or cable instead of optical fiber was deployed. Conse-
quently, huge infrastructural investments have to be made in order to provide
existing residential houses with a direct optical fiber connection. This is probably
the biggest hurdle for FTTH to replace existing broadband services. However,
the large demand for bandwidth and the fact that new residential districts are
automatically equipped with optical fiber connections, will largely spur the
acceleration of FTTH adoption.

The bandwidth provided by an optical fiber is huge. Typical record bitrates using
the C and L band are in the order of Tb/s over thousands of kilometer. However,
these kind of bitrates require very high cost optical transceivers and are only
utilized in submarine or long-haul networks. For an access network such as a
FTTH network, the cost of the optical transceivers is key and a suitable architec-
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Figure 2.1: Optical wavelengths used in a Fiber-To-The-Home PTP triple-play network.

ture has to be chosen in order to meet this requirement. Long-haul networks
operate in the C and L band for which the fiber optic loss is minimal. Access
network operation wavelengths are more determined by the laser and transceiver
cost. The most common FTTH system is a "triple play" system offering voice
(telephone), video (TV) and data (internet access). This is shown in Fig. 2.1. To
provide all three services over one fiber, signals are sent bidirectionally over a
single fiber using two or three separate wavelengths of light. Three different
protocols are in use today. Broadband PON (BPON), uses a third wavelength
for Amplitude Modulation (AM) video, while Ethernet-based PON (EPON) and
Gigabit PON (GPON) use digital Internet Protocol Television (IPTV) transmission.
Digital signals from the CO to the home are sent at 1490nm and 1550nm. The
1490nm signal carries both voice and data to the home. On BPON systems the
video transmission signal uses the same technology as Cable Television (CATV),
an analog modulated signal which is broadcasted separately at the 1550nm
wavelength. This signal is typically generated using a single laser and modulator
for multiple customers. At the home an inexpensive 1310nm laser (Fabry-Perot
laser) is used to send upstream digital signals for voice and data back to the CO.

When deploying a FTTH network, the service provider will have to choose
between two kind of network topologies, i.e. a passive optical network (PON) or
point-to-point (PTP) network as shown in Fig. 2.2(a) and Fig. 2.2(b) respectively.
I'will focus on these two topologies, but note that variations on these network
topologies exist. A PON network will passively split an optical fiber link among
different users, typically 16 to 32. This has some clear advantages. First of all
it needs less optical fiber being deployed between the CO and passive splitter.
Furthermore, at the CO just one transceiver is needed for multiple users. How-
ever, the PON network has some key drawbacks with respect to a PTP network
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Figure 2.2: FTTH network topologies

where every customer has his dedicated fiber link to the CO. In a PON network
the bandwidth is shared and for privacy concerns, the data is strongly encrypted
which increases the complexity of the network. Furthermore, in practice, the
number of customers which subscribe to a FTTH service is rarely reached.? This
reduces the effective cost reduction a PON network theoretically offers. A PTP
network on the other hand is a simple concept and uses the Ethernet standard. It
is easy to upgrade and future proof. Every customer has a dedicated optical fiber
to the CO and thus dedicated bandwidth. At the same time it is very secure [3].

2.2 Central office (CO) problem

For a PTP topology more fibers need to be deployed such that it is less back-
wards compatible with existing technologies such as copper cable. However, the
inherent fiber cost is much lower than the deployment cost itself. This makes
deploying a PTP network in a newly built residential area not significantly more
expensive than deploying a PON network. The biggest cost difference between a
PTP and PON network are the number of optical transceivers needed in the CO.
For a PON network only one transceiver is needed for 2, 4, 8 and even 16 to 32
customers. For a PTP network every customer needs a dedicated transceiver. The
problem in the CO that accompanies a PTP network is schematically illustrated
in Fig. 2.3.

A conventional FTTH transceiver is typically packaged in an SFP, having
dimensions of 5cm x 1.5cm x 1 cm (see Fig. 2.5). Taking the example of a CO
providing PTP broadband service to 40000 homes, 40 19inch racks are needed in
the CO. This is really a huge amount of racks and comes with a high cost. Fig. 2.4
is an example of a 19inch rack in a CO. CO space is typically very expensive and
CO space and power reduction are key cost differentiators. This cost reduction
is envisioned by packaging an array of 12 to 24 FTTH transceivers in a single
SFP, thereby reducing the CO space, CO maintenance cost and CO power con-
sumption. To accomplish this kind of footprint reduction, the traditional discrete

2In some parts of China a customer is obliged to subscribe to FTTH if it is available.
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Figure 2.3: Optical integration enables multiple transceivers (12/24) in an SFP package.

optics used for 'triple play’ transceivers are insufficient. The only viable solu-
tion is to integrate the optical components on board or chip level. This optical
integration is the enabling and future proof technology for FTTH transceiver
arrays.

2.3 Transceiver specifications

The transceiver specifications for this work were formulated in cooperation with
Genexis, a trendsetting European company focused on the development, manu-
facturing and marketing of active equipment dedicated to FTTH networks [4].
The FTTH transceiver specifications are based on the IEEE 802.3ah 1000Base-
BX10 standard. In Fig. 2.6 the optical transmitter and optical receiver specifica-
tions are listed. In Fig. 2.7 the mechanical and electrical specifications. 12 to 24
transceivers are the preferred number of transceivers to be integrated. The power
consumption per transceiver channel should be less than 250 mW. Operating
range is 0°C to 70°C at minimum and preferably —40°C to 85°C. The upstream
wavelengths (from the CO point of view) are 1490 nm and 1550 nm and are treated
equally. 1550 nm for CATV is not always used but should be multiplexed if needed
with a flat top bandwidth of +10nm. 1490 nm on-off keying signals with a mini-
mum extinction ratio (ER) of 6 dB should be transmitted with an average launch
power of —9dBm to —3dBm. The required data rate for this first wave of FTTH
PTP services is 1.25Gb/s. Further specifications are made about the return losses
and transmitter laser performance. The downstream wavelength is 1310nm and
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Figure 2.5: Picture of a Small-Form-Factor-Pluggable (SFP) transceiver. The dimensions are
5cmx1.5cmx1cm
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needs to be demultiplexed with a bandwidth of 100nm to accommodate the
wavelength shift of the uncooled FP laser from the customers transceiver. The
sensitivity of the receiver needs to be better than —19.5dBm and the 3 dB cutoff
frequency 1.5 GHz. Further specifications are made about the jitter and return
losses.

If we would measure the optical spectrum in the optical fiber at the CO it would
look like the one in Fig. 2.8. For the downstream part there is a low power
1310 nm modulated signal with unknown polarization and having a wavelength
which can range from 1260 nm till 1360nm. The upstream band exists out of high
power signals at 1490nm and/or 1550 nm ranging from 1480nm to 1500 nm and
1540nm to 1560 nm respectively. The crosstalk specification between 1310nm
and 1490 nm for the receiver can be estimated by using the performance crite-
rion for digital receivers, i.e. the bit-error rate (BER). If we see the crosstalk as
an intensity fluctuation then the power penalty is § = —10log (1 — r?Q) with Q
=6 for a BER of 109 and r the ratio of the crosstalk and the receiver sensitivity
which is —19.5dBm. For a 6 = 0.02dB power penalty we need an r = 1% ratio,
translating in a 33.5dB crosstalk specification for our transceiver.

2.4 General FTTH transceiver array layout for Sili-
con Photonics

Nowadays discrete optical components are used such as thin film filters and
discrete photodetectors and lasers in Transverse Optical (TO) packages. As an
example we will have a closer look at the optical equipment needed for two
customers. The schematic layout is shown in Fig. 2.9. Since discrete components
are quite big, one SFP package can only contain a single transceiver. This means
that going from one to two customers is accompanied by doubling the optical
equipment, doubling the central office space and cost.

When we consider integrating the optical functionalities on a chip, we have the
ability to increase the number of transceivers in a single SFP package. Rather than
doubling the optical components in the package, certain components can be
shared and will further decrease the cost. The schematic layout of an integrated
2-channel FTTH transceiver array is shown in Fig. 2.10. As explained in Chapter
1 we have chosen Silicon Photonics as integration platform. The layout which
is specifically targeted for Silicon Photonics integration is shown in Fig. 2.11.
The chip contains power splitters and modulators such that only one laser is
needed per upstream wavelength. These power splitters and modulators are
well-known and are off-the-shelf components. Also, Ge photodetectors can be
integrated and detect 1310nm signals [5, 6]. Silicon does not have direct gain
because of the indirect bandgap and hybrid integration of III/V lasers or gain
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DescripTioN

VALUE

Optical Transmitter Specifications

Average minimum launch power

Average maximum launch power

Average launch power of OFF transmitter

Extinction ratio

-9 dBm

-3 dBm

<-45dBm

>6dB

Wavelength 1490 nm + 20 nm
Spectrum width (RMS) <0.88 nm
Relative intensity noise (RIN) <-113dB/Hz
Data rate 1.25 Gbps
Optical return loss tolerance <12dB
Transmitter reflectance <-10dB
Transmitter and dispersion penalty (TDP) <3.3dB
Optical Receiver Specifications
Average minimum receive power (Sensitivity) -19.5 dBm
Average maximum receive power -3dBm
Wavelength 1310 £ 50 nm
Receiver reflectance <-12dB
Receive electrical 3dB upper cutoff frequency < 1500 MHz
Signal detect threshold >-45 dBm
Stressed eye jitter > 0.3 Ul pk-pk
Jitter corner frequency 637 kHz

Figure 2.6: FTTH optical transmitter and optical receiver specifications based on the IEEE

802.3ah 1000Base-BX10 standard.
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DescripTion VaLue
Mechanical specifications
Operating temperature (min.) 0°C
Operating temperature (max.) 70°C
Alternative temperature range -40to +85°C

Optical connections

Preferable array connectors

(e.g. MPO 12)
Array size 12,24
Electrical specifications
Power consumption (per transceiver path) <250 mw

Figure 2.7: Mechanical and electrical specifications for a FTTH transceiver array based on
the IEEE 802.3ah 1000Base-BX10 standard.

Power 1490 +10nm  1550%100m
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polarization
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Figure 2.8: Optical spectrum for the optical fiber at the central office.
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1310nm
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Figure 2.9: Optical equipment needed for two customers using discrete components and
packaged in two separate SFP packages.

mediums is still in development [7-9]. Co-packaging, either by butt-coupling
or vertical coupling, has proven to be a good solution in the short-term [10, 11]
and is definitely a compact option for our application. The most straightforward
solution is to use pig-tailed lasers. A fiber array is used to align multiple fibers
at once with the coupling interfaces of the chip. A missing building block in our
layout is the fiber-to-chip coupling interface. This interface needs to be low-
loss for both wavelength bands around 1310nm and 1520 nm in order to meet
the FTTH transceiver specifications. Furthermore, it needs to be polarization
independent for 1310nm. Another building block challenge is the wavelength
demultiplexer (triplexer) which has to split the 1310nm, 1490nm and 1550 nm
signals with their respective wavelength bands and polarization independent for
1310nm.

2.5 Grating couplers as fiber-to-chip interface for
FTTH transceivers

2.5.1 Horizontal versus vertical coupling

The coupling interface is regarded as the most challenging problem for this
application and will be addressed in much detail in the rest of this chapter. This
interface needs to convert the large mode-size of the fiber (~ 100 um?) to the
mode-size of the submicrometer silicon wire. There are two general strategies to
make a mode-size convertor, i.e. horizontal or vertical coupling. Both methods
can be implemented with different components. Besides fulfilling the required
specifications, the full story of fiber-to-chip coupling also includes more practical
considerations such as packaging and alignment convenience, yield and pre-
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Figure 2.10: Integration scheme for 2-channel FTTH transceiver array using on-chip lasers,
modulators and photodetectors.

Triplexer

B~ e (=
B=-.— =
L
-
E=—N [ ]
> [ - G - T

-" ‘
_-0

Figure 2.11: Integration scheme for 2-channel FTTH transceiver array using on-chip
modulators and photodetectors. The lasers are external pigtailed lasers.
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packaging testing possibilities. Horizontal coupling is the most commonly used
method in optics. The benefit is that it is very straightforward to butt-couple a
waveguide to a fiber and it is very broadband and efficient for both orthogonal
polarizations. Inverted tapers [12-14] can easily convert the waveguide mode to
a 3 pum x 3 um mode in silica such that coupling to lensed/tapered fibers can be
very efficient. However, these custom fibers are more expensive and have small
alignment tolerances. Moreover, the wafer has to be diced and semi-packaged
before a chip can be tested.

Vertical spot-size conversion can be achieved by means of grating couplers
[15, 16]. Although these devices are inherently wavelength and polarization
dependent, they have the big advantage of being vertical optical ports such that
wafer-scale testing is possible. This is the reason why test structures are typically
measured using grating couplers. They can couple to regular optical fibers with a
large 10 um core and thus have large alignment tolerances. Grating couplers are
also planar structures and thus highly compatible with the planar CMOS process
flow. Today grating coupler based fiber-to-chip coupling techniques are the most
popular in the Silicon Photonics datacom market [17], despite their wavelength
and polarization dependency. I will investigate if grating couplers can be used
for our FTTH transceiver chip.

2.5.2 High-efficiency grating couplers

The first issue that needs to be addressed is the coupling efficiency. In order
to meet the required power budget, the grating coupler efficiency needs to be
increased considerably. Imec standard passive platform (see Fig. 2.12) is a
Silicon-on-Insulator (SOI) wafer with 2 um Buried Oxide (BOX) layer and 220nm
silicon waveguide core with a 220nm deep etch and 70nm shallow etch. The
grating couplers which can be fabricated in this platform have a coupling effi-
ciency of around —5dB [16] and are perfect for research purposes or applications
that can tolerate high coupling losses. For a FTTH transceiver this kind of cou-
pling efficiency is not sufficient. A back-of-the-envelope calculation, assuming
alaser power of 13dBm and modulator loss of 6dB, learns us that we need 2dB
coupling loss to target a —6 dBm output power for an 8-channel transceiver array.
According to the same power budget calculation a 5dB coupling loss would only
allow a 2-channel transceiver array. The number of transceiver channels can
be scaled to 16 or 32 by increasing the number of lasers or by implementing
an amplifier. However, this will be difficult to fit in a single SFP package and
will also increase the power consumption. Note that the coupling loss is expe-
rienced twice, once for the external laser input and once for the optical output.
Decreasing the overall losses and especially coupling losses is key to increase the
number of transceiver channels while maintaining the same package and low



CHAPTER 2 2-13

70nm

220nm

Figure 2.12: Imec passive platform. A Silicon-on-Insulator (SOI) wafer with 2 um Buried
Oxide (BOX) layer and 220 nm silicon waveguide core with a 220nm deep etch and 70 nm
shallow etch.

Silicon

Figure 2.13: Imec' s advanced passive platform. A Silicon-on-Insulator (SOI) wafer with
2 um BOX layer and 220 nm silicon waveguide core and 160nm amorphous/poly-Si overlay
layer. Different etch depths 0of230nm, 70nm and 220nm can be used.

power consumption. Furthermore, the more relaxed the optical power budget is,
the more low-cost components or low-cost packaging techniques can be used,
thereby decreasing the overall transceiver cost. Such components/techniques
could be: a higher optical loss MPO connector, a fiber array with a less accurate
fiber pitch, passive alignment of the fiber array or optical fibers, tighter bending
of the fibers, ...

In order to increase the grating coupler efficiency, we have developed a more
advanced passives platform (see Fig. 2.13) together with imec which incorporates
the integration of high efficiency grating couplers. A state-of-the art overview,
grating coupler principle, fabrication details and characterization can be found
in [18]. This paper has also been attached at the end of this chapter (see page 2-
41). Tt is one of the key publications in this thesis. I have shown experimentally a
coupling efficiency of —1.6 dB which is among the highest reported fiber coupling
efficiency for grating couplers fabricated in a CMOS pilot line. An example
spectrum of a grating coupler is shown in Fig. 2.14(a). The grating coupler uses
an amorphous silicon overlay in the advanced imec passives platform to increase
the directionality of grating to 90%. The optimal duty cycle of the grating is found
to be 35% (see Fig. 2.14(b)).

A low directionality, i.e. the fraction of the light that is diffracted upwards, of
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Figure 2.14: The spectrum (a) of grating couplers using a Silicon overlay spectrum. The top
efficiency as a function of the duty cycle for different grating periods (b).

around 50% is the biggest contributor to the high loss of regular grating couplers
in the standard passives platform. Theoretically one could achieve a coupling
efficiency of 80% for a uniform grating coupler if the directionality is increased
to 100%. In Fig. 2.15 an overview is given for the different methods to increase
the directionality of a grating coupler. The grating coupler using a silicon overlay
is shown in Fig. 2.15(b). Other techniques such as using a gold bottom mir-
ror [19] or bottom Distributed Bragg Reflector (DBR) [16, 20] have also been
demonstrated. However, in order to achieve a gold bottom mirror the process
flow needs be adjusted very drastically. For a DBR bottom mirror special wafers
by means of molecular bonding have to be used or fabricated by a Si/SiO, layer
stack deposition in combination with an a-Si (amorphous Silicon) waveguide
layer.

In context of this work, an a-Si DBR bottom has been explored. The fabrication
and measurement results can be found in [21]. I optimized the coupling struc-
ture using a rigorous 2D eigenmode solver in combination with a particle swarm
optimization algorithm for a silicon waveguide core thickness of 220nm. The
field profile of the optimal design simulated with a 2D FDTD solver is shown in
Fig. 2.16. The period of the grating is 630nm with a duty cycle of 50% and the
etch depth is 70nm. The number of grating periods is 25. If the thickness of the
SiO, buffer layer is 1.44 um, the Bragg mirror will reflect the light constructively.
The fiber is tilted under an angle of 10° to avoid a large second order reflection.
For this angle the optimal waveguide width of the grating is 15 um. The refractive
index of the surrounding medium is 1.45, which corresponds to SiO, or Index
Matching Fluid (IMF). Theoretically the coupling efficiency is 82% for TE polar-
ized light at 1550 nm.

The grating fiber couplers with bottom mirrors were fabricated on a 200mm Si
wafer. First a 1 um SiO, isolation layer is deposited on a bare Si wafer. Then the
Bragg mirror, consisting of two 112nm layers of a-Si and a 267 nm layer of SiO,
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are deposited. On top of the Bragg mirror a 1.48 um of buffer SiO, and a silicon
layer of 205nm, were deposited. A Scanning Electron Microscope (SEM) picture
is shown in Fig. 2.17. The grating couplers and waveguides were fabricated
using 193nm optical lithography and dry etching. The coupling efficiency is
characterized with a fiber-to-fiber measurement. The test structures consist of
identical input and output grating couplers connected by a waveguide. Fiber-to-
fiber transmission is measured by launching light into the input coupler from
a SMF connected to a Super-Luminescent Emitting Diode (SLED) and the light
from the output coupler is captured by another SMF connected to a spectrum
analyzer. Both fibers were positioned at an angle of 10° to the sample normal and
IMF was applied between the optical fiber facet and the fiber coupler to avoid
reflections at the fiber facets. The measured coupling efficiency is 69.5% for a
single grating coupler with a 1dB-bandwidth of 36 nm and a 3dB-bandwidth
of 63nm. The simulated efficiency for the fabricated device is 76%. The non-
optimal waveguide width of 10 um explains 5% difference in coupling efficiency
between measurement and simulation.

2.5.3 1310nm/1550nm grating duplexer

A 1-dimensional grating coupler is typically optimized to couple one wavelength
band into a broad waveguide. To avoid second order reflection, the fiber is tilted
under an angle with respect to the surface normal. For our FTTH application, we
need to couple in two wavelength bands with central wavelengths at 1310nm and
1520nm (center of 1490nm and 1550nm). To this purpose we have developed
anew kind of 1-dimensional grating coupler which couples a first wavelength
band around 1310 nm forwards, and a second wavelength band around 1520nm
backwards. This is what we call a grating duplexer because it inherently couples
and splits two wavelength bands. The principle is shown in Fig. 2.18 and the
results are presented in [24] which can be found at the end of this chapter (see
page 2-47). The measured coupling efficiencies of the central wavelengths are
—6dB for 1300nm and —4dB for 1520nm. At the communication wavelengths
1310nm, 1490nm and 1550 nm the coupling efficiencies are respectively —7dB,
—6dB and —8dB. Further simulations show that the coupling efficiencies of
the central wavelengths can be increased to —2dB by increasing the grating
directionality with a silicon overlay or bottom mirror.

2.5.4 Two-dimensional polarization splitting grating duplexer

The grating duplexer addresses the problem of coupling in two wavelength bands
at the same time. However, this coupling is polarization dependent due to the
birefringence of the high index contrast silicon/oxide waveguides. Coupling in
both orthogonal polarizations can be done with 2-dimensional grating couplers



FTTH PTP CO TRANSCEIVER ARRAY

(a) gold bottom mirror [22] (b) silicon overlay [23]

(c) DBR bottom mirror [21]

Figure 2.15: SEM images of highly directional grating couplers
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Figure 2.18: Working principle of grating duplexer.

[25, 26]. Similarly I investigated a 2-dimensional grating duplexer, as shown in
Fig. 1(a) of [27] (attached at the end of this chapter on page 2-49). However,
the coupling efficiency of these grating couplers was quite low (around —7dB at
the central wavelengths). Furthermore, the Polarization Dependent Loss (PDL)
was very high since the fiber needs to be tilted under an angle of about 15°.
But the biggest problem with these 2D grating couplers is the low 1dB/3dB-
bandwidth of 25nm/50nm. This bandwidth is insufficient to couple in the
1310nm FTTH wavelength band. An in-depth investigation of the bandwidth
can be found in [28]. It is proven that the bandwidth of a grating coupler is
inverseley proportional to the effective refractive index of the grating. Increasing
the bandwidth of a grating coupler can thus be done by using a lower index
grating material such as SiN.

2.5.5 TM tapers

A 2-dimensional grating coupler will couple in both orthogonal polarizations
in near-perpendicular waveguides. In both waveguides the fundamental TE
mode is excited. Due to the birefringence of the waveguide (nef(TE) # neg(TM)),
the TM mode is not excited. We also designed a grating coupler for coupling to
the TM mode. In theory and according to the Bragg condition, this is perfectly
possible. However, in some cases the TM grating coupler didn’'t seem to work. We
solved this problem and the physical interpretation is explained in [29], attached
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Figure 2.19: Effective refractive index of the waveguide modes as a function of the
waveguide width. The fundamental TM mode couples to higher order TE modes when the
waveguide width is decreased. (blue lines = even modes, red lines = odd modes)

at the end of this chapter page 2-59. It was found that the taper from a broad
multi-mode waveguide to a single-mode waveguide was to blame. Depending
on the cladding symmetry of the taper, the fundamental TM mode will be cou-
pled to itself (symmetric cladding) or to higher order TE modes (asymmetric
cladding). This mode coupling in the asymmetric case can be derived from Fig.
2.19 where the effective refractive index of the modes is plotted as a function
of the waveguide width. Using a curved grating coupler which focuses the light
instead of tapering it, a 13% fiber-to-chip coupling efficiency could be achieved
for the TM polarization and for an asymmetric cladding.

2.5.6 Polarization splitting 1-dimensional grating coupler/du-
plexer

I explored the possibility to use a single 1D grating coupler to couple in both
orthogonal polarizations. This led to a grating coupler which couples in the TE
polarization in the forward direction and the TM polarization in the backward
direction, exciting their corresponding waveguide mode. This approach was
unique and we have patented this grating coupler which couples in both TE
and TM polarization simultaneously [30]. I envision this to be an important
coupling structure in future integrated transceivers. In [27] I presented the
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experimental data of a first generation of these grating couplers. A detailed
analysis can be found in an unpublished paper at the end of this chapter on
page 2-49. The presented grating coupler is a combination of a 1D polarization
splitting grating coupler and grating duplexer, thus coupling in both polarizations
in opposite directions at 1300 nm while at the same time coupling in 1520nm TE
polarized light in the backward direction. We reported an insertion loss of —6dB
for 1300nm and —6dB for 1520nm. The measured fiber-to-fiber PDL ranges
between 0.4dB and 1.8dB within a bandwidth of 100nm around 1300nm. These
efficiencies can be increased by increasing the directionality using for example a
silicon overlay as discussed earlier. However, the FTTH specifications are very
strict and the 100nm bandwidth around 1310 nm is not fulfilled. I conclude that
it is almost surely impossible to couple in all three FTTH wavelength bands using
grating couplers while fulfilling all IEEE FTTH specifications.

2.6 Silicon photonics FTTH transceiver using a trans-
parent photodetector

As discussed in the previous section, in order to design a transceiver which
couples to a fiber vertically or near-vertically, we have to come up with a new
concept to tackle the coupling problem. In this section I investigate the possibility
to use a III/V transparent photodetector which has a high responsivity for the
1310nm band and which is transparent for 1490nm and 1550 nm.

2.6.1 Transparent photodetector

The first step to design a transparent photodetector is to choose an appropriate
absorption layer. This layer needs to detect the 1310nm band, i.e. 1260nm till
1360nm, but needs to be optically transparent for 1480nm and higher wave-
lengths. Furthermore, the responsivity at these higher wavelengths needs to be
sufficiently small such that the responsivity difference (which I will refer to as
crosstalk) is better than 42 dB as was calculated from the transceiver specifica-
tions in Section 2.3. In order to get a low crosstalk we need a material with a
well-defined bandgap. In Fig. 2.20 the absorption spectra of some candidate
materials are plotted. The quaternary material InGaAsP seems to be the perfect
as the absorption spectrum rolls of very quickly and the bandgap can be chosen
to be 1370nm.

In Fig. 2.21 the cross section of the transparent photodetector is schemat-
ically shown. The photodetector is a pin photodetector with top and bottom
layers p and n doped InP respectively and with a Q1.37 InGaAsP layer in the mid-
dle. Each individual layer is transparent for wavelengths higher than 1370nm,
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Figure 2.20: Absorption spectra of different materials.

but in order to make the whole photodetector transparent, the layer thicknesses
have to be optimized to minimize losses due to reflection. The cross section
of a possible circuit using a transparent photodetector is shown in Fig. 2.22. A
transparent photodetector is heterogeneously integrated on a Silicon Photonics
circuit which uses grating couplers for fiber-to-chip coupling. The photodetector
is positioned on top of the grating coupler and under the optical fiber such that
1310nm light from the fiber gets detected in the photodetector and 1490nm and
1550nm light can be coupled out of the chip using the grating coupler and into
fiber while passing the transparent photodetector. In the attached paper [31]
(see page 2-61) the fabrication details and measurement results of such a circuit
are described. The transparent photodetector is integrated 1 um above a grating
coupler using heterogeneous III/V integration by means of Benzocyclobutene
(BCB) bonding. The bonding thickness is not crucial and can be in the order
of microns. This makes the heterogeneous BCB bonding, which is one of the
most crucial process steps, potentially very high yield. I was able to demonstrate
the basic properties of this transparent photodetector proof-of-principle. The
absorption region thickness determines the trade-off between 1310nm respon-
sivity and 1490nm/1550 nm crosstalk. The measured responsivity was 0.4 A/W
and the crosstalk 32dB and 42 dB for 1490 nm and 1550 nm respectively. The PDL
was smaller than 0.5dB over the whole 1310nm bandwidth. A penalty of around
1dB was observed for the grating coupling with transparent photodetector on
top. These results show the feasibility of the transparent photodetector concept
and are an important result of this work.
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Figure 2.21: Cross section of the transparent photodetector. The InP layers and quaternary
layer thicknesses are optimized for transparency of the upstream wavelengths 1490 nm and
1550nm.
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Figure 2.22: Silicon photonics circuit with integrated transparent photodector on a grating
coupler.
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Figure 2.23: 2-channel FTTH transceiver layout using transparent photodetectors to detect
the 1310nm downstream band.

2.6.2 Transceiver array layout

The transparent photodetector solves our coupling problem to the chip. Instead
of coupling in all three FTTH wavelengths into waveguides and detecting the
1310nm band using waveguide Ge photodetectors, we can now use these vertical
incident III/V transparent photodetectors to detect the 1310nm band prior to
coupling in to the chip. This simplifies our coupling section to the chip dra-
matically as only one wavelength band around 1520nm (1480nm to 1560 nm)
needs to be coupled in and out.? Furthermore, the coupling can be polarization
dependent. 1-dimensional high-efficiency grating couplers described earlier in
Section 2.5.2 are perfect candidates for such a coupling section. The wavelength
dependence of these grating couplers acts a filter for 1310nm light that is not
absorbed in the transparent photodetector. The triplexers in our previous lay-
out in Fig. 2.11 can now be replaced with diplexers to multiplex the upstream
wavelengths 1490 nm and 1550 nm.

2.6.3 1490nm/1550nm Planar Concave Grating (PCG) (de)multiplexer

The multiplexing of 1490 nm and 1550 nm can be easily performed using a planar
concave grating (PCG) demultiplexer [32-34]. This multiplexer is based on an
on-chip reflector grating in a slab region. It is very similar to free space grating
demultiplexers with the main difference that it uses a birefringent planar slab

3In future transceivers only the DATA upstream wavelength 1490 nm is necessary.
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Figure 2.24: Microscope image of a grating duplexer in combination with a Planar Concave
Grating (PCG) demultiplexer splitting 1490nm and 1550 nm.

region instead of a free space region. The demultiplexer is thus polarization
dependent and sensitive to slab height variations. Luckily, for our purposes
the PCG multiplexer can be made very compact due the large required Free
Spectral Range (FSR) of 60nm. A 1490nm/1550nm PCG demultiplexer has been
published in [24] (see Fig. 2.24 and page 2-47), achieving —5.4dB insertion loss
(IL) for 1485nm and —7.6dB for 1542nm. This IL was limited by the Fresnel
reflection at the Silicon/Air interface of the PCG. The crosstalk at these maxima
was very high and about 30dB and 40 dB respectively.

The PCG demultiplexer was improved by including small DBR reflectors at the
facets of the PCG [33]. This boosts the facet reflectivity from 30% to 90% (see
Fig. 2.25). The measured channel spectra are shown in Fig. 2.26. The IL was
—0.97dB for 1490nm and —1.81dB for 1550nm. The difference in IL is mainly
attributed to the higher reflectivity of the DBR’s at lower wavelengths. The large
FSR of this PCG demultiplexer makes it very compact and less dependent on
process variations such as height variations of the Si core slab. The measured
crosstalk was better than 30dB which is close to the desired crosstalk levels.

2.6.4 4-channel FTTH CO transceiver array demonstrator

A proof-of-principle 4-channel transceiver array was developed in cooperation
with Genexis, Caliopa and the Technical university of Eindhoven in the frame-
work of the Dutch Smartmix-Memphis project. The general layout of the silicon
chip is shown in Fig. 2.27 [31] (see page 2-61). An 8-channel fiber array is used
to align 8 fibers to the chip simultaneously. The fiber array is actively aligned
using an alignment loop between the two outer fibers. The remaining 6 fibers
comprise the 4 channels and two inputs for 1490 nm Continuous Wave (CW) and
1550nm which can be CW or amplitude modulated for CATV. These wavelengths
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Figure 2.25: Planar concave grating reflectors with flat facet (left) and DBR facets (right).
(Courtasy of Joost Brouckaert [33])
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Figure 2.26: 2-channel PCG demultiplexer insertion loss spectra.
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are then divided among the 4 channels using a tree of 1x2 and 2x2 on-chip MMI
power splitters [34]. This 1x4 splitting tree uses a 2x2 MMI as a first component
such that two inputs can be chosen. The alternative input was connected to
a 1D grating coupler, designed such that a near-vertical emitting 1490 nm Dis-
tributed Feedback (DFB) laser can be actively aligned and co-packaged with
the Silicon Photonics chip (see Fig. 2.28). After the splitting tree, the 1490nm
light is amplitude modulated using Mach-Zehnder Interferometers (MZI’s) in
combination with single-ended lateral pn junction carrier depletion phase mod-
ulators [35-37]. Silicon phase modulation is based on the plasma dispersion
effect. By modulating the free carrier density either by depleting or injecting
carriers, the optical refractive index of silicon is changed. In our demonstrator
two out of four channels used 3mm long carrier depletion phase modulators in
an unbalanced MZI configuration. The remaining channels used 5mm long car-
rier depletion phase modulators in a balanced MZI configuration. The 1550 nm
light is split in two using a 1x2 MMI and multiplexed with the 1490nm light of
2 channels by means of the PCG duplexer with grating DBR’s as discussed in
section 2.6.3. The modulator contact pads and photodetector contact pads to
connect to the Transimpedance Amplifiers (TIA) chip were placed on opposite
sides of the chip to allow for easy wirebonding. The inter-modulator electrical
crosstalk was neglected as the spacing was determined by the available mask
space, limiting it to 80 um which should be sufficient for 1.25Gb/s applications.
In order to minimize optical crosstalk and optical loss the layout of the chip
was optimized such that a amount of crossings necessary was reduced to two.
The details of the crossing design can be found in [38] and is based on a double
patterned waveguide crossing exhibiting a crossing loss less than 0.5dB and a
—40dB crosstalk. All routings were performed with single-mode waveguides
(typical 2dB/cm loss) and 5 um waveguide bends. Typical routing length is about
1cm translating in a 2dB routing loss penalty. This loss can be decreased to
0.5dB by using low-loss multimode waveguides or low-loss rib waveguides [39].

A colour picture of the fabricated Silicon Photonics chip is shown in Fig. 2.29.
The grating coupler array to couple to the 8-channel fiber array is clearly visible
and numbered. The chip is illuminated under angle and visible wavelengths are
diffracted at the gratings into the camera. The colour is dependent on the pitch
of the gratings. The two outer red grating couplers and grating coupler number
3 are optimized for 1550nm coupling. Grating coupler number 2 in green is
optimized for the coupling of 1490nm light. Grating couplers number 4 till 7 are
optimized for 1520 nm coupling, exactly in between 1490nm and 1550 nm.

The demonstrator is designed for transparent photodetector integration as
explained in section 2.6.1 by means of III/V heterogeneous integration. Further-
more, the Al contact pads were arranged such that the demonstrator is also suited
for flip chipping of pre-processed III/V transparent photodetectors. I pursued
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Figure 2.28: General layout of the 4-channel FTTH transceiver array demonstrator. A III/V
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mounted on a pcb board wirebonded to a driver and TIA chip. An 8-channel fiber array is
actively aligned and attached to the chip.
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Figure 2.29: Picture of the Silicon Photonics chip for the 4-channel FTTH transceiver array
demonstrator. The chip was illuminated under an angle.

both integration schemes. Using pre-processed III/V photodetectors has the
advantage of using a commercially proven technology and thus being able to
obtain high yield. However, in order to minimize the coupling loss of 1490nm
and 1550nm due to diffraction between the fiber and the grating coupler, the
thickness of the pre-processed photodetector has to be kept to a minimum.
These discrete transparent photodetectors were developed by a third party in
accordance with [31] (see page 2-61). The detectors were thinned down to 80 um
which corresponds to a 1dB penalty in coupling efficiency for the upstream
wavelengths due to diffraction in the photodetector.

The fabricated silicon photonics wafers with Al metallization for flip-chip inte-
gration showed extremely high waveguide loss of 30dB/cm. Consequently, the
flip-chip integration was ruled out. The wafer without Al pads, but with Cu pads
and SiC flash passivation showed better performance. Especially at the edge
of the wafer some relatively low loss dies were found by means of wafer-scale
automated testing, see Fig. 2.30. Around 10 dies with a workable waveguide loss
of 6 — 8dB/cm were extracted from the quarter wafer. This waveguide loss is still
too high for a product but enough for a proof-of-principle demonstrator.

In order to integrate the discrete transparent photodetector array without
the need of flipchipping, I developed a rapid prototyping integration method by
means of SU8 chip-to-chip local attachment. Before integration, the III/V dies
with transparent photodetectors are post-processed. I processed metal tracks
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Figure 2.30: Wafer-scale automated testing of quarter wafer. The waveguide loss of a
single-mode waveguide and central wavelength of standard test grating couplers are
plotted as a function of the row and column number.

using an insulating layer of BCB and Au to route the signals from under the fiber
array which will be attached in the final stage of the demonstrator assembly. The
photodetector array with metal tracks is shown in Fig. 2.31. After dicing the III/V
chips, they are attached with SU8-2 epoxy to the silicon chip using a Finetech
flipchip machine with micron alignment accuracy. This is shown in Fig. 2.32.
Care was taken such that the SU8 was only applied locally and that the contact
pads of the modulators were not covered which would prevent wirebonding.

A couple of demonstrators were placed on a PCB board as can be seen in
Fig. 2.33(a). The photodetectors were wirebonded to a 4-channel TIA array
supporting speeds up to 3Gb/s. The TIA’s are then routed differentially to SMA
connectors at the end of the PCB board. In Fig. 2.33(b) the wirebonds from the
photodetector array to the TIA array are shown. The modulator drivers were
not integrated in order to have large flexibility for characterization. They were
connected to microstrip lines ending in SMA connectors.

A standard low-cost 8-channel fiber array polished under an angle of 8° was
attached to the chip using UV-curable epoxy. This is shown in Fig. 2.34. The
demonstrator was then packaged in a 3D printed package which allowed for
easy characterization and transportation (see Fig. 2.35(a)). The demonstrator
was characterized at TUe in cooperation with Genexis. The eye diagrams of the
modulator at 1.25Gb/s and 2.5Gb/s are shown in Fig. 2.36(a) and 2.36(b) for
a Pseudo-Random Binary Sequence (PRBS) of 23! — 1 and at 1510nm optical
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Figure 2.31: III/V transparent photodetector array with metal track routings.

Figure 2.32: Picture of silicon chip demonstrator with SU8 epoxy attached I1I/V transparent
photodetector array.
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(a) SOI chip wirebonded to a PCB board and (b) Zoom-in picture of wirebonds from the
a4-channel 3Gb/s TIA array. metal tracks of the III/V photodetectors in-

tegrated on the SOI chip to the contact pads
on a TIA array.

Figure 2.33: 4-channel FTTH transceiver array demonstrator with PCB board.

Figure 2.34: 8-channel fiber array attachement with UV-curable epoxy.
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(a) 3D package CAD drawing (b) Packaged demonstrator

Figure 2.35: Packaged 4-channel FTTH transceiver array demonstrator using a 3D printed
package.

wavelength. The optical loss of the modulators is about 6dB. The measured
Extinction Ratio (ER) was 17 dB for a 5mm long balanced modulator with a 1.5V
bias and 2V peak-to-peak voltage. Error-free measurement was achieved. The
eye diagram of a transparent photodetector is shown in Fig. 2.37. It was mea-
sured at 1.25Gb/s with a PRBS of 27 —1 and for 1310 nm. The discrete transparent
photodetectors only worked at high-speed if the fiber was positioned closely to
the contact metals. This was due to the absence of a p++ InGaAs top layer in the
80 um diameter transparent region of the photodetector. Consequently, suffi-
cient coupling efficiency for the upstream wavelengths was not possible while
achieving high-speed operation for the transparent photodetectors, prohibiting
bi-directional experiments.

2.7 Conclusion

I have investigated Silicon Photonics as integration platform for increasing the
number of transceivers per package. An interesting example where this kind
of scaling would introduce huge economic benefits are Fiber-To-The-Home
(FTTH) Point-to-Point (PTP) networks. This network type requires a dedicated
transceiver per user, which means that thousands of transceivers are necessary
at the Central Office (CO). By integrating the optical components on a chip we
can form an array of transceivers with a minimal increase in footprint and cost.
A Passive Optical Network (PON) on the other hand shares a single transceiver at
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(a) 1.25Gb/s (b) 2.5Gb/s

Figure 2.36: Measured modulator eye diagrams at1510nm and for a PRBS of23! —1
achieving an ER of 17dB.

Figure 2.37: Channel 3 1310nm transparent photodetector eye diagram at 1.25Gb/s and
PRBS of2” - 1.
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the CO with multiple users and thus benefits less from this transceiver scaling.
Furthermore, the transceiver requirements in a PON network are much more
stringent than those for a PTP network, making the PTP FTTH transceiver market
an ideal candidate for integrated photonics such as Silicon Photonics.
Iinvestigated how the transceiver array specifications could be met in the Silicon
Photonics platform and identified the shortcomings. A major hurdle was meeting
the power budget. To this extent I developed a new type of highly-efficient grating
coupler for the fiber-to-chip interface, decreasing the coupling loss with more
than 3dB and achieving a typical coupling efficiency for a single polarization
and wavelength of —2dB. A big effort was made to design a grating coupler
which can couple in all FTTH wavelengths, i.e. 1310nm (both polarizations)
and 1490nm/1550nm, at the same time while maintaining the high coupling
efficiency of —2dB. In the process I demonstrated a grating duplexer which
couples in two wavelength bands such as 1310nm and 1490nm/1550nm in
opposite directions. Another design was a polarization splitting 1D grating
coupler, coupling in both orthogonal polarizations while splitting them. Efforts
to improve 2D polarization splitting grating couplers and to combine above
functionalities were made. However, a grating coupler which is compatible with
all FTTH specs was not found.

To solve the coupling problem I changed gear and invented a heterogeneous
integrated III/V transparent photodetector. This photodetector detects 1310nm
polarization independently. It is transparent for 1490nm/1550nm and sits on
top of a high-efficiency 1D grating coupler, which provides the fiber-to-chip
coupling interface for these upstream wavelengths. A proof-of-principle of this
transparent photodetector showed promising performance with a crosstalk
of 32dB and 42dB at 1490nm and 1550 nm respectively with a responsivity of
0.4A/W. The measured penalty for the upstream wavelength coupling was about
1dB.

The developed building blocks enabled us to design a FTTH PTP 4-channel
transceiver array, which can fulfill all the IEEE FTTH specifications. This demon-
strator includes a full process flow of active and passive components. The light
modulation (OOK) is performed with carrier depletion Mach-Zehnder modula-
tors. The 1490nm and 1550 nm light is splitted with a PCG demultiplexer using
DBR back mirrors to achieve an IL of 1 dB. Low-loss MMI splitters and crossings
were employed. The III/V transparent photodetectors were integrated with a
SU8 flipchip method. The chip was mounted on a PCB board and connected
to the board and a TIA array by means of wirebonding. An 8-channel SMF fiber
array was attached to the demonstrator and it was packaged in a 3D printed
package. The required 1.25Gbps operation for the transmitter and receiver was
demonstrated.

In the future an 8-channel and even 16 or 32-channel transceiver array should be
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Figure 2.38: 12-channel commercial FTTH transceiver product from Caliopa (imec/UGent
Silicon Photonics startup) using similar transparant photodetector technology pioneered
in this work.

possible. The biggest challenge is meeting the optical power budget. The biggest
improvement would be to optimize the modulator for this specific application,
reducing the 6 dB IL with a couple of dB. Together with fully optimized waveguide
components, optimized fiber-to-chip coupling interfaces and by going to a laser
with more than 13dBm output power or integrating an amplifier, a 32-channel
device is achievable with Silicon Photonics.

Fig. 2.38 is a commercial 12-channel FTTH transceiver from Caliopa, an
imec/UGent Silicon Photonics startup. This product includes an array of trans-
parent photodetectors based on the technology pioneered in this work.
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Abstract: A new generation of Silicon-on-Insulator fiber-to-chip grating
couplers which use a silicon overlay to enhance the directionality and
thereby the coupling efficiency is presented. Devices are realized on a
200mm wafer in a CMOS pilot line. The fabricated fiber couplers show a
coupling efficiency of —1.6dB and a 3dB bandwidth of 80 nm.
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1. Introduction

In the last decade much research has focused on silicon photonic integrated circuits, due to the
scaling in size that can be accomplished because of the high refractive index contrast available
on the SOI material platform. However, the scaling of the device cross-section complicates
the interfacing with a single mode optical fiber. Several schemes have been proposed to tackle
this problem. We focused particularly on fiber-to-chip coupling by means of subwavelength
structured surfaces such as line gratings or photonic crystals. With these grating couplers one
can couple out-of-plane and thus test photonic circuits on a wafer-scale without the need of
any post-processing or cleaving. Furthermore because of a relaxed 1dB alignment sensitivity
of 2 um, it is even possible to align several optical fibers at the same time by using fiber ar-
rays for wafer-scale testing or packaging. Despite the fact that these grating couplers are a very
good candidate for fiber interfacing for the low cost and high volume oriented silicon photonics
framework, they suffer from relatively high coupling loss, making them only useful for research
purposes or specific applications with a relaxed power budget.

In 2002 we reported an SOI grating coupler with a fiber coupling efficiency of —7dB [1].
Since then, a lot of attempts were made to improve the coupling efficiency significantly. In ge-
neral there are three factors that contribute to the poor coupling efficiency of standard grating
couplers. Most of the light 35 % — 45 % is lost because of diffraction towards the substrate and
around 20 % is lost because of poor mode-matching to the Gaussian shaped mode of the fiber.
For perfectly vertical coupling another 30 % is reflected back into the waveguide due to second
order Bragg diffraction. This last issue can be easily solved by coupling under a small angle
which breaks the symmetry and eliminates the reflection [2]. An alternative method is to etch
a deep slit in front of the grating which acts together with the grating as a Fabry-Perot cavity
[3]. By chirping the grating, back reflections [4] and losses due to mode-mismatch [2] can be
minimized. Most attempts to increase the directionality of the grating all involve substrate engi-
neering [5]. Other approaches are either based on amorphous silicon, which limits the thermal
budget [6], or require a lot of post-processing [7]. Alternatively, one can use exotic gratings
with for example slanted facets, in analogy to a blazed grating, to enhance the coupling to the
first diffraction order in the superstrate [8]. In 2006 however, we proposed a rather simple and
elegant way to adapt the grating and increase the coupling efficiency drastically, i.e. by defining
a silicon overlay prior to etching the grating [9]. Early attempts which involved epitaxial silicon
growth were promising and showed efficiencies up to —2.6dB [10]. In this paper we demon-
strate high efficiency grating couplers, fabricated in a CMOS pilot line, with —1.6dB coupling
efficiency, approaching the coupling efficiencies required in practical applications.

2. Fiber Coupler Grating Design

For designing a fiber-to-chip grating coupler, which is inherently highly efficient, several de-
sign issues have to be taken into account. These are summarized in Figure 1. The first order
diffraction of a grating is described by the Bragg condition 8 — K = k, where the propagation
constant of the guided mode f8 = ZT"ne K= 27" and the projected wave vector of the incident
mode k, = 27” sin @ with A the wavelength of the light, A the period of the grating and 6 the
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Fig. 1. Schematic illustrations of fiber-to-chip high index contrast grating coupler optimiza-
tion factors: the Bragg condition (a), upwards directionality (b), 2D fiber mode-matching
in z- and x-direction (c,d) and mode-matching between the waveguide and Bloch mode of
the grating (e).
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angle of the fiber with respect to the surface normal of the grating. In order to avoid a high
second order reflection, it is convenient to couple in under a positive fiber angle as shown in
Figure 1(a). In general the effective refractive index n, sy of the grating is a function of the gra-
ting parameters shown in Figure 2(a). However, since for a given grating period and given fiber
angle it is almost always possible to find a wavelength at which the Bragg condition is fulfilled,
this dependency will have a minor influence on the maximal coupling efficiency of the grating
coupler but rather on the central wavelength of the coupling spectrum. In the rest of the analysis
we will assume that the Bragg condition is satisfied and that the fiber coupling angle 0 is close
to zero.

The physical principle behind a highly directional grating as shown in Figure 1(b) can be
understood as follows. Considering the diffracted field pattern as the superposition of the fields
emitted by an array of scattering centers (which have a 7 phase shift with respect to each
other for a perfect vertically coupling grating), constructive interference towards the superstrate
(and hence the optical fiber) can be achieved by realizing an additional 7 phase shift during
the propagation towards the superstrate, since light is propagating either in air (in the etched
slit) or in silicon (in the grating tooth). This directionality is thus a function of the waveguide
thickness £, the etch depth e in the waveguide and the silicon overlay thickness o (see Figure
2). Furthermore, in order to reach high fiber coupling efficiency, a highly directional grating is
required while at the same time the grating strength needs to be optimized for maximal overlap
with the Gaussian fiber mode, shown in Figure 1(c). This mode-matching requirement is a
function of the same three parameters /4, e and o as the high directionality condition. For high
index contrast gratings, the strength of the alternating scattering centers is in general not equal,
resulting in an imbalanced interference to the superstrate. The duty cycle of the grating can
be used as a tuning parameter to compensate and maximize the grating directionality. Three
different classes of grating cases shown in Figure 2 can be considered which can be favorable,
depending on the considered photonics platform, robustness and cost considerations.



2-44 FTTH PTP CO TRANSCEIVER ARRAY

(a) . (b)

e
Y ° il
Fiber i e

Silicon v
Overlay

Fig. 2. Parameterized highly directional grating couplers: the general case (a), without
silicon overlay (b), with silicon overlay but no waveguide etch (c) and both silicon overlay
and waveguide etch (d).

The first case 2(b) is a grating without silicon overlay where high directionality and an op-
timal grating strength are only achieved for a certain waveguide thickness 4 and etch depth
e. In [11] this grating type is optimized and a coupling efficiency of —1.2dB is achieved for
a waveguide thickness / of 340nm and a deep waveguide etch depth e of 200nm. Important
drawbacks are the fixed waveguide thickness which is multimode and the deep waveguide etch
depth which introduces a large mode mismatch between the waveguide mode and the Bloch
mode of the grating resulting in high back reflections (see Figure 1(e)). The last issue is im-
proved by apodizing the grating, leading to reduced reflections and a better mode matching
with the Gaussian fiber mode. However, an apodized grating requires feature sizes which are
beyond the limit of current 193nm DUV lithography.

For case 2(c), no waveguide etch e is required. This kind of grating coupler has been theo-
retically reported in [12], where a transferred silicon nanomenbrane is proposed in order to
fabricate the grating. For a waveguide thickness 4 of 220nm and a silicon overlay thickness
o of 240nm the simulated efficiency was 64%. We optimized this grating type and simulated
for a uniform grating with 47 = 150nm and o0 = 220nm around 80% coupling efficiency, which
is the theoretical upper limit because of the mode mismatch between the exponential shaped
electrical field profile of the uniform grating and the Gaussian shaped mode of the optical fiber.
Unfortunately, a waveguide thickness of 7 = 150nm leads to a lower confinement of the TE
optical mode, and does not support any TM polarized waveguide modes. We also like to point
out that the coupling strength of a grating with no waveguide etch is solely dependent on the
silicon overlay and thus on the evanescent field of the waveguide mode. Because this evanes-
cent field is different for orthogonal polarized waveguide modes, it is unlikely that there exists
a grating which is highly efficient for both polarizations. Despite these drawbacks, this grating
coupler type could be an ideal candidate for using in a single-polarization low-cost photonics
platform.

The most general fiber coupler grating using a silicon overlay is case 2(d) where both a silicon
overlay o and waveguide etch e is used to define the grating. This gives us the freedom to
choose an appropriate waveguide thickness & of for example 220 nm. This high efficiency gra-
ting coupler type is theoretically described in [9] and shows around 80% of coupling efficiency
according to simulations. Although it requires more process steps than the previous cases, it
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is compatible with any high index contrast photonic platform. Moreover, the introduced addi-
tional thickness levels could be used to optimize other integrated photonic devices.

An optimization issue that is unrelated to the previous discussion is the mode-matching be-
tween the Gaussian fiber mode and the waveguide mode in the x-direction as is shown in Figure
1(d). For a 220nm thick waveguide, the optimal waveguide width w is 15 um. Since the taper
length scales quadratic with the waveguide width, a long taper section (=~ 500 um) would be
needed to adiabatically transform the broad waveguide of the grating into a single-mode optical
waveguide. This can be easily solved by curving the grating as is demonstrated in [13], without
decreasing the grating coupling efficiency.

3. Fabrication

We developed an advanced Silicon-on-Insulator process flow which is capable of realizing the
most general case in Figure 2(d) of the high efficiency grating couplers. The complete fabrica-
tion process is done in the 200 mm imec CMOS pilot line with 193nm DUV lithography. We
start from a 200mm SOI wafer with a buried oxide layer thickness of 2um and a crystalline
silicon layer thickness of 220nm. Simulations show that the thickness of the buried oxide layer
is of minimal importance for the coupling efficiency, since the grating intrinsically is very direc-
tional such that only a small fraction of the light is reflected at the interface of the buried oxide
and silicon substrate [9]. In a second step an amorphous silicon layer of 160nm is deposited
over the whole wafer and a deep etch is performed through the amorphous silicon reaching
70nm into the crystalline silicon layer. This is used to define the slits of the high efficiency
grating couplers. Next, the amorphous silicon is removed where necessary by dry etching using
a combination of a chlorine/fluorine-based and bromine-based chemistry. The width of the first
tooth will not affect the grating coupling efficiency if it is narrower than the subsequent teeth
[9]. By contrast, larger first tooth widths introduce a rapid decrease of the coupling efficiency.
The consequences of possible mask misalignment between the silicon overlay and the grating
coupler are anticipated by designing the first tooth of the grating narrower. This can be clearly
seen in Figure 3 where a bird’s eye view image of the fabricated silicon overlay grating is
shown. In the final step the strip waveguides are defined in the crystalline silicon layer. The
measured propagation loss for a straight single-mode strip waveguide with a height of 220nm
and a width of 450 nm was 1.8 dB/cm, demonstrating the high process quality of this advanced
SOI fabrication process.

Fig. 3. Bird’s eye view of a silicon overlay grating fiber coupler.

4. Experimental Results

The measurement results are shown in Figure 4. All measurements were performed with a
single-mode fiber tilted under an angle of 13 degrees relative to the surface normal of the gra-
ting. Index matching fluid was applied between the grating and fiber facet to reduce Fresnel
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reflections. TE polarized light is used in all experiments, because the gratings are polarization
dependent. The coupling efficiency was determined by measuring the fiber-to-fiber insertion
loss of two grating couplers connected with a 300 um long and 15 um broad waveguide. Figure
4(a) shows the central wavelength of the fiber coupling spectrum as a function of the grating
period and this for several duty cycles. The central wavelength scales almost linearly with the
grating period because the effective refractive index of the grating is only weakly dependent
upon the wavelength. In Figure 4(b), the coupling efficiency for different grating periods is
plotted versus the duty cycle. It seems that a duty cycle of 35 % (refers to the unetched silicon
part) is optimal and we measured a maximum efficiency of —1.6dB with a 1dB and 3 dB band-
width of respectively 44nm and 80nm for a grating period of 690nm and central wavelength
of 1530nm. This is the highest fiber coupling efficiency reported to date for CMOS-compatible
fiber-to-chip grating couplers.

— 1380 A6

E —

£ 1560 P 0 47

£ - 7 18

-é 1540 A 2 P

5 ///// 2 \\

2 1520 v 03 £ 20

= 500 //// /_._ms u;;, 4 | ——ts0nm Eﬁﬂnm\\

= x’/‘ / —04 £ ,, | =—67m  ——soonm N\

5 ) 45 s 2

2 1as0 —

£ x / 05 g 23 680nm \%

@

O 1460 0.53 © 5 v

60 650 660 670 680 G0 700 025 035 045 055 085

Grating Period (nm} Duty Cycle (silicon)

(@) (b}

Fig. 4. Measurement results of a sweep of 1D fiber couplers (a-Si overlay) for different
duty cycles (a) and different grating periods (b).

5. Conclusion

Difterent types of high efficiency grating couplers which are inherently highly directional are
discussed. The most general case of a grating coupler with silicon overlay and etch into the
optical waveguide is fabricated using 193nm DUV lithography. We have shown experimen-
tally a coupling efficiency of —1.6dB which is the highest fiber coupling efficiency for grating
couplers fabricated in a CMOS pilot line. The optimal duty cycle of the grating is found to be
35%. The amorphous silicon is stable up to a temperature of 500°C. As an alternative a poly-
silicon overlay could be used which is stable up to a temperature of 1000°C. A silicon overlay
could also be beneficial for more advanced grating couplers which incorporate polarization di-
versity and wavelength demultiplexing [14]. Besides the grating couplers, the silicon overlay
can be used in other components on the SOI chip as an extra degree of design freedom.
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Abstract

We present a SOl nanophotonic waveguide circuit for FTTH transceivers. A grating duplexer and planar concave
grating are combined to couple and demultiplex the 1310, 1490 and 1550nm communication channels.

Introduction

Silicon-on-insulator technology has many advantages
for the realization of photonic integrated circuits. First
of all the platform is CMOS-compatible and due to the
high refractive index contrast, the designs are very
compact. Furthermore, out-of-plane coupling can be
realized by the use of a diffractive grating [1]. This
makes wafer scale testing feasible. By unifying these
advantages it is possible to fabricate nanophotonic
integrated circuits in large volumes at a low cost.

Point-to-point  Fiber-to-the-Home  optical access
networks require large volume and low-cost optical
transceivers, both at the subscriber and the central
office side. From the perspective of the transceiver at
the subscriber side, 1310nm is the upstream channel
and 1490nm and 1550nm are the downstream
channels for data and CATV. The passive optical part
of a fiber-to-the-home transceiver has to couple and
demultiplex these three communication channels.

In this paper, we report on the design and fabrication
of a nanophotonic waveguide circuit realizing this
optical coupling and demultiplexing. With a grating
duplexer [2] the light is coupled into the chip and the
1310nm upstream channel is spatially separated from
the downstream channels.

1490nm/1550nm
downstream

1310nm
upstream

I 1490nm downstream Grating duplexer

79 1550nm downstream
Q"_"_’;_j* — - —

planar concave grating

Figure 1: Microscope image of a grating duplexer in
combination with a Planar Concave Grating (PCG)
demultiplexer for FTTH applications

With a planar concave grating demultiplexer [3], the
downstream channels 1490nm and 1550nm are
splitted and the 1310nm wavelength channel is
filtered to reduce the crosstalk levels. A microscope
image of the fabricated structure is shown in Figure 1.

This circuit is fabricated using standard CMOS
technology, on a silicon wafer with a 220 nm thick
silicon waveguide core and a 2um thick buried oxide
layer.

Grating Duplexer

In order to couple and at the same time split the
upstream and downstream wavelength bands, we use
a 1-dimensional grating duplexer. The working
principle is shown in Figure 2. Under a certain angle
of the optical fiber, the Bragg condition is fulfilled for
both wavelengths A1 and A; and the 2 wavelength
bands will couple in opposite directions. The grating
period, duty cycle and number of periods have been
optimized using a particle swarm optimization
algorithm, in order to achieve maximum coupling
efficiency for both the upstream and downstream
wavelength bands.

A
A, crosstalk J&
b,

Figure 2: Operation principle of a grating duplexer. A4
represents the upstream wavelength band, A2
represents the downstream wavelength band.

The duplexer has been designed in a way that the
upstream band around 1310 nm is coupled in the
forward direction and the downstream band around
1520 nm is coupled backwards. The measurement
results of the grating duplexer are plotted in Figure 3.
The period of the grating is 520 nm and the grating
duty cycle is 40%. The etch depth is 70nm. The
number of grating periods is 20. Index matching fluid
was applied between the optical fiber facet and the
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grating duplexer to avoid reflections at the fiber facets
and the fiber was tilted under an angle of 10 degrees.
Standard single mode fiber was used for the
experiments. The experiments were performed using
TE polarized light. Making the grating duplexer
polarisation independent can be done by using a two
dimensional grating structure [2].

2
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Figure 3: Transmission spectrum of the grating
duplexer for the upstream band (upper graph) and the
downstream band (lower graph)

The coupling efficiencies of the central wavelengths
are -6 dB for 1300 nm and -4 dB for 1520 nm. At the
communication wavelengths 1310, 1490 and 1550
nm the coupling efficiencies are respectively -7 dB, -6
dB and -8 dB. Decreasing these losses can be done
by first depositing an extra silicon layer prior to
defining the grating [4]. Simulations show that
efficiencies of -1.9 dB are possible for both central
wavelengths.

Planar Concave Grating Demultiplexer

Demultiplexing the downstream band is accomplished
by using a planar concave grating demultiplexer
(PCG) [3]. In order to avoid possible crosstalk from
the grating duplexer as shown in figure 2, we also
have to filter the 1310 nm wavelength in both
downstream channels. This was done by adjusting
the free spectral range of the grating demultiplexer.
Measurements of the grating demultiplexer are shown
in Figure 4.

Transmission (dB)

L :
T T
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Wavelength (nm)

Figure 4: Transmission spectrum of the planar
concave grating demultiplexer

The maxima of the transmission efficiencies are -5.4
dB for 1485 nm and -7.6 dB for 1542 nm and are
limited by the Fresnel reflection at the Silicon/Air
interface. The crosstalk at these maxima is about -30
dB and -40 dB respectively. Filtering of the 1310 nm
channel is as good as -40 dB. Several techniques to
reduce the insertion loss of this demultiplexer exist;
for example with high reflectivity Bragg reflectors, as
described in [5], the insertion loss can be reduced by
4 dB.

Conclusions

We have demonstrated how to couple, demultiplex
and filter 1310 nm, 1490 nm and 1550 nm with the
use of just 2 integrated optical components. A grating
duplexer couples the light and splits the
upstream/downstream bands. The PCG separates
the 1490 nm and 1550 nm while filtering 1310 nm. In
addition we have suggested how to increase the
performance of these components and make the
device polarisation independent. The proposed
configuration contains all functionalities for the
passive optical part of an SOI FTTH transceiver, while
exploiting all advantages of the silicon-on-insulator
platform. We believe that this proof of concept is a
stepping stone for future low cost SOI fiber-to-the-
home transceiver chips.
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Abstract: The possible functionalities of a uniform 1-dimensional (1D) grating coupler are explored.
Besides the main function of coupling light from fiber to chip, the grating can act as a polarization
splitter or a wavelength demultiplexer. Experimental results are presented of a grating duplexer which
couples and splits 1300 nm and 1520nm with an efficiency of respectively —6dB and —4dB. A
polarization splitting grating coupler, coupling and splitting the orthogonal polarizations of 1300 nm
with an efficiency of —5.2dB is demonstrated. A technique to minimize the polarization dependent
loss (PDL) by varying the fiber angle and position is introduced, successfully compensating for pola-
rization dependent loss in the test circuit. A more complicated 1D grating utilization incorporating
both polarization splitting and wavelength duplexing is studied as a possible fiber-to-chip interface for
Fiber-To-The-Home (FTTH) transceivers. Furthermore, simulation results are introduced of similar but
more efficient 1D grating couplers using a silicon overlay to enhance the grating directionality.

Index Terms: Waveguides, Engineered photonic nanostructures, Fabrication and characterization,
gratings, Silicon nanophotonics, Optical communications, Waveguide devices

1. Introduction

HOTONIC integration is considered to be a key technology for future advancements in optical

communication technologies. Scaling down the optical building blocks enables complex and
ultra-compact photonic circuits at a fraction of the cost of conventional systems consisting out
of discrete components. Choosing an appropriate platform for developing this miniaturization
technology is guided by functionality, compatibility, performance, yield and cost. Regarding the last
two issues, Silicon-on-Insulator (SOI) is by far the leading technology for low-cost and high-volume
photonic integration since it can benefit from the processes developed in the mature electronics
industry. Although the high refractive index contrast of SOI reduces the footprint of the integrated
photonic devices considerably, it becomes more difficult to achieve a high-performance mode-
size convertor between a single-mode optical fiber (100 zm?) and an integrated optical waveguide
(0.1 pm?).
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A possible solution is a lateral coupler using spot-size conversion with an inverted taper, in
combination with a tapered/lensed fiber [1]. A recent method employing a thermal oxidation
process to reduce the inverted tip width to less than 15nm allows for highly efficient (—0.5dB)
and broadband optical coupling to both the transverse-magnetic (TM-) and transverse-electric
(TE-) polarized modes [2]. Although unrivalled in terms of performance, lateral coupling requires
a lot of post-processing such as cleaving and polishing the facets, making wafer-scale testing not
feasible. Furthermore, the 1dB misalignment tolerance is less than 1 um and a misalignment of
2 pm introduces an insertion penalty of 5 dB. These tolerances are not compatible for using a fiber
array [3] which makes lateral coupling not attractive for a low-cost coupling method.

A more robust coupling technique is using periodic structured surfaces such as line gratings [4]
or photonic crystals [5] to achieve out-of-plane coupling. They turn out to be an ideal candi-
date for the low-cost and high-volume oriented silicon photonics framework. The fact is that a
relaxed 1dB alignment sensitivity of 2 um makes it possible to align several optical fibers at the
same time with the use of fiber arrays for wafer-scale testing or packaging. They also are fully
CMOS-compatible and don’t need any post-processing. Today grating couplers are widely used
in research environments to characterize SOI waveguide circuits and the coupling efficiency is
approaching efficiencies required in practical optical communication applications [6], [7]. However,
grating couplers are high index contrast wavelength dependent structures and thus exhibit strong
polarization dependence and limited bandwidth. For example a conventional grating coupler, as
reported in [8], couples TE-polarized light of one single wavelength band around 1550 nm with a
peak efficiency of —5dB. The 1dB bandwidth is 30 — 50 nm and the 3 dB bandwidth is 70 — 100 nm,
corresponding to the full Conventional Band (C-Band). By changing the period of the grating one
can easily change the central wavelength of the coupling spectrum and couple in other spectral
bands. In this paper we will investigate 1D grating couplers with increased functionalities such as
dual-band coupling/splitting and dual-polarization coupling/splitting.

2. Theoretical Outline

In this section we will explain the basic theory behind a grating coupler and the method to couple
more than 1 wavelength band and/or polarization into the chip. Because discussing the different
types of designs can become confusing quite easily, we will further introduce some rigorous short
notation and transcribing method for 1D grating couplers.

2.1. Bragg Condition
The angle 6 of the light diffracted from a grating structure with period A can be deduced from
phase matching conditions. For a grating coupler these conditions are described by the projected
Bragg condition [9] for the first order diffraction:

B =FKin. +mK (m==+1) (1)
and
g = oy
kin. = 2Tﬂ—ndadsin()
2
e

with g the effective propagation constant of the grating mode, K the reciprocal lattice constant
of the grating and k;, . the projected wave vector of the incident light. n..q is the refractive
index of the top cladding, n.;y is the effective refractive index of the grating mode and ¢ is the
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angle between the optical fiber and the surface normal. ' This condition will be only valid for one
polarization since high index contrast waveguides and gratings are highly birefringent.

K=21/A K=2m/A

» G

superstrate!

substrate substrate

superstrate; K

(a) F: Forward Coupling (m=+1) (b) B: Backward Coupling (m=-1)

Fig. 1: Schematic representations of the Bragg diagram for Forward and Backward coupling.

In Fig. 1 the Bragg condition is schematically presented in a Bragg diagram. If m = 1 both the
effective propagation vector 5 and the projected wave vector kin,- Will have the same direction.
In this case we speak about Forward (F) coupling. If m = —1 the effective propagation vector
G and k;, . will have opposite directions and we speak about Backward (B) coupling. From a
mathematical point of view, one can say that for a certain grating and fiber angle ¢ the Bragg
condition is always fulfilled for four wavelengths.? Two different wavelengths \; and \, which are
respectively TE- and TM-polarized, will couple in the Forward direction. Two other wavelengths
A3 and A4, respectively TE- and TM-polarized, will couple in the Backward direction. In order to
reduce this tedious description of a grating coupler we will use a short notation and refer to it as
the F(\\ —TE,\—TM) B(As—TE, \s—TM) grating coupler. Note that due to birefringence, it is
impossible to couple the orthogonal polarizations of the same wavelength into the same direction
F or B. Likewise, one cannot couple the same wavelength with the same polarization in opposite
directions unless the optical fiber angle ¢ is exactly zero degrees and the grating will couple the
same wavelengths equally Forward and Backward.® For high index contrast gratings, coupling a
certain wavelength into the chip is accompanied by coupling a spectrum of wavelengths around
this central wavelength. To emphasis this bandwidth, we will sometimes use the spectral bands
(fully or partly coupled) instead of the wavelengths for the short notation of 1D grating couplers,
eg. FW—-TE, X -TM)B(Y —TE,Z—-TM) where W,X,Y and Z respectively refer to the W,
X, Y and Z-bands. If the fiber angle ¢ is of importance, it will be placed at the end of the short
notation: F(\y —TE, X\ —TM)B(A3 —TE,\y —TM) — ().

2.2. Fiber Coupling Efficiency Trade-Offs

Fulfillment of the Bragg condition for a certain grating with period A and for a certain wavelength \;
and angle ¢, does not guarantee efficient fiber coupling. This depends strongly on all other grating
parameters such as the refractive index contrast, mode confinement, grating width, duty cycle,
number of periods, etch depth, chirping, grating height and entrance waveguide. Except for the
number of periods, changing one of these grating parameters will alter the effective refractive index
of the excited Bloch mode of the grating, especially in the case of high index contrast gratings.

"For low index contrast gratings, 3 can be approximated by the effective propagation constant of the waveguide. Dealing
with high index contrast gratings is done by using the propagation constant of the excited Bloch mode of the periodic
structure.

2We hereby assume that the effective refractive index neyy is only slightly dependent on the wavelength.

3Perfect vertical coupling introduces a huge second order reflection back into the waveguide and is therefore avoided
[10].
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This in turn will have an effect on the Bragg condition (1) and thus the period A of the grating
and angle 6 of the optical fiber. Furthermore, for every grating the optimal position of the optical
fiber needs to be optimized. Consider the example of a single wavelength and single polarization
grating coupler F(\; —TE) — () wherefore the Bragg condition is fulfilled for \; TE-polarized light
and a fiber angle 6. Optimization of this type of grating coupler is explained in detail in [7]. There
are 5 optimization factors which have to be taken into account in order to get almost perfect fiber
coupling: Bragg condition, grating directionality, 2D fiber mode-matching (is subdivided in two 1D
mode-matching conditions) and mode-matching between the waveguide mode and Bloch mode
of the grating. All these optimization factors are connected by the effective refractive index n.y
of the grating Bloch mode and optimizing one factor will result in the deoptimization of the other
factors. However, since the grating period A is an independent variable which only affects the
Bragg condition, a deoptimization in the Bragg condition is easily counteracted by changing the
period without influencing the other optimization factors. This greatly simplifies the optimization of
a single wavelength single polarization type of grating coupler. Unfortunately, if we add a second
wavelength (or equivalently a second polarization) to the grating functionality, this simplification is
no longer valid since two coupled Bragg conditions fix the grating period and fiber angle thereby
increasing the design complexity.

In section 2.1 we mentioned that the first optimization factor, i.e. the Bragg condition, can be
fulfilled completely for as much as four wavelengths at the same. Since the Bragg condition
has two design parameters, i.e. the grating period A and fiber angle 6, two wavelengths can
be chosen randomly. The other two wavelengths wherefore the Bragg condition is fulfilled, are
fixed and determined by the n.;;. Only by changing the n.; itself it is possible to change the
third and fourth wavelength. The grating directionality can be greatly enhanced by using a bottom
mirror [11] or a silicon overlay [7]. However, these methods are inherently wavelength dependent
and thus give rise to a coupling efficiency trade-off, unlike uni-wavelength uni-polarization grating
couplers which can in theory almost achieve 100% coupling efficiency [8]. The grating with a
silicon overlay has a very high (90%) directionality and broad bandwidth making it very suitable
for multi-wavelength grating couplers. The bottom mirror approach can achieve full directionality
for several wavelengths by choosing the right mirror/grating separation, but this will result in a
narrower band coupling spectrum around the central wavelengths.

The most significant trade-off for a forward and backward coupling grating is the mode-matching in
the z-direction [12]. The Gaussian fiber mode needs to be matched to the exponential decaying
field of the grating. This is schematically shown in Fig. 2. For uni-directional gratings there is
no restriction on the length, thereby assuring that all the light is diffracted and mode-matching
is maximized. For a uniform grating coupler, the optimal mode-matching ~ 80% is obtained for
a distance d between the optical fiber center and the grating edge approximately equal to the
decoupling length Lo = (2a)(=Y with 2a the coupling strength of the grating [13], [14], [15],
[16]. For bi-directional uniform gratings optimal simultaneous forward and backward coupling is
achieved for a grating length in the order of 2.5x the decoupling length L. This reduced length and
non-optimal fiber position decreases the maximum obtainable mode overlap to 70%. Furthermore,
when coupling light out of the chip, a certain amount of light will couple into the opposite waveguide
resulting in crosstalk [12] (see Fig. 2). Depending on the application this crosstalk is unwanted
and should be filtered.

By chirping or apodizing the grating strength, the electrical field profile from the grating can be
matched to the Gaussian field profile of the fiber [17], [8]. However, optimizing the mode-matching
for coupling in one direction worsens the mode-matching for coupling in the opposite direction.
For bi-directional grating couplers it's thus impossible to achieve perfect mode-matching for both
forward and backward coupling simultaneously. The same problem occurs if one tries to focus the
coupled light by curving the grating [11], which will result in a defocusing for the opposite coupling
direction.
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Fig. 2: Mode-matching for uni-directional and bi-directional grating couplers.
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Fig. 3: Measured coupling efficiency of the F(1310nm — TE) B(1520nm — TE) — (10°) grating
duplexer.

A grating duplexer, first reported in [12], is a 1D bi-directional grating coupler which couples
two wavelengths in opposite directions, thereby acting as a coupler and splitter at the same
time. In this section we will investigate the F'(1310nm — T'F) B(1520nm — T'E) grating duplexer.
After solving the Bragg conditions CAMFR [18], a rigorous two-dimensional bidirectional mode
expansion tool with perfectly matched layer absorbing boundary conditions, is used to optimize
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the grating period, duty cycle, number of periods and optical fiber tilt angle by using a particle
swarm optimization algorithm [19]. The period of the optimal grating is 520nm and the duty cycle
is 39%. The etch depth is 70 nm. The number of grating periods is 20. The theoretical coupling
efficiency is —4 dB for both 1310 nm and 1520 nm. The fabrication was performed on a 200 mm SOI
wafer, consisting of a 220 nm silicon waveguide layer and a 2 um buried oxide layer on a silicon
substrate. 193 nm DUV lithography CMOS technology was used for fabrication. The measurement
results of the grating duplexer are plotted in Fig. 3a and 3b. Index matching fluid was applied
between the optical fiber facet and the grating duplexer to avoid reflections at the fiber facets and
the fiber was tilted under an angle of 10 °. The single-mode fiber had a mode field diameter (1/¢?
intensity width) of 10.4 pm. TE-polarized light was used for the characterization of both wavelength
bands. The position of the optical fiber was optimized only once, whereafter all measurements
took place. The measured coupling efficiencies of the central wavelengths are —6 dB for 1300 nm
and —4dB for 1520 nm. Decreasing these losses can be done by first depositing an extra silicon
layer before defining the grating [7]. Simulations show that this overlay can boost efficiencies up
to —1.9dB for both central wavelengths.

4. F(1310nm-TE) B(1310nm-TM)

An interesting subclass of bi-directional grating couplers couple in the orthogonal polarizations
of the same wavelength in opposite directions [20], acting as both a coupler and polarization
splitter for polarization diversity circuits [21]. In [22] a F(1550 nm —T'E) B(1550nm — T'M) — (15°)
grating coupler has been demonstrated with an efficiency of —4.8dB for the TE-polarization and
—3.6dB for the TM-polarization. Using amorphous silicon and layers of Si/SiO2 as a dielectric
Bragg mirror [23], these efficiencies could be increased to —3 dB [24]. Here we will investigate
the F(1310nm—TFE) B(1310nm—7'M) grating coupler with and without silicon overlay to enhance
the directionality. In depth analysis of the polarization dependent loss (PDL) will be given and finally
the measurement results of this grating coupler without silicon overlay will be presented.
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Fig. 4: Simulations for the F'(1310nm—TF) B(1310nm—7'M)— (9 °) grating using a silicon overlay.

The coupling spectra of the optimized grating coupler £ (1310 nm — T'E) B(1310 nm — T'M) with
silicon overlay are plotted in Fig. 4a. First CAMFR was used to optimize the grating parameters
by maximizing the product of the coupling efficiencies. Then, a second optimization of the fiber
angle and position was done using 2D FDTD simulations in order to minimize the PDL over a
broad wavelength range. This PDL minimization technique is shown in Fig. 5a. By varying the
angle 6 of the optical fiber, the central wavelengths of the coupling spectra can be changed such
that they coincide. By varying the position z of the optical fiber, one can optimize the coupling
efficiency for both polarizations such that the PDL is small over a broad wavelength range. The
optimized parameters are summarized in Table la. The maximum theoretical coupling efficiency
is —3dB for 1319 nm, comparable to efficiencies obtained using a bottom DBR mirror. The PDL,
plotted in Fig. 4b, is lower than 0.6 dB within the —3dB coupling efficiency bandwidth range of
50 nm.



CHAPTER 2 2-55

-2
—_ 6
23 2
z :°
54 S E4
S o
. S
& 83
g6 &2
= —1310| TE
; g7 - g1
i Y- At S, 1310nmT™ R
Avaxm - =
A 5-4-3-2-101234S5 5-4-3-2-1012345
MAXTE AvaxTe Aviaxe Fiber position z-zpp, (m) Fiber position z-zyp, (1m)
(a) PDL minimization technique (b) (c)

Fig. 5: PDL minimization technique and alignment sensitivity plots for the optimized F(1310 nm —
TFE)B(1310nm — T'M) — (9°) grating using a silicon overlay.

design (a) (b)
A1 (nm) 1310 | 1310
A2 (nm) 1520 | 1625
overlay thickness (.m) 0.13 0.0
etch depth (um) 0.19 0.07
grating period (um) 0.490 | 0.536
duty cycle (unetched) 0.55 0.48
fiber tilt 6 (°) 9.0 14.9
number of periods 18 18

TABLE I: Optimized F(1310nm—T'F) B(1310nm—1"M ) grating coupler designs with silicon overlay
(a) and without silicon overlay (b). The fiber angle and position are optimized in order to have
minimal PDL over a broad wavelength range.

In Table Ib the optimized parameters for the F(1310 nm —T'F') B(1310 nm — 7'M ) grating coupler
without silicon overlay are summarized. The simulated coupling spectra are plotted in Fig. 6a and
6b. The theoretical coupling efficiency is —3.5dB for 1310 nm. The PDL for the 1310 nm wavelength
band is lower than 0.6 dB within 45 nm of the —3 dB coupling efficiency bandwidth range of 50 nm.
The grating coupler was measured in a loop test circuit shown in Fig. 7. A deterministic polarization
scanning method was used for measuring the PDL as a function of the wavelength. By adjusting
the fiber angle and position, as shown in Fig. 5a, the PDL could be minimized over a broad
wavelength range. The optimal angle obtained with this PDL minimization technique is 14 °, which
differs from the theoretical fiber angle because of fabrication variations in the silicon waveguide
thickness and etch depth of the grating. The measured transmission spectra, see Fig. 6a, shows
—5.2dB coupling efficiency for 1300 nm with a —1 dB optical bandwidth of 30 nm. Index matching
fluid was applied between the optical fiber facet and the fiber coupler to avoid reflections at the
fiber facets. As shown in Figure 6b, from 1240 nm to 1312 nm the fiber-to-fiber PDL is lower than
1dB, which covers 42nm within the —3 dB coupling efficiency bandwidth of 50 nm. The difference
in coupling efficiency of 2dB between simulations and experiment is mainly ascribed to a high
bend loss for 1310 nm TM-polarized light in the 5 um radius bends. This inherent PDL of the test
circuit itself, however, is neutralized by moving the fiber position during the PDL minimization
technique where the fiber and grating act as a tunable polarization and power splitter. In Fig. 5b
and 5c¢ the PDL is plotted as a function of the fiber position z. By moving the fiber one can control
the PDL of the fiber coupling and thus counteract PDL created in the integrated circuit.
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Fig. 6: Theoretically and experimentally obtained fiber-to-waveguide coupling spectra (a) and PDL
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Fig. 7: Top view of the measured Silicon-on-Insulator polarization independent nanophotonic
waveguide circuit.

5. F(1310nm-TE) B(1620nm-TE,1310nm-TM)

The measured F(1310nm — TF) B(1310nm — T'M) — (14°) grating coupler from the previous
section, also showed efficient backward coupling* for 1610 nm TE-polarized light with a coupling
effiency of —5.9dB and a —1 dB optical bandwidth of 35 nm (see Fig. 6a). As far as we know this
is the first demonstration ever of a triple wavelength grating coupler. This type of grating coupler
could be interesting for coupling a certain wavelength with unknown polarization (in this case
1310 nm) into the chip and another wavelength, in this case 1610 nm, with a fixed polarization out
of the chip. One can for example use 1310 nm as pump light for an active component on the chip
by coupling it in in a polarization independent way. Another application could be for example a
Fiber-To-The-Home (FTTH) transceiver in the Central Office (CO) where the light for the upstream
channels (1490 nm and 1550 nm) is provided by a laser of which the polarization is known and the
polarization of the downstream wavelength (1310 nm) is unknown and can vary over time. We tried
to optimize a grating coupler for F(1310 nm — TE) B(1520nm — T'E, 1310 nm — T'M) functionality,
required for this FTTH transceiver. Without using a silicon overlay no solution was found. By
introducing the silicon overlay, however, an extra degree of freedom was created to engineer
the effective refractive index of the Bloch mode thereby enabling a highly efficient F(1310 nm —
TE)B(1520nm — TE,1310nm — T'M) grating coupler. For example, the silicon overlay grating
with the optimized parameters from Table la shows a —2.6 dB coupling for backward coupling of
1510nm TE-polarized light besides the —3 dB coupling efficiency for both orthogonal polarizations
of 1310 nm.

4for the same position of the optical fiber
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6. Conclusion

We explored uniform 1D grating couplers on an SOI platform. A short notation for referring to
more complicated 1D grating couplers was introduced. Three types of grating couplers were
presented and experimentally verified: a F(1310nm — TF) B(1520nm — T'E) grating duplexer,
a polarization splitting F'(1310nm — TE) B(1310nm — T'M) grating coupler and a F(1310nm —
TE)B(1610nm — TE, 1310 nm — T'M) triple wavelength grating coupler. Simulations show that by
using a grating with silicon overlay, the effective refractive index of the grating can be engineered
effectively to create a F(1310nm — TF) B(1520nm — T'E, 1310nm — T'M) grating coupler, which
could have applications for FTTH transceivers. Recently, the second dimension of the grating has
been explored using subwavelength structures to engineer the effective index of the Bloch modes
in the grating [25], [26]. This extra degree of freedom could eventually lead to efficient quadruple
wavelength engineered grating couplers.
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Abstract—The tapering problem of the fundamental quasi-TM
mode in thin asymmetrical waveguides is investigated. Mode
conversions are found to be at the origin of the failing adiabatic
tapers. We propose and investigate three non-adiabatic taper
solutions, a focusing grating coupler, a lensed taper and a
discontinuous taper, which circumvent these mode conversions.

Keywords-taper; quasi-TM; polarization; integrated photonics;
asymmetrical waveguide; Silicon Photonics;

I. INTRODUCTION

Optical waveguides are the fundamental building blocks of
integrated photonic devices. Besides waveguide loss, substrate
loss, optical confinement and footprint one has to deal with
polarization issues when designing a waveguide. In high index
contrast platforms such as Silicon-On-Insulator (SOI), thin
(subwavelength) waveguides are used resulting in quasi-
polarized modes which differ substantially in effective
refractive index (birefringence), optical confinement and
waveguide loss. Besides the traditional optical communication
application for integrated circuits where polarization diversity
is required, interest in using the quasi-TM polarization is rising.
One advantage is that because of a weaker optical confinement
and because of a large evanescent field at the top of the
waveguide, the quasi-TM mode is more suited for field
interactions with deposited and bonded materials or for
biosensing [1]. Another example is where the quasi-TM
polarization is used to excite plasmons in a gold clad layer [2].
All these applications can result in highly asymmetrical
waveguide structures. The problem is that asymmetrical
waveguide circuits, unlike symmetrical ones, don’t transmit
any quasi-TM polarized light if adiabatic tapering from a multi-
mode waveguide to a single-mode waveguide is present.

Il.  ADIABATIC MODE CONVERSIONS

All calculations have been performed for an SOl strip
waveguide with a thickness of 220nm. When the top cladding
of the waveguide is equal to the bottom cladding, we speak of a
symmetrical waveguide. This vertical symmetry introduces a
plane along which the mode is purely polarized, resulting in
quasi-TE and quasi-TM modes. For waveguides where top and
bottom cladding are different or in the case of a rib waveguide,
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Figure 1. Adiabatic Mode Profile of a symmetric waveguide.
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Figure 2. Adiabatic Mode Profile of an asymmetric waveguide.

the symmetry is broken and one cannot make a distinction
between different quasi-polarized modes. As a convenience we
shall use quasi-polarized mode naming in these asymmetrical
waveguides referring to the quasi-polarized counterpart of the
mode in the symmetrical case. Fig. 1 and 2 show the effective
refractive index as a function of the waveguide width for all
guided modes of respectively a symmetrical waveguide and
asymmetrical waveguide. In a symmetrical waveguide two
symmetry planes are present by which the modes can be
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classified. Using the vertical symmetry (My), modes are split
into quasi-TE and quasi-TM modes. The horizontal symmetry
(M) subdivides these polarizations into even and odd modes.
In an asymmetrical waveguide the symmetry plane for quasi-
polarization classification disappears such that quasi-TE and
quasi-TM modes can couple to each other in adiabatic tapers.
The circles in Fig. 2 show the mode conversions from the
fundamental quasi-TM mode to higher order quasi-TE modes.
The latter are not guided in a single-mode waveguide what
explains the breakdown of adiabatic tapering.

I11l. NON-ADIABATIC TAPERS

We will investigate different solutions which circumvent
the mode conversion problem for tapering to the fundamental
quasi-TM mode in an asymmetrical strip waveguide.

A. Focusing Fiber-To-Chip Grating Coupler

With a focusing grating coupler, see Fig. 3(a), one can
couple and at the same time focus the light into a photonic
wire [3]. This approach is experimentally verified and an
efficiency of 13% is demonstrated for coupling from an
optical fiber to the fundamental quasi-TM mode of a 220nm
thick SOI single-mode photonic 500nm wire. The etch depth
of the grating is 70nm and the top cladding is air, making the
waveguide highly asymmetrical. The 1dB and 3dB bandwidth
were respectively 45nm and 80nm.

B. Lensed Focusing Taper

Another way of avoiding the mode conversion problem
due to adiabatic tapering is to use a focusing effect as is done
in focusing grating couplers. This focusing effect can also be
obtained by using in-plane lenses. These lenses can for
example be fabricated in silicon using doping or by etching.
The lenses considered here are made by etching 70nm of the
220nm high silicon area as shown in Fig. 3(b). Since the
effective index of the etched area is smaller, a focusing lens
has a concave shape. One can now design bi-concave and
plano-concave lenses. From lensing theory it is known that the
latter result in fewer aberrations when using them for focusing
purposes. 2D effective index FDTD simulations were
performed for focusing from a 10pm waveguide to a 450nm
waveguide using bi-concave lenses. For a radius of curvature
ranging from 5pm to 10um, the focal length ranges from 9um
up to 23um and the efficiency increases from 85% up to 90%
respectively. The use of plano-concave lenses roughly doubles
the focal distance but no significant improvement in efficiency
was seen. The increase in efficiency for larger focal distances
can be explained due to matching of the focused light to the
diffraction of a 450nm waveguide. 3D-FDTD simulations
were performed as well but these show a decrease in
efficiency to about 30%. This is mainly due to the etch step
which will scatter the light since the TM mode has the largest
field intensity at the top and the bottom of the waveguide.

C. Discontinuous Taper

By avoiding the waveguide widths in a taper for which
mode conversions take place, one can design a discontinuous

Figure 3. Non-Adiabatic tapers: (a) Focusing Grating Coupler (b) Lensed
Focusing Taper (c) Discontinuous Taper

taper as shown in Fig. 3(c). By optimizing the waveguide
widths of the discontinuous sections of the taper with a 3D
vectorial mode solver, 90% efficiency has been obtained for
tapering from a 10pm waveguide to a 450nm waveguide of
the fundamental quasi-TM mode.

IV.  CONCLUSION

We have found that asymmetrical adiabatic tapers exhibit a
lot of mode conversions and are unsuitable for tapering of the
fundamental quasi-TM mode. 13% coupling efficiency has
been measured for a focusing grating coupler that couples and
focus the light into a single-mode waveguide. 2D and 3D-
FDTD simulations predict respectively 90% and 30% taper
efficiency for a lensed focusing taper. According to 3D
vectorial mode solving, an optimized discontinuous taper can
have 90% taper efficiency. In symmetrical waveguides,
process variations can break the symmetry resulting in mode
conversions. In general one should avoid the waveguide
widths near a mode conversion. For the same reason it is
desirable to not make an adiabatic taper unnecessary long for
symmetrical waveguides.
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Abstract We describe the realization of IlI-V/silicon-on-insulator photonic integrated circuits for Fiber-
to-the-Home transceivers in the central office. Above 0.4A/W responsivity is obtained in the 1310nm
band (with polarization dependent loss below 0.5dB). Crosstalk from the 1490nm/1550nm wavelength

channel is below -20dB.
Introduction

In the Fiber-to-the-Home (FTTH) market, two
technologies are competing: passive optical
networks (PON) and Ethernet-based point-to
point networks. The European market is mostly
choosing Ethernet-based point-to-point. The
Japanese and - to a lesser extent - the US
markets are working with PON. Ethernet point-
to-point has considerable advantages over
PON: Ethernet is an open standard, upgrading
is easier and the network is future-proof.
However, PON has a strong advantage as well:
since PON networks are shared between end-
users, the space and power consumption
required for the central office is much smaller. In
addition, the cost of the PON central office
equipment is less than for point-to-point access
switches. Reducing the  size, power
consumption and cost of Ethernet-based central
office equipment, which consists of an individual
transceiver per user, would therefore take away
important drawbacks of point-to-point networks.

Photonic integrated circuits allow integrating
multiple optical components on a single chip,
thereby realizing the required reduction in size,
cost and power consumption for the central
office  equipment. Contrary to traditional
platforms for photonic integration such as IlI-V
monolithic integration, which requires expensive
regrowth techniques, or silica-on-silicon, which
is not compatible with a compact form-factor, the
silicon platform seems the only one which is
truly compatible with large scale integration.
This is due to the high refractive index contrast
that is available in so called silicon photonic
wires, allowing for wavelength scale routing and
handling of light on the SOI chip. Wafer-level
processing using CMOS fabrication tools and
wafer level testing will enable low cost levels.

Using high index contrast photonic integrated
circuits for communication applications however
also brings along considerable challenges,
especially regarding the efficient fiber-to-chip
coupling and polarization independent operation
of the photonic integrated circuit. Especially
since the photonic integrated circuit needs to be
able to handle widely spaced wavelength bands.
Efficient optical coupling (-1.6dB) from a single
mode fiber to a silicon photonic wire was
demonstrated’ using a diffractive grating
structure for a single polarization in the optical
fiber. The 1dB optical bandwidth is limited to
50nm however. In order to address the
polarization sensitivity of the grating coupler, a
polarization diversity approach was presented2
using two-dimensional grating couplers to
couple both orthogonal polarizations to the
silicon chip. While this allows reducing the
polarization dependent loss, it also only works
over a limited wavelength range, insufficient for
Fiber-to-the-Home transceiver  applications,
where a 100nm wavelength band needs to be
covered in the 1310nm wavelength range).
Moreover, the two-dimensional grating approach
introduces a decrease in fiber-to-chip coupling
efficiency.

Since the FTTH transceivers  require
photodetection and light emission on the
photonic integrated circuit, other materials need
to be integrated in order to perform these
functions. Ge-based photodetectors are a good
option given their direct compatibility with the
CMOS compatible processing of the silicon
photonic integrated circuit. In this paper however
we focus on a novel photodetector configuration
based on a heterogeneously integrated IlI-V
semiconductor photodetector. This approach
has the advantage that it also allows the



2-62

FTTH PTP CO TRANSCEIVER ARRAY

integration of IlI-V light sources and IlI-V
modulators on the same photonic integrated
circuit.

Transceiver configuration

The layout of the considered device is
schematically depicted in figure 1. The IlI-V
semiconductor layer stack consists of an
InP/InGaAsP p-i-n structure with an absorption
layer with a band gap wavelength of 1.37um.
This bandgap wavelength allows the 1310nm
wavelength band to be efficiently absorbed,
while the absorption layer is transparent for the
1490nm-1550nm wavelength channels. In order
for the detector to be completely transparent for
these wavelength channels, the IlI-V layer stack
thicknesses have been optimized for
transparency at the central wavelength of
1520nm. The IlI-V heterostructure is transferred
on top of a silicon grating coupler structure using
DVS-BCB adhesive wafer bonding®. After layer
transfer, the 1lI-V photodetector is processed,
lithographically aligned to the underlying silicon-
on-insulator waveguide circuit. The main idea
underlying this configuration is that it allows
efficient detection with low polarization
dependent loss over the full 1260nm-1360nm
wavelength band, since this light is not coupled
to the silicon waveguide layer. On the other
hand, the 1490nm/1550nm wavelength
channels (which are generated on chip and
therefore have controlled polarization and better
controlled emission wavelength) can be
efficiently coupled from the silicon waveguide
layer to the optical fiber using a one-dimensional
diffractive structure (operating for a single
polarization)'.

E
1490/

Silicon waveguide layer
(containing multiplexer,
moduiator, )

—

sio,

Fig. 1: Schematic cross-section of the I11-V/SOI
transceiver
A microscope image of a prototype device is
depicted in figure 2. The lll-V photodetector was
processed on top of a silicon-on-insulator
waveguide circuit consisting of a planar concave
grating capable of multiplexing a 1490nm-band
data signal and a 1550nm-band data signal in a
single output waveguide. The devices were
fabricated using standard CMOS fabrication
tools on an 8inch SOl wafer consisting of a

220nm silicon waveguide layer and 2um buried
oxide layer thickness (through the multi-project
wafer shuttle run service ePIXfab).

T adwba ad
Fig. 2: Microscope image of the fabricated IlI-
V/SOl transceiver circuit
This serves as a proof-of-principle that the
silicon waveguide circuit can contain functional
elements that handle 1490nm and 1550nm
wavelength bands. In the future we will extend
the functionality on the silicon platform by
adding integrated power splitters, arrays of
1490nm and 1550nm  modulators  and
wavelength multiplexers to realize integrated
transceiver arrays (e.g. 8 channels) for central
office equipment with a single CW external light
source (VCSEL or DFB laser) per wavelength

band, as shown in figure 3.
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Fig. 3: Envisioned device configuration for

integrated transceiver arrays for FTTH central
office equipment
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The fabricated devices were characterized in the
1310nm and 1490-1550nm wavelength band.
For this proof-of-principle device, a standard
silicon diffractive grating structure was used with
a known fiber-to-chip coupling efficiency of -6dB.
The implementation of advanced fiber-to-chip
couplers1 with a fiber-to-chip coupling efficiency
of -1.6dB is expected not to affect the operation
principle of the proposed device. The optical
fiber is tilted 10 degrees off vertical in order to
avoid second order Bragg reflection from the
silicon grating. Figure 4a shows the responsivity
of the photodetector for the 1310nm wavelength
band. It varies around 0.4A/W. The polarization
dependent loss is plotted in figure 4b, showing
excellent behaviour (<0.5dB PDL) over the full
wavelength range.



CHAPTER 2

2-63

Responsivity (A/W)
3
2

1240 1260 1280 1300 1320 1340 1360
‘Wavelength (nm)

(a)

PDL(dB)
=
3z

0.00 -+
1240 1260 1280 1300 1320 1340 1360
Wavelength (nm)
(b)
Fig. 4: Photodetector responsivity (a) in the
1310nm wavelength band and the associated
polarization dependent loss (PDL) (b)

This would have been very hard to obtain when
the 1310nm channel had to be coupled to the
silicon waveguide circuit and demultiplexed from
the 1490nm/1550nm signal prior  to
photodetection. Assuming an external laser
source for the 1490nm/1550nm upstream
channel (from the viewpoint of the central office
equipment), the fiber-to-fiber transmission of the
fabricated photonic IC (using two identical
grating couplers of which one is covered by the
heterogeneously integrated photodetector) was
measured. -12dB peak transmission, consistent
with the -6dB fiber-to-chip coupling efficiency of
a single grating, was obtained. This shows that
the integration of the photodetector on top of the
fiber coupler doesn’'t aversely affect its
performance in the 1490nm/1550nm wavelength
range.

In order to assess if the integrated photodetector
is truly transparent for the 1490nm/1550nm
wavelength channel and doesn’t introduce a
significant  electrical crosstalk in  the
photodetector, the device responsivity was also
characterized in the 1490nm/1550nm
wavelength band. This crosstalk, here defined
as the ratio between the responsivity at a
wavelength in the 1490nm/1550nm wavelength
range to a typical responsivity of 0.4A/W in the
1310nm wavelength range is shown in figure 5,
and is below -30dB. Therefore, even a

significant difference in optical power between
the  point-to-point  downstream 1310nm
wavelength channel and the upstream
1490nm/1550nm wavelength channel of 10dB
will still lead to better than -20dB crosstalk in the
photodetector, thereby showing the feasibility of
this approach. The planar concave grating, used
to multiplex the 1490nm and 1550nm
wavelength channels works as expected after
photodetector integration (although with a higher
insertion loss due to the cladding of the device
with DVS-BCB, which reduced the power
reflection at the silicon grating facets, but this
can be accounted for in the design).

Detector Crosstalk (dB)
o }
&

1480 1500 1520 1540 1560
‘Wavelength (nm)

Fig. 5: Photodetector cross-talk due to the
transmission of the 1490nm/1550nm data signal
At the conference, more data will be presented
regarding the dynamic performance of the
photodetector using modulated data signals.

Conclusions

This paper shows for the first time that a
heterogeneous Ill-V/silicon photonic integrated
circuit can be used to realize integrated
transceiver arrays for Fiber-to-the-Home central
office equipment in point-to-point networks. The
concept is limited to operation in the central
office, but there, the need for integration — in
order to reduce the floor space and power
consumption in the central office — is the most
obvious.

Acknowledgements

This work was carried out in the framework of
the Dutch Smartmix-Memphis project. D.
Vermeulen and T. Spuesens thank the Institute
for the Promotion of Innovation by Science and
Technology in Flanders (IWT) for a grant. G.
Roelkens acknowledges the Fund for Scientific
Research Vlaanderen (FWO) for a postdoctoral
grant.

References

1 D. Vermeulen et al., Proc. Group IV Photonics
p. FPD1 (2009)

2 R. Halir et al,. Proc. OFC’10, p. OWJ1 (2010)

3 G. Roelkens et al., Jorn. Electrochem. Soc. p.
G1015-G1019 (2006)






Polarization-Multiplexed (PM)
Differential Quadrature Phase Shift
Keying (DQPSK) Receiver

3.1 Introduction

For mid-reach and long-reach telecommunication networks, the optical link
becomes very expensive and wavelength demultiplexing (WDM) is employed to
scale the fiber capacity. This can be CWDM (with a coarse wavelength grid of
typically 20nm) or DWDM (with a dense wavelength grid of 0.8 nm or smaller).
The typical frequency spacing used in DWDM networks is 100 GHz, 50 GHz or
even 25GHz. The low-loss C and L band of an optical fiber contain 100 chan-
nels with a 100 GHz spacing. Modulation by on-off keying (OOK) is simple to
implement and commonly used for data or short-reach telecom applications,
but for longer reach telecom applications the spectral efficiency is insufficient.
Improving the spectral efficiency (bit/s/Hz) can be done by transmitting multiple
magnitude levels, using the optical phase and/or using both polarizations [1].
Such an advanced modulation format is quadrature phase shift keying (QPSK)
which provides two bits per symbol instead of one bit per symbol for standard
OOK. The symbol diagrams of different formats are shown in Fig. 3.1. Four bits
per symbol can be achieved if QPSK is combined with two magnitude levels. This
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modulation format is called 16-QAM. However, going to multiple magnitude
levels such as 16-QAM gives an optical signal-to-noise ratio (OSNR) penalty of
about 4 dB with respect to QPSK for a constant bit rate and bit error rate (BER) of
1073 . As an alternative, by using both orthogonal fiber polarizations the spectral
efficiency can be doubled. This is called polarization multiplexing (PM) and
together with QPSK a four bits per symbol modulation format can be achieved
called PM-QPSK.

Advanced demodulation typically requires differential encoding to avoid the
problem of cycle slips (any jump in phase will result in the loss of the absolute
phase reference point). Differential encoding has the drawback of doubling the
BER for QPSK [2]. A local laser, generally called local oscillator (LO), is used
as a fixed CW light source to interfere with the incoming signal such that the
optical phase can be extracted. This LO also amplifies the signal, increasing the
sensitivity theoretically with 3dB. Furthermore, digital signal processing (DSP)
can compensate for many fiber impairments. The alternative to usinga LO is a
self-coherent receiver in which every symbol interferes with the previous one.
This has the advantage of not needing a LO in the receiver. Furthermore, since
the system is self-coherent the laser linewidth specifications are more relaxed.
This self-coherent detection in combination with QPSK is called differential
QPSK (DQPSK).

Transmitters and receivers using advanced modulation formats are very complex
and need multiple optical components and electrical inputs/outputs. Because of
this complexity such transceivers are perfect candidates for optical integration.
Especially when the phase and optical delay between different optical compo-
nents has to be controlled accurately, lithographic alignment achieved through
optical integration is a key advantage with respect to the splicing or board assem-
bly of multiple optical components. In this chapter I will focus on integrating a
receiver for DPSK, DQPSK and PM-DPQSK modulation formats.

3.2 Single polarization DQPSK receiver

The first challenge is to make a DQPSK receiver which works for one polarization.
This device can be used in a system where the polarization is controlled or as a
subcircuit in a PM-DQPSK receiver.

3.2.1 Differential phase shift keying (DPSK) circuit fabricated
by means of e-beam lithography
A first circuit was fabricated by means of e-beam lithography at the Valencia

Nanophotonics Technology Center in cooperation with DAS photonics. E-beam
lithography provides a quick prototyping method for integrated circuits with
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(c) DPSK (d) DQPSK

Figure 3.1: Modulation formats symbol diagrams: On-Off Keying (a) , Duobinary (b),
Differential Phase Shift Keying (C) and Differential Quadrature Phase Shift Keying (d).
(Courtasy of Peter Winzer [1])

respect to optical lithography through a CMOS fab which can easily take a few
months. However, since it is a serial writing technique, there are some drawbacks
in making large integrated photonic circuits. The typical writing field of an
e-beam is 100 um by 100 um and stitching errors due to misalignment occur
at the intersection of the writing fields. A waveguide passing at a writing field
intersection thus has to be avoided as much as possible since it introduces
waveguide loss and will backscatter the light. Another design issue that needs to
be taken into account is a fixed drift of the writing field of about 60nm per hour
in the case there are no re-alignment procedures used. This drift will introduce a
stitching error.

A silicon photonics DPSK demodulator was fabricated using e-beam lithography
for 5GHz, 10GHz, 20GHz and 40 GHz symbol rates. The main advantage of
silicon photonics with respect to III/V based circuits is that the passive optical
loss is typically much smaller and consistent and on the order of 0.5dB/cm to
2dB/cm, depending on the waveguide cross section and fabrication process. A
delay line for 5GHz symbol rate is 1.8 cm long, thus introducing a 1dB to 4dB
loss. The received light needs to be split and one part is delayed by exactly one
symbol period. I use a variable optical splitter to compensate for the optical
loss in the delay line such that the interfering symbols are power balanced. This
variable optical splitter is implemented using an MZI where at least one arm
has an optical phase shift modulator based on the thermo-optic effect (further
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Figure 3.2: Mask design of a tunable MZI splitter optimized for e-beam lithography.

called heater). The waveguide with heater is 500 um long an rolled up in a spiral
such that it only occupies one e-beam writing field, as can be seen in Fig. 3.2. In
Fig. 3.3 and 3.4 the design and fabricated device with a tunable splitter, delay
line and 180° hybrid! interferer are shown. The hybrid is a tunable MZI. The
delay line is 0.9 cm long and is divided in four spirals which each fit exactly in
one writing field. The total number of writing field intersections for the delay
line is thus four, minimizing the optical loss due to stitching errors. Light is
coupled into and out of the chip by means of horizontal coupling to a 3 um
broad silicon waveguide. Static measurements showed the principle of the delay
interferometer and compensation of the delay line loss with the variable optical
splitter. High-speed measurement of a similar device can be found in [3].

3.2.2 90 degree hybrid

A 4-port 3dB splitter such as a two by two MMI will interfere the two inputs in a
balanced way and with a relative phase of +90°, achieving a 180° hybrid. With a
combination of 3dB splitters and optical phase shifters one can easily form a 90°
hybrid. However, a non-tunable 90° hybrid is preferred. One such component
is a 6-port two by four MMI as reported in [4, 5]. The MMI design is shown in
Fig. 3.5. It uses a shallowly etched multimode region to reduce the phase errors,
in combination with deeply etched input and output waveguides. A Common
Mode Rejection Ratio (CMMR) better than —20dBe can be achieved together
with phase errors better than +5° in a ~ 50nm optical bandwidth.

190°/180° hybrids are the special case of a two/four-port directional coupler that is designed for
a 3dB (equal) power split.
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Figure 3.3: Mask design of a DPSK receiver with tunable MZI splitter and combiner for
e-beam lithography. The delay line is sectionized such that the number of writing field
intersections is minimized.

Figure 3.4: Microscope picture of a fabricated DPSK receiver with e-beam lithography.



3-6 CHAPTER 3

o DA P

Wana

Wh
=

M

| Ngi0, — 1.444

Figure 3.5: Schematic drawing90° hybrid MMI geometry. Refractive indices are given at
A =1.55um. (courtasy of Rober Halir)

Port3

L
2] a 1550 nm ® Port4 2 Balanced detection = 1530nm
v A Ports [} v ® 1540 nm
'l v Porté 2 A v A 1550 nm
i v 1560 nm
v " A
& -4 L 5 -4 :
8 i g HIM
g i g ° ¢
=6 i = 8 o K
3 ¥ 5 o &
¥ o '
10 A ¥, 10 n
-12 v 12 T T T T T T
-32 -30 -28 -26 -24 -22 -20 -34 -32 -30 -28 -26 -24
Received Power (dBm) Received Power (dBm)

(a) 4 output ports (single-ended detection)  (b) 4 wavelengths (balanced detection)

Figure 3.6: BER vs. received power measurements. (courtesy of Nikolaos Sotiropoulos)

A demodulator based on this 90° hybrid MMI has been characterized in [6].
The performance of the demodulator is evaluated for a number of operating
wavelengths, with results indicating good uniformity and low wavelength de-
pendency. BER measurements as a function of the received power for every
output of the device, with single-ended detection, for a number of wavelengths
were performed. The BER curves for 1550 nm are shown in Fig. 3.6(a), obtained
using a pattern length of 23! — 1 in the experiments. From the results it can be
seen that there is good uniformity between all the outputs of the device. As far
as wavelength dependency is concerned, optimal performance is observed for
the 1535nm — 1550nm range. This is in agreement with the CW measurements,
which indicated optimum performance up to a wavelength of 1560 nm. Experi-
ments involving balanced detection of a pair of outputs were performed. The
results of balanced detection for outputs 3 and 6 for a PRBS of 2’ — 1 and for a
number of wavelengths can be seen in Fig. 3.6(b). An improvement over the
single-ended case, as expected, together with a small wavelength dependency of
around 1dB can be observed.
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3.2.3 DQPSK receiver demonstrator with zero biased balanced
photodetectors

The next step is to co-integrate the photodetectors. To have a 3dB increase in
sensitivity of the receiver, balanced detection can be used instead of single-ended
detection. We demonstrated within the context of the Helios project, a 2-port bal-
anced germanium photodetector which is laterally doped in a zero-biased pinpin
configuration [7]. This photodetector was designed by the Institut d’Electronique
Fondamentale (IEF). The generated currents are automatically subtracted and
hence achieving balanced detection. The Balanced PhotoDetector (BPD) works
at zero bias. This lateral pinpin germanium balanced photodetector is only 10um
long and is selectively grown at the end of silicon waveguides.

The balanced photodetectors were characterized using a DQPSK receiver and
the results published in [7]. This paper is attached at the end of this chapter
page 3-18. The layout of this receiver is shown in Fig. 3.7 and a microscope
picture of the design fabricated at LETI is shown in Fig. 3.8. It includes a vari-
able optical MZI power splitter, a delay line of 100ps (for 10 GHz symbol rate
or 20Gb/s bitrate in the case of a 2 bits per symbol modulation format such as
DQPSK), a 90° hybrid MMI and a pair of balanced photodetectors. The length
of the waveguide pairs connecting two corresponding output ports of the 90°
hybrid to a balanced photodetector are equal. However, the length of both pairs
is not equal, introducing a (controlled) skew between the quadrature signals.
The DC contact pads of the heaters and the RF contact pads of the balanced
photodetectors are placed in the north and east quadrant respectively and at a
fixed pitch for easy probing with probe arrays.

To test the high speed behavior of the receiver an optical data stream was gener-
ated using a Lithium Niobate (LN) dual-drive modulator generating a DQPSK
signal. Measurements were carried out by the Universidad Politecnica de Valen-
cia, DAS photonics and the Technical university of Eindhoven. The bit streams
used were two decorrelated pseudorandom binary sequences (PRBS) with a pat-
tern length of 223 —1 at 10 Gbps and 20 Gbps, generated by a bit pattern generator
(SHF BPG 44E). The eye and symbol diagram of the input signal are shown in
Fig. 3.9. At the output of the chip, the signal was extracted directly from the
photodiodes using a GSGSG probe and fed to a Communication Analyzer. Fig.
3.10 and Fig. 3.11 show the open eye-diagrams and symbol diagrams at 10 Gbps
and 20 Gbps operation respectively after offline processing. These results show
the feasibility of Silicon Photonics for coherent detection applications. More
details about the experiment can be found on page 3-24.
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Figure 3.7: DQPSK receiver Silicon Photonics circuit layout. The arrows are the probing
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Figure 3.8: DQPSK receiver demonstrator with balanced Ge photodetectors.
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Figure 3.9: Eye diagrams and symbol diagram for the DQPSK transmitted signal.
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Figure 3.10: DQPSK eye diagram (a) and symbol diagram (b) measured for the 10 Gbps
differential receiver with a received power of —19dBm.

a)

Figure 3.11: DQPSK eye diagram (a) and symbol diagram (b) measured for the 20 Gbps
differential receiver with a received power of —12dBm.

3.3 Polarization-multiplexed DQPSK receiver

The bitrate can be doubled by using orthogonal polarizations in a single-mode
fiber. This is called polarization multiplexing (PM) and can be combined with
for example DQPSK to achieve a 4 bits per symbol modulation format. For
polarization multiplexing at the transmitter one needs to double the amount of
single-polarization transmitters, rotate the modulated signal of one circuit and
combine them into the fiber. Polarization demultiplexing at the receiver is more
difficult since the polarization rotation in the optical fiber is random and varies
with time. There exist a number of solutions to this problem. I have explored
the feasibility of a polarization tracking receiver for PM-DQPSK [8] using Silicon
Photonics by demonstrating all necessary subcomponents.

3.3.1 Polarization splitter and filter

High-index waveguide cross sections are highly birefringent and the on-chip
light is mainly manipulated while being in the TE-polarization state in the waveg-
uide. However, the TM mode is sometimes used if low backscattering or high
top surface sensitivity is required. For a receiver which employs horizontal fiber-
to-chip coupling, the orthogonal polarized modes in the fiber will excite the
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Figure 3.12: Measured efficiency for the polarization splitting directional coupler when the
TE-polarized mode is launched.

corresponding TE and TM mode in a single-mode waveguide. In order to process
both polarizations, the orthogonal polarized modes have to be split on the chip.
We have demonstrated a polarization splitter by using a deeply etched directional
coupler. The splitting principle makes use of the difference in confinement and
effective refractive index between the TE and TM mode for single-mode waveg-
uides with 220nm x 500nm dimensions. The TM mode is much less confined
than the TE mode and will couple very efficiently to the adjacent waveguide while
the TE mode does not couple at all. The optimal waveguide spacing is found
to be 400nm. The measurements of a polarization splitter of length 9.8um are
shown in Fig. 3.12 and Fig. 3.13. These measurements were performed by means
of grating couplers. A drawback of grating couplers is that the exact coupling
spectrum is dependent on the fiber position. A small shift in the spectrum is
introduced due to small misalignments, although the spectral shape and center
efficiency stay quasi constant. This is the reason why some un-physical, i.e. no
power conservation, effects are measured at the edge of the spectrum. The TE to
TM crosstalk (TE cross) is about —20dB. The TM to TE crosstalk (TM straight)
ranges from —10dB to —40dB.

This polarization splitter can be used as a polarization filter. A broadband polar-
ization filter with better than —40dB crosstalk can be designed by cascading a
series of polarization filters with different crosstalk minima. Alternatively, one
could use a waveguide cross section which does not guide the TM mode or a
sharp waveguide bend which exhibits high TM loss.



PM-DQPSK RECEIVER 3-11

I
N
=]

T

Efficiency (dB)
Loy
(=} (=]

|
u
o

N 4
% N

=60f| —— TM straight
—— TM cross

_ 1 1 I ! I I I
7]9190 1500 1510 1520 1530 1540 1550 1560 1570

Wavelength (nm)

Figure 3.13: Measured efficiency for the polarization splitting directional coupler when the
TM-polarized mode is launched.

3.3.2 Polarization rotator

A polarization rotator has long been a missing component in silicon PICs. It re-
quires to specifically break the vertical symmetry of the system which is typically
not easy in a planar fabrication process flow while fulfilling all design rules. I have
demonstrated a polarization rotator in [9], attached at the end of this chapter
page 3-21, based on the advanced imec process flow with silicon overlay as shown
in Fig. 2.13. Fig. 3.14 shows a schematic picture of the polarization rotator to-
gether with a high-efficiency grating coupler. The SEM image bird’s eye view of a
realized polarization rotator is shown in Fig. 3.15. The polarization rotator design
is based on symmetry breaking of a waveguide with an almost square waveguide
profile. The figure accompanying the explanation is Fig. 3.16. The waveguide
cross sections of the polarization rotator are shown from left to right. First the
waveguide is tapered to an almost square cross section using an inverted taper.
Then a part of the waveguide is shallow etched, introducing a new symmetry
plane which is 45° rotated. A TE mode or TM mode which are eigenmodes of the
vertical symmetry waveguide will thus excite the two hybrid modes in the partly
shallowly etched waveguide. For a fill factor of 75% for the silicon overlay, a TE
or TM polarized fundamental mode couples equally to both 50% TE/TM polar-
ized hybrid modes of the asymmetrical waveguide at the symmetric-asymmetric
waveguide interface. After propagation over a certain length, both asymmetrical
hybridly polarized waveguide modes will couple to the fundamental TM mode
in the output waveguide when a TE mode is launched (and vice versa when a TM
mode is launched) at the asymmetric-symmetric waveguide interface, thereby
obtaining polarization conversion. The measurement results and robustness
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Figure 3.14: Artist’s impression of a highly directional fiber coupler and asymmetrical
polarization rotator fabricated within the same process flow. (Dimensions are not to scale)

Figure 3.15: Bird’s eye view SEM image of a fabricated polarization rotator.

studies are presented in [9] (see page 3-21). A polarization conversion efficiency
of —0.51dB over a bandwidth of 80nm was measured. I have shown that the
design has —0.5dB Polarization Conversion Efficiency (PCE) tolerances making it
compatible with standard CMOS fabrication tolerances. The crosstalk is —9.55dB
and could be easily improved by using a polarization splitter or filter, e.g. the
polarization filter from section 3.3.1.
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3.3.3 Polarization tracking demonstrator

In the previous sections of this chapter I have demonstrated all necessary compo-
nents to design a PM-DQPSK receiver. Such a design is shown in Fig. 3.17. This
design has been fabricated but not characterized and is not optimal for short
wirebonding to a TIA chip for packaging. Nonetheless, all subcomponents and
subcircuits were demonstrated. It uses a 2D polarization splitting grating coupler
which acts as a coupling, polarization splitting and rotating device at the same
time [10, 11]. The drawback is that it is relatively narrow band. Alternatively, an
inverted taper as horizontal coupler in combination with a polarization splitter
and rotator can be used. This configuration can easily achieve a 100nm optical
bandwidth. The polarization splitter on the chip will in general not split the
corresponding polarizations which contain the quadrature signals. One could
add a discrete polarization rotator before the chip which tracks the polarization
rotation. However, this is quite expensive and bulky. In the design in Fig. 3.17
I have chosen a polarization tracking circuit configuration similar to the one
presented in [8]. Since the orthogonal fiber polarizations are coupled to the
same on-chip polarization they can be interfered. Besides interfering a symbol
with the previous symbol of a certain polarization, one can also interfere a sym-
bol of polarization TE; with the previous symbol of polarization T E, and vice
versa. Doing this it is possible to obtain all polarization information after digital
processing. A consequence of this architecture is that the number of balanced
photodetectors is doubled. This PM-DQPSK circuit is an excellent example of
the integration possibilities that Silicon Photonics offers. The size of the whole
circuit in Fig. 3.17 is only 1.4mm x 2.4mm. This means that we could get about
10000 devices out of one 200 mm SOI wafer.
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3.4 Conclusion

Silicon photonics is shown to be an excellent platform for recievers in applica-
tions requiring high spectral efficiency modulation formats. I primarily focused
on a proof-of-principle demonstrator of fully integrated DPSK, DQPSK and PM-
DQPSK receivers. In a first stage I focused on the most crucial components such
as a tunable splitter and delay line and used e-beam lithography as rapid proto-
typing technique to achieve a DPSK receiver. In a second stage I employed DUV
lithography including Ge photodetector integration to realize a DPQSK receiver.
This circuit requires a 90° hybrid and balanced photodetectors. Successful oper-
ation at 10Gb/s and 20 Gb/s was achieved. Finally I investigated and designed a
PM-DQPSK receiver using a 2D polarization splitting grating coupler to couple,
split and rotate the polarizations. Alternatively one could couple horizontally
with an inverted taper. For this method I demonstrated a polarization splitter
and polarization rotator to handle the polarizations.
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Compact Silicon Differential Receiver with
Integrated Zero Biased Balanced Detection

Andreas Hakansson, Mariam Aamer, Nikolaos Sotiropoulos, Antoine Brimont, Pablo Sanchis, Jean-
Marc Fedeli, Delphine Marris-Morini, Eric Cassan, Laurent Vivien, Karen Gilbert, Philippe Grosse,
Jean Michel Hartmann, Diedrik Vermeulen and Gunther Roelkens

Abstract— We present an optimized differential receiver in
silicon with a minimized footprint and balanced zero biased Ge
photodiodes. The receiver integrates a delay-line with a 2x4 MMI
90 degree hybrid and two balanced photo diodes for DQPSK
demodulation. Also a tunable power splitter is included for better
balancing. Two receivers were tested, for 10Gbps and 20Gbps
operation, and well opened eye-diagrams were measured.

Index Terms— silicon photonics; coherent receiver; balanced
detectors

L. INTRODUCTION

THE differential-phase-shift-keyed (DPSK) modulation
format exhibits several advantageous qualities [1]. It enables
3-dB improved receiver sensitivity with balanced detection,
and has higher tolerance to nonlinear degradation compared
with on-off keying (OOK). The detection of the phase at the
receiver can either be implemented using coherent or
differential (non-coherent) detection. A coherent receiver uses
carrier tracking by phase-locked loops to estimate the absolute
phase, while in differential encoded DPSK the information is
in the phase transition and can be demodulated using a passive
delay-interferometer. The simplicity of the differential
detection and the elimination of a local oscillator (LO) and
digital signal processor (DSP) makes differential detection
advantageous for low cost links.

Mainly two designs of differential silicon receivers have
been addressed in the literature, either using more standard
Mach-Zehnder Delay-Line Interferometer MZDI [2-4] or by
using micro ring-resonators [5]. Even though the size of the
ring-resonator can be very compact the optimal performance is
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reached for an optimized Q-factor and at the same time
maximized extinction ratio, which usually requires adding
some tuning mechanism as in [6] and therefore increases
power consumption and complexity of the receiver. The
MZDI still seems to be the most used implementation in more
complete systems such as presented in [2,4].

In this paper we demonstrate 5GBaud (10Gbit/s) and
10GBaud (20Gbit/s) operation using a very compact
differential receiver for DQPSK demodulation. The receiver
includes a tunable power splitter, a delay-line spiral, a
compact 2x4 MMI 90 degree hybrid and two balanced
germanium PDs.

1. DESIGN AND OPTIMIZATION

The principle of operation of a differential demodulator
using a MZDI is to superpose two adjacent bits using a delay-
line (DL) and the intensity of the superposed signal can then
directly be photo-detected converting the differential bit-
transition into an intensity variation of the signal. In DQPSK
modulation the four bits are coded as four different orthogonal
phases.

The layout of the proposed structure is depicted in Figure 1,
including a thermo-optically tunable MZI power splitter in
series with a MZDI and a 90 degree hybrid. At the output the
in-phase and quadrature signal are detected using two
balanced PDs in pinpin configuration. In the following
sections the implementation and optimization of each of these
elements will be described.

Fig. 1. Design of the differential receiver for DQPSK and 10G symbol rate;
(upper) optical photograph of fabricated device, (lower) gds design. The
receiver is assembled using 5 componentes, from left to right in the figure:
Curved grating coupler, MZI tunable power splitter, delay-line interferometer,
90-degree hybrid and two balanced photo detectors.
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A. Curved grating couplers

The grating couplers are standard curved gratings [7].
Curved gratings are used in order to minimize the size of the
chip since there will be no need to include spot size
converters.

B. MZI tunable power splitter

To maximize the sensitivity of the receiver the output of the
MZDI has to be balanced. To deal with the (potentially
varying from run to run) loss in the delay-line, resulting in
unbalanced behavior, we include a tunable power splitter at
the input of the MZDI. If needed, we can now use micro-
heaters to actively tune the input power, the propagation loss
can then be compensated for by directing more optical power
into the delay-line arm in order to have perfect balance at the
output. The MZI switch is designed using two identical spirals
which will optimize the footprint and the bandwidth of the
device.

C.MZDI

Two different receivers with different delay-lines lengths
were tested, including 5G and 10G symbol rates. The length
for the 5G and 10G delay-lines are approximately 1.8cm and
0.9cm, respectively. On the one hand, we want to fold these
delay-lines into spirals to have a maximum compactness of the
receiver, on the other hand we want to minimize propagation
losses. Even though 5 micron bend radius is considered close
to loss-less we wanted to make sure no extra loss was
introduced in the spirals. By using adiabatic bendings there is
a smooth transition to the tight curvature and no loss is
expected [8]. The 18 mm and 9 mm spirals have been folded
to a minimal footprint occupying only 1.1 mm x 0.1 mm and
0.6 mm x 0.1 mm, respectively.

D.90 degree hybrid

Instead of the more standard implementation of a DQPSK
receiver with two parallel MZDI, each coupled to a 180 degree
hybrid, here a single MZDI is used coupled to a 90 degree
hybrid. This will both minimize the chip area by almost a
factor of two as well as the number of active controls needed
for tuning.

Here we use a 2x4 MMI design with shallowly etched
multimode region. The device has a footprint of only 0.1 mm
x 0.1 mm and exhibits a common mode rejection ratio
(CMRR) better than —20 dBe and phase errors better than £5
degrees in a 50 nm bandwidth [9].

E. Balanced Photodetectors

To have a 3dB increase in sensitivity of the receiver,
balanced detection is used instead of single detection. We here
use zero bias balanced detection and we can hence scale down
the complexity and size of the receiver by excluding the need
of a decoupling capacitor. Also, by using one single detector
in a pinpin configuration, additional wire bonding or metal
connections are eliminated since the signal is directly
extracted from one single central pad. Here a lateral pinpin
germanium balanced photodetector, only 10 pum long, is
selectively grown at the end of silicon waveguides. The

photodiodes used are comparable to the ones having a
bandwidth above 10GHz for any negative voltage bias [10] ,
which clearly is sufficient for our application. The
responsivity is measured to 1 A/W at 1550 nm using 0 to -2V
bias with a dark current of 10nA.

III.  SIMULATIONS

Figure 2 shows the simulated spectral response of the MZDI
and the two balanced photodiodes using the transfer matrix
method [11]. On the x-axis is the differential phase with
respect to the two adjacent bits. The two curves are shifted
exactly 90 degrees with respect to each other in order to obtain
the four different states on the DQPSK modulation format.
The states are marked in the figure as dotted vertical lines at
the four different orthogonal phases at, -90, 0, +90, and +180
degrees.
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Fig. 2. The simulated output of the receiver. The two curves represent how
the in-phase and quadrature detected current from the two diodes varies with
the differential phase. The four different two-bits states are marked as dotted
lines at -90, 0, 90, and 180 degrees, corresponding to [+1 +1], [-1 +1], [-1 -1],
and [+1 -1], respectively.

IV. FABRICATION

On SOITEC optical SOI with 220nm Si on 2um BOX, the
process starts with the deposition of 100nm High Temperature
Oxide (HTO) on top of the silicon layer. The gratings and the
waveguide arms are first patterned, followed by RIE silica
etching with C4Fg, which defines a hardmask. The silicon is
then partially etched (65nm) with HBr and controlled by
ellipsometry in order to define precisely the grating teeth
depth. In the second lithography step, the gratings are
protected by the resist and the remaining hardmask serves for
the waveguides in a self-alignment process. Then a full silicon
etch down to the box completes the waveguide fabrication.
‘We then defined cavities for the selective epitaxial growth of
Germanium. This is achieved by deposition of a silica layer
which is etched at the end of waveguides. In order to achieve
direct coupling, the silicon part of the cavities is etched down
to 50nm on top of the BOX. Germanium was then selectivity
grown in the cavities and CMP used to adjust the thickness
around 300nm. The doped regions (N and P) of the lateral Ge
photodetector are defined sequentially by ion implantation of
Phosphorus and Boron. A 400nm thick SiO2 was deposited
and a deposition and etching of 100nm of Ti/TiN defined the
heaters. Then after deposition of 500nm of SiO, and two-step
openings, the electrodes were defined by Ti/TiN/AICu metal
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stack deposition and CI2 etching.
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Fig. 3. Transmission spectra for the output current for the SGHz (red lines)
and 10GHz (blue lines) symbol-rate receiver. The solid and the dashed lines
corresponds to the quadrature and in-phase outputs

'V.MEASUREMENTS AND EXPERIMENTAL RESULTS

Continuous-wave light was generated by an external cavity
tunable laser. The light was coupled to the chip through the
curved grating coupler using manual micro-positioners. A
GSGSG probe with a 100um pitch was used to measure the
output current of the photo diodes. Figure 3 shows the
measured transmission spectra for -3dBm input power. The
spectra have excellent agreement with the expected behavior
for a DQPSK receiver shown in Figure 2. For both the 5G and
10G receiver, the two outputs are perfectly 90 degree phase
shifted with respect to each other. The lower output current
from the 5G receiver is expected due to the longer delay-line.
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Fig. 4. Eye diagrams measured for the 20Gbps differential receiver. The
upper and lower graphs correspond to the demodulated in-phase and
quadrature signal.

To test the high speed behavior of the receiver an optical
data stream was generated using a Lithium Niobate dual-drive
modulator generating a DQPSK signal. The bit streams used
were two decorrelated pseudorandom binary sequences
(PRBS) with a pattern length of 2%-1 at 10Gbps, generated by
a bit pattern generator (SHF BPG 44E). At the output of the
chip, the signal was extracted directly from the photodiodes
using a GSGSG probe and fed to a Communication Analyzer
(Infinium DCA-J 86100C). For an input power of 5.5dBm,
Figure 4 shows well opened eye-diagrams of the two
demodulated I and Q signals for 20Gbps operation.

VI. CONCLUSION

An optimized receiver for DQPSK transmission was
demonstrated with a minimum footprint and with zero biased
photo detectors. Each building block of the receiver is
optimized for high performance, low loss and maximum
compactness. The results demonstrate the compactness and
high performance of a silicon DQPSK receiver.
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Silicon-on-Insulator Polarization Rotator Based on a
Symmetry Breaking Silicon Overlay
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Abstract— We demonstrate a polarization rotator fabricated
using a 4 etch-step 1 y tal-oxi icond
(CMOS) tible process including layer depositions on a
silicon-on-insulator wafer. The measured polarization rotation
efficiency is —0.51 dB over a wavelength range of 80 nm.
A robustness investigation shows that the design is compatible
with CMOS fabrication capabilities.

Index Terms— Polarization rotator, silicon-on-insulator (SOI).

I. INTRODUCTION

ILICON-ON-INSULATOR (SOI) photonic integrated cir-
Scuits (PICs) are rapidly becoming a key technology for
low-cost and high-volume oriented photonic applications. By
organizing Multi Project Wafer (MPW) shuttles silicon PIC
prototyping can be realized at an affordable cost while at the
same time guaranteeing specifications comparable to Comple-
mentary Metal Oxide Semiconductor (CMOS) circuits. This
fabless model also allows the research community to focus
on device and application ideas, design and characterization.
In the first stage of the Silicon Photonics era much research
was focused on proof-of-concept circuits, solving the most
stringent problems like fiber coupling and mimicking photonic
devices developed on other platforms such as /nP and poly-
mer waveguide circuits. Nowadays, researchers are focusing
on methods to optimize existing photonic components and
on expanding the set of photonic functionalities. Polarization
independent functionalities are in most cases not an option due
to the highly birefringent waveguides in high index contrast
SOI waveguides. Polarization diversity on the other hand
requires a broadband and efficient polarization rotator which
remained until recently a missing link.

An early polarization diversity circuit [1] made use of
2-dimensional grating fiber couplers which act as a fiber
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coupler, polarization splitter and polarization rotator at the
same time. Unfortunately, their efficiency is rather low, around
—7dB, and their 1-dB bandwidth is only 20nm. Another
polarization diversity circuit [2] uses an off-axis double
core structure of a small silicon wire and large SiN wire
(0.84 um x 0.84 um) as polarization rotator. Achieving such
a thick high quality Si N in a CMOS environment using Low
Pressure Chemical Vapor Deposition (LPCVD) is not obvious.
Furthermore, if the PIC contains electro-optic components or
photodetectors, the implementation of such a structure is non-
trivial. A mode-evolution-based polarization rotator was suc-
cessfully demonstrated in [3], but with insertion losses up to
5dB. Large core waveguides (~ 2um) with angled sidewalls
were investigated in [4]. An interesting development are polar-
ization rotators based on asymmetrical directional couplers
(5], [6]). These structures are very simple and require only
a single etch step. However, the waveguide structure needs
to be vertically asymmetrical to achieve coupling between
both polarizations. In [7] a compact polarization rotator was
proposed using a straight asymmetric shallow etch in a square
strip waveguide configuration. In what follows we will elabo-
rate on this report by experimentally demonstrating a slightly
modified polarization rotator configuration and investigate
the robustness of this structure. Furthermore, the fabrication
process is exactly the same as for the highly efficient grating
couplers reported in [8], thereby permitting cointegration of
both polarization rotators and high-efficiency grating couplers.

II. DESIGN AND FABRICATION PROCESS

The complete fabrication process is done in a CMOS pilot
line with 193nm deep ultraviolet (DUV) lithography. First
a 5nm silicon oxide layer is thermally grown on a 200 mm
SOI wafer with a buried oxide layer thickness of 2 um and a
crystalline silicon layer thickness of 220 nm. In a second step
an amorphous silicon layer of 160 nm is deposited and a deep
etch is performed through the amorphous silicon and oxide
layer reaching 70 nm into the crystalline silicon layer. This is
used to define the slits of the high efficiency grating couplers.
Next, the amorphous silicon is removed where necessary and
the thermally grown oxide layer in the first step will now act
as an etch stop layer in order to not affect the underlying
crystalline silicon. A shallow etch of 70nm in the 220nm
crystalline silicon layer is introduced to achieve low loss
and robust spectral filter components. Finally, the waveguide
trenches are defined by a 220nm etch and the amorphous
silicon is annealed after which it becomes polycrystalline
silicon.
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Fig. 1. ArtisU’s impression of a highly directional fiber coupler and
asymmetrical polarization rotator fabricated within the same process flow.
(Dimensions are not to scale)

In Fig. 1 an artist’s impression is shown of a high-efficiency
grating coupler and a polarization rotator, both compatible
with the aforementioned process flow. The polarization rotator
design is based on symmetry breaking of a waveguide with
an almost square waveguide profile. An inverted taper, defined
in the silicon overlay, is used as an adiabatic transition
between a 450 nm wide Si waveguide with a height of 220 nm
and an equally wide waveguide with a silicon overlay. This
double patterned strip waveguide has a combined thickness
of 380nm and is formed by 220nm crystalline silicon and
a 160nm polycrystalline silicon with 5nm thermally grown
silicon oxide in between. According to simulations the 100 nm
wide tip of the inverted taper would introduce no loss and a
0.4dB loss for TE- (Transverse Electric) and TM-polarized
(Transverse Magnetic) light respectively. The actual polar-
ization rotator is formed by a 405nm wide waveguide with
an asymmetrical overlay. For a fill factor of 75% for the
silicon overlay, a TE or TM polarized fundamental mode
couples equally to both 50 % TE/TM polarized hybrid modes
of the asymmetrical waveguide at the symmetric-asymmetric
waveguide interface. After propagation over 7.6 um, both
asymmetrical hybridly polarized waveguide modes will couple
to the fundamental TM mode in the output waveguide when
a TE mode is launched (and vice versa when a TM mode is
launched) at the asymmetric-symmetric waveguide interface,
thereby obtaining polarization conversion, see Fig. 2. The short
conversion length is a consequence of the large difference in
propagation constants of the two beating modes (fy1—fu2 =
10.12gm™" = 9.70 um~" = 0.42 um~") in the asymmetric
waveguide and results in a large (> 100nm from simulation)
polarization conversion optical bandwidth. SEM pictures of the
fabricated polarization rotator are shown in Fig. 3(a) and 3(b).

III. MEASUREMENTS

The polarization rotators were characterized by means of
grating couplers. These are highly polarization dependent
structures and act as polarization filtering couplers with an
extinction ratio of around 50dB. The periods of the grating
couplers were 630nm and 1040nm for coupling respectively
TE- and TM-polarized light. First the inverted overlay tapers
with a designed tip width of 100nm were characterized by
measuring the TE and TM insertion loss of a waveguide which
is tapered to a strip waveguide with silicon overlay and back.
The measured insertion loss for the inverted taper is smaller
than 0.1dB for both TE- and TM- polarized light which is
explained by the reduced tip width of 50 nm of the fabricated

(@) (b)
Fig. 2. Top view field plots of the polarization rotator, obtained using a fully

vectorial eigenmode expansion tool. (a) Ey field (TE polarization). (b) Ey
field (TM polarization).

L=6pum

Fig. 3. SEM images of the fabricated polarization rotator. (a) Bird’s eye
view of a realized polarization rotator. (b) Top view: a poly-Si overlay breaks
the symmetry of the waveguide such that after a propagation over L of 6 gm,
almost total polarization conversion is achieved.
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—4||==- linear fit (—1.45 dB)
g -
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Fig. 4. Measurements of the polarization rotator (W = 405 nm, FF = 75%)
TE to TM insertion loss for different rotator lengths L.

device. The polarization rotators are characterized by measur-
ing the TE to TM transmission 77—~ 7y, normalized with the
reference measurements of the grating couplers. The TE to TM
insertion loss is the sum of the intrinsic loss of the polarization
rotator and the TE to TE transmission Trg_~7f (crosstalk).
Simulations show that the insertion loss is very low, so we
can assume that Trg_~-7g = 1 — Trg—_-7Mm and that the
polarization conversion efficiency (PCE), defined by PCE =
Tre—>tm/(TrE->TE + TrE—>71M), €quals Trg—s7y. The
measurement results of polarization rotators with a width W
of 405nm and fill factor FF of 75% are plotted in Fig. 4.
The optimal structure has a length L between 6 yum and 7 um,
which is in relatively good agreement with our simulations
where we found that the optimal lenght is 7.6 #m. The highest
measured PCE is —0.51dB for a rotator length of 6 um.

Furthermore, the high PCE was measured over a broad
wavelength range of 80 nm, equal to the 3-dB bandwidth of the
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Fig. 5. Polarization rotator robustness investigation as a function of the
critical parameters. The contour lines are the PCE penalties with respect to
the highest PCE of the device. (a) PCE as a function of the silicon overlay
thickness and fill factor. (b) PCE as a function of the waveguide width W and
fill factor FF. (c) PCE as a function of the waveguide width W and silicon
overlay thickness.

grating coupler. The upper limit for the crosstalk (Trg—~7E <
1 — Tre—>tm) is —9.55dB. For practical applications, this
residual crosstalk can be easily removed by implementing a
polarization filter or polarization splitter such as a directional
coupler, multi-mode interferometer (MMI) or sharp bend.

IV. ROBUSTNESS

The robustness was assessed by scanning the critical para-
meter space of the fabricated polarization rotator (W =
405nm, FF = 75%, L = 7 pm) where the rotator length L
is kept constant. The cross in the robustness figures indicates
the parameters of the fabricated polarization rotator with a
simulated PCE of 95 % or —0.22dB. In Fig. 5(a) the PCE is

plotted versus the fill factor FF and silicon overlay thick-
ness. For a —0.5dB PCE penalty, the duty cycle may vary
+5 % which translates into to a mask alignment tolerance of
420 nm. The silicon overlay thickness —0.5 dB PCE tolerance
is +21nm and —15nm. Note that the etch depth is fixed
in our case at exactly the silicon overlay thickness due
to the SiOy etch stop layer (see Fig. 1) which attributes
to the overall robustness of our component. Nonetheless, it
introduces and extra 0.2dB PCE penalty for a 5nm thick
silicon oxide etch stop layer. The PCE is plotted as a function
of the waveguide width and fill factor in Fig. 5(b) and as
a function of the overlay thickness and waveguide width in
Fig. 5(c). The —0.5dB PCE tolerance is +15nm and —21 nm
for the waveguide width. These robustness specifications are
compatible with CMOS fabrication capabilities.

V. CONCLUSION

We have experimentally realized a high efficiency and
broadband integrated polarization rotator with a polarization
conversion efficiency of —0.51 dB over a bandwidth of 80 nm.
An advanced passive SOI 4 etch-step process flow was used for
the fabrication. With this process, 4 different layer thicknesses
can be resolved and high-efficiency grating couplers using a
silicon overlay could be integrated on the same optical chip.
Furthermore, the accompanied extra design freedom offers an
excellent tool to optimize other optical integrated components
such as splitters, filters and optical interconnects. Additionally,
we investigated the robustness and have shown that the design
has —0.5dB PCE tolerances which are compatible with stan-
dard CMOS fabrication tolerances. The crosstalk is —9.55 dB
and could be easily improved by using a polarization splitter
or filter, e.g. a directional coupler, MMI or sharp bend.
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CHAPTER 3

A Silicon Differential Receiver with Zero Biased
Balanced Detection for Access Networks
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Diedrik Vermeulen, Gunther Roelkens and Pablo Sanchis

Abstract—We present an optimized differential receiver in
silicon with a minimized footprint and balanced zero biased Ge
photodiodes. The receiver integrates a delay-line with a 2x4
multimode interferometer (MMI) 90 degree hybrid and two
balanced photodiodes for differential quadrature phase-shift
keying (DQPSK) demodulation. Also a tunable power splitter is
included for better balancis Two receivers were tested, for
10Gbps and 20Gbps operation, and well opened eye-diagrams
were obtained, as well as error vector magnitude (EVM) values
around 12.5% and 19.57 % respectively.

Index Terms— Integrated optics, silicon photonics, balanced
detectors, phase-shift keying.

I. INTRODUCTION

AN ever growing amount of access network bandwidth is
required by end users. The deployment of passive optical
network has already begun to address this demand. But
network operators demand solutions based on reusing the
existing infrastructure developed for 10Gbit/s links. This
scaling of the bit rate can be achieved using advanced
modulation formats while keeping the 10Gbit/s infrastructure.
Differential-phase-shift-keying (DPSK) offers several
advantages over an on-off keying modulation format because
of its nonlinearity tolerance, 3-dB receiver sensitivity
improvement when used with balanced detection and the
possibility to operate at lower symbol rates for a given bit rate
[1]. The detection of the phase at the receiver can be
implemented either by using coherent or non-coherent
differential detection. The coherent detection provides an
improvement of the optical signal to noise ratio by mixing a
local oscillator (LO) signal with the transmitted signal and
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effectively compensates for signal degradations due to
chromatic dispersion and polarization mode dispersion on the
transmission line. However, a digital signal processing (DSP)
unit is necessary, which implies higher costs and electric
power consumption. In the differential encoded DPSK, the
information is in the phase transition and can be demodulated
using a passive delay-interferometer, which allows the
elimination of the LO and the DSP, making differential
detection advantageous for low cost links.

Different approaches have been proposed for differential
silicon receivers, mainly based on the use of standard Mach-
Zehnder delay interferometers (MZDI) [2-4] or using
microring resonators [5, 6]. While the ring resonator approach
allows a very compact implementation, optimal performance
usually requires a tuning mechanism [7], increasing the
complexity of the receiver and the power consumption.
Accordingly, the MZDI design appears to be the most suitable
to be used in more complete systems [4, 8].

In this paper we demonstrate 5GBaud (10Gbit/s) and
10GBaud (20Gbit/s) operation using a very compact
differential receiver for DQPSK demodulation with zero
biased balanced detection and using a compact 2x4 MMI 90
degree hybrid instead of the standard implementation with two
180 degree hybrids. 10Gbit/s and 20Gbit/s constellations were
obtained, as well as its error vector magnitude (EVM) and bit
error rate (BER).

II. SILICON DQPSK RECEIVER STRUCTURE

The principle of operation of a differential demodulator
using a MZDI is to interfere two adjacent symbols using a
delay-line (DL). The intensity of the resulting signal can then
directly be photodetected converting the differential bit-
transition into an intensity variation of the signal. In DQPSK
modulation the four bits are encoded as four different
orthogonal phases.

The schematic of the proposed receiver is depicted in Fig. 1.
A thermo-optically tunable Mach-Zehnder interferometer
(MZI) power splitter is placed in series with a MZDI and a
2x4 MMI acting as 90 degree hybrid. At the output the in-
phase and quadrature signals are detected using two balanced
photodetectors (PDs) in pinpin configuration. In the following
lines the implementation and optimization of each of these
elements is described.
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Fig. 1. DQPSK differential receiver. (a) GDS design and (b) optical
photograph of fabricated device. The receiver is assembled using 5
components, from left to right in the figure: curved grating coupler, MZI
tunable power splitter, delay line interferometer, 90-degree hybrid and two
balanced PDs.

The proposed device was fabricated on a SOITEC wafer
with a silicon device layer thickness of 220nm and a buried
oxide of 2um, covered by a 1um-thick silica overcladding. To
couple light from the input fiber to the receiver, and in order to
minimize the size of the chip, curved gratings [9] were used.
The next element of our receiver is a tunable MZI power
splitter. In case of unbalanced behavior at the output of the
MZDI due to excess loss in the delay line, micro-heaters can
be used to actively tune the power at the MZDI input,
resulting in an increase in the extinction ratio of the MZDI
[10], and consequently in the sensitivity of the receiver.

At the output of the power splitter, a MZDI was placed.
Compact spirals were used in order to minimize the size of the
structure. A waveguide length of XXmm and XXmm was
chosen for 5Gbaud/s and 10Gbaud/s operation respectively,
leading to an insertion loss of XX dB and XX dB respectively.
The MZDI outputs were coupled to the 2x4 MMI inputs. This
MMI will act as a 90 degree hybrid [11] instead of the
standard implementation of a DQPSK receiver with two
parallel MZDI coupled to a 180 degree hybrid, in accordance
with the intention of minimizing the chip area, as well as the
number of active controls needed for tuning. In order to have a
3dB increase in the sensitivity of the receiver and minimize
power consumption, zero bias balanced detection was used
based on a Ge photodetector pair in lateral pinpin
configuration. Hence, the photodetected signal is directly
extracted from one single central pad avoiding additional wire
bonding or metal connections. The 10um-length balanced Ge-
PD was selectively grown at the end of silicon waveguides,
and it is comparable to the ones used in [12], which satisfies
the application requirements.

III. EXPERIMENTAL RESULTS

The setup used to test the high speed behavior of the
receiver is shown in Fig. 2, where a DQPSK signal was
generated using a dual-drive Lithium Niobate commercial
modulator, biased at minimum, using a 2V, driving voltage
and driven by the outputs of the pulse pattern generator,
appropriately decorrelated, aligned and amplified. The
generated DQPSK signal passes through a variable optical
attenuator, which is the reference point for the receiver power,

and is amplified by an erbium doped fiber amplifier (EDFA)
set at a constant output power of +16 dBm. Such high input
power was necessary, since the detected signals were only
amplified off-chip. At the output of the chip, the electrical
signals were extracted directly from the photodiodes using RF
probes in a GSGSG configuration, and were transferred to two
amplifiers, and then were sampled by the digital phosphor
oscilloscope for further processing off-line.

DQPSK Transmitter

Data

>
Eu Bl
{Detay >

Data

Fig. 2. Experimental setup for characterizing the DQPSK receiver.

The DQPSK transmitted eyes at 10 and 20Gbit/s are shown
in Fig. 3, as well as the reference constellation obtained by
using a discrete receiver described in [13].

. %
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10Gb/s o 4
0.5/ n
YVie =
v !
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Fig. 3. 10Gbit/s and 20Gbit/s Transmitted DQPSK eyes, and reference
constellation measured by a discrete receiver.

For the 10Gbit/s integrated receiver, well opened eye-
diagrams and remarkably good constellation diagrams were
obtained, as shown in Fig. 4 for a received power of -19dBm.
The EVM as a function of the received power was then
characterized. Fig. 5(a) shows the measured results.

15 b) = X
; ‘»

05

) 1
Fig. 4. (a) DQPSK eye diagram and (b) symbol constellation at 10Gb/s for a
received power of -19dBm.

The BER was also characterized. However, as the quality of
the received signal was quite good so that no significant
amount of errors were recorded in the captured length of the
data, which was 100k symbols, the EVM of the signal was
used to estimate the BER for received powers above -23 dBm,
as shown in Fig. 5(b). BER was estimated using the following
equation taken from [15]

1
BER:Z(FZ)Q [3log2L1 2 o)
-1 JEVM?log, M
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where L is the number of signal levels per quadrature, M is the
order of the modulation and Q indicates the Q-function. For
QPSK modulation, L is 2 and M is 4.

3

o Esimated BER
Measured BER

25 2 20 9 25 24 20

23 22 i
Received Power (d4Bm)

]
Received Pover (d8m)
Fig. 5. (a) EVM versus received power. (b) Measured (green curve) and
estimated (blue curve) BER versus received power, for the 10Gbit/s
differential receiver.

Examining the EVM results shown in Fig. 5(a), a very
satisfactory floor value around 12.5% is observed. It can also
be seen that there is a sharp decline in EVM, which is also
translated into the BER curve shown in Fig. 5(b). The reason
is that for input powers lower than -21 dBm, the EDFA can no
longer amplify the signal to the aforementioned +16 dBm, and
lower powers reaches the balanced photodiodes. On the other
hand, looking at the BER results depicted in Fig. 5(b), it can
be seen that the error floor is around 10°. Furthermore, even
at -25 dBm received power, the BER is lower than the
Forward Error Correction (FEC) threshold. It is also important
to notice that the measured BER values, from -25 to -23 dBm
received power, are in good agreement with the estimated
values using Eq. (1).

a)

4 05 0 o5 1

Fig. 6. (a) DQPSK eye diagram and (b) symbol constellation at 20Gb/s
for a received power of -12dBm.

For the 20 Gbit/s DQPSK receiver, opened eyes and good
constellation diagram were also measured, as shown in Fig. 6
for a received power of -12 dBm. Comparing the obtained
constellation diagram with the reference one shown in Fig. 3,
it can be seen that some additional noise appears in the
symbols of the constellations. Nevertheless, the EVM of the
obtained constellation was measured to be 19.57% and the
corresponding BER was estimated by using Eq. (1) in 1.7-107.

IV. CONCLUSION

A minimum footprint differential receiver for DQPSK
transmission with zero biased detection for access networks
has been demonstrated at 10 and 20 Gbit/s. Each building
block of the receiver was optimized for high performance, low
loss and maximum compactness. The results indicate the
potential of integrated silicon receivers to become key
building blocks for future passive optical networks based on

advanced modulation formats. Since the receivers were not
packaged with transimpedance amplifiers, its sensitivity was
reduced. DQPSK was used to evaluate the receiver. However,
higher-order modulation formats can be supported due to the
low EVM values achieved. For instance, for an EVM of
12.5%, translated into BER for D8PSK, results into a BER
lower than 107 [14].
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FlexPON router

4.1 Introduction

In this chapter [ will discuss an integrated wavelength router for Fiber-To-The-
Home/Business/Premises/Curb (FTTx) using a Flexible Passive Optical Network
(FlexPON) technology. This work was performed in cooperation with Genexis
and in the framework of the Dutch Smartmix-Memphis project. FlexPON is a new
concept for FTTx based on Dense Wavelength Demultiplexing (DWDM) devel-
oped to increase the bandwidth of the network [1]. Furthermore, it increases the
dynamic re-configurability and resilience of the network. In Fig. 4.1 a schematic
drawing of a FlexPON network is shown. Single-mode fibers (SMF) connect the
Central Office (CO) to a number of Remote Nodes (RNs) in the field. Several
Home Users, called Optical Network Units (ONUs), are served by a common RN.
The CO transmits a set of downstream (DS) data signals and a complementary
set of continious waveform (CW) signals to a RN. A DS-signal and the comple-
mentary CW-signal from a wavelength pair and are dropped at the RN to an ONU.
In order to be able to use commercial lasers at the CO, all wavelengths are on
the ITU-T wavelength grid of the C-band. The CW signal makes it possible to
replace an expensive temperature controlled laser at the ONU by a low-cost and
broadband Reflective Semiconductor Optical Amplifier (RSOA) which amplifies,
reflects and modulates the CW-signal into an upstream signal. The broadband
photodector and broadband RSOA make the transceiver at the ONU colorless
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Home Users

Wavelength Router
Central Office

Figure 4.1: Schematic drawing of a FlexPON newtork. A reconfigurable wavelength router
(part of the RN) drops wavelength pairs from the Central Office to the Home Users or ONU.
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Figure 4.2: The spectrum before and after tuning of a microring resonator. The Free Spectral
Range (FSR) coincides with the wavelength spacing between the Downstream (DS) and
Continuous Wave (CW) wavelength pairs.

such that wavelength channels can be reconfigured over time.

The enabling component of the RN is a Wavelength Router (WR). I will investi-
gate the feasibility of realizing a WR based on an SOI integrated photonics chip
employing microring resonators which are thermally tuned with heaters. These
microring resonators are particularly interesting since they can filter and thus
drop multiple wavelengths at the same time, spaced by the Free Spectral Range
(FSR) of the resonator. The principle is shown in Fig. 4.2. By tuning the ring

resonator, a pair of wavelengths of choice can be dropped to one or multiple
users.
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/

T1 x 4 power splitter Ring resonator heater

Figure 4.3: Polaization diversity implementation of a FlexPON WR. 2D grating couplers are
used as in and out coupling elements. The upper circuit introduces a w phase shift using
thermally tunable waveguide heaters for PDL minimization.

4.2 2D grating PDL compensation

In order to integrate the WR on SOI, we need to develop the appropriate on-chip
components. In Fig. 4.3 an integration scheme for a FlexPON WR is shown. Due
to the waveguide birefringence, I chose a polarization diversity scheme and thus
process both orthogonal polarizations separately using an identical circuit of
splitters and ring resonators. Fabrication variations can be compensated for by
thermally tuning the ring resonators individually thereby obtaining an identical
transfer function for both polarizations. The fiber-to-chip coupling is done by
means of near vertical fiber 2D grating couplers [2]. This 2D grating is a big
contributor to the polarization dependent loss (PDL).

In [3] (see attached paper on page 4-15) we explain and solve the 2D grating
PDL problem for a fiber-to-fiber integrated circuit such as a WR. By introducing
a relative phase shift of 7 in one of the polarization diversity circuits, the PDL
introduced by the 2D grating used as incoupling element can be compensated for
by the PDL introduced by the 2D grating used as outcoupling element. The PDL
of the 2D grating itself is thus not removed, but the total PDL of the fiber-to-fiber
circuit is annihilated. We introduce the 7 phase shift with a waveguide heater (see
Fig. 4.3). A microscope picture of the fabricated FlexPON WR is shown in Fig. 4.4.
By tuning the ring resonators and using the heaters to introduce a = phase shift
the PDL can be reduced to 0.15dB, well below the required PDL specification
of 0.5dB. These PDL measurments are plotted in Fig. 4.5 for 1556.5nm and
1560 nm.

4.3 Ringresonators
Integrated ring resonators are a key building blocks for our FlexPON wave-

length router. Typical ring resonators in silicon single-mode strip waveguides
(fully etched) do not have high performance. This is attributed to the high in-
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Figure 4.4: Microscope picture of a fabricated FlexPON WR SOI chip.
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Figure 4.5: PDL measurements of the FlexPON WR chip as a function of the waveguide and
ring heater power for two different wavelengths. (see [3] on page 4-15)



FLEXPON ROUTER 4-5

dex contrast of the waveguide which introduces high waveguide bend losses
and backscattering due to surface roughness of the waveguide sidewalls. The
backscattered light will excite a counter-propagating mode of the ring resonator
[4] causing a resonance splitting. Although deeply etched SOI waveguides using
DUV lithography can achieve < 2dB/cm loss for TE polarized light [5], typical
achieved Q factors in ring resonators are 10000, corresponding to a waveguide
loss of around 10dB/cm.

4.3.1 Ringresonator using TM polarization

Reducing the waveguide bend loss and side-wall (back-) scattering loss is key
to enhance the performance of a ring resonator. We employed this principle
by exciting the TM mode instead of the TE mode in a ring resonator. The TM
mode is less confined and will thus have a smaller overlap with the sidewalls.
Furthermore, the electrical field is vertical such that the field discontinuities
occur at the top and bottom interfaces of the waveguide instead of the sidewalls
which exhibit the most roughness from etching. The results were published in [6].
We achieved an intrinsic Q (Q;) of up to 340000, which is roughly 4 times more
than Q’s obtained with TE-polarized light. This corresponds with a resonator
waveguide loss of 1.94dB/cm. Another advantage of using the TM mode is that it
exhibits a lower effective refractive index, such that the ring resonator fabrication
tolerances are more relaxed. This can be verified from the ring resonator spectra
which showed excellent response over the whole C-band.

A drawback of using the TM mode is that the lower effective refractive index
restricts us to make low-loss bends with a small bend radius. The TM ring
resonators need typically a bend radius of at least 15 um to achieve a Q; of more
than 100000. This translates in a maximum FSR of 8 nm, restricting the number
of channels for our FlexPON application with wavelength spacing of 200 GHz
(about 1.6nm) to 4 channels. The tuning range of a ring resonator is typically
limited and on the order of 5nm to 10nm (600 GHz-1.2THz). This is in essence
the main contributer to the reconfigurable channel limit.

In most applications TE-polarized light is preferred for fiber-to-chip coupling and
waveguide routing. Both horizontal and vertical fiber-to-chip coupling methods
have lower losses for the TE mode. Furthermore, the high confinement of the TE
mode allows for tight waveguide routing. To avoid the need for a polarization
rotator, which converts the TE mode in the TM mode on chip, we investigated
if it is possible to excite the TM mode in the ring resonator with a TE mode in
the bus waveguide. The results can be found in [7] at the end of the chapter
page 4-18. We used an asymmetrical coupling section such that the TE mode
in the bus waveguide is phase matched to the TM mode in the ring resonator.
We achieved a mean Q of 326 600 and mean finesse of 88 for a critically coupled
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all-pass ring resonator. The ER was better than 16dB over a 40 nm wavelength
range and no peak-splitting was observed. We call this kind of ring resonator a
polarization rotating ring resonator.!

More detail and a deeper investigation of polarization rotating ring resonator
was published in [8]. This study was performed using a rigorous fully-vectorial
eigenmode expansion and propagation tool. There are two required levels of
asymmetry in the directional coupler exciting the ring resonator: 1) a different
waveguide width for the bus and the ring and 2) an asymmetrical cladding. The
study reveals that besides the fundamental TM mode also the fundamental
TE mode and higher order modes are excited in the ring resonator. The ideal
coupling section coincides with a maximized coupling to the TM mode and
minimal coupling to the other modes. We also found that certain designs couple
equally to the TM and TE mode, thus creating a double resonance. This double
resonating ring resonator was for example used in a biosensing application [9].

4.3.2 Ringresonator based on a rib waveguide

Our quest to achieve record-high Q’s led us to a ring resonator employing shallow
etched rib waveguides. A shallow rib waveguide mode has almost all light in Si
and has a very low overlap with the thin sidewalls. The results of all-pass ring
resonators were published in [10]. The measurements for the mean Q’s and mean
finesses as a function of the gap distance between bus and ring waveguide are
shown in Fig. 4.6 and Fig. 4.7 for different waveguide widths and ring radiuses.
For large gap widths, the Q asymptotically converges to the intrinsic Q of the
ring resonator. For certain geometries of the waveguide, i.e. 700 nm waveguide
width and ring radius of 50 um, the measured Q’s were ultra-high and on the
order of 500000. Furthermore, the finesse was determined to be 1000. This
means that the ring resonator waveguide loss decreased to a mere 0.81dB/cm.
In Fig. 4.8 the resonance spectrum of two ring resonators are plotted. Ring 1 is
critically coupled with an extinction ratio of 17dB while having a Q of 417000
and ultra-high finesse of 1100. Similar results have been published in [11]. This
record finesse could enable a whole new set of applications such as reduced
threshold in Raman lasers, ultra-dense WDM applications, sensing and delay
lines.

4.4 XPON/FlexPON

The XPON/FlexPON network is a hybrid architecture where the downstream
data follows the FlexPON principle as shown in Fig. 4.9 and has been explained
earlier in Chapter 4.1. It is a flexible PON network where redistribution of the

1 This work has been done in close cooperation with Peter De Heyn.
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downstream data takes place by means of wavelength switching. For example,
users demanding temporarily high bandwidth can be appointed a dedicated
wavelength or a wavelength that is shared with a smaller number of users. The
upstream data transmission in PON networks is typically done by means of elec-
trical time division multiplexing schemes. In the XPON or switchPON concept,
the Time Division Multiplexing (TDM) is done in the optical domain using wave-
length switching. This has the advantage that the optical power is not splitted
among all the ONUs, and that the transceiver at the ONU does not have to have
any TDM awareness. Furthermore, multiple wavelengths can be used to increase
the upstream bandwidth and/or facilitate large bandwidth demanding ONUs. As
was the case in the FlexPON architecture, the XPON also works with CW signals
transmitted at the CO which are reflected, modulated and amplified at the ONU.
The XPON principle is schematically shown in Fig. 4.10 and Fig. 4.11.

With all the previous building blocks that I have demonstrated we are able to
build the wavelength router needed to enable this XPON/FlexPON network ar-
chitecture. The mask design of the wavelength router circuit is shown in Fig.
4.12. The colors correspond to the same wavelengths as in Fig. 4.9 to 4.11. The
wavelength router is designed for two downstream wavelengths (red and blue)
in the L-band and two upstream wavelengths wavelengths in the C-band. The
wavelengths are on the ITU-T wavelength grid and have a wavelength spacing
of 200GHz. The left input grating coupler provides the fiber-to-chip interface
with the fiber connected to the CO. The four grating couplers on the right con-
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Figure 4.9: Downstream data following the FlexPON principle.

nect 4 ONUs to the wavelength router. The grating couplers are 2-dimensional
and couple the orthogonal polarizations upwards and downwards in separate
waveguides. The on-chip circuit handles the coupled orthogonal polarizations
separately (polarization diversity). The light from the CO is then broadband
splitted with a Mach-Zehnder-Interferometer (MZI) into the C-band and L-band,
corresponding to the upstream wavelength and downstream wavelength bands
respectively. The downstream wavelengths are passively split in four witha 1 x 2
MMI splitting tree. The circuit contains a ring resonator for each user and each
downstream/upstream wavelength. The resonance wavelength of the ring res-
onators is controlled by low-loss thermal tuning. Each ring resonator is tuned
such that its resonant wavelength is slightly smaller than the corresponding
downstream/upstream wavelength. This allows for a tuning or switching delay
smaller than 1ms as specified for downstream wavelength tuning.

Although I solved a great deal of issues for realizing a wavelength router that
fulfills the FlexPON/XPON specifications, an important number of issues are
not completely solved or demonstrated. For the upstream wavelength switching,
a delay of not more than 1 us is allowed which is very challenging to achieve
by thermal tuning. This could be solved by using the plasma dispersion effect
to attenuate the ring resonator while it is cooling down. However, the biggest
problem remains the power budget and specifically the fiber-to-chip coupling
loss. This cannot exceed 1.5dB over a wavelength range of 50nm (part of C-
band and L-band) which can’t be achieved with a fully optimized 2D grating
coupler. Therefore, a horizontal coupling approach with polarization rotator
as was demonstrated in Chapter 3 would be better suited. Alternatively, one
could integrate semiconductor optical amplifiers (SOA) using for example het-
erogeneous III/V BCB bonding to compensate for the higher grating coupler
losses.
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Figure 4.10: Continuous wave signal for upstream modulation distributed to ONUS.
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Figure 4.11: Modulated upstream signals combined at remote note.
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Figure 4.12: Mask design of a wavelength router enabling a XPON/FlexPON network
architecture. The ring and waveguide heaters are not shown for clarity.
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entrance grating region
waveguid

Figure 4.13: Focusing grating coupler geometry parameters. The light (yellow arrows) is
refracted and reflected at the first grating ellipse Eq,. T andn are the tangent and normal
line respectively of ellipse Eqo at point (rg, 89)-

4.5 Reflectionless grating coupler

The specified return loss for a wavelength router is 45dB or better. PICs with
integrated lasers or SOA’s are ultra-sensitive to on-chip reflections. An elegant
and low-loss Silicon Photonics isolator is yet to be demonstrated. Due to the
high index contrast in SOI integrated circuits, special care has to be taken to
minimize on-chip reflections. For example, MMI power splitters can be opti-
mized for minimal return loss by angling all waveguide interfaces [12]. Grating
couplers are typical sources of high return loss. More specifically, the grating
reflection back into the waveguide is problematic for a lot of PIC applications
which contain amplifiers. This back reflection is mainly dependent on the exact
grating cross section. Back reflections from —10dB to —25dB have been reported.
I demonstrated a grating coupler design which reduces the back reflection to
—40dB, the typical reflection performance of an optical fiber connector. The
principle, design rules and 3D FDTD simulations have been published in [13]
(see attached paper on page 4-20). The measurement results were published
in [14] and the improved grating couplers showed a 10dB lower return loss with-
out introducing an IL penalty. This reflectionless grating coupler design is based
on a focusing grating coupler design [15]. The grating is curved such that a plane
wavefront originating from the tilted optical fiber is diffracted to the TE-polarized
mode of a broad SOI waveguide, so that the wavefront is curved cylindrically
and focusing occurs in the center of curvature of the wavefront. The easiest way
to describe this system is to use a polar coordinate system (r, §) with the origin
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placed at the exit point of the entrance waveguide (see Fig. 4.13). The phase
matching condition for the position of the grating scattering holes or trenches is
the collection of points p that will give constructive interference between a point
at the origin (waveguide ending) and the family of planesV, tilted under an angle
¢ (the fiber tilt angle):

2nq = pr+kd(p,V) 4.1)

with f the propagation constant in the silicon slab, k the upper cladding propaga-
tion constant and q an integer number. V is the plane family x + tan¢z +cst =0
and p is a scatter grating point (r cos§, r sind). The distance between a scatter
point and plane V is given by

S

d(p,V)= I_ﬁllg =rcosdsing (4.2)
which results together with Eq. (4.1) in Eq. (1) of [13] (see page 4-20):
gAy =rng—rn.cosdsing (4.3)

with 1y the wavelength in vacuum, n; the effective refractive slab index and n,
the refractive index of the top cladding. This is the basic formula on which a
curved and reflectionless grating coupler is based. I improved this formula by
taking into account the difference in effective refractive index between the slab
and grating region and by taking into account the diffraction at the slab/grating
interface (see [13] page 4-20 for more details).

4.6 Conclusion

FlexPON or the XPON/FlexPON variant are new concepts for FTTx based on
Dense Wavelength Demultiplexing (DWDM) developed to increase the band-
width of the network. This concept requires a wavelength router (WR) in a remote
node that reconfigures the network in the optical domain. Integrated photonics
and in particular Silicon Photonics is an enabling technology for realizing such a
highly complex WR. I investigated the necessary subcomponents and optimized
them such that the WR specs can be reached. A PDL compensation method
in the case of fiber-to-chip coupling by means of 2D grating couplers has been
demonstrated achieving a PDL as low as 0.15dB. Ring resonators, serving as
the main component for wavelength switching, have been improved to achieve
ultra-high Q’s of one million. Furthermore, the return loss of grating couplers
have been improved up to 45dB.
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FLEXPON ROUTER

Reducing Polarization-Dependent Loss of
Silicon-on-Insulator Fiber to Chip Grating Couplers

Robert Halir, Diedrik Vermeulen, and Giinther Roelkens

Abstract—For many low po-
larization-dependent loss (PDL) operation is mandatory. On the
silicon-on-insulator photonic wire platform, this can be achieved
using polarization diversity configurations. However, as we show
here, when using two-dimensional grating couplers for near ver-
tical fiber input and output, the low PDL bandwidth is limited. We
propose and demonstrate the use of a 7 phase shifter in one of the
arms of the polarization diversity circuit to effectively reduce PDL
(0.15-dB PDL is shown) and increase the low PDL bandwidth.

Index Terms—Grating coupler, polarization-dependent loss
(PDL), polarization diversity, silicon-on-insulator.

1. INTRODUCTION

ILICON-ON-INSULATOR photonic wire technology al-
S lows for a substantial scaling in the size of photonic inte-
grated circuits due to the high refractive index contrast that is
available. Silicon waveguides with dimensions on the order of
500 nm by 200 nm allow for single-mode propagation and tight
optical confinement. The high refractive index contrast makes
the waveguide structures very polarization-dependent, which is,
however, an issue in many practical applications. Therefore, po-
larization diversity schemes are being proposed to tackle this
problem. In one approach, a polarization splitter and rotator is
being integrated on the chip, such that the two arms of the po-
larization diversity circuit are processing the same polarization
state. This resulted in relatively low polarization-dependent loss
(PDL) (about 1 dB) [1], [2]. In [3], it was proposed to use a
two-dimensional (2-D) grating structure, which at the same time
fulfills the role of optical fiber interface, polarization splitter,
and rotator, all on a 100-pm? area. Taking into account the full
bandwidth of the grating coupler spectrum, still quite substan-
tial PDL can be observed in the experiment (1- to 2-dB PDL
in the fiber to fiber coupling 1-dB bandwidth). In this letter, we
show that, by introducing a 7 phase shifter in one arm of the po-
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Fig. 1. Schematic illustration of a polarization diversity circuit with 2-D grat-

ings. The inset shows the simulated coupling efficiency of a 2-D grating for
polarizations P i, and P ..

larization diversity circuit, a substantial PDL reduction can be
obtained.

II. CAUSES AND REDUCTION OF PDL

In a polarization diversity scheme like the one shown in
Fig. 1, light is coupled in and out of the circuit with fibers po-
sitioned over the 2-D grating couplers [3], [4]. These couplers
convert any polarization state in the fiber to transverse-electric
(TE) polarized light in both arms of the polarization diversity
circuit. In order to avoid strong back reflections from the grat-
ings, the fibers have to be slightly tilted, typically at ~ 10° with
respect to the vertical. In both arms the light is then directed
to the integrated photonic device that performs the desired
functionality and is finally coupled into the output fiber using
an identical 2-D grating coupler. In such a polarization diversity
configuration, there are three main sources of PDL.

First, if the input and output fibers are not positioned along
the diagonal of the 2-D grating couplers, symmetry is lost and
some polarization states will couple more efficiently to and from
the integrated waveguides than others. This contribution to PDL
can be minimized with proper fiber alignment, as detailed in
Section III. Second, due to fluctuations during fabrication, the
devices in either arm may not behave identically, thus intro-
ducing a different amount of loss. Trimming or tuning of the
devices may be used to cancel this effect. In some device con-
figurations, the same device can be used for both arms of the po-
larization diversity circuit, by propagation in opposite directions
[5]. Finally, the grating couplers themselves also introduce PDL.
s best understood considering the two linear polarizations
at 0° and 90°, Py ;,, and P ;,, shown in Fig. 1. Due to the near
vertical coupling, P iy is slightly tilted out of the grating plane,
while P, i, lies in the same plane as the grating coupler. Conse-
quently, P jn and P, ;, will not exhibit the same coupling effi-
ciency. The different coupling efficiencies are shown in the inset
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of Fig. 1. They were obtained with three-dimensional (3-D) fi-
nite-difference time-domain simulations of a 19 x 19 array of
circular holes with a diameter of 400 nm and a 605-nm pitch.
The outgoing waveguides form an 83.8° angle to account for the
effect of the tilted fiber (see [4]). Since the coupling efficiency
of both polarizations only coincides at a specific wavelength, the
grating coupler will generally introduce PDL. The reduction of
this type of PDL is the main contribution of this letter and will
be discussed in more detail in the following.

From symmetry considerations it is clear that if polarization
state Py j, is aligned along the grating bisection line, it will
couple symmetrically to the upper and lower arm of the polar-
ization diversity circuit. This is schematically illustrated with
the solid arrows on the left side of Fig. 1. On the other hand, po-
larization state P ;,, will couple antisymmetrically, i.e., with a
180° phase shift between the upper and the lower arm, as shown
with the dashed arrows on the left side of Fig. 1. If the optical
signals in both arms experience the same phase shift when prop-
agating through the photonic device, the output grating will re-
store the original input polarization state. That means that when
light with either polarization P i, or Psj;, is coupled in, it
will experience the same coupling efficiency curve (see inset of
Fig. 1) twice, thus increasing PDL.

Here we propose to introduce a 7 phase shift in one of the
arms of the polarization diversity circuit. As illustrated on the
right side of Fig. 1, this will cause the polarization states Py j,
and P, to interchange their orientation at the output grating
coupler. Consequently, either of these states will experience
both coupling efficiency curves (one at the input, and the other
one at the output), so that the overall input to output coupling
is identical for both, and PDL vanishes. Naturally, complete
PDL compensation requires almost identical input and output
coupling efficiencies. This can be achieved because the grating
couplers are close together and are defined by state-of-the-art
193-nm deep ultraviolet lithography, so that they are virtually
identical, and highly symmetric fiber alignment is possible
using one-dimensional grating couplers as polarization refer-
ences (see Section III).

III. DEVICE AND MEASUREMENT SETUP

To demonstrate the PDL reduction concept we use a polar-
ization diversity circuit, as shown in Fig. 1, with the generic
device substituted by a ring resonator (see inset of Fig. 2). The
final purpose of the circuit is to act as tunable wavelength router
for fiber-to-the-home applications. As such, in this prototype, it
has to deliver two wavelengths to the home user, one with the
downstream data (Adown,1,2), and a continuous wave (Ac,1,2)
that can be modulated at the user end. Both of these wavelengths
must be routed with low PDL. Furthermore, wavelengths in-
tended for other users should be suppressed, but PDL is less
critical at these wavelengths. The component operates with the
downstream data and continuous-wave wavelengths at two con-
secutive transmission peaks of the ring resonators, while wave-
lengths of other users are located at transmission minima. The
recorded transmission spectrum is plotted in Fig. 2. An insertion
loss of 21 dB is obtained, which is due to the limited efficiency
of the grating couplers (approximately 7-dB loss per coupler)
and the 1 x 4 splitter implemented in the circuit. The efficiency
of the grating couplers can be improved, however, by using a sil-
icon overlay, as shown in [6]. This, however, does not change the
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Fig. 2. Measured spectral response of the wavelength router with all heaters
turned OFF. The dashed envelope indicates the overall efficiency of the two 2-D
arating couplers. A schematic of the device is shown in the inset.
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Fig. 3. Microscope image of the wavelength router with waveguide heaters
(phase shifters) and ring heaters.

concept of PDL reduction. The free spectral range of the rings
is ~4.5 nm, while their extinction ratio will still be optimized.

The device was fabricated on a silicon-on-insulator wafer
with a silicon thickness of 220 nm using deep UV lithography
and a two etch depth process. A 70-nm etch depth was used
for the grating couplers, whereas the photonic wires were com-
pletely etched. After cladding the device with divinylsiloxane-
bis-benzocyclobutene, titanium heaters were defined on top of
both ring resonators to allow for wavelength tuning as well as
matching the devices in both arms. The 7 phase shifter was also
implemented with a heater on top of one of the arms of the po-
larization diversity circuit. A microscope image of a wavelength
router for four users is shown in Fig. 3.

To reduce fiber-misalignment-induced PDL, the fibers were
first aligned to a reference waveguide with one-dimensional
grating couplers. The high polarization dependence of these
couplers was used to adjust the input polarization to the Py,
state shown in Fig. 1, using a polarization controller. The fibers
were then aligned for maximum transmission on the 2-D grat-
ings. Since the fiber coupling efficiency is relatively position
tolerant (typically ~2 yum for a 1-dB variation), this effectively
minimizes PDL due to asymmetric power coupling. However, a
slight misalignment, that does not produce significant coupling
asymmetry, may still result in an unwanted phase shift between
both arms. Current was supplied independently to the 7 phase
shifter and the ring heaters. For PDL characterization, a tunable
laser source and the Fiberpro “PL 2000” PDL meter! were
employed. The latter employs the polarization scanning method
to determine PDL and allows for simultaneous insertion loss
measurements.

IV. RESULTS

For device characterization, the transmission spectrum of the
device was first recorded with the fixed P j, polarization state

! Available: http: fiberpro.com/p; :_pl2000.asp
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Fig. 4. Measured PDL at A = 1536 nm as a function of waveguide and ring
heater powers. (a) Ring heater fixed. (b) Waveguide heater fixed.

(see Fig. 2). Without changing the fiber alignment, PDL was
then measured as a function of heater power at the transmission
peaks using the PDL meter.

Initially, the ring heaters were switched OFF, and the power
supplied to the waveguide heater was varied. At a wavelength
of A = 1556 nm this yields the dashed curve in Fig. 4(a). As
expected, PDL decreases as the phase shift increases, reaching
aminimum value of 0.5 dB at 14 mW of heating power. As more
power is applied, the phase shift exceeds the optimum value so
that PDL increases again. The fact that the device exhibits a
higher PDL with 30 mW of power than without heating, can be
attributed to imperfect fabrication or slight fiber misalignment
that yield an initial nonzero phase shift between the arms. Only
marginal variations in insertion loss of ~0.2 dB were observed
while heating the device.

The ring heaters are used to compensate for both the ini-
tial fabrication differences between the rings and differential
thermal crosstalk from the waveguide arm heater. A trial and
error approach was used to determine which of the two ring
heaters cancels the combination of these two effects, and thus
further reduces PDL. When the waveguide heater was switched
OFF, and power was supplied only to the previously chosen
ring heater (with the other ring heater OFF), PDL improvements
were negligible. This is shown by the dashed curve in Fig. 4(b)
and indicates that the initial fabrication differences between the
rings were low. However, when the waveguide heater is fixed
at 17.8 mW, different thermal crosstalk is induced in the rings,
so that they must be matched again with the ring heaters. This
can be seen in the solid curve in Fig. 4(b), where the waveguide
heater is fixed at 17.8 mW and PDL reaches a minimum of
0.15 dB at 6-mW ring heater power. Conversely, as shown in
the solid curve in Fig. 4(a), at this power level for the ring
heater, the minimum PDL is achieved at 17.8-mW waveguide
heating power. The fact that the waveguide heating powers
that yield minimum PDL are slightly different depending on
the power supplied to the ring heaters can again be explained
by thermal crosstalk from the ring heater to the polarization
diversity waveguide arm. The 0.15 dB of remaining PDL are
attributed to minor asymmetries in the fiber alignment.

TABLE I
MEASURED PDL AT TRANSMISSION PEAKS WITH HEATERS ON AND OFF.
'WAVEGUIDE HEATER POWER ~ 20 mW; RING HEATER POWER ~ 4 mW

Wa‘(/sll‘f';g'h 15425 15470 15515 15560 1560.5  1565.0
PDL (dB)

heaters on 0.8 0.4 0.4 0.35 0.6 1
PDL @B) o5 L1 12 14 20 22

heaters off

The optimum waveguide and ring heater power levels were
found to be generally slightly different for different transmis-
sion peaks. However, choosing adequate levels, it is possible to
achieve low PDL at several consecutive peaks, inside the 1-dB
fiber-to-fiber coupling bandwidth. This is shown in Table I, from
where it is clear that PDL well below 0.5 dB for the downstream
wavelength as well as the continuous wave located at the next
peak is readily achieved at A = 1551.5 nm and A = 1556 nm.
Also notice that PDL improvements of up to 1.4 dB (at A =
1560.5 nm) are achieved when the heaters are used. By read-
justing the heaters, low PDL can be obtained in a different wave-
length range.

V. CONCLUSION

We have shown experimentally that by using a 7 phase shift
in one of the arms of a polarization diversity circuit the PDL
induced by the near vertical grating couplers can be reduced
from more than 1 to only 0.15 dB, at a fixed wavelength. This
requires careful alignment of the input and output fibers and
exact matching of the devices in each arm. In the wavelength
router used to demonstrate this concept, it was also possible to
achieve PDL below 0.5 dB at several consecutive transmission
peaks. This technique should enable low PDL operation in a
variety of polarization diversity configurations.
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Silicon-on-Insulator polarization rotating
micro-ring resonator
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Photonics Research Group, Department of Information Technology,
Ghent University - imec, B-9000 Ghent, Belgium

Abstract: We propose a novel micro-ring resonator which uses quasi-TE polarized light in
the bus waveguide to excite the quasi-TM polarized modes in a micro-ring. An all-pass filter is
demonstrated on Silicon-on-Insulator.

1. Introduction

Resonant devices are considered to be a key technology in integrated photonic circuits. For high index contrast plat-
forms such as Silicon-on-Insulator (SOI) the most investigated class of components are definitely the micro-ring
resonators [ref]. They can be used as spectral filters for telecommunication and data communication purposes, as
wavelength dependent electro-optic modulators and photodetectors, as transducers for label-free biosensing [1], as
optical delay lines, ...In general quasi-TE polarized light is used in micro-ring resonators since it has the strongest
confinement which enables light guiding in bends with very small radii with negligible bending losses. However, de-
pending on the application and exact platform dimensions, the fundamental quasi-TM polarized mode can be preferred
to resonate in the micro-ring. The lower confinement of the quasi-TM mode can be for example beneficial for a-thermal
devices [2], sensors based on a cladding refractive index variation, high-Q rings due to a lower backscattering from
the vertical sidewalls [3] and for large wavelength range tuning using liquid crystals [4]. Most of these applications,
however, exhibit waveguides which are vertically asymmetrical.

In [5] we showed how an asymmetrical waveguide is a major problem for a grating coupler enabled platform. During
the adiabatic transition from a broad multimode waveguide to a single-mode waveguide, several anti-crossings will
be passed, thereby coupling the fundamental quasi-TM mode to higher order quasi-TE modes which are not guided
when tapering down to a single-mode photonic wire waveguide. Circumvention of such an adiabatic taper has been
demonstrated by using focusing techniques such as a focusing grating coupler, but with a lower coupling efficiency
than similar grating couplers for quasi-TE polarized light. Secondly, for routing purposes one prefers the polarization
which enables the most compact routing functionality, i.e. the TE polarization.

A straightforward solution would be to use a cascade of polarization rotators [6], polarization filters and ring-resonator.
As a solution we propose a novel micro-ring resonator which uses quasi-TE polarized light in the bus waveguide to
excite the quasi-TM polarized modes in a micro-ring, thus acting as a polarization rotator, polarization filter and ring
resonator at the same time.

2. Design

The coupling section of the ring resonator is an asymmetrical directional coupler which acts as a polarization rotator
[7, 8]. For a certain width of the bus waveguide, the quasi-TE mode in the bus waveguide will be phase matched to the
quasi-TM mode in the micro-ring. In order to achieve successful coupling between these two quasi-polarized modes,
a vertical asymmetry is necessary [5].

Our design is based on an SOI platform exhibiting a 220nm thick Si core layer on a 2 um thick buried oxide (BOX)
layer. The asymmetry requirement is fulfilled by using an air top cladding. A deep etch of 220nm is performed for
defining the waveguides and ring resonator. A shallow etch of 70nm allows us to use grating couplers for character-
ization. We choose a bus waveguide width of 320nm and a micro-ring waveguide width of 600nm. The gap of the
coupling section is 300nm and the ring radius is 30 um. The bus waveguide has the same curvature as the micro-ring,
resulting in a plane symmetric coupling section.

3. Measurements

The measurement result is shown in Figure 1. Because the grating couplers act as a coupling method for TE-polarized
light and as polarization filter with an extinction ratio of 50dB, we know that only the quasi-TE mode is excited in the
bus waveguide. By calculating the theoretically expected Free Spectral Range (FSR) of the quasi-TM resonant mode
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Fig. 1: Measurement result of the polarization rotating micro-ring resonator in an all-pass filter configuration.

and comparing it with the measured FSR, we can conclude that quasi-TE polarized light from the bus waveguide
is coupled to the quasi-TM resonant mode in the ring. The mean extinction ratio (ER) over the 40nm wavelength
range is —16.2dB, which means that the ring is critically coupled. The mean Q is 32660 and the mean finesse is 88.
Furthermore, no peak splitting was detected.

4. Conclusion

We proposed a new kind of micro-ring resonator which makes use of a polarization rotating directional coupling
section to excite the quasi-TM resonant mode. A critically coupled all-pass filter showing very good performance was
demonstrated. This polarization micro-ring resonator is expected to be useful for a whole class of applications where
TM-polarized light is preferred to resonate.
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Abstract: We propose a novel grating coupler design which is in-
herently reflectionless by focusing the reflected light away from the
entrance waveguide. The design rules for this reflectionless grating coupler
are explained and the grating coupler design is investigated by means of
3D FDTD simulations for the case of a Silicon-on-Insulator based platform.
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1. Introduction

Photonic integration is considered to be a key technology for future advancements in optical
communication technologies. Scaling down the optical building blocks enables complex and
ultra-compact photonic circuits at a fraction of the cost of conventional systems consisting out
of discrete components. Choosing an appropriate platform for developing this miniaturization
technology is guided by functionality, compatibility, performance, yield and cost. Regarding
the last two issues, Silicon-on-Insulator (SOI) is by far the leading technology for low-cost
and high-volume photonic integration since it can benefit from the processes developed in the
mature electronics industry. Although the high refractive index contrast of SOI reduces the
footprint of the integrated photonic devices considerably, it becomes more difficult to achieve
a high-performance mode-size convertor between a single-mode optical fiber (100 um?) and
an integrated optical waveguide (0.1 um?). A possible solution is a grating coupler which is
a periodic structure that couples light out of the chip to free space or to an optical fiber [1].
Fiber-to-chip grating couplers with very high efficiency have been demonstrated [2]. However,
as most papers focus on coupling efficiency, polarization dependency, ease of fabrication and
bandwidth, a solution for the back reflection of these grating couplers is only recently being
investigated. A typical reflection back in the silicon waveguide circuit for a high-efficiency
grating coupler is around —17dB [3]. Other reported high back reflections are —10dB [4], [5]
and —8dB [6]. These levels of back reflections are unacceptable for integrated circuits which
contain integrated lasers and amplifiers. Furthermore, back reflections are highly unwanted in
interferometer based designs. Most approaches to reduce the reflection of the grating focus on
optimizing the dimensions of the grating profile itself, thereby achieving back reflections of
—22dB [7], —28dB [8] and —27dB [9]. In this paper we will introduce a solution for curved
grating couplers which decouples the reflection at the grating from the reflection back into the
waveguide, by refocusing the reflected light away from the entrance waveguide.

2. Theoretical outline

There are two main sources which contribute to the reflection from a grating coupler back into
the entrance waveguide. The most important source is the second order reflection of the grating,
which can be relatively broadband for high-index contrast gratings. Typically one eliminates
this second order reflection by tilting the optical fiber under a small angle of around 10° with
respect to the surface normal [10]. The second source of back reflection is due to the Fresnel
reflection at the waveguide/grating coupler interface. This reflection is highly dependent on
the grating structure itself and is very difficult to eliminate. In the proposed grating coupler
design, we will refocus both sources of reflection away from the entrance waveguide thereby
extinguishing the reflection almost completely.

In [11] a compact focusing grating coupler is presented which uses a curved grating to focus
the coupled light into a single-mode waveguide, achieving an eight-fold length reduction as
compared to a standard linear grating and adiabatic taper, without performance penalty. For the
reflectionless grating coupler we follow the same design rules. The grating is curved such that a
plane wavefront originating from the tilted optical fiber is diffracted to the TE-polarized mode
of a broad SOI waveguide, so that the wavefront is curved cylindrically and focusing occurs
in the center of curvature of the wavefront. The easiest way to describe this system is to use a
polar coordinate system (r, §) with the origin placed at the exit point of the entrance waveguide,
as shown in Fig. 1. The beam will expand in the slab region with an effective refractive index
ng and after a certain length rq it will encounter the grating, thereby experiencing a different
effective refractive index n,. As a first approximation we assume that these effective refractive
indices ng and n, are equal and thus o = 180° (no refraction between slab and grating region).
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entrance grating region
waveguide ny

Fig. 1. Focusing grating coupler geometry parameters. The light (yellow arrows) is re-
fracted and reflected at the first grating ellipse E,,. T and 7 are the tangent and normal line
respectively of ellipse Eq at point (rg, dp).

The phase matching condition is now [11]:
qho = rng —rn.cos d sin ¢ (1)

where Ay is the vacuum wavelength and ¢ is an integer number corresponding with each grating

line. The fiber is tilted under an angle ¢, the angle between the fiber and the chip surface normal,

such that the projected propagation constant of the fiber only has a z-component proportional

to n.sin@ where n, is the refractive index of the top cladding. By rewriting Eq. (1) we can see

that the grating lines will form confocal ellipses Ey, Eqg, 11, .-, Egytn:
% _a(l-é)

| _ nesingcosd [ —ecos S

ng

@

r=

with a common focal point f|, at the origin. From this we can determine the eccentricity
nesing P . _ gAgns : _ _qhonesing

~,» semi-major axis a = o ey and second focal points f> ; = R The first
grating line corresponds to go. The phase matching condition is fulfilled for all parts of the
confocal ellipses. We can thus choose which part of the ellipses we use for designing a gra-
ting coupler because every part of the ellipse will couple the light out under the same angle

¢. Normally one takes the right part of the confocal ellipses as shown in Fig. 2(a), such that

e =

the propagation vector 3 of the entrance waveguide is parallel to the projected wave vector
k. = (2m/A)nesin ¢2. of the diffracted light (waveguide angle ¢ = 0°). Although this seems
like the most logical choice, this design will introduce the largest back reflection in the waveg-
uide since the reflection from the grating lines will be refocused to the second focal points f> 4
and coupled back into the entrance waveguide. This is solved by using another part of the con-
focal ellipses as grating coupler and rotating the waveguide by an angle o of for example 45°,
see Fig. 2(b). In this design the focal points and the grating are not inline hence the grating
reflection is focused away from the entrance waveguide into a slab region, thereby fully elimi-
nating the back reflection.

To obtain the appropriate first grating line number g, we calculate the in plane aperture open-
ing angle € of the entrance waveguide using a 3D mode propagation tool. This angle will
determine the focusing length of the slab r( and thus go such that the width of the diffracted
beam matches the width of the Gaussian fiber mode. In [11] it was shown that this focusing
length has no influence on the grating coupler performance and can be chosen freely. However,
in the reflectionless grating coupler design, the larger the focusing length, the larger is the dis-
tance from entrance waveguide to the the closest focal point f> ,, whereto the reflected light is



FLEXPON ROUTER 4-23

y
Entrance Slab

waveguide region Slab region

| fra0 f g0

Entrance
waveguide

a=45

N

Sum

(b) o =45°
angled

g/ |K

k,

(¢}
B K

w I angled
(¢) o =cos! (m sin¢) (d) Entrance waveguide design improvements
ns

Fig. 2. Reflection from curved grating couplers for different waveguide angles . The k-
diagram is drawn for 6 = 0° (a), 6 =45° (b) and 0 = cos™! (%) (¢) which corre-
sgonds to both the optimal reflection waveguide angle and second order reflection angle.
(K =reciprocal lattice vector) The entrance waveguide is optimized for low reflection (d).

refocused, thereby minimizing the reflection coupled back into the entrance waveguide. On the
other hand, a larger focusing length is accompanied by a broader waveguide aperture and thus
a larger chance to recapture reflected light back into the entrance waveguide. Depending on the
exact entrance waveguide geometry, a proper waveguide width should be chosen.

There exists a waveguide angle o of the entrance waveguide wherefor the angle between
the incident light and the reflected light is maximal. This optimal reflection waveguide angle

o =cos™! (%) is derived by maximizing the reflection angle 6y(&) given by

nesin g

ngsin &

Gozﬁf&ngrtan’l( fcot&))f&) 3)
Figure 3(a) shows 6y from Eq. (3) as a function of & for a fiber angle ¢ of 15°, wavelength
Ao = 1.55 um, SiO;, cladding (n, = 1.45) and ny; = 2.852 corresponding to the effective index of
the TE slab mode propagating in an SOI slab with a 220nm thick Si core surrounded by SiO,.
The optimal entrance waveguide angle ¢ = Oy yuqx for these parameters is 82.4° and 68.9° for
a fiber angle ¢ of 15° and 45° respectively. In Fig. 3(b) the optimal reflection waveguide angle
and the corresponding reflection angle 6y are plotted as a function of the fiber tilt angle ¢. We
can conclude that a larger fiber tilt results in a larger reflection angle 6y and thus accordingly
lower back reflection. A larger fiber tilt will also reduce the second order back reflection (case
o = 0°) from the grating. However, for practical reasons one typically chooses a tilt angle ¢
between 5° and 20°.
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Fig. 3. The reflection angle 6y as a function of & for ¢ = 15° (a) and the optimal entrance
waveguide angle ¢ and corresponding 6 as a function of ¢ (b) for Ay = 1.55 um. Simulated
coupling efficiency (c) for different waveguide angles o (etch of 70nm, ¢ = 15°).

Fig. 4. 3D FDTD simulations showing (a) the refocusing of the reflection using an over-
saturated electrical field (Media 1) and (b) waveguide coupling when excited from the fiber
(Media 2) (0 =90°, ¢ =15°)

3. Design improvements

Achieving ultra-low reflections means reducing every possible reflection source. One impor-
tant source of parasitic reflections is due to discontinuities such as at the exit of the entrance
waveguide. These can be minimized by angling the trenches as is shown in Fig. 2(d). The gra-
ting reflected and refocused light can be reflected back onto the grating and thus back into the
waveguide. Therefore we also need to make sure that the reflected light is not normally incident
on any feature.

Another improvement is to differentiate between the effective refractive index of the grating ng
and the effective refractive index of the slab region n, (see Fig. 1). The phase matching con-
dition for the first grating line corresponding to go will stay the same, i.e. Eq. (1). At this first
grating line, the light will transition from a slab with refractive index n; to a grating region with

refractive index ng and thus be refracted at this interface under an angle 6; = sin™! "‘:7"9"

8
according to Snell’s law. The angle between the incoming beam and refracted beam is thus
o = m+ 6y — 0;. Solving the phase condition numerically

qAo = rong +dng — rcos 6n.sin ¢ )

together with the system of geometric equations d? = 1§ -+ 1> — 2rgrcos (8 — 8) and > = r2 +
d* —2rod cos o for every refraction point (rg, 8) to (r, ) will result in the subsequent grating
lines for g > go + 1.

4. 3D FDTD simulations

The grating couplers, designed using Eq. (4), were simulated using full-vectorial 3D FDTD
software such as [12]. To calculate the reflection spectra, a pulse with a Gaussian time pro-
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Fig. 5. Reflection spectra for shallow (a) and fully etched (b) grating couplers, each time
for different values of the waveguide angle ¢ and fiber tilt angle ¢.

file was launched in the single-mode access waveguide and the reflected flux was measured
in that same waveguide (see Fig. 4(a) (Media 1)). The coupling efficiency was simulated by
the normalized power in the single-mode waveguide after launching a Gaussian mode under
the correct angles and polarization (see Fig. 4(b) (Media 2)). We have found that the optimal
reflection waveguide angle does indeed have the lowest back reflection, but at the price of a
coupling efficiency penalty of around 2dB (see Fig. 3(c)). This is because this waveguide an-
gle corresponds to the angle for second order Bragg reflection (case 6 = cos™! (n.sin¢/ny))
when K .ZZ =0 (see Fig. 2(c)). Figure 5 shows the spectra of the reflection back in the entrance
waveguide of the proposed grating coupler for different waveguide angles ¢. For the shallow
etched gratings (70nm etch in a 220nm Si core) and for fiber tilt angle ¢ = 10°, the second
order back reflection present at the higher wavelengths decreases by 5dB to 10dB for waveg-
uide angles up to 45° without coupling efficiency penalty (typical grating coupler efficiency is
around 30%) achieving a back reflection of —40dB (Fig. 5(a)). We see that mainly the second
order reflection (case 0 = 0°) present at the higher wavelengths is reduced. This second order
reflection can be easily reduced by increasing the fiber tilt angle to 15° and even more using
the novel grating coupler design. The reflection reduction is the most pronounced in the case
of fully etched grating couplers (220nm etch in a 220nm Si core) having a typical efficiency
around 10%. The back reflection decreases from —7dB to —28dB for o = 45° (Fig. 5(b)).

5. Conclusion

We have investigated a reflectionless grating coupler design by means of 3D FDTD simulations.
The grating is curved and refocuses the reflection away from the entrance waveguide thereby
realizing a 5dB to 10dB reflection reduction down to —40dB for shallow etched gratings, the
same back reflection performance of a typical optical fiber connector, without introducing a
coupling efficiency penalty. Furthermore, we showed that this method can be used to reduce
the reflection of highly reflective (—7dB) deeply etched grating couplers to useful reflections
of —28dB. These devices could become key components in interferometer based designs and
circuits using integrated lasers and amplifiers.
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Overall Conclusion

Silicon Photonics is thé most promising technology for high volume low-cost
integration of optical transceivers. By leveraging on the processes and tools
developed by the CMOS industry, the chip cost is minimized and the wafer and
chip yield maximized. The packaging cost can be kept to a minimum by using
out-of-plane optical couplers such as grating couplers to be able to wafer-scale
test the wafer both optically and electrically and increase the packaging yield.
I have investigated three kinds of transceiver applications which would bene-
fit enormously from integrating the optical components. The most developed
transceiver demonstrator in this work is a Point-To-Point (PTP) Fiber-To-The-
Home (FTTH) transceiver array which targets the access market and employs
the compact integration that Silicon Photonics offers to package 4 transceivers
in a single SFP package. In the future an 8-channel and even 16 or 32-channel
transceiver array should be possible. The biggest challenge is meeting the optical
power budget. The biggest improvement would be to optimize the modulator
for this specific application, reducing the 6 dB IL with a couple of dB. Together
with fully optimized waveguide components, optimized fiber-to-chip coupling
interfaces and by going to a laser with more than 13 dBm output power or inte-
grating an amplifier, a 32-channel device is achievable with Silicon Photonics.

For the long-haul market a PM-DQPSK receiver having high spectral efficiency
has been developed and demonstrated. Due to the low-cost fabrication process,
this kind of receiver could also be used in future access markets which use coher-
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ent DWDM technology to increase the bandwidth per user.

A third demonstrator that was investigated was a Wavelength Router (WR) for
Flexible PON or FlexPON networks. Due to the large amount of optical equip-
ment needed, this kind of network concept is only viable by integrating the
photonic components and Silicon Photonics acts here as a technology enabler.
The question is if the industry will accept active components in the field such as
this wavelength router, rather than a passive optical splitter.

In general, after being pioneered and researched for the last decade by universi-
ties and pioneering companies, Silicon Photonics is taking off worldwide and will
be present in almost all telecom and datacom transceiver markets. This is just
the beginning of the mass adoption of Silicon Photonics technology. The results
achieved in this work are definitely an important contribution to the Silicon
Photonics technology platform. Needless to say, still a lot of work needs to be
done to make Silicon Photonics the perfect platform. This includes integration
of lasers, amplifiers and isolators in a CMOS-compatible way:.
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