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Abstract

With recent increasing demands for higher capacity in optical networks, there is a
need for high-speed optical modulation. This desire is especially pronounced with the
growth of high volume data centers. There is a demand for low-power modulators
that can be placed on printed circuit boards. Mach-Zehnder modulators (MZM])s, in a
range of different materials, are widely used for this purpose. However, their power
consumption is determined by the relatively large electrode size which they require.
Some time ago researchers in optical fiber switches introduced the concept of the
loop-mirror for nonlinear applications. This device is conceptually an MZM in which
two outputs are connected to make a loop at the end. Although loop-mirror was
introduced in nonlinear optical switching it also can be used as an optical modulator.

In this thesis, we introduce for the first time an integrated loop-mirror
modulator (LMM). We show that this device requires one-half the switching voltage
and one-quarter the power consumption of a conventional MZM. This device is
implemented in silicon-on-insulator technology with carrier depletion junctions. The
reverse-biased PN junction modulator is fabricated with two different electrode
configurations (series push-pull and dual-drive). On-Off Keying (OOK) modulation at
20 Gb/s and Differential phase shift keying (DPSK) modulation at 10 Gb/s is
demonstrated experimentally. The frequency response of the LMM is analyzed and
we conclude that the power efficiency gains of the LMM are only present in the
lumped electrode regime. In the traveling-wave (TW) electrode regime it is not
possible to simultaneously velocity match the forward and backward going optical
and electrical waves in the electrodes. As a reflective modulator the proposed LMM

could find applications in passive optical networks (PON).



Sommaire

Les récentes augmentations de la demande pour des réseaux optiques a plus grande
capacité ont généré un besoin pour de la modulation optique a grande vitesse. Ce
désir est spécialement marqué par la croissance des centres de données a volume
élevé. Il y a une demande pour des modulateurs a faible puissance qui peuvent étre
mis en place sur des cartes de circuits imprimés. Les modulateurs de Mach-Zehnder
(MZM) sont fréquemment utilisés a cette fin. Cependant, leur consommation en
puissance est déterminée par la grande taille des électrodes qu’ils requiérent. Par le
passé, des recherches sur les commutateurs a fibre optique ont introduit le concept
des modulateurs a boucle (LMM). Ce dispositif est conceptuellement un MZM dont
deux sorties sont connectées pour créer une boucle. Bien que la boucle réfléchissante
fOt instaurée pour les commutateurs optiques non-linéaires, elle peut aussi étre
utilisée dans un modulateur optique.

Dans cette thése, nous présentons pour la premiere fois un LMM intégré. Nous
démontrons que ce dispositif ne requiére que la moitié du voltage de commutation
et qu’'un quart de la puissance qu’'un MZM conventionnel. Ce dispositif est
implémenté avec la technologie silicium-sur-isolant (SOI) avec des jonctions
fonctionnant en déplétion. Le modulateur a jonction PN a polarisation inverse est
fabriqué avec deux configurations d’électrode différentes (symétrique et double-
entrainement). La modulation par tout ou rien (OOK) a 20 Gb/s et la modulation de
phase différentielle (DPSK) a 10 Gb/s sont démontrées expérimentalement. La
réponse en fréquence du LMM est analysée et nous concluons que les gains en
efficacité de puissance du LMM ne sont présents que dans le régime d’électrode
localisée. Dans le régime d’électrode par ondes progressives (TW) il n’est pas possible

de faire coincider les vitesses des ondes avant et arriere optiques et électriques dans



les électrodes. En tant que modulateur réflectif, le LMM présenté pourrait étre utile

pour certaines applications sur les réseaux optiques passifs (PON).
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CHAPTER 1

INTRODUCTION

1.1 What is the need behind low-power modulator demand?
The present-day internet comprises over 100 billion web pages on over 100 million

websites. This enormous amount of data is being accessed continually by nearly 3
billion users that conduct approximately 3 billion Google searches and send
approximately 150 billion emails per day. In 2016 the global user traffic reached more
than 42,000 gigabytes per second. With projections of over 600 million users
streaming internet high-definition videos simultaneously at peak times, the peak
demand is expected to be considerably higher in the near future [1].

All of this data flows via data centers to and from the enterprise, small office-
home office (SOHO), and residential access networks, across long-haul
telecommunication networks and passive optical networks (PON). Over the last
decade, dense wavelength division multiplexing (DWDM) with channel counts of 40
and 100 wavelengths that support 10Gb/s and 40Gb/s data rates per channel have
been deployed in the long-haul national and regional backbone networks and
metropolitan core networks. The DWDM systems are now being improved with next
generation 40Gb/s and 100Gb/s technologies for ultra-long-haul, long-haul and
metropolitan networks. The impact of DWDM improvements and size reduction of
optical components has been a growth in the capacity of optical networks by seven
orders of magnitude in two decades, with no increase in cost or footprint. However,
apart from high order modulation applications, the spectral efficiency gains for

standard modulation applications are now almost exhausted.



Presently, the focus of data centers is not merely on delivering content to end
users. Rather, they are also responsible for data management roles inside the centers
before sending information to end users. Recently, with the development of cloud
computing and big-data applications, data transfer rates and data management loads
have massively increased and sometimes require parallel computing. This brings up
the challenge of intra-data-center traffic. Figure 1 shows the trend of traffic increase

within data centers [2].

A

8,000
7,000
L 6,000
3
> 5,000 Traffic flow
,E 4,000 within data center
Ea}
23,000
2,000
1,000 Data center to user
—-—-—.—.Il—> YEAR

2012 2013 2014 2015 2016 2017

Figure 1 - Traffic flow within data centers (permission received to use from [2])

Figure 2 shows the network traffic growth is much faster than equipment
efficiency improvements. An important observation is that the scaling trend for traffic
is exponential. This brings up a need for more efficient optical networks in order to
close the energy gap. Possible approaches include: 1) lower power and more compact
optical components, 2) flexible (elastic) optical systems or software-defined networks

that can be actively provisioned, and 3) dynamic optical switching.
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Figure 2 - Network traffic growth vs. equipment efficiency (permission received to use from [2])

Furthermore, power consumption is an emerging problem in data centers. For
a single shelf in which the throughput is estimated as 1.2Tbps, the power
consumption is about 15kW. For multiple shelves that in general include 80 shelves,
for the throughput of 92Tbps, the power consumption is estimated to be more than
1MegaW and an additional power consumption of 1MegaW is required for cooling
the central office. For some of the recent Google data centers the power consumption
budget is estimated to be more than 100MegaW [13].

Photonic integration is part of the solution to the emerging demand for broad
bandwidth and high capacity network equipment. Beside other integrated
technologies such as InP (indium phosphide) and GaAs (gallium arsenide), silicon
photonics is capable of high-density integration with multiple channels and requires
a small footprint and low-power. In recent years foundries have been established to
develop on-chip silicon photonics at large-scale.

External modulators, variable optical attenuators and optical gates that

employ Mach-Zehnder interferometers (MZl)s are common structures within



photonic integrated circuits. In most applications, and in particular in data centers
with potentially tens of thousands of optical links with direct board-level applications,
low-power consumption is required. Silicon photonics integration got a late start in
comparison to the other semiconductor materials. However, since the first
demonstration less than a decade ago, the number of component per chip has been

doubling year over year (Figure 3).
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Figure 3 - Silicon photonics evolve to meet real-world requirements (permission received to use

from [3])

The above discussion indicates the significance of building MZIs with low
phase shift, because with lower phase shift it is possible to achieve reduced power
consumption. In this thesis we take a step in this direction by introducing a low-power

optical modulator that incorporates an optical loop-mirror.



The main idea of the research presented in this thesis was inspired by previous
work on fiber loop-mirrors [4]-[7] that were developed for nonlinear optical
processing. A loop-mirror consists of a power divider, generally a directional coupler,
where the two outputs on one side of the divider are connected by a loop of fiber or
waveguide. Light at the input of the loop-mirror is split in two and each half travels in
the opposite direction along the loop. In nonlinear applications, the relative phase
between the two halves of the initial signal is controlled by the power of a second
signal that propagates in only one direction. Depending on the relative phase of each
portion of the initial signal, it can be reflected toward the input or transmitted toward
an output port. However, to implement a loop-mirror as an integrated optical
modulator rather than as a nonlinear optical switch, it is necessary to control the
coupling ratio in the power divider via external actuation.

We have demonstrated for the first time an integrated loop-mirror modulator
(LMM) that consists of two identical 3dB couplers, which are cascaded to create an
MZI, with the output waveguides connected to form a loop-mirror. The impact of the
addition of the loop-mirror is a significant reduction (from 100% to only 50%) of the
change in coupling ratio required to obtain complete modulation with the MZIl. When
no voltage is applied to the MZI arms, all the input power appears at the one arm of
the loop-mirror and it is reflected toward the input. To send light to the output, the
input power must be distributed equally between the upper and lower arms of the
loop-mirror. This requires a smaller phase shift than in a regular MZI, where all the
power should be transferred to the lower port to achieve efficient intensity
modulation of the signal. This reduction of the phase shift needed to achieve
complete modulation translates into a decrease of the voltage required to actuate the
modulator, thereby resulting in a lower power consumption by the device. This
integrated electro-optic (EO) modulator could be used as a cost-efficient and
broadband reflective modulator in passive optical networks (PON) and Gigabit PON

(GPON).



1.2 Original contributions
The work done in this thesis includes the following original contributions which have

been submitted in the form of journal papers and published in conference papers as
well as a provisional US patent. The information in brackets indicates the relevant
thesis chapters.

v Analytical comparison for switching energy of resonant interferometer and
non-resonant interferometer (Chapter 3): presented at the Photonics North
conference and submitted for publication [8]

v' The theoretical design and analysis of a novel reflective LMM (Chapter 4)
which is filed for US Utility Patent Application titled “optical loop enhanced
optical modulators” US Patent 20,170,293,083

v Design, analysis and experimental implementation of on-off keying (OOK)
modulation (Chapters 4 and 5): presented at the IEEE Optical Interconnects
Conference (Ol) [9]

v’ Design, analysis and experimental implementation of and differential phase
shift keying (DPSK) modulation (Chapter 6): presented at the IEEE Photonics
Conference (IPC) and submitted for publication [10]

v' The first demonstration of LMM as intensity modulator with 20 Gb/s
modulation speed (Chapter 5): presented at the Asia Communications and
Photonics Conference (ACP) and submitted for publication [11]

v Exhibiting potential application of the LMM as a reflective modulator in
Gigabit passive optical networks (GPON) (Chapter 5): presented at the
IEEE/OSA CLEO conference and submitted for publication [12]

v' Low-power 20 Gb/s optical modulator with a silicon-based integrated loop-
mirror (Chapters 4 and 5) submitted to IEEE Photonics Journal and it is under
revision for publication. This paper is the extended version of the conference
paper presented at the ACP conference listed above which includes the new

analysis for EO response for intensity modulation.



v" DPSK modulation with a dual-drive silicon photonics loop-mirror modulator

(Chapter 6): in preparation to submit to IEEE Photonics Journal for publication.
This paper is the extended version of the conference paper presented at the
CLEO conference listed above which includes the new analysis for EO response

for phase modulation.

1.3 Thesis organization
The remaining of the thesis is organized as follows:

Chapter 2: This chapter is mainly devoted to the literature review and
background on optical networks, optical switches and modulators.
Furthermore, there are discussions on different technologies and materials
that are used in optical devices. In addition, standard configurations for low-
power EO switches and modulators are presented. At the end of this chapter
different modulation formats and application of PON are described.

Chapter 3: The switching energy of resonant and non-resonant EO switches is
analytically compared and there is a detailed discussion on the efficiency of
each configuration.

Chapter 4: In this chapter we worked out the theoretical model of the LMM
design with traveling-wave (TW) electrodes regime. The energy consumption
theory in lumped electrodes regime is presented as well.

Chapter 5: In this chapter we describe the fabrication process of LMM and
report on pertinent measurement results in on-off keying (OOK) modulation.
We also investigate the possibility of using integrated silicon photonic
reflective modulator for PON.

Chapter 6: This chapter presents design and measurement results of the LMM
in differential phase shift keying. By showing experimental results, we

conclude that the LMM is capable of arbitrary intensity and phase modulation.



e Chapter 7: This chapter includes further applications and implications of LMM

and future research directions.
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Chapter 2

Literature Review

2.1 Introduction
This chapter is devoted to background knowledge and literature review that is

necessary for the explanation of the research project that is developed and
implemented in this thesis. This chapter begins with Section 2.1 which presents the
recent demands in telecom and datacom networks and the necessity to design and
improve optical components, and particularly optical switches and modulators. In
Section 2.2, different technologies to build optical switches and modulators are
described. After summarizing the contents of Sections 2.1 and 2.2, Section 2.3
investigates different materials used in the implementation of EO switches and
modulators. Since low-power modulation is the core of this research project, it is
important to review the methods that are used so far to make power-efficient devices
and summarize the switch characteristics. These are achieved in Section 2.4 and
Section 2.5, respectively. The overview of different modulation formats is studied in
Section 2.6. The research demonstrated in this project has a potential application in
passive optical networks (PON) and Gigabit PON (GPON). For this reason, the

applications of PON and GPON are reviewed in Section 2.7.

2.1.1 Optical networks
Light has been introduced into telecommunication networks because it can carry

information with low dispersion over long distances. In addition, light’s high

bandwidth makes optical devices suitable for fulfilling the growing need for high
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capacity data transfer. In conventional optical networks, data transmitted through
switching nodes are converted from optical form to electronic form (O/E conversion),
buffered electronically, and converted to an optical form (E/O conversion) before
being retransmitted. This process requires an optical-electronic-optical (OEO) switch.
The OEO switches are necessary for routing operations and have many advantages,
such as the ability to modify and restore signals and to perform wavelength
conversion, data management and performance monitoring at the bit level. Their
drawbacks include lack of transparency (i.e. dependency to different data rates and
protocols), and high power consumption. The optical switches allow data to be
transmitted and controlled without conversion to an electrical format [1]—-[4]. The
transfer of the switching function from electronics to optics by using optical switches
leads to a reduction in the number of network equipment, an increase in switching
speed that comes with an increase in network throughput, a decrease in operating
power, and a decrease in the overall system cost [5]. As mentioned above, future all-
photonics networks are expected to be transparent and independent of O/E
conversion. However, reaching full transparency in practice is limited by the
characteristics of network components [1], [2]. Therefore, improving the
performance of optical networks necessitates the development of components which
feature high switching speed, high modulation rates, and low-power consumption.
Wavelength division multiplexing (WDM) enables the efficient use of the huge
bandwidth of optical fibers. Optical switches predate WDM, but the prospect of
routing entire wavelength channels all-optically creates a demand for new types of
switches. In the literature, scalability is defined as a characteristic of a system that has
the capability to cope and perform under an increased workload. A system that scales
well will be able to maintain or even increase its level of performance when it
encounters larger operational demands [2], [6]. WDM brings several advantages to
optical networks such as: huge information-carrying capacity, reconfigurability, the

flexibility of design and operation, cost-effectiveness, and scalability [1], [7]. In
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addition, dense WDM (DWDM) is applied to optical networks to achieve increased
data capacity even higher than WDM. DWDM uses smaller channel spacing than
WDM and, like the WDM configuration, it has a wavelength multiplexer at the
transmitter to combine independently modulated optical channels of different
wavelengths into a single fiber and a corresponding demultiplexer at the receiver. An
important application of DWDM is in transatlantic cables. These cables contain four
fiber pairs, with each fiber supporting 48 DWDM channels. If the data rate in each
channel is 10 Gb/s, then 4 x 48 x 10 Gb/S = 1.9 Th/s data are transmitted in the cables
(2], [6].

Optical networks can be classified into different categories based on their
ability to reconfigure and rearrange the setting of elements [1], [6]. In this review we
focus on the two most common and commercially available types of optical networks.
The first is static networks (Figure 1), which have fixed structure and use OEO
switching for data transmission purposes. The second is circuit switched networks
(Figure 2), in which wavelength connections are established between nodes before
they begin exchanging information [2]. The following sections will include discussions
about optical switching techniques as well as optical modulators. Due to their efficient
characteristics, the circuit switched networks are the leading network architecture for

the future optical communications.
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Figure 1 - Fixed (static) network (redrawn from [1])
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2.1.2 Optical switches

Optical signals are passing from multiple inputs to multiple outputs through optical

switches. These switches can be classified into different domains as space, time, and

wavelength. This review is about optical space switches and their applications [1]. The

technologies to manage optical space switching can be categorized based on the

physical effects responsible for the switching process. These technologies and some

of the materials used to implement them are listed below [1], [6], [7]:

e The optomechanical switches are developed based on the concepts of free

space optics. The micro-electro-mechanical-systems (MEMS) switches have

been fabricated by placing alternate layers of different optical materials.

These switches will be explained in Section 2.2.1.

e The thermo-optical (TO) switches are developed based on the thermally

induced change of refractive index of optical materials. They have been

fabricated mainly from silica and polymers. These switches will be explained

in Section 2.2.2.

e The EO switches are developed based on the electrically induced change of

refractive index of optical materials. They can be fabricated from LiNbOs,

liquid crystal, and lllI-V semiconductors. EO switches have recently been

considered as a suitable option for next generation of optical space switches.

These switches will be explained in Section 2.2.3.
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Due to the complexity of optical-electrical circuit blocks, their performance
improvement requires simultaneous verification of several parameters in optical
component designs. Some of the design parameters are mode size, fiber interface,
integrated actuation, central system complexity, switching speed, and quantity of
switching elements as a function of the port count. Although several industry-specific
standards exist for optical component product verification, there is no universal
industry standard. In a practical sense, it can happen that one design variable limits
the optimization of another for a specific application. One of the major challenges in
the development of efficient optical designs is to reach a balance between cost and

functionality of different verified parameters in optical links.

2.1.3 Optical modulators
Optical modulators have a significant role in transferring data in the

telecommunication and datacom networks [8]. An optical modulator is part of an
optical link to convert electrical data into an optical format with efficient
performance. Board-level applications with  complementary-metal-oxide-
semiconductor (CMOS) compatibility require low-power components. That is one of
the motivations for many researchers to work on lowering the power consumption of
modulators as the core operating on-chip devices [9]-[12]. In addition to optical
interconnects, such low-power modulators will also be applicable in high bandwidth
fiber and wireless communication devices, video transmission and radio frequency
distribution, ultrafast analog to digital converter, optical detection and radar systems

[13].

2.2 Different technologies to fabricate optical switches and modulators
In this section the three main technologies to implement optical switches and

modulators will be discussed. Taking the advantage of each technique or even the
combination of different techniques, make it possible to develop desired optical

switches and modulators for efficient optical links. These technologies are included
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here: MEMS technology (Section 2.2.1), TO technology (Section 2.2.2), EO technology
(Section 2.2.3).

2.2.1 Micro-electro-mechanical systems technology
One of the main applications of the optical switching is in optical cross-connects

(OXC), which are the elementary constituents for routing optical signals. Micro-
electro-mechanical systems (MEMS) technology plays an important role in optical
space switching [1]. It brings many of the advantages of macroscopic optomechanical
switches and extends functional features of optical links by adding movable mirrors
and shutters [14]. In general, free space beam steering switches are based on the
deflection of beams from an input port to the desired output ports. This involves
displacement and angular changes in positions of optical elements. The total traverse
path length of the beam may change depending on the location of the input and
output ports and the angle of incidence of the beam on a deflector. This affects
insertion loss, which must be as low as possible. In most optical systems, there will be
some limiting apertures which contribute to the beam propagation loss. In MEMS
switches the limiting apertures are often the micromirrors. This is because typically
the smaller MEMS mirror has better functionality and it allows the mirrors to be
tightly packed to achieve a small system size with a large number of ports [15].
MEMS switches are based on the deflection of light via the movement of
mechanical elements. Some of the MEMS switches use tiny reflective surfaces to
redirect light beams to the desired port by either bouncing the light off neighboring
reflective surfaces to a port or steering the light beam directly to the port [5]. Types
of MEMS switches include: movable micromirrors [16] (compatible with integrated
Fabry-Perot (FP) optical space switches), switchable diffraction gratings [17], movable
prisms [18], and displaced optical fibers [19]. Actuation mechanisms include:
piezoelectric, electromagnetic, electrothermal and electrostatic (the most widely

used). Electrostatic actuators have many advantages for MEMS switches: 1) they can
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be applied to large port count switches; 2) they have low-power dissipation; 3)
electrostatic fields are easily shielded with materials used in MEMS fabrication. Most
MEMS switches have response times between 10 us to 10 ms [1], [2], [20]-[22].

In MEMs, the N X N switches are expected to be capable of interconnecting
N input fibers with N output fibers in any desired combination. Two general MEMS
methods for building N X N switches are available [23]. The first method is to use
mirrors as individual binary switching elements that are capable of being in one of
only two discrete states. In this case, the complexity of the system that is the total
number of switching elements is proportional to N2. This is commonly referred to as
a digital architecture since the mirrors have binary states. Digital architectures are
more attractive for small switches (N < 32). They are mostly used in 2D-MEMS
architectures as shown in Figure 3a. In the second method, which is known as beam
steering or analog architecture, each element is capable of being in at least N distinct
states, and then the total number of switching elements required is 2N. In this
approach, each mirror acts as a 1 X N switch, where two sets of such 1 X N switches
are interconnected in free space. Reducing the number of switching elements enables
the system to scale to much larger port counts than possible with digital mirrors. The
analog architecture method is implemented in 3D-MEMS designs as shown in Figure
3b. A drawback of this method is that an expensive and complex feedback system is
needed for stabilization of the insertion loss [5]. Factors that may limit scalability are
beam diffraction and the mirror tilt angle which requires precise control within 0.1
degrees [2].

There is often some confusion about how the switching system scales,
depending on whether it is based on digital/analog mirrors and planar/volume
configurations [24]. This is because planar systems are usually made of digital mirrors
and 3D (volume) systems are usually made of analog mirrors. Indeed, both digital and
analog architectures can be implemented in a planar configuration (2D-MEMS).

Taking into consideration the effects of beam diffraction, the physical dimensions of
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a planar switch scales with N? whether it is made of digital or analog mirrors. For
volume configuration (3D-MEMS), only analog beam steering has been implemented.
However, the physical size of a 3D switch scales proportional to N whether it is based
on digital or analog mirrors. Moreover, the MEMS switches with waveguides can
provide extremely low-less propagation with high ER in several hundred ports. The
waveguide loss can be optimized by improvements in the waveguide dimensions and

crossing design [123].
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Figure 3 - Typical layout for (a-left) 2D and (b-right) 3D MEMS switches using micromirrors
(permission received to use from [2])

2.2.2 Thermo-optical technology
Thermo-optical (TO) switches are regularly fabricated by using polymers, silica and
silicon-on-insulator materials. A temperature variation causes a change in the
material refractive index. For example, temperature variations will shift the resonant
frequency of silica-based switches; the chromatic dispersion of silica-based switches
is associated with this shift. In polymers, the density decreases due to thermal
expansion, and this modifies the refractive index of the material.

In TO switches, the switching speed and the power efficiency are correlated.
The speed of the switch is limited by the rate of generated and dissipated heat. A
switch requiring less power can be obtained with materials that have a low thermal
conductivity. They can absorb heat more efficiently, but they also have slower

switching speeds. Moreover, heating in TO switches is achieved with electrical micro-
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heaters; therefore, switching times are limited by the speed of the electrical-thermal
conversion and by the diffusion time [2].

Polymers have large thermo-optical coefficients and the largest index
modulation of TO material platforms. They have a relatively low material and
fabrication cost, and can easily be deposited as thin films on glass or silicon substrates.
They also have low propagation loss (less than 0.1 dB/cm at 1550 nm), so they have
very small insertion loss. However, the drawback of using polymers in TO switches is
their low thermal conductivity in comparison to the thermal conductivity of silica —
the latter is ten times larger than the former. The propagation loss in silica is lower
than polymer waveguides (less than 0.01 dB/cm at 1550 nm), but the TO coefficient
of silica is lower than that of polymers (by an order of magnitude). For their part, SOI
materials have a high index contrast that can be used to make sharp waveguide bends
and can be used in compact devices. The TO coefficient of SOI materials is the same
as the TO coefficient of polymers but their thermal conductivity is 100 times higher
than the thermal conductivity of silica. This means SOI materials can be used to
fabricate switches with sub-microsecond switching time. The coupling and
propagation loss of SOl materials is higher than those of silica and polymer materials
[2]. Table 1 compares the properties and characterizations of silica, polymer and SOI.

The majority of TO switches are channel waveguide devices that can be
classified as a digital optical switch (DOS) or MZI. DOS is a Y-junction with heaters on
each branch, one input and two outputs. Micro-heaters are placed on each output
path. The angle between output paths is 0.1 - 0.15 degrees, creating a switch that is
in the order of millimeters long. Switching is controlled by increasing the refractive
index of the desired output waveguide on the Y-junction. DOS is usually fabricated
from polymers because their required refractive index difference is relatively large.
Another advantage of DOS is that the digital response does not require precise control
of the temperature; they are wavelength and polarization-independent devices.

However, their scalability is limited by the DOS length.
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Table 1- Characterization and properties of TO switches

Silica Polymer SOl
TO coefficient | Less than polymer (an Large The same as polymers
order of magnitude)
Thermal Ten times larger than Polymer < 100 times larger than silica
conductivity polymers Silica < SOI
Wavelength 1550 nm 1550 nm 1550 nm
Propagation <0.01 dB/cm <0.1dB/cm high

loss

Fabrication Flame hydrolysis Deposited on Fabricated using e-beam
deposition/chemical thin films, lithography and Reactive lon
vapor deposition glass or silicon | Etching(RIE) plasma etching

substrates [25]

Optical Planar Lightwave Digital Optical | Sharp Waveguide bends /

components Circuits (PLC) Switch (DOS) Compact devices / Mach-

and devices Zehnder interferometer (MZI) /

Mostly Used in the Optical
waveguide and resistive
electrodes

In contrast, MZI has two 3dB couplers that can be directional couplers or multimode
interferometers (MMl)s. There is a phase shifting region composed of two decoupled
waveguides (Figure 4). Switching is achieved by controlling the phase difference
between the two signals in the phase shifting region by modulating the refractive
index of the waveguides. Depending on the phase difference, constructive
interference will occur in one of the two outputs of the waveguide. MZI requires a
smaller refractive index change than DOS and is mostly used in silica waveguides. MZI
devices have lower power consumption when fabricated from polymer rather than
other materials. As a trade-off, MZI is very sensitive to temperature changes and is
hard to control. It is also a wavelength and polarization dependent structure [2], [6],

(7], [26], [27].
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Figure 4 - Schematic diagrams of the most common TO switch configurations: (a) digital optical
switch and (b) Mzl switch (redrawn from [2])

2.2.3 Electro-optic technology
The structure of an electro-optic (EO) switch (Figure 5) consists of two waveguides

that are cascaded to make a directional coupler (DC). The voltage that is applied to
DC changes the refractive index of the waveguides and causes a phase shift. In the
waveguide path, the refractive index change will direct light to the desired output port
(functioning as an optical switch). Changing the applied electric field of EO modulators
has a considerable effect on the functionality of these modulators [21].

+V

Input1 | | Output 1

Electrodes

/\

Input2 | |
Output 2

Figure 5 — Conventional EO directional coupler switch

The EO effect can be observed when an electric field is applied to a non-
centrosymmetric crystal or to an EO polymer combined with chromophores. The
application of an electric field redistributes the bound charges and deforms the ion

lattice in the direction of the electric field; consequently, the refractive index changes.



The EO effect in Equation (1) has a linear term expressing the refractive index
change as proportional to the electric field strength (Pockels effect). The EO effect is
anisotropic and the induced change in refractive index is related to the direction of
the applied field (polarization) and the crystal lattice shape or permanent dipoles. The
modulation of the effective refractive index in an EO device is obtained from an
electric field applied in a specific direction; it couples with one of the EO coefficients

of the material. The EO effect can be expressed as:

An = %n3rE (1)

where n is the refractive index, r is the Pockels coefficient (i.e. linear EO coefficient),
and E is the applied electric field. Typical characteristics of EO materials can be listed
as the following: 1) linear EO coefficients in most active materials are in the order of
tens of pm/v; 2) the maximum change of the refractive index is estimated as 1073
that is an order of magnitude less than the TO effect; 3) the switching time is very fast
and is in the order of nanosecond or less (typically limited by the RC time constant of
the electrodes).

Among the variety of methods that have been suggested in [28] to utilize EO
effect in optical modulation based structures, we will need the plasma dispersion
method. We will use this method in Chapters 4-6 to design and characterize a loop-
mirror modulator. In this method the concentration of free charges in silicon changes
the real (An) and imaginary (Aa) parts of the refractive index. Consequently, optical
modulators can be classified based on change in An as electro-refractive modulator
or change in Ax as elecan tro-absorptive modulator. Recently fabricated high-speed
Si-based waveguide-structured modulators operate by using plasma dispersion effect
[11], [12], [29]—[33] attract huge attention.

There are three main configurations that are used to structure the free-carrier
concentration in plasma-dispersion-based silicon optical modulators which are

identified as: carrier accumulation, carrier injection, and carrier depletion. In the
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carrier accumulation configuration, a thin layer of insulator is placed between the two
sides of PN junction (i.e. PIN diode) in the waveguide to form a capacitor to control
the injection of free carriers into the path of the propagating light. In the carrier
injection configuration, an intrinsic region is placed between the two highly doped
sides of PN junction (i.e. PN diode) in the waveguide to minimize the modal overlap.
In this method, a forward bias voltage is applied to the waveguide and the free
electrons and holes are injected into the intrinsic region resulting in the injection of
large currents at a small voltage. Thus, only a short length of the waveguide is needed
to achieve the expected phase shift, and consequently high junction capacitance of
the forward bias diodes leads to a fast switching speed. In the carrier depletion
configuration, the PN junction is similar to the carrier injection configuration, but the
sides of PN junction are lightly doped. In this method, a reverse bias voltage is applied
to the waveguide and the intrinsic region becomes larger that causes a small leakage
current. In comparison to the forward-biased diodes, the PN diodes that are operating
in the reverse bias voltage are made with a longer waveguide and require a larger bias

voltage to generate the expected phase shift at faster switching speeds.

2.3 Different materials to fabricate EO switches and modulators
Optical networks play a fundamental role as main carriers of information and are

growing in importance largely because of their increasing presence in fiber to the
home (FTTH) links. The desire to use the enormous potential bandwidth offered by
optical carrier frequencies is the motivation to achieve power-efficient and high-
speed modulators. Researchers are considering different optical materials to fabricate
modulators with low-loss, large bandwidth, low drive power and small device
geometries [34]. In the effort to design compact modulators, waveguide modulators
are primarily investigated because of their compatibility with fibers and their

capability to reach the goal of small footprint optical components. On some specific
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optical material substrates, waveguide modulators offer the potential for monolithic
integration with sources and electrical driver circuitry.

This section describes EO properties of different optical materials and
discusses the possibilities of utilizing these materials for implementing EO waveguide
modulators. The most widely used EO materials are LiNbO;, compound
semiconductors (III — V materials such as Indium Phosphide (InP)) and ferroelectric
crystals, polymers, and silicon. The characteristics of these EO materials are explained

in detail in the following subsections.

2.3.1 Lithium Niobate
Lithium Niobate (LiNbO3) is the most widely used crystalline material in the

commercial manufacturing of EO devices. External LiNbO; modulators are used in
optical transmission devices and systems because they have efficient extinction ratio,
insertion loss, chirp feature and optical transparency [35]. LiNbO3; has a high EO
coefficient (rz; = 32.6 pm/v), but it has some drawbacks that limit its use. For
example, it requires large bending radii that result in a large device footprint. Careful
electrode fabrication is required to avoid voltage drifts and pyroelectric effects.
LiNbO; based modulators need to improve their integration capability and
fabrication costs. By using micro-structuring techniques, such as etching, domain
insertion and thin film processing, state-of-the-art LiNbO; based integrated EO
modulators are expected to give rise to new configurations. These proposed
fabrication techniques facilitate the development of small form factor optical
modulators and lead to a higher density of optical components in the

telecommunication links.

2.3.2 Indium Phosphide
MZM based on Indium Phosphide (InP) exhibit high 3dB bandwidth [36] and low

driving voltage [37]. Furthermore, InP can potentially be integrated with a wide range
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of components, such as lasers, semiconductor optical amplifiers (SOA)s,
photodetectors, passive optical circuits, and even electronic drivers [38], [39]. For
semiconductor-based modulators (e.g. InP or GaAs), the optical refractive index is
usually bigger than microwave refractive index (n,,; > n,). This helps to develop
state-of-the-art TW modulators with high modulation bandwidth. Moreover, the
telecommunications market is interested in TW modulators with low insertion loss.
Therefore, the MZMs must compete with low-loss modulator architectures that are
based on LiNbO; or polymers. The fiber-chip coupling loss, material absorption loss
and scattering loss at the optical waveguide sidewalls can be reduced by an optimized
design. In recent years, InP-based modulators have shown lower loss in comparison
to the LiNbO; based modulators [39]. The EO coefficient of compound
semiconductors is smaller than the EO coefficient of LINbO5. The high refractive index
of compound semiconductors compensates for their low EO coefficient. Moreover,
they can have a relatively high modification of the refractive index when an electric

field is applied [1], [2], [6], [7].

2.3.3 Optical modulators based on polymers
Recently improved EO polymers have higher speed, wider bandwidth, and lower drive

voltage V,; [40], [41] than the EO materials described earlier. The EO coefficient of
polymers is larger than that of LiNbO5. However, they have limited availability and,
unlike TO polymers, stability is an issue (because the relaxation of the dipoles occurs
after polling). These properties increase their potential to provide applications in high
bandwidth communication devices, video transmission and radio frequency
distribution, ultrafast information processing A to D, optical detection and radar
systems [13], [42]—[46]. It is possible to integrate polymeric EO materials with very-
large-scale integration (VLSI) semiconductor electric circuits or with passive optical

circuitry [13]. EO polymers can either be deposited onto or adhere to semiconductor
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substrates. This is a significant step toward the development of integrated opto-
electronic chips [43], [47]-[49].

In an integrated EO polymer circuit with a top layer of active polymer materials
and a lower layer of polymer materials, which contains optical waveguides, light can
be coupled from one layer to the other. EO polymer devices require drive voltages
less than one volt, while LiNbO; modulators typically require a drive voltage in the
order of volts. By adjusting the chromophore/polymer design, drive voltages lower
than 0.1 volts have been reported [13], [50]. Furthermore, improved EO polymer
materials display very low chromatic dispersion [42].

The operational and temperature stability of polymeric devices is very
competitive with devices fabricated from LiNbO3; and GaAs [13], [50]. In comparison
to the crystalline materials, EO polymers have higher EO coefficient r3; for dense
device arrays. EO polymers have lower relative permittivity than LiNbOs. As a result,
several individual high-speed modulators can be packaged close to each other
without having crosstalk issues between them. This supports the preference to
develop polymer-based compact multichannel optical communication links [13].

Relatively large transmission areas and complex integrated optical circuits and
devices can be built at relatively low-cost using the polymer technology. One of the
advantages of the optical polymer technology is the ability to use different types of
polymers within the same integrated optical circuit to perform specific functions. For
instance, EO polymers used in light amplifying polymers and low-loss polymers can
build low-loss interconnections with 0.1 dB/cm loss at 1310 nm. Polymers specially
designed for high EO coefficients inevitably have a higher loss.

It is very difficult or sometimes impossible to achieve both very low-loss and
very high EO coefficients in the same design and material [10], [13], [50]. EO polymers
used in optical communication devices have been categorized into two main
applications: either high-speed devices or low-loss devices [45]. The properties of

each application are summarized in Table 2. Single mode operation is required for
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photonic applications of EO polymer devices and for controlling the refractive indices

of the core and cladding materials in waveguides. The width and thickness of the

guiding layer and the etching depth should be optimized in the design and fabrication

of these devices.

Table 2 - Application of EO polymers [45]

High-speed (and broad
bandwidth) devices

Low-loss devices

Polymer type

Nonlinear optical polymer
(NLO)

Low-loss optical polymer

Applicable devices

1) EO Mach-Zehnder
modulator (MZM)

2) EO 2x2 switches

3) Polarization controller
4) Second harmonic
generators

5) Optical frequency
converter

6) Photonic sensors

1) DOS 1x2, 2x2, 4-arrayed 2x2

2) 16 x 16 arrayed waveguide grating
(AWG) routing

3) Tunable Bragg wavelength filters
4) Variable optical attenuators (VOA)
5) AWG multiplexer/demultiplexer

Optical system
applications

Increase the channel
bitrate for time division
multiplexing (TDM)

Coupled to the WDM based
applications

Implemented
materials and
significant
applications

Mainly implemented in
LiNbO5 and applicable to
compound
semiconductor devices

Mainly implemented in Silica and
applicable in planar lightwave circuits
(PLC)

Using polymer
characteristics

Low dielectric constant —
Low optical dispersion —
Fast electronic response
(low frequency to optical
frequency)

Ease of device fabrication — Flexibility
of device structure — Low-loss polymer-
Large TO coefficient — Easy
controllability of the refractive index

Table 3 provides a summary of the performances of some EO polymer switches in

comparison to the DOS [45] in which EO polymers are used to change the refractive

index of the structure. EO switches show lower polarization dependency and they are

power-efficient devices. In contrast to EO switches, DOS switches that are
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implemented in TO technology require lower driving voltage and the insertion loss is

very small.
Table 3 - Performance of Polymer-Based Devices [45]
EO 2x2 1x2 2x2 4-arrayed 2x2 DOS
Switch DOS DOS
Operation wavelength 1.3 1.520- 1.520- 1.520-1.560
(um) 1.560 1.560
Cross talk (dB) crossarm: — | <25 <30 <-30%2
18.1
straight arm:
-18.5
Operating voltage (V) 8.5 ~3-5 ~6-10 ~7-10 [51]
Total insertion loss (dB) ~5 <25 <35 3.5t04.0
Polarization dependent ~0.02-0.2 <0.2 <0.3 ~0.2-0.7
loss (PDL) (dB)
Switching time (ms) ~4x <3 <3 The falling and rising
107°[52] times were <5
Operation electrical ~3.1[52] <100 <300 250
power (mW)

2.3.4 Optical modulators based on silicon
Optical components fabricated in integrated silicon (Si) photonics are applicable in

optical telecommunications and in optical interconnects [53]. Silicon is capable to
overcome the limitation of global metallic connections that brings the advantage for
optical interconnects in data centers and on-chip implementations. Since Si exhibits
compatibility with existing CMOS technology and SOl substrates are widely used in
microelectronics, it introduces a route toward developing combined photonics and
electronic technologies [54] to provide efficient, reliable and low-cost optical devices.
There are several physical effects to consider in the optical modulation in silicon [55].
For example, strained silicon is used for linear EO operation [56], bulk silicon-
germanium provides electro-absorption [57], SiGe/Ge quantum-well waveguide
modulators provide the quantum-confined Stark effect [58], and free-carrier
concentration is used for refractive index variations [59]—[65]. The high-speed

modulators integrated into the silicon waveguides are based on carrier accumulation
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in metal-oxide-semiconductor (MOS) capacitors and plasma dispersion effect in PN or

PIN diodes [61], [62], [66].

2.3.5 Summary and comparison of different electro-optic materials
Table 4 summarizes the properties and characteristics of the various EO materials that

were discussed in Sections 2.3.1 - 2.3.4.

Table 4 - Properties of EO Materials

LiNbO; Polymer Compound
semiconductors
(IITI — V materials)

EO High Bigger than LiNbO; Lower than LiNbO4

coefficient | 133=32.6 pm/v

Fabrication | Titanium diffusion, UV photolithography Add PIN structure in

process proton exchange reverse bias to
modify the
refractive index

Highlights | Invert domains by Linear EO effect High refractive

and electrical poling to index so An is high

advantages | maximize refractive
index contrast, Linear

EO effect

Comments | Careful electrodes Unlike TO polymers Used to fabricated
fabrication is required stability is an issue with EO optical
to avoid voltage drifts EO polymers, as is limited | modulators

and pyroelectric effects | availability

Since the scope of this thesis is about silicon-based switches and modulators, Section
2.4 is dedicated to the characteristics of silicon-based optical components and its

place in the other optical materials.

2.4 Different methods to fabricate low-power optical switches and

modulators
To satisfy the demand for wide bandwidth and high capacity in optical networks,

massive numbers of parallel optical links are required in high-performance computing
systems and data centers. These links are used to connect racks, boards, modules,

and chips that must provide reliable communication while maintaining extremely low-
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power dissipation. The desired power efficiency should be in the order of pico-Joules
and femto-Joules per transmitted bit, while the expected cost should be less than a
few cents per Gbps [67]-[69]. It is statistically observed that in the current optical
networks the capacity growth rate is much faster than the energy efficiency scaling.
This causes increasing power density by 20% per year [70].

In Section 2.3.4 the integrated silicon photonics is proposed as a promising
solution to adopt the emerging large-volume market needs for deployment of high-
speed, low-power and cost-effective optical interconnects [71]. Furthermore, silicon
has an advantageous price volume curve [72] and demonstrates efficient optical
properties in the near infrared region. Hybrid integration, which takes full advantage
of both electrical interconnects (i.e. CMOS circuits) and optical interconnects, has the
potential to lead to a major breakthrough in the development of optical devices which
meet the future network demands [69]. Today, the hybrid CMOS-integrated silicon
nanophotonics technology is employed in distances spanning from just a meter to
about 10km.

The silicon-based optical modulator is a fundamental component in optical
interconnects which is desirable due to its resilience when one needs to change
different characterization parameters, such as modulation speed and depth, optical
bandwidth, insertion loss, footprint, and power consumption. In the characterization
of optical modulators, the power consumption parameter (i.e. the energy expended
in producing each bit of data) has a very significant importance. As argued in the
literature [68], the optical interconnects can only be accepted for on-chip applications
if their power consumption is lower than the present electrical interconnects [73].
The power efficiency is an extremely demanding target for future optoelectronic
devices and systems. Optical modulators are categorized into amplitude, phase or
polarization modulators. In this section we focus on amplitude modulation. Phase

modulation will be discussed in Section 2.6.2 and Chapter 6.
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As was discussed in Section 2.3, optical devices based on the EO effect have
the potential to provide higher modulation efficiency compared to the other physical
effects [74]. The mechanism of energy consumption in the optical modulators
involves charging and discharging of the PN junction. As discussed in [75], if the
applied reverse bias voltage or small forward bias voltage is sufficiently high so that
one can ignore the relatively small forward current effect in an optical modulator,
then the minimum total power consumption of the device (considering optical plus
net electrical) can be estimated as one-quarter of PN junction capacitance multiplied
by square of the drive voltage to the modulator.

There are two methods for converting a change in refractive index into
intensity modulation. The first method, employed in a non-resonant interferometer
(such as an MZI), uses the change of refractive index to modify the phase shift
between propagating waves. Due to insertion loss values and their footprint, the MZI-
based devices are attractive in long-haul applications. The second method, employed
in a resonant interferometer (such as a microring resonator), reshapes the resonance
conditions [76]. The devices that are based on micro-rings are used in photonic
integrated circuits (PIC) in SOI technology. They have a potential for high-density
integration at the expense of enormous temperature sensitivity. Table 5 presents the
performances of optical configurations that are based on the EO effect and plasma
dispersion methods [29], including reversed-biased and forward-biased MZI, reverse-
biased and forward-biased ring.

Note that the maximum speed achieved by the devices described above is
measured at their maximum non-return-to-zero (NRZ) modulation rate. MZM has a
large footprint, a power consumption in the order of 5p] per bit, and V,;, values as
large as 6.5 V. A long phase-shifter is used to get lower drive voltage for an MZM. The
performance of an MZM is determined by its speed, insertion loss, and V,;, which is

usually a trade-off between speed and insertion loss [12].
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The microring-based modulators have high confinement of light, and their
power consumption is considerably lower compared to the non-resonant modulators.
The modulation rate of the microring modulator is limited by the photon lifetime in
the resonance cavity. The main issue in using ring modulators in integrated devices is
their narrow bandwidth, as this means that they need precise resonance tuning.
Furthermore, they are particularly sensitive to fabrication errors, which cause a shift
in their resonant wavelength. The four parameters that characterize the performance
of microcavity modulators are: drive voltage, insertion loss/extinction ratio, speed
and energy consumption [12]. The power consumption of microring modulators
strongly depends on their dimensions and, consequently, on the device capacitance.
For instance, in a microring optical modulator, decreasing the radius by a few um
reduces the device capacitance by tens of fF [12] and consequently, the output

impedance is elevated and the power consumption is reduced.

Table 5 — Comparison of configurations based on plasma dispersion method [29]

Reverse bias MZM Forward | Forward | Reverse bias ring

bias bias ring

MZM
Vppto achieve 6.5 6.5 | 6.0 | 3.5 2.3 3.5 2.0 |35 1.0 1.0 0.5
full (after (after
modulation pre- pre-
4] emphasi | emphasi

s) s)
Modulation 30 40 30 30 25 > 125 10 | 10 125 | 25 10
speed (Gb/s)
Power N/A | 53 | N/ | N/ N/A 0.3 0.05| 0.085| 0.010| 0.007| 0.003
consumption A A
pJ
G
Tuning N/A | N/A | N/ N/ N/A N/A N/A | N/A N/A 0.19 N/A
efficiency A A
(nm/mWw)
Modulation >20| ~25|7.2 | 85 4.5 > 10 6.5 | 8.0 8.0 5.0 5.0
depth —ER
(dB)
Insertion loss ~7 15 [ 50 | 9.0 7.9 < 0.5 2 15 4.0 6.0 3.0
(dB)
References [77] | [30] | [31 | [32 [78] [61], 29 | (111 | 1331 |81 | [82]
] ] [79], ]
(80]
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2.5 Summary of switch characteristics
Table 6 provides a brief comparison of different types of optical switch techniques

and their characteristics. MEMS switches are the most scalable, and they have low
insertion loss, crosstalk and polarization dependent loss (PDL). EO switches also have
very good performance that is applicable to high-speed and low-power demands.
However, to design any specific optical component, different parameters such as the
geometry of the device and specific optical material must be optimized. These
parameters can affect each other in the efficacy of their performance. Currently the
available fast switches either have excessive loss and crosstalk, or polarization
dependent. This brings up the need to develop novel switching designs. The EO switch
configurations can be implemented in bulk or planar waveguides, prism deflectors
[83], [84], Bragg-diffraction switches [85], [86], phase arrays [87], [88], and horn-
shaped [89] and parabolic electrodes [90]. However, the linear EO effect is mostly
employed in polymers and LiNbO3, and the current injection phenomenon is mostly

used in InP and SOI-based devices [1], [2], [6], [7].
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Table 6 - Comparison of different technologies in optical switching

Optical MEMS | TO PLC EO
Switching Time | 3D: ~10 ms DOS~ 1.0 ms Prism <1 us
2D: ~3 ms MZI~ 0.7-2.0 ms Phase Array~20 ns
MZI~200 ps
DOS: N/A
Scalability 64x64, DOS:8x8, 16x16 Prism:8x8
1000x1000, MZ1:8x8, 32x32 Phase Array:64x64
1100x1100 for MZ1:4x4, 8x8
3D DOS: 4x4, 8x8
8x8, 16x16 for
2D
Potential 0OCS, OBS, OXC, | OCS, OBS, OXC, OADM OXC, OADM, OSM
Applications OADM
Level of Strict Strict N/A
Transparency
Crosstalk 2D<-50 DOS < -30 Prism: N/A
(dB) 3D<-60 MZI < -43 Phase Array < -25
MZI < -15
DOS<-13
PDL Loss 2D<0.5 DOS<0.5 Prism: small
(dB) 3D<0.1 MZI~ 0.3 Phase Array: Pol. Dep.
MZI: < 1.0
DOS: Pol. Indep.
Scheme Use tiny Temperature control to Dielectric
reflective change the index of
surfaces refraction
Strengths Size, scalability | Integration wafer-level Speed
manufacturability
Weaknesses Packaging, Optical performance, power | High insertion loss,
Reliability consumption, speed, polarization,
scalability scalability, expensive
Insertion Loss 2D~ 3.1-5.0 DOS: 6.0-10.7 Prism: 15.0
(dB) 3D~ 1.9-2.1 MZI: 5.1-6.6 Phase Array: 14.5
MZI: 5.0-11.4
DOS: 8.0-15.0
Ref. (2], [4], [91]- | [2], [4], [94]-[99] [2], [4], [84], [100]-
[93] [106]
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2.6 Modulation formats

Two fundamental modulation formats, on-off keying (OOK) and differential phase
shift keying (DPSK), are considered in this thesis. The OOK and DPSK modulation
formats will appear in verifying the functionality of the LMM as an intensity modulator

(Chapter 4 and 5), and a phase modulator (Chapter 6) respectively.

2.6.1 On-off keying

In on-off keying (OOK) modulation, signals are coded and processed as binary digital
signals. Binary encoding can be performed by representing a logical zero as a low-
voltage signal and a one as a high voltage signal. This encoding is known as OOK. In an
NRZ encoding, the signal is maintained at one or zero levels for the whole duration of

a clock cycle [107].

2.6.2 Differential phase shift keying
In differential phase shift keying (DPSK), optical power appears in each bit slot, with

the binary data encoded as either zero or 1 optical phase shift between adjacent bits.
The optical power in each bit can occupy the entire bit slot (NRZ-DPSK) or can appear
as an optical pulse (RZ-DPSK). The most obvious benefit of DPSK compared to OOK is
the ~3dB lower optical signal-to-noise ratio (OSNR) required to reach a better bit
error rate (BER) [108]. For example, at a BER of 10™° , the quantum limit for an
optically pre-amplified receiver is 38 photons/bit for OOK signals [109]—-[111], but only
20 photons/bit for DPSK signals using balanced detection [110]—[112]. Intuitively, this
can be understood by comparing the signal constellations for DPSK and OOK. For the
same average optical power, the symbol distance in DPSK (expressed for the optical
field) is increased by V2. Therefore, only half the average optical power should be
needed for DPSK compared to OOK to achieve the same symbol distance.

Note, however, that this benefit of DPSK can only be extracted using balanced

detection. The lower OSNR requirement of DPSK can be used to extend transmission
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distance, reduce optical power requirements, or relax component specifications.
Numerical simulations and experiments have shown DPSK to be more resilient than
OOK to some nonlinear effects because: 1) the optical power is more evenly
distributed than in OOK (power is present in every bit slot for DPSK, reducing bit-
pattern-dependent nonlinear effects); and 2) the optical peak power is 3dB lower for
DPSK than for OOK for the same average optical power. Finally, an extension to
differential quadrature phase shift keying (DQPSK) and other multilevel formats
should enable higher spectral efficiency and greater tolerance to chromatic- and
polarization-mode dispersion. There are some other types of advanced modulation
formats such as PAM-4, 16QAM, and 32QAM that are currently employed in optical
links to increase the capacity of optical networks that are utilized in either long-haul

optical transport or intra-data center communications.

2.7 Passive optical networks and Gigabit passive optical networks
Due to recent demands for higher capacity and larger bandwidth, new access

networks require to transmit data at high-speed (more than 100 Mb/s) in symmetric
platforms instead of only a peak bandwidth of 100 Mb/s that is shared with many
subscribers [113]. Since video-centric applications will drive bandwidth demand in
future access networks, it is necessary to guarantee bandwidths for video services
over 20 km transmission distance. Besides technical performance, economic
considerations, small footprint and low-power consumption play key roles in choosing
a network architecture. Passive optical networks (PON) allow sharing of the
infrastructure and components at the central office (CO). It is cost-efficient to use the
unlimited transmission bandwidth of single mode optical fiber over large distances.
PON is applicable to point-to-multipoint architecture enabling a higher number of

optical network unit (ONU)s to communicate on a single feeder fiber [114].
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2.7.1 The comparison between TDM-PON and WDM-PON
Various applications require sharing a PON architecture. There are two main access

techniques for practical future systems. The first technique is the time division
multiple (TDM) access. In TDM a single transmission channel passes through an optical
splitter and is shared with multiple subscribers in the time domain. There is a tight
coupling between subscribers. TDM-PON is popular for the current bandwidth
demands. The second technique is the WDM access. In WDM a dedicated pair of
wavelengths is specified per user. This provides a point-to-point bidirectional optical
connection over a shared infrastructure with cost-efficient transmitters and receivers.
WDM-PON offers large improvements in optical power penalty and many
management issues related to sharing the PON are eliminated. Considering the
combination of recent advances in WDM technology coupled with future data rate
projections and traffic patterns, WDM-PON is the most preferred technology for the

future fiber-based access networks.

2.7.2 Colorless optical network unit techniques applied in WDM-PON
In general, a group of ONUs or all ONUs emit and receive wavelengths that are

different from their neighbors. Using colorless (i.e. wavelength independent) ONU
lowers the cost of utiliziing WDM-PON in large-scale optical networks and makes
maintenance easier.
There are several techniques to obtain colorless ONU to provide identical optical
network terminals (ONT)s to all the subscribers. Some of the widely used techniques
[113] are listed here.
e Tunable lasers are used as transmitters. For a given network configuration the
wavelength at the installation can be tuned with appropriate tuning speed.
Economically it is only efficient to utilize this method in small-scale access

networks.
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e Broadband sources with spectrum slicing are a cost-efficient alternative
technique to the tunable laser method. As an example, the super-luminescent
diode is applicable in this method and has high power emitted output with
customized wavelength center and wavelength width. However, the
modulation speed can only reach around 1 Gbit/s and dispersion and slicing
loss limits the transmission distance.

e The remote modulation technique is preferred for high bitrate data
transmissions. This method is cost-efficient, and has very low dispersion
dependency. From the CO, an optical carrier is sent, and the upstream data is
modulated at the ONU which will be sent back to the optical line terminal
(OLT). To adapt data transfer to different bitrates various optical components

can be used as a modulator.

2.7.3 Optical components for remote modulation techniques
Based on injection-locked Fabry-Perot (IL-FP) laser diodes, colorless ONUs have been

proposed for the data transfer at bitrates up to 1.25 Gb/s. IL-FP is usually coupled to
an unpolarized, incoherent and multi-wavelength broadband source. The unpolarized
source is a solution to polarization dependency issue of the IL-FP laser. In TDM-PONSs,
conventional FP lasers are employed because they represent the cheapest solution.
However, FP laser cavities are not suitable for WDM-PON because of their high gain
bandwidth which arises in relation to their multimodal propagation [115]. The IL-FP
technique is quite expensive and due to backscattering problems, it requires
additional fibers to send the seed. As a result, the number of users would be limited
by the locking range.

For bitrates higher than 1.25 Gb/s, the reflective semiconductor optical
amplifier (RSOA) is proposed as a suitable single fiber architecture. Plenty of colorless
ONU solutions are based on the use of semiconductor optical amplifiers (SOA)s and

RSOAs [115]. Their usage is considered strategic because no light source is needed at
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the ONU which eases the maintenance. In addition, they can modulate and amplify
the signal simultaneously with low polarization dependency instead of using separate
devices with extra manufacturing cost. In the RSOA configuration, the signal travels
twice through the device which allows double gain and makes it a cost-efficient optical
component due to its gain property. However, RSOA-based systems performance is
restricted by saturation power and chirping effect which limits the power budget.
Moreover, the power budget is reduced due to Rayleigh backscattering and other
reflections from connectors and splices in the fiber link but the required injected
power can be as low as -20 dBm [114]. The modulation bandwidth of RSOA is
insufficient and prevents the device from being directly modulated at data rates of 10
Gb/s, without using complex modulation formats [116]. Currently RSOAs are
expensive for large-scale applications in PONs and they require TEC modules for
cooling.

For a bitrate of 10 Gb/s, electro-absorption modulator (EAM) is applicable.
EAM has the large electrical bandwidth and low polarization dependency. However,
it is not cost-efficient, and its insertion loss is very high. Usually semiconductor optical
amplifiers (SOA)s are needed in the optical path to compensate propagation loss and
provide round-trip transmission in the network. The power budget for the EAM based
approach would be more challenging than the other two schemes mentioned before.
Some integrated version of EAM+SOA are developed recently to lower the loss but
still their usage is limited in current network architectures.

Within the OLT of a WDM-PON there is also a need to reduce optical
component costs to meet the requirements of access networks. At the OLT photonic
integration offers a great opportunity for high-density integration and high volumes
production not only to reduce cost and size but also to eliminate the fiber traffic [117].
Moreover, with the right choice of integration technology it should be possible to
achieve cooler-less operation of DWDM modules which leads to significant reductions

in power consumption. Components for the next generation access networks should
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be compact, colorless (i.e. wavelength-agnostic) and cooler-less (i.e. avoid using a

thermoelectric cooler (TEC)) [118]-[122].

2.8 Conclusion
In this chapter we explained the recent demands in optical networks for higher

capacities and larger bandwidths. To fulfill these demands optical components need
to improve in order to provide low-power consumption. Here we reviewed different
materials and techniques to develop power-efficient optical switches and modulators.
Considering forthcoming applications in passive optical networks, eventually we can
conclude that among the preferred materials and techniques for future designs,

silicon-based EO switches and modulators play a leading role.
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Chapter 3

A Comparison of Switching Energy of Resonant and Non-
Resonant Electro-Optic Switches

3.1 Introduction
Optical space switching is used as an important function of DWDM in optical

communication systems, and particularly in reconfigurable optical add-drop
multiplexers (ROADMs) [1]. Several years of research in optical transmission has
produced a variety of switching technologies. Power consumption (i.e. energy per
switching operation multiplied by switching rate) is a significant parameter in the
selection of a switching technology. EO switches that utilize a refractive index change
caused by an external voltage application (i.e. the Pockels effect) only dissipate power
when the switch state is changed. EO switches have lately been considered as an
option for satisfying the high traffic demands of networks and the possibility of
achieving sub-microsecond response time. Space switches based on EO effects and
current injection in silicon with nanosecond switching speeds and average power
consumption on the order of mW have been introduced recently [2], [3]. EO switches
can be implemented either as non-resonant designs (for example MZI) or as resonant
designs (for example Fabry-Perot interferometer (FPI)).

In this chapter, the switching energies of EO MZI and EO FPI based switches
are compared. This is a case study for comparison of the switching energy between
resonant switches and non-resonant switches. The switching energy ratio is extracted
depending on either a fixed length of the active region for interferometers or a fixed
voltage applied to the modulation part of interferometers. It is also important to
consider the fact that as the finesse of resonant cavity modulators increases (which

typically allows a reduction in switching voltage) the maximum modulation bandwidth
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decreases due to the increase in photon lifetime in the cavity. As a result, at a certain
modulation rate the switching energy of the resonant interferometer and the non-
resonant interferometer become equal and the interferometers exhibit similar
modulation characteristics. Here we investigate optical modulation based on the
Pockels effect. However, according to [4] and [5], this theoretical formalism is also
applicable to EO modulators based on free-carrier plasma dispersion in lumped
electrodes regime. For both methods, a temporal response down to the femtosecond

range is expected which enables ultrafast modulation beyond 1 THz [6].

3.2 EO switches
As mentioned in the introduction, EO switches are designed based on the Pockels

effect [7], [8]. In the schematic of an EO switch, as shown in Figure 1, the induced
electric field is defined as E = V;/h in which h is the distance between top and

bottom electrodes and the input voltage is called V.

EO material

AnV,

Figure 1 — Schematic of a switch designed based on the EO effect
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The top and bottom electrodes act as plates of a capacitor whose dielectric is a slab
of EO material that is placed between electrodes. By applying V;; the refractive index
of EO material is changed by An. This introduces a phase shift to the input light and
leads to the switched output light.

When different phase shifts are introduced in two arms of the Mach-Zehnder
interferometer, changes in intensity can be observed at the output of the
interferometer. Amplitude modulation can be obtained from phase shifts by making
the two modulated beams interfere either constructively or destructively. This is the
principle of the interferometer as shown in Figure 2 and Figure 3. When there is no
phase shift light will interfere constructively resulting in maximum possible light out

of the interferometer. The EO switch is called in ON state.

Phase O
-y 0 -, —
- — 0 ~S>——— ®on
- 0 -» >
Fhase O

Figure 2 — Modulated light with constructive interference in an interferometer

When there is applied voltage on interferometer a  phase shift relative to the other

arm would lead to destructive interference. The EO switch is called in OFF state.

Phase
e 0 =» >
»—<_ >—% = Off
= v, » <
Phase180

Figure 3 — Modulated light with destructive interference in an interferometer

Additionally, Figure 2 and Figure 3 show the schematic of an MZI that can be utilized

to detect relative phase shifts between two optical paths [9]. The configuration of an
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MZI is formed by splitting input light into two paths. When light travels in each path,
it can be subjected to phase shift due to applied voltage by electrodes placed on the
path. The output of the MZI is the result of recombination of light passing through

these paths.

3.3 Energy calculation analysis
The switching energy of the MZI that was introduced in Section 3.2 will be derived in

Section 3.3.1. The introduction of the FPI and its switching energy analysis is

presented in Section 3.3.2.

3.3.1 Switching energy of an MZI
In Figure 4, a voltage is applied to the upper arm of an MZI (single-sided MZI) and its

refractive index is changed by An.

w

n+An d

Figure 4 — Schematic view of a single-drive MZI

The optical path length (OPL) difference of the light propagating through the MZl is
defined as

AOPLyz; = (n + An)L — nL (1)
Ideally in an MZI for a phase shift of Ay z; = m, the OPLyz; should be equal to half

y)
a wavelength 5 as

AnL = g 2)
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Figure 5 — The cuboid’s brown sides are the top and bottom electrodes placed in active modulation
region of an interferometer (for example the upper arm of an MZI or the resonant cavity of an FPI)

The top and bottom sides of an MZI’s arm are connected to the electrodes. These
electrodes behave like the plates of the capacitor in Figure 5. From the definition of
the Pockels effect [10]

n(E) ~n-— %Rn3E (3)
Here R is the Pockels effect coefficient and » is ordinary index of refraction. Let the

electrical field applied to a single arm of MZI be

— Ymzr
E== (4)

In which V), is the applied voltage, then the change of refractive index An will be

An = %Rn3 —V'ZZI (5)

The phase difference is defined as

Appz = 2222 (2m) = == (2m) (6)

Thus as a substitution with (5) we will get

21 1%
Apyz = TEERn3 %LMZI (7)

If Agpprz; = m then from Equation (6) and Equation (7) the voltage applied to MZI is

Ad
Rn3Lyz;

(8)

Vmz =
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In an MZI structure a capacitor is formed by a pair of parallel plates of electrodes. The

capacitance can be written as

EA ELpmzIw
Cyzr = FE (9)

The switching energy that is dissipated in the capacitor formed by the MZI between
charge and discharge states is shown in Equation (10). It is important to indicate this
is an ideal model where there is no charge leakage while the switch is in one state or

another.

1 (eLyzw Ad 1 ewda?
E( MZI ) ’ 2 _ (10)

1 2
E ==C V — 2
MzI = 5 eMzIV Mzl d 3Lz 2 R2n®Lyz;

3.3.2 Switching energy of an FPI
A typical FPI consists of two partially reflecting mirrors of width W and length d that

are separated by a gap size L. These dimensions are identical to the ones shown in
Figure 5. Light incident on an FPI filter will experience multiple reflections within that
gap which is considered as the modulation cavity of the interferometer. If the optical

length of the cavity (OPLgp;) formed of the two mirrors is an even multiple of the light

half-wavelength % , then light will be transmitted through the cavity. If the cavity

optical length corresponds to odd multiples of %, then light is completely reflected

by the filter [11]. The phase shift that occurs by the two mirror reflections is Appp; =
7 at each mirror (which is similar to what happens in the case of metallic mirrors). The
transmission response of FPI is periodic [12], [13] and a schematic of two periodic

peaks is shown in Figure 6.
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T AV (FSR)

Figure 6 — Transmission over the frequency of an FPI

The full width at half maximum (FWHM) or modulation bandwidth in a cavity for a
resonance peak is defined as

¢ 1-JRiR;

= Z
2nLppr  \RiR2

where C is the speed of light, R, is the reflectivity from the front-side mirror and R,

:

Av,

(11)

is the reflectivity from the back-side mirror. The Free spectral range (FSR) of the cavity

is defined as
c

Avp = P~ (12)

The finesse is given by
_ Avp _ 7*/R1R,

F= Ave  1-JRiR, (13)

If R, = R, = R, then
/Ry
F = TR, (14)

High finesse values can be achieved by using dielectric mirrors with high reflectivity.
By using finesse defined in Equation (14), Equation (11) for the FWHM can be
rewritten as
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_ (o
- 2nLppiF

Av, (15)

In FPI, there is a trade-off between the modulation bandwidth and finesse. This means
that in a resonant cavity, the higher the value of finesse, the lower the modulation
bandwidth. The cavity modulation rate is defined as the rate of charge and discharge
of the capacitance in the cavity and has an inverse relationship to the photon lifetime

in the cavity. In view of Equation (15) and [15], the relation between the FWHM and

the cavity modulation rate (Ti) can be defined as
C

< = (16)

- 2nLgpiF o T¢

Av,

In conclusion the relation between the finesse and the photon lifetime is defined as

F=—0W° _ (17)

2nLppy (%)
The change of refractive index (An) in FPI cavity causes a shift in the transmission
frequency and consequently the transmittance is reduced. This reduction is defined

as the isolation parameter [14] which is shown by S in Equation (18) below.
S

T(v,An) = ~<rono .
( ) +(1fg:)2 °in2(4n(n+A”)CLFP1 v) ( ) ( )
From Equations (14) and (18), the isolation has a value of

4F2 . AnLppy v
1+ 2(4
+ g sin (4m—

)

This value can be simplified to

1 4F . An L
’g -1=— sm(4rr%) (20)

In the small-angle mathematical approximation, the phase is close to zero at the

maximum value of a transmittance, and therefore

1_1:£4TL’ATLLFPIV (21)
\‘S T c
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Which gives us the index change needed for a given isolation value:

An=—2 |21 (22)

" 16FLpp;v \S

By considering the Pockels effect, the change of refractive index is given by

An = %Rn3% (23)

Accordingly, the applied voltage on FPl is derived from Equation (23) and results in

2dAn

Vipy = 2t
FPI Rn3

(24)
From above, the minimum applied voltage to FPI can be rewritten as

i 1
VFPI - Rn38FLpp; g_ 1 (25)

The electrodes of an FPl are on top and bottom sides of the cavity as shown in Figure
5. It is assumed that all of the dimensions of the MZI structure and the FPI cavity are
identical. As a result, the calculated capacitances of the two interferometers resemble

each other, that is

ELppiW

Crpr = P (26)

The switching energy of an FPI is defined in Equation (27) in which the resonance

behavior of the cavity is considered.

_1 2 _ 1 (eLppiw da 21
Epp; = ZCFPIVFPI = 2( 4 )<Rn38FLFP1) (s 1 (27)

If Equation (17) is substituted into Equation (27) then the switching energy for FPI can

be written as

2
1 1 ’1%
Epp; = Y eLppywd (g -D\ == (28)

4CRn?

As explained by Equations (14) and (15), finesse is determined by the modulation

bandwidth. The trade-off between finesse and modulation bandwidth also affects
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switching energy in Equation (28). As a conclusion, a resonant modulator with high

finesse has limited modulation bandwidth and low switching energy.

3.3.3 Switching energy comparison of FPl and MZI
We can compare the two types of devices on the basis of either equal lengths (i.e.

assuming that space is the limiting factor) or equal supply voltage (i.e. assuming that
voltage is the limiting factor). Taking the condition of equal lengths first, if Ly, =
Lrp; then the ratio between the two energies in MZI and FPI will be

E -1
FPI _ 5
Emzi  (8F)2 (29)

From Equation (8) for minimum applied voltage to MZI, the maximum length of the

device is
da

RN3V Mzi—Min

Lyzi(Max) = (30)

From Equation (25) for minimum applied voltage to FPI, the maximum length of the
device is

Lpp;(Max) = 2 11 (31)

8FRN3Vppr-min \ S
If Vizi—min = Vepi—min then the ratio between the two energies in MZI and FPI will

be

Eppr _ 1 |1 _
Emzi  8F S 1 (32)

The final comparison with an MZl depends on whether we want to compare the

interferometers based on the assumption of equal length or equal voltage.

3.4 Analytical discussion
In this section, the analytical derivation of switching energy ratio between FPl and MZI

will be discussed. Here two different cases are considered in these derivations, the
first case is the fixed length of the active modulation region and the second case is

the fixed voltage applied to the modulation region. It is important to mention in these
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models that the phase mismatch between the RF signals and the light waves

propagation through the MZl arms is ignored.

3.4.1 The case for modulation region with a similar length
The values given in Table 1 are assigned to the indicated parameters in our model.

Consequently, the relation between switching energy per bit and modulation
frequency can be shown in Figure 7 and Figure 8. The numerical results related to the

graphs in these figures are shown in Table 2.

Table 1 — Numerical values used for switching energy estimation

R 10 pm/V
n 1.5
Ao 1550 nm

€ [885 x 1072 F/m

w 500 nm
d 220 nm
S 0.01
An 1.7 x 107*
fo 193.5 THz
R, 0.95

If Lep; = Lyz; = 2.5 mm then the switching energy for both FPI and MZI relative to

the frequency will be as shown in Figure 7. If the switching energies for MZI and FPI

. E . .
are assumed to be equal, that |s% = 1, then the modulation rate (i.e. the frequency
MZI

in which both interferometers show similar modulation characteristics) would be

1__ %  ~3216GHz (33)
e Ln %—1
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Figure 7 — Switching energy for FPl and MZI relative to the frequency for the case of Lgp; = Lyz;

— for numerical comparison V;;; and Vgp; are applied modulation voltages according to Table 1 for
this case

3.4.2 The case for modulation region with a similar voltage

If Equation (30) is substituted in Equation (10) then the E);; can be rewritten as

1ewdA? Rn3Vyzr  1ewAVpyz (34)
2 R2nS dA 2 Rn3

Eyz =

If Equation (31) is substituted in Equation (28) then the Erp; can be rewritten as

PRI
1 1 p— da 1
E g (_ — 1) c - — 1
FPI — ewd S 4CRn2 | 8FRn3Vgp; S

Epp; = = ewd? (~ 1% PG 35
FPI = 5 €W (E_ ) 128C2R317F Vppy (35)

If Vep; = Vyzr = 4.0 V then the switching energies for both FPI and MZI relative to

the frequency will be as shown in Figure 8.
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Figure 8 — Switching energy for FPI and MZI relative to the frequency for the case of Vip; = V7 —
for numerical comparison Lgp; and Ly, are length of these interferometers according to Table 1
for this case

Similar to the case in Section 3.4.1, if the switching energies for MZI and FPI are

. E . .
assumed to be equal, that is EFJ = 1, then the modulation rate (i.e. the frequency

MZI

in which both interferometers show similar modulation characteristics) would be

2r  ~22336GHz (36)
(5-1)

Tc da

1 _ 8CRn?V

3
2

A summary of the simulation results for switching energy comparison of MZI and FPI

is listed in Table 2.

Table 2 — Summary of simulation results for switching energy comparison of MZI and FPI

Fixed length Fixed voltage
\Y L Crossing frequency | V L Crossing frequency
FPI | 0.082V | 2.5 mm 32.16 GHz 4V | 0.005 mm 223.36 GHz
MZIl | 4.041V | 2.5 mm 4V | 2.5mm
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3.5 Conclusion
To compare the switching energy of the resonant and the non-resonant EO switches,

it has been shown in this chapter and also in [5], [16] that the resonant switches are
more power-efficient than non-resonant switches in optical networks at low
frequencies. However, the resonant switches have a narrow transmission bandwidth
that limits their applications in broadband systems. Furthermore, as it is calculated in
this chapter there is a certain frequency at which the resonant and non-resonant
switches require equal energy and their modulation characteristics become identical.
From Figures 7 and 8 it can be inferred that at frequencies higher than this critical
value, non-resonant switches are preferred. In this chapter we present a simple model
that ignores many factors that would limit the maximum modulation rate efficiency
such as velocity mismatch in the traveling-wave (TW) electrodes. It is necessary to
note that many of these limits will affect resonant and non-resonant structures
equally. Although this analysis was undertaken based on the Pockels effect, it will also
be valid for devices that are based on plasma dispersion. According to [5] for a
modulator operating by the plasma dispersion method, the refractive index change

An in Equations (5) and (23) should be replaced by

An = (Kn + Kp). exp(%) (37)

where K, and K, represent the linearized index change coefficients, kg is the
Boltzmann constant, and T is the junction temperature. The variety of available
switches reflects the extent of the technologies that are employed in the software-
defined networks. In this thesis we focus our investigation on EO FPI and EO MZI-
based switches. Future work will provide a broader view of optical switching by

comparing other existing switching technologies.
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Chapter 4

Theory and Design of Integrated Silicon Photonics Loop-
Mirror Modulator

4.1 Introduction
This chapter describes the design and analysis of the loop-mirror modulator (LMM).

The idea of silicon-based integrated LMM was inspired primarily by previous work on
fiber loop-mirrors [1]-[5] developed for nonlinear optical processing. A schematic of
the LMM design is given in Figure 1. A loop-mirror is made of a power divider with
two outputs on one side of the divider connected by a loop of fiber or waveguide.
Light at the input of the loop-mirror is split in two, and each half travels in the opposite
direction along the loop. In nonlinear applications, the relative phase between the
two halves of the initial signal is controlled by the power of a second signal that
propagates in only one direction. The impact of the addition of the loop-mirror is to
reduce the change in coupling ratio required to obtain complete modulation with the
MZI. By varying the coupling ratio from 50% to 100% it is possible to change the device
from a transmission device to a reflection device. In Figure 1, the length of the loop

piece is Ly, and the length of the power divider partis L,.

—

Input L

—>

-
“

Directional coupler

—>
or Mz <
—>

<
Output =

Figure 1- Schematic of the LMM design
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4.2 Discussions on design and implementation of the power divider
To design an integrated LMM, as described in Section 4.1, it is necessary to control

the coupling ratio in the power divider via external actuation. The two main options
to implement an integrated controllable power divider are to use either a tunable
directional coupler or an MZI. At the beginning of the design process, we looked at
the possibility of using a directional coupler for the power divider part of LMM. We
started the process by going through the details of the directional coupler’s design,
modeling and numerical estimations. The modification of different parameters, such
as the length of the directional coupler, the gap between the straight waveguides, as
well as the width and height of the waveguides are considered. We find out that if an
LMM is implemented with a directional coupler at the power divider part, the
tunability of the modulator is too small to be detected by our available measurement
equipment. These investigations are also in agreement with the previously reported
tunability results of the directional coupler in [6], [7]. Eventually we concluded that
the tunable directional coupler is not a good candidate for the power divider part of
LMM. The MZI is our next option for the design of the power divider part in LMM. The
tunability of MZI was good enough to meet our design expectations which are
explained in Section 4.2.2.

The implemented loop-mirror MZI consists of two identical 3dB couplers that
are cascaded to create an MZI, with the output waveguides connected to form a loop-
mirror. Assuming that the electrodes can be analyzed in the lumped regime, when no
voltage is applied to the MZI arms, after the forward propagation all of the input
power appears on the lower arm of the loop, and therefore in the backward direction
it is sent through the upper port of the MZ| toward the through port. To reflect light
toward the input, the input power must be distributed equally between the upper
and lower arm of the loop-mirror. A phase shift is required to transfer all the power
to the input port of the LMM to achieve efficient intensity modulation of the signal.

The phase shift needed to achieve complete modulation is provided by applying a
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voltage to MZI arms, which actuate the modulator [5]. The analysis and calculation of
the length of the 3dB coupler and the length of the MZI appear in detail in Section
4.2.1 and Section 4.2.2 respectively.

4.2.1 Design and analysis of 3dB directional coupler
There are two 3dB directional couplers in the cascaded MZI that is used in the power

divider part of the LMM. In this section, the analytical method to design the effective
length of these couplers is discussed. The schematic of a directional coupler is shown
in Figure 2. The transfer matrix and related parameters are required to model a
directional coupler. Here the transmitted light is shown by t, and the coupled light by

K. The 3dB coupler length is L. The input light has an initial phase of ¢.

t
e
E inl E outl
¢ | R
EinZ EnutZ
« >
LCoupler

Figure 2- Schematic of a directional coupler

Accordingly, the transfer matrix of the directional coupler can be derived as

Eoutl] t K [Einl]
= 1
[Eoutz [K t] Ein2 @
t = cos(CL;) e /? (2)
k = sin(CL¢) e‘j“”e_j;_r (3)
TAn
C== @
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where Cis the coupling constant and An is the supermode refractive index. The value
for An is obtained by supermode simulation [7] and using Lumerical MODE solutions
software [8]. The methodology of MODE solution in this software is based on solving
Maxwell’s equations and extracting a set of eigenmodes. The operating modes are
computed by dividing the geometry into multiple cells and then solving for the modes
at the interface between adjacent cells. Eventually, using this tool makes it possible
to gain the final field profile. In our simulations, we use a rib waveguide structure for
the LMM with values listed in the Table 1. Two different cases should be considered
in supermode simulations. The first case (Fig. 3) is symmetric and this case is about
the transmission of light through both straight waveguides of a directional coupler.
The second case (Fig. 4) is anti-symmetric and this case is about the coupling of light
from one of the straight waveguides to the other straight waveguide of a directional
coupler. The difference in the effective refractive indices for these two cases is the
supermode refractive index and it is used in the Equations (1) - (4) to define the 3dB

coupling length L. of a directional coupler.

Table 1 -Values used in supermode simulation of a directional coupler

BOX (buried oxide) 2.0um

waveguide width (w) 0.5 um

waveguide height (h) 0.22 ym

central wavelength (1.) | 1.55 um

slab height 0.09 um

cladding Air (n=1)
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Figure 4 - Anti-symmetric supermode, ny,m,= 2.5416

If the directional coupler is considered lossless, then the relationship between t and

K is

t?+k2=1

In the case of 50% power transfer of the 3dB coupler,

and accordingly

1

t2=k2=2and|t| = || =
2 2

S
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. 1 T
sin(CL;) = 7 o CL; = " (7)
From the supermode simulations above, the change in the supermode refractive
index is
An = Nsymmetric — Nanti—-symmetric = 0.1809 (8)

Equations (4), (7) and (8) results in

LC ES L3dB = 7.61 /,Lm (9)

4.2.2 Design and analysis of MZI
As discussed previously, the MZl is placed as the power divider part of the LMM. The

length of MZI arms should be designed properly to reach the desired phase shift in
the modulator. In this section, the analytical method to model the effective length of
MZI arms is presented. The schematic of an MZI is shown in Figure 5. Here L35 is the
length of the 3dB couplers, and L,,; is the length of the MZI arm. The transfer matrix
Equations of the MZI are shown in Equations (10) -(20). The matrix for the 3dB coupler

is expressed as the parameter C, the MZI matrix as My;z;, and the input matrix as

E; E
[Eml]. Then, the expression for the output can be given by [Eoutl].

in2 out2
L3d3 LMZI LBdB
G > < > G >
Einl A6, Eoutl
Einz ABZ EoutZ

Figure 5- Schematic of a conventional MZI

= 10
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o—J(6+16y) 0

MMZI = 0 e_j(9+A92) (11)

In the above matrices, @ is the initial phase of the 3dB coupler, @ is the initial phase
shift of the MZI, A8, is the phase shift in the top arm of MZI, and A8, is the phase shift
in the bottom arm of MZI caused by voltage applied to them. The relationships

between these angles and the geometry of the modulator are:

27T

p=7n L3ap (12)
27
6 = 77’1 LMZI (13)

Since the top and bottom arms are assumed to have equal lengths, it follows that

Ael == A92 == A9 = Z%AneffLMZI (14)
outl inl

C.M C. [ ] 15

Eoutz] Mzr: Emz ( )

where n is the effective refractive index of the optical waveguide, and An,s; is the
change of effective refractive index in the MZI arm caused by the applied voltage. The

matrix for the output of the MZl is

—jAO —] I e—Jhe
Eoutl _ ](2(p+9) 2 ze 2 lnl 16
E =¢€ —J]—AB -11—A9 E; (16)
out2 J +e™) ln2

For simplification, Equation (17) can be substituted in Equation (16) as

eIz A9 —JE Iz A9 —Jg
A6 2 +e . Af 2 —e
cos—=2"2°¢ °  gip—==2""°%"° (17)
2 2 2 2j
Eout1 200 ao | SN COSTI B,
] = ¢ J2o+0) « (—j) e’ A8 A [ ] (18)
EOutZ coS — sin— Ean
2 2
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All of the phase-related terms can be summarized in a constant value of A shown as

A= _je—j(Z(p+9+A9) (19)

Finally, the output matrix for an MZI matrix is

AO
outl _Sln 2 cos 7 lnl
A 20
Eoutz] po 88| |Eyp (20)
COS —_— Sin ?

The study of efficient biasing in [9] demonstrates that the push-pull MZI configuration
shown in Figure 6, leads to lower power consumption than conventional MZI|
modulators. The push-pull design only requires one-half of the PN junction
capacitance. This is an advantage, given that the capacitance is the limiting factor in
reverse bias modulators. The push-pull design also reduces the chirp from

modulation-induced effect.

Lgp Lz Lsap
¢ > & > & >

Ein +A8/2 Esur1

Einz Eouc
Figure 6- Schematic of the push-pull MZI used as the power divider part in the LMM design
The push-pull MZI model is used as the power divider part in the LMM design in which
. . A8 . Y
the phase shift for the top arm is > and the phase shift for the bottom arm is -5

By substituting these values in Equation (11) the output matrix for push-pull MZI can

be derived as

[Bou] _ sing cos [ ] o1)
Eoutz CcOoS ﬁ —_ Sln —_ Emz
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where all of the phase-related terms can be summarized as a constant value of B

shown as
B = _je—j(2<ﬂ+9) (22)

The only differences between the output matrix of a conventional MZI in Equation
(20) and the output matrix of a push-pull MZI in Equation (21) are the phase-related
constant values of A and B. For amplitude modulation, which is the focus of this

chapter, the phase-related differences of two electrode designs are ignorable.

4.3 Operating principles for LMM
In Section 4.1, the LMM is described as two identical 3dB couplers that are cascaded

to create an MZI, with the output waveguides connected to form a loop-mirror. A
schematic of the designed LMM is shown in Fig. 7. In this section, the analysis and
design of LMM are presented. To propagate through the LMM, the propagating light
must go through the two couplers, twice through the waveguides of the MZI, and

once around the loop-mirror.

L34p Lyz Lyap
¢ X - :
€ Eiu >
Eoutl +A8
0 2 @
L
A8
)
«—
Eout2

Figure 7- Schematic of LMM with MZI as power divider

The matrix for an MZI with push-pull electrode configuration is given as Mp_,,,;, the

loop matrix is given as L, in which S is the propagation constant of the waveguides,
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and L,is the length of the loop. The matrix for 3dB coupler is given in Equation (10).

The input matrix is [E(;"] and the expression for the output is given by [Eoutl]

out?2
~j0+%)
Mp_pzr = ¢ ’ . ABO (23)
0 e IO
_ e_jﬁLl 0
L= [0 e Pl (24)
The transfer matrix for LMM can be achieved from Equation (25) as
EZZZ;] C.Mp_pz1-C.L.-Mp_pz;- C. [Em] (25)
7 _ [Ein
B = | ] (26)

Epue1-ym = Eme Bl (—sin2 % + cos? %) = Ee/PlicosAg  (27)

In the LMM, the length of 3dB couplers is known from Section 4.2.1 and Equation (9).
To design the length of the MZI arms, we need to calculate the effective refractive
index and the change in refractive index of optical waveguide due to EO effect. For
this reason, the Lumerical MODE [8] and DEVICE [10] solutions software are used. The
methodology of DEVICE solution in this software is based on solving Poisson’s
equation and the drift-diffusion equations to model the steady-state and transient
behavior of electrons and holes in the PN junction. A schematic of the simulated rib

waveguide and its dimensions are shown in Figure 8.
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Figure 8- Schematic of the simulation parameters

The simulated results and the related graphs are illustrated in Figure 7 and Figure 8.

When bias voltage becomes more negative, the number of circulating charges

increases (Figure 9).

24

Current (pA)

0 05 1 15 2 25 3 35 4
V_cathode

Figure 9- Applied voltage vs. current in the reverse bias PN junction
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When the applied voltage in the reverse bias increases, the change in the effective

refractive index of the PN junction increases. This can be observed in Figure 10.
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Figure 10- Results of EO effect for applied voltage relative to An.; in the optical waveguide

When LMM is in the “OFF” state the LMM is supposed to have no transmission and

|Eout—LMM]|

the relative amplitude modulation is zero; that means = 0. As a result, in

in
Equation (27) we have cos A8 = 0, and therefore the maximum phase shift is AG =
g. By using the results for An, ¢ from the graph in Fig. 9 and Equation (14), the value

for the phase shift can be used to calculate the length of the MZIl arm as the maximum
active phase shift region. In our design the MZl is considered symmetric (i.e. both MZI
arms have similar dimensions), and A = 1.55 um. Different values for L, are
calculated based on the differential value of the effective refractive index regarding

to the applied voltage (Figure 8). The results are summarized in Table 2.

Table 2 — Results for the length of MZI arm according to EO effect

Applied voltage (V) Angss Lyszr (mm)

2.0 1.0x 1074 3.875

4.0 1.7 x 1074 2.279
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Because of pre-defined size of optical chips and fabrication limitations for the
dimension of designed devices, we decided to select a 4V actuation voltage and the

length of the MZIl arm as

When the LMM is in the “ON” state, it is supposed to have maximum transmission

|Eout—LMM|

and the relative amplitude modulation is one; that means = 1. As aresult,

in Equation (27) we have cos A8 = 1, and the minimum phase shift is A@ = 0. By
using this value for the phase shift and Equation (14) we obtain An.sr = 0. This
proves that there is no modulation when the LMM is in the “ON” state. The results of

the modulation state and the related modulation power and phase shifts are

summarized in Table 3.

Table 3- Modulation characteristics of MZI for LMM design

Modulation state | Relative amplitude modulation | Phase shift

OFF 0 /2

ON 1 0

The normalized output power of an LMM and a standard MZI-based on Equations (21)

and (27) are plotted in Figure 11.
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Figure 11- Phase shift comparison of standard MZI and loop-mirror MZI
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From Figure 11 it is possible to compare the operational characteristics of LMM and
standard MZI. The physical explanation is that in a phase shift period between zero
and m, the LMM can sweep through 1-0-1 levels but the regular MZIl only sweeps
through 1-0 levels. To achieve a complete modulation LMM requires smaller phase
shifts than in a standard MZI with similar actuation voltage and equivalent
dimensions. This translates into a decrease of the voltage required to actuate the
modulator; consequently, the device has lower power consumption. The LMM
requires one-half the phase shift and one-quarter of the actuation power of an MZ|
without the loop-mirror, as the power consumption is related to the square of the
driving voltage. In other words, the addition of the loop-mirror causes a significant
reduction in the coupling ratio required to obtain complete modulation with the MZ|
— it drops from 100% to 50%. As it will be explained in detail in Section 4.4, these
conclusions are only valid for an LMM with the lumped electrode regime. The
difference between the lumped model and the traveling wave model, as well as the

critical length for the lumped LLM have been explained in Section 5.5.

4.4 Operating principles for LMM with a traveling wave (TW) electrode

configuration
E; input port AR
ER"ﬁ;f£|L;é£éa"F>ort © 7012 -
L
~A6/2
£, Through por — o',

On-chip device length ~2.6 mm

Figure 12- Schematic of the fabricated LMM
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The optical transfer function of the series push-pull LMM is obtained as follows. In the
LMM, the arms of the MZI have the same length, and, thus, the device is symmetric.
Assuming lossless propagation in the couplers, if the coupler matrix is expressed as
parameter C from Equation (10), the loop matrix as L from Equation (24), the MZI

matrix for forward propagation as My, the MZI matrix for backward propagation as
My, and the input as vector ET,{from Equation (26), then the expression of the output

is given by the vector E,,;;_ 1.y aS:

 [e~i(6+61p) 0
Mr = [o e1(6+62) (29)
 [ei(@+61p) 0
My = [0 o= (6+021) (30)
E
Eout—um = ER] (31)
T
Eyut—imm = C.M,.C.L.C. M;.C.E,, (32)

where f8 is the propagation constant of the waveguides, and L; is the length of the
loop. The angle @ is the fixed phase difference between the MZI arms from Equation
(13), 61 and 6, are the phase shifts experienced by the forward going signals due
to the modulation of the effective refractive index of the upper and lower MZI arms,
respectively, and similarly 8;;, and 6,, are the phase shifts experienced by the
backward propagating signals due to the modulation of the effective refractive index
of the upper and lower MZI arms. Due to the traveling-wave electrodes regime design
and discussions for velocity match between optical and RF signals in forward and
backward propagation, the phase shifts in Equations (29) and (30) are different from
phase shift in Equation (23) which is presenting the lumped electrode regime design
of the LMM. The angle ¢ is the fixed phase difference in the 3dB couplers from
Equation (12). Ly,z; is the length of the phase-shifter in the MZI, and L35 is the length
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of the 3dB couplers. The difference between a traveling-wave regime and a lumped
regime and the critical length will be explained in detail in Section 5.5.

The output of the LMM based on the phase shift accumulated in each arm of
the MZI, as shown in Figure 12, can be obtained by the following calculations. For the
upper arm of the MZI, the phase shift is defined by 6; = 6,; + 6,. Similarly, for the
bottom arm of the MZI the total phase shift of the signal is defined as 6, = 6,5, + 0.
By considering the phase shift in the upper and bottom arms together as shown in
Figure 12, the amplitude of the output electric field at the reflected port of the LMM

can be expressed as:

En_iym(61,6,) = _%e—leﬁ(e—j(91b+91f) — e—j(9zb+92f)) (34)

To evaluate the modulation efficiency of the LMM, it is important to
understand the EO response of the modulator as a function of frequency. To obtain
this, we must first calculate the output of the LMM based on the phase shift
accumulated in each arm of the MZl, as shown in Equation (34). The frequency

dependent electrical field obtained at the output is given by:

Ep—yoa (f, 01, 6,) = _%e—leﬁ (e—j(elbxﬂb(f)wlfxrzf(f)) _ e—j(eszHb(f)wzfXHf(f)))

(35)
where H¢(f) is the phase response of the forward propagating signal, and H,, (f) is
the phase response of the backward propagating signal. The phase responses are

derived based on [11], [12], and for each direction, they are given by:

—aly sinh?(%2)4sin2(L4%0l2) 4 m—
Hi(f)=ez | (a(ﬁ 2)2)+ (WC(DLZ)ZZ )]z, Avg, = = X |(—me§§)| (36)
2 2
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2 2

(37)

NpXng

where « is the total propagation loss, c is the speed of light in free space, L, is the
length of phase shift region (length of MZI arm), n,, is the refractive index of the
microwave drive signal, n, is the refractive group index of the optical signal, Av,, is
the mismatch between the optical group velocity and the microwave phase velocity
of the co-propagating signals, Av oy nter IS the mismatch between the optical group
velocity and the microwave phase velocity of the counter-propagating signals, and w
is the angular frequency. Here, n,, is a frequency dependent parameter and can be
estimated from the Lumerical INTERCONNECT software [13] as n,, = 4 for ease of
simulation, and n, = 3.8 is obtained from simulations using Lumerical MODE
solutions software [8].

The frequency dependent EO response of a TW-MZM with a configuration
equivalent to the one of the LMM for signals propagating in the forward (co-
propagating, blue line) and backward (counter-propagating, red line) directions are
presented in Figure 13. In order to obtain the EO response of the LMM, the forward
propagation response and the backward propagation response are to be added up.
This is done by inserting Equations (36) and (37) in Equation (35). As a result, we
obtain the blue line in Figure 14. The EO response of an MZM without a loop-mirror

but driven by the same voltage as the LMM is also included in Figure 14 (red line).
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Figure 13 — EO bandwidth of a standard MZM (blue line) response for co-propagating optical and
microwave signals’ (red line) response for counter-propagating signals.

EO response for single-sided modulators (dB)

0 0.5 1 1.5 2 25 3 35 4 4.5 5
Frequency (GHz)

Figure 14 — (blue line) EO response for an LMM combining co-propagation and counter-propagation

(red line) responses for a standard MZM driven by the same voltage as the LMM.

The EO modulation response rolls off very quickly at around 1 GHz in counter-

propagation; thus, at higher frequencies the optical signal is only modulated when it

propagates in the forward direction. Therefore, at high frequencies, the LMM displays

modulation efficiency comparable to that of an MZI without a loop-mirror when both

are modulated by the same drive voltage. However, as can be seen in Figure 12, for

the same drive voltage, the LMM can provide twice the modulation depth (extinction

ratio) for frequencies below 1 GHz. This corresponds to the frequency range over

which the LMM electrodes can be considered as lumped electrodes regime instead of
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TW electrodes regime. Moreover, since the propagation time inside the loop-mirror
is negligible, in this regime, the LMM will efficiently modulate the signal in both co-
and counter-propagation. The difference between the traveling-wave regime and the
lumped regime, as well as the critical length for the lumped LMM will be explained in
detail in Section 5.5.

The EO bandwidth of LMM is investigated experimentally by using a lightwave
component analyzer (LCA). The schematic of the setup used to verify the device under
the test (DUT) is shown in Figure 15. The DUT includes the LMM with 50 Q
termination. The electrical frequency is swept in order to achieve the EO response

which is the correlation between electrical and optical sweeps.

Laser

l Om
v

Electrical frequency sweep
— LCA > DUT+50Q
y Y B termination
|
@)

our

Correlation betweenelectricaland optical sweep

> EOresponse

Figure 15- Schematic of EO bandwidth measurement setup

The EO response of LMM, which can be observed in Figure 16, also correlates

at 5 volts with the theoretical results explained in Figure 14 (rolls off around 1 GHz).
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Figure 16- Experimental results for EO bandwidth of LMM

An idea which will be investigated elaborately in future works is a revised
LMM design that contains shorter electrodes and therefore a smaller phase shift
region. The lumped model for LMM will provide higher modulation speed with lower
power consumption as discussed in Section 4.3. Furthermore, as reported in [2], [3],
[14], the forward propagating light in the MZI has a good velocity match with the RF
signal of the driver in the lumped electrode regime. To implement LMM, two different
electrode configurations in TW electrode regime for reverse-biased PN junction were
designed and fabricated. The first TW configuration is series push-pull; it is used to
develop LMM with OOK modulation, as described in Chapter 5. The second TW
configuration is dual-drive; it is used to demonstrate LMM with DPSK modulation, will

be described in Chapter 6.
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Chapter 5

Measurement Results of Loop-Mirror Modulator in On-Off Keying
Modulation

5.1 Introduction
The analytical model of the LMM was previously described in Chapter 4. In this chapter, the

measurement method and characterization results for the silicon-based LMM are presented. To
our knowledge it is a novel approach of EO MZI as a reflective modulator for Gigabit PON (GPON)
[1]. The LMM is compatible with colorless architectures, low-cost to fabricate and power-efficient
[2], [3], [1]. Moreover, in this chapter we demonstrate that LMM can achieve error-free

modulation rates above 10 Gb/s.

5.2 Design and fabrication of LMM in TW electrode regime
The relative phase shift between the two arms of the interferometer in the LMM is controlled by

reverse bias PN junctions. The schematic of the rib waveguide structure used to implement the
phase shift region is shown in Figure 1. The waveguides have a height of 220 nm and a width of
500 nm, and are surrounded by a 90 nm thick slab. The cladding is silicon dioxide. The
metallurgical junction (i.e. the separation between the electrons (N) and holes (P)) is positioned
at a 100 nm offset, about the center of the waveguide toward the N-side of the junction. This
offset increases the mode overlap with the P-type semiconductor and improves the modulation
efficiency. The reason for locating this offset in the PN junction comes from high sensitivity of the
plasma dispersion effect to changes in the hole concentration rather than changes in the electron
concentration [4]. A controllable phase shift is produced by the application of a reverse bias
voltage across the PN junction formed at the center of the waveguides. These PN diodes are
connected to series push-pull (SPP) TW electrodes regime [5] to modulate the refractive index of
the MZI arms. Higher doping (P++ and N++) is used to form ohmic contacts with the electrodes,
and lower doping (N and P) is used in the core of the waveguides where light is confined, and the

electric field is concentrated. The values of carrier concentrations are listed in Table 1. A negative
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DC bias voltage is applied to the common N-doped region between the two PN junctions with SPP-

TW electrodes [5]-[7] to operate them in reverse bias.

Table 1 — Values of carrier concentrations in the PN junction

Carrier type | Concentration (cm™3)
P 7 x 107
P++ 1.7 x 10%°
N 5x 107
N++ 5 x 102°
A] ‘SZOZ A] 2 um
0.35um 0.5um
— —
2um i ~100 um i 0.13 |
D I um 0.22
| : | | | | um
P++: P N i N++ 1 N: P P++
Buried _oxide 2um

Figure 1 — Schematic and dimensions of the rib waveguide and position of the carriers

The effect of the change in carrier concentration on the effective refractive index of the silicon
waveguides can be predicted based on the work by Soref et al. [4], [8]. Using this, together with
single mode simulations of the rib waveguide, we obtain the following relationship between the

electron and hole carrier concentrations and the refractive index variation:
An = —5.4 x 10722AN1011 _ 153 x 10~18Ap0838 (1)

where AN and AP are the changes in the concentration of electrons and holes, respectively,
caused by the application of an electric field. The schematic of the carrier injection region and
the dimensions in the actual designed LMM is shown in Figure 2. The drop output can be analyzed

by positioning an off-chip circulator at the input. In the OFF state, delivering power to the
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modulator at the drop port does not affect the tunable laser. This is because of the presence of
insulators that are placed in the laser frame in order to block the reflections that are coming back

into the laser.

Input port t!.
= 50 pm H Electrode ‘ P++
/ .
DI'Op ; A ~50 um
port .\/..ED:'op 50-55um ! !l K N+ 12 K5 I
200 nm Metal *Hiﬁh doped region n++ Metal 1
v
n
Through port J \ _/
- p
\ [ Electrode l P++
E Through

A
v

'
"

~ 190 pm ~ 2.6 mm

Figure 2 - Schematic of the loop-mirror MZI

Adiabatic 3dB couplers are selected to implement the LMM because their wavelength
dependency is very small, and they have more robust fabrication tolerances than other types of
couplers, such as multimode interference (MMI) or 3dB directional couplers [17]-[20]. The length
of the adiabatic 3dB couplers is designed in Section 4.2.1 to be L33z = 7.61 pm. The minimum
separation between waveguides in the adiabatic coupler is 200 nm. The total length of the loop
is 250 um, and the radius of curvature is 10 um. The loop is designed to connect the two outputs
of the MZI. The distance between electrodes and waveguide in the active area is 1 um.

Based on Equation (1) and the phase shift required to achieve complete intensity
modulation, the length of the interferometer arms can be calculated for a target actuation
voltage and operating wavelength. Taking into the account that the signal is modulated in only
one direction, at A = 1.55 um for an actuation voltage of 4 V, the change in the effective index
is Angge = 1.7 X 107%. Accordingly from Section 4.3, the length of the arms of the interferometer

in the LMM must be Ly = 2.28 mm to achieve the required phase shift [2], [3].

89



The loop-mirror MZI used in this research was fabricated using a commercial SOI process
provided by the Institute of Microelectronics (IME) A*STAR (Singapore) and accessed through the
services of CMC Microsystems. As shown in Figure 3, ground (G) and signal (S) pads for the RF
probes are placed at both ends of the MZI. A DC pad is placed in the middle of the MZI to control
bias conditions. The adiabatic 3dB couplers are identical on both sides. The loop is located on the
right side of Figure 3, and the input and output ports are visible on the left side.

TR e AT

Loop mirror

G

e i Tt ! B Ll i e S e b MM e
S adiabatic 3dB coupler

500 um

Figure 3 — Micrograph of the fabricated loop-mirror MZI

5.3 DC measurements of LMM
In order to characterize each arm of the loop-mirror MZI, a stimulus is applied to the terminals

of the TW electrodes using a ground-signal (GS) probe. For each arm, the DC bias is applied
separately. To perform the DC measurement, one of the diodes is shorted by applying the same
potential to the P and N terminals of the diode. The experimental setup is shown in Figure 4. The

light was coupled vertically to the chip using a fiber array.

P++

p
N

G (RF probe)

N++ DC probe

Reverse Bias@ N
o}

S (RF probe)

P++

Figure 4 — Schematic of the equivalent DC bias measurement of the loop-mirror MZI
Figure 5 shows the measured transmission spectrum of the loop-mirror MZI after normalization
to a reference waveguide to remove the coupling loss and the wavelength dependence of the
grating couplers. As the graph indicates, the loop-mirror MZI has a broadband transmission
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spectrum in the C-band with less than 2 dB of variation. Due to the availability of optical
equipment in our lab, a manual sweep of wavelength with a power meter was done which resulted
in a coarse wavelength sweep. We estimated the insertion loss of a single grating coupler to be
6.8 dB and the total insertion loss caused by routing from the grating couplers to the modulator
I/0 to be 3.7 dB. After the grating coupler loss is subtracted from the transmission spectrum of
the actual device, the additional propagation loss due to the presence of PN junctions in the
waveguides forming the MZl arms is approximately 2.6 dB. The total insertion loss of the

modulator is 10 dB, and the expected loss for each 3dB adiabatic coupler is about 1.0 dB [10].

95
)
2
() -10
O
=
©
4+
=
E 105
%)
e
©
he
o -1
o
Q
N
©
£ 115
“
O
zZ

'\%30 1535 1540 1545 1550 1555 1560 1565 1570
Wavelength (nm)

Figure 5 - Transmission spectrum of the loop-mirror MZI normalized to a reference waveguide

The transmission as a function of the applied reverse bias voltage for this device at A = 1555 nm
is shown in Figure 6. The minimum value in transmission occurs with 5 V applied across the PN

junctions. The maximum DC modulation depth of the LMM is 25 dB.
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Figure 6 - Optical output power as a function of the DC bias applied across the loop-mirror MZI modulator

5.4 Experimental demonstration of LMM
We evaluated the large signal performance of the loop-mirror MZI with the experimental

demonstration setup shown in Figure 7. We used a continuous wave (CW) light signal from a
tunable laser. The modulated optical signal at the output of the LMM was amplified by an erbium-
doped fiber amplifier (EDFA) and filtered (Agiltron with the 3dB bandwidth of 0.25 nm) to cancel
noises before we entered a digital communication analyzer (DCA) to generate optical eye
diagrams. A bit pattern generator (BPG) created a pseudo-random bit sequence (PRBS) signal
with a peak-to-peak voltage (V) that was used to drive the modulator. The GS probes were
placed at the two ends of the electrodes of the device: one to apply the RF signal and the other

to connect a 50 Q termination to minimize reflections.
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Figure 7 - Schematic of the experimental demonstration setup

To observe the performance of LMM at 10 Gb/s, a BPG was used to create a 27 — 1 PRBS signal
with Vpp = 6.26 V that was applied to drive the modulator in the linear region. A DC reverse bias
voltage of 2.62 V is applied to the modulator. This difference between the Vpp applied here to
the LMM for big signal characterization and the quadrature voltage (V;; = 5V) measured during
DC characterization (Section 5.3) comes from overdriving the LMM to reach the optimum ER. The
motivation to overdrive the modulator will be explained later at this section. The clear optical

eye diagram obtained at 10 Gb/s is shown in Figure 8. The measured ER is 13 dB.
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Figure 8- Optical eye diagrams at Bitrate: 10 Gb/s, ER: 13.0 dB

To quantitatively examine the modulator performance at 10 Gb/s, we performed BER tests of the
system. To do this, the amplified response of the device was passed through a variable optical
attenuator (VOA) coupled to a Picometrix PIN+TIA (PT-40A) receiver. Note that the receiver used
here is not as sensitive as typical GPON receivers. A transmittance amplifier (TIA) is AC coupled
to a photodetector (PD) to improve the sensitivity of the optical receiver. The bandwidth of the
receiver is 40 GHz. The output was connected to the error detector (ED). Error-free operation
(BER < 1071?) is obtained at 10 Gb/s with a received power of 0.33 dBm (Figure 9). The no-
errors line indicates a measurement with zero errors detected in three terabits, thus allowing us
to claim error-free operation with a 95% confidence level [8], [17], an assertion verified by the

clear optical eye diagrams.
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Figure 9- Sensitivity curves at 10 Gb/s
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Furthermore, in a similar experiment as the case for 10 Gb/s which is also based on the setup in
Figure 7, but for higher modulation rates, we used a CW light signal from a tunable laser with a
wavelength of 1565 nm and a power of 14 dBm. We used NRZ modulation to perform the
measurements. A BPG created a 23! — 1 PRBS signal with Vpp = 2.6 V that was used to drive the
modulator. Because of equipment limitations, we could only apply a DC reverse bias voltage of
2.0 V to the modulator. Since the modulator is not biased at the exact quadrature point, we could
not use the optimum modulation amplitude, limiting the extinction ratio [11].

Optical eye diagrams at different bitrates are shown in Figures 10-14. Clear optical eyes
are observed up to 20 Gb/s. Additional electrical and optical design optimizations should make it
possible to increase the modulation speed. Due to the effect of the counter-propagation signal
coming back from the loop-mirror section of the device, the openings in the optical eye diagrams
are asymmetric (oval-shaped) and the eye-opening spaces become smaller for the higher

modulation rates.
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Figure 10 - Bitrate: 15 Gb/s, ER: 4.093 dB
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Figure 11 - Bitrate: 18 Gb/s, ER: 3.607 dB
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Figure 14 — Bitrate: 26 Gb/s, ER: 2.515 dB
To quantitatively examine the modulator performance, the BER test has been performed as
shown in Figure 7. Error-free BER < 10712 operation is obtained up to 18 Gb/s with a received
power of 4 dBm (blue line - Figure 15). The no-errors linear trend line indicates a measurement
with zero errors detected in three terabits, allowing us to claim error-free operation with clear
optical eye diagrams. In addition, operation with a BER < 107 is achieved up to 21 Gb/s with
the same received power, well below the requirement for links implemented with forward error

correction (red line - Figure 15).
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Figure 15 - Sensitivity curves at 18 Gb/s and 21 Gb/s modulation speed

In the large signal characterization of a loop-mirror MZI, we can report that in a TW electrode
regime, this device is capable of a 20 Gb/s modulation rate. Furthermore, the theoretical
prediction of Chapter 4 is that the LMM has reduced power requirements compared to a
conventional MZI in the lumped electrode regime. Finally, the integrated loop-mirror device has

the potential to be used as a reflective mirror in integrated laser cavities.

As explained in the large signal measurement for 10 Gb/s, the Vpp which was applied in
order to achieve optimum big signal performance is slightly higher than V, used for DC
characterization. To obtain a physical explanation of LMM biasing, we used the analytical model
extracted in Section 4.4. We can show that overdriving the LMM reduces the frequency roll-off
shown in Fig. 16. As we observed experimentally and listed in Table 2, the effect of change in the
various values of V/pp on the ER is significant and proves the importance of appropriate biasing of
the modulator to achieve optimum performance as well mentioned in [18] for different types of

silicon-based modulators.

Table 2 — Experimental values for LMM performance at 10 Gb/s

Vep (V) | Vr (V) | ER(dB)
4.09 |0.818V, | 5.45
5.93 | 1.186V; | 10.36
6.26 | 1.25V; | 13.00
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Figure 16- EO response of LMM for different tolerances of Vpp

In this section, we showed that an integrated EO modulator that combines an MZI with a loop-
mirror has the potential to be used as a reflective modulator in a passive optical networks (PON)
and a Gigabit PON (GPON). The 10 Gb/s modulation rate is similar to the recent modulation rate
used in PONs. As stated in Section 2.7, the LMM can be a potential candidate for upstream
transmission in PON. The LMM has the possibility to act as a low-cost modulator for GPON
applications and has a suitable transmission bandwidth. As explained in Section 4.4, in the TW
regime, the frequency response of LMM approaches that of an equivalent MZ| operated at the
same drive voltage. The counter-propagation modulation in our demonstrator is efficient at low
frequencies. However, the 1 GHz frequency limit for efficient operation could be raised
significantly if shorter electrodes were available in our current designed chip. Thus, in that regime
the LMM can generate a phase difference between its arms twice as large as an equivalent MZ|
for the same modulation voltage which results in significantly lower power consumption in
comparison to an MZI with an equivalent configuration [2]. The experimental results for 3dB

bandwidth of LMM are also included in Section 4.4.
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5.5 Lumped loop-mirror modulator estimations

In general, when the length of an optical device is approximately bigger than one-tenth of the
guiding wavelength 4,4, one needs to use the distributed element analysis (i.e. traveling wave
regime) rather than the lumped regime element analysis. In other words, the length of the phase-
shifter region should be comparable with the wavelength of the electrical wave [12], [13]. For
the LMM the length of the phase shift region in MZl is 2.28 mm and the length of the TW

electrode (total length of LMM device) is 4.0 mm. For the guiding wavelength we have

_ _©Co
A9 = Flere 2)

where ¢, is the effective relative permittivity of the guiding medium, f is the frequency, and ¢,
is the speed of light. If L.,iticq1 is the critical length that determines when traveling-wave analysis

should be performed, then

Ag
Leriticar = 10 (3)

As a rough estimation from Figure 1 that ignores the dispersion and the dependency to the cross-

section of the transmission line, we have

— CsuperstratetCsubstrate — EairtEsilicon — 1+11.7 = 6.35 (4)

Ere
ZCsuperstrate 2 2

Consequently, if f = 20 GHz then L yiticq = 0.6 mm.

5.6 Comparison of the design and performance of the LMM with the similar state-

of-the-art MZI devices

The head-to-head comparison of the LMM with the state-of-the-art devices in terms of design
and performance are presented in Tables 3 and 4. This comparison shows where the LMM stands

among the existing MZIl-based modulators.
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Table 3 — Comparison of the LMM with the existing state-of-the-art MZIl-based modulators which have carrier
depletion in the lateral PN diodes

Phase | Waveguid | Slab BOX | Transmissio | V_(V) Vpp (V) | A(nm) Extinctio Referenc
- e width x heigh | eigh | nrate (Gb/s) | revers | + Vdc- n e
shifter | height (um | t(nm) | t e bias bias ratio (dB)
length | x um) (um) (V)
(mm)
1 2.28 0.5x0.22 130 2 18 -20 5 2.6+ (- 1565 3.6-3 LMM
2)
2 1 0.5x0.25 200 3 12-12.5 6 6 +(-3) 1550 >6~7 [22]
3 1mm 0.5x0.22 120 1 12.5 4+ (-4) 1531 3 [23]
-750
um
4 2 0.5x0.22 120 1 4 4+ (-4) 1535.5 7 [23]
5 Imm- | 0.5x0.22 120 1 12.5 1.2 +(- 1542 10.5 [24]
750 3)
um
6 Imm- | 0.5x0.22 120 1 20 9.1 [24]
750
um
7 6 0.5x0.22 130 3 20 3.1 3.5+ (- 1550 10 [25]
3)
8 2 0.5x0.22 130 3 40~50 12 (4.5~5.5 4.7 [25]
)+ (-
4~6)
9 4 0.6 x0.22 110 - 2 10 5+(- 6.1 [26]
160 3.75)
1 750 0.45x0.34 | 260 2 45-60 ~8 6.5+ (- 1558.7 7.5 [27]
0 |um 5) 9

Table 4 — Comparison of the various carriers in the PN junctions listed in Table 3

# | P(em™3) | P+(cm™3) | N(cm™3) | N+(cm~3) | Reference
1 |7 x10Y7 | 1.7 x 10%° | 5 x 107 | 5 x 102° | LMM
2 [5x 107 | 1x10%° |1 x 10 | 1 x 102 | [22]
3 |1 x10%®| 1 x10%° |1 x 10 | 1 x 1020 | [23]
4 |5x 108 | 1x 1020 |1 x 10¥ | 1 x 1020 | [23]
5 |1 x10® | 1 x 102° |1 x 10 | 1 x 102 | [24]
6 |1 x 108 | 1 x 102° |1 x 10 | 1 x 1020 | [24]
7 |5x107 | 1x 102 |5 x 107 | 1 x 1020 | [25]
8 |5x 107 | 1x 102 |5 x 107 | 1 x 102 | [25]
9 |5x 107 | 1 x10%° |5 x 10 | 1 x 10%° | [26]
10 |2 x 107 | 1 x 10%° |4 x 107 | 1 x 102° | [27]

5.7 Power consumption of LMM
The analysis of the LMM design requires that the effect of both the co- and counter-propagation

of the optical signal with respect to the RF modulating voltage be considered. Chapter 4 shows
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that at high frequencies, the LMM has a frequency response comparable to that of an equivalent
MZI for the same drive voltage. However, based on our analysis in Section 4.3 and also in [2],
[12], and [13], we argue that for a reversed bias LMM with lumped electrodes using NRZ signaling,
the required energy/bit is one-quarter of the switching energy needed by an MZI [14]. Based on
the work reported by Miller [15] and Plant [6], [16], the power consumption under NRZ signaling
of an MZI can be related to the square of the driving voltage as
P = (V5 /4 (5)
AE = P x (bitperiod) (6)

where AE is the energy stored per cycle and C: is the capacitance of the PN junctions used to
generate the phase shift, which is a function of the reverse applied voltage. The capacitance of
the PN junctions can be estimated based on their dimensions and the density of carriers across
the waveguide cross-section. Since an LMM with lumped electrodes regime requires one-half the
modulation voltage required by an equivalent MZI to provide the same modulation depth, the
estimated power consumption of the former is one-quarter that of the latter because, as shown
in Equation (5), the power consumption is a function of the square of the modulating voltage.

This is expressed as:

Prum = Ct(Vpp/2)2/4 (7)
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Figure 17- Simulated capacitance of PN junction by the applied reverse bias voltage
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As mentioned in Section 5.4, the driving voltage to modulate at 20 Gb/s is Vpp = 2.6 V. The
dynamic power consumption of the LMM device at a modulation rate of 20 Gb/s is estimated to

be 65.01 pJ/bit.

5.8 Conclusion
In this chapter, we present integrated silicon-based LMM. As described in Section 2.7, the silicon-

based LMM is a cost-efficient solution in comparison to other remote modulation devices such
as IL-FP, RSOA, and EAM. As explained in Section 4.4, the added loop does not affect the
bandwidth or the frequency response of LMM. Most of the losses of the LMM are due to coupling
and routing, which can easily be improved [19]. Some other modifications that can be done to
reduce the insertion loss are developments in the end-face polishing techniques [20], and
improvements in the alignment of connectors [21]. For future works, the revised LMM design
contains shorter electrodes with a smaller phase shift. The lumped model regime is expected to
provide higher modulation speed with lower power consumption than previously mentioned

methods.
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Chapter 6

Design and Measurement Results of Loop-Mirror Modulator in
Differential Phase Shift Keying Modulation

6.1 Introduction
Advanced modulation schemes use phase modulation to improve spectral efficiency in long-haul

optical transmissions. One such format is differential phase shift keying (DPSK). As it is described
in Chapter 2, Section 2.6, in DPSK information is encoded by changing the phase of the optical
signal when there is a transition between bit symbols in the data stream. DPSK has several
advantages. In comparison to OOK, DPSK provides a sensitivity improvement of approximately
3dB [1]. Furthermore, DPSK generates optical signals that are less sensitive to chromatic
dispersion in optical fibers [2]. DPSK has also been demonstrated in dense short-reach
interconnects using WDM channels to enhance power budget margins [4]. High order modulation
formats, such as DPSK and quadrature phase shift keying (QPSK), are often generated with
modulators comprising many MZMs in a nested configuration. A very recent demonstration of
DPSK modulation on an SOI platform using ring resonators was reported in [5]. DPSK modulation
can also be performed with SOl OOK based MZMs [4], [6] by changing the electrical bias voltage
of the device.

Here, we demonstrate DPSK modulation using an LMM. This modulator is capable of
performing arbitrary intensity and phase modulation. The details of the LMM design and
performance in OOK have been presented in Chapter 4 and 5 as well as in [7] and [8]. In Section
6.2, we showed analytically that this device is capable of phase-only modulation by considering
a critical condition for the applied voltage to the electrodes. Based on a theoretical analysis in
[9], we show that in the lumped electrode regime LMM requires only one-half the applied drive
voltage and, consequently, has a one-quarter the power consumption of MZM devices with an
equivalent configuration and a similar drive voltage [10]. We also present experimental data
showing that the LMM is functional in the TW regime. As explained in Chapter 4, in the TW model

at high frequencies, the response of the device approaches that of an equivalent MZM operating
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at a similar drive voltage [7]-[9], [11]. In this chapter DPSK modulation at 10 Gb/s with a dual-
drive loop-mirror MZM is presented. The LMM has the potential to operate at higher speeds but

we were limited in our demonstration by our BER detector.

6.2 Theory
The LMM, which was introduced in Chapter 4 and also in [9] and [11], is an optical modulator

made by addition of a loop-mirror to one end of an MZI, as shown in Figure 1. In LMM, the arms
of the MZI have a slight length difference (22 um); thus, the device is asymmetric. The optical

transfer function of the LMM is obtained as follows.

Input port Ei
Vi
Through port VZ
P
ET hrough

On-chip device length~2.6 mm

Figure 1- Schematic of LMM
Assuming lossless propagation in the couplers, if the coupler matrix is expressed as
parameter C in Equation (1), the loop matrix is expressed as parameter L in Equation (2), the
matrix for the upper arm of the single-drive MZI in LMM is M¢ in Equation (3), the matrix for the
bottom arm of the single-drive MZI in LMM is M,, in Equation (4), and the input vector is E};, in
Equation (5), then the expression for the output of the single-drive LMM is given by the vector

Etpry, in Equation (7):

2

c=| *?
_jVZ_Ee—jcp V2 -jo

(1)
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Lz[e_jBLl 0] 2)

0 e JPla
M, = I:e_j(e(;)‘l‘NlVl) e_(;go (3)
M, = [6—1(900+N1V2) e_(;eo ()
B =[] (5)
Fou =[] Q
Ethry = C.M;.C.L.C.My.C.Ep, (7)

where @ is the propagation constant of the waveguides, angle ¢ is the fixed phase difference in
the 3dB couplers, L4 is the length of the loop, angle 8 is the initial phase difference between
b [

the MZI arms, and the constant Njequals to is given by N; = v in which V,; =5V is the
pl

voltage required for a it phase shift of the single-drive MZIl and is obtained experimentally for this
device during characterization. Vp is the DC bias voltage applied across the PN junction to
change the effective index of the MZI; V4 is the drive voltage applied to the top arm of the
MZI; V4 is the drive voltage applied to the bottom arm of the MZI. The relationships between

these angles and the geometry of the modulator are expressed in Equations (8) and (9):

2T

0 = TneffLMZI (8)
21
¢ =~ Neprlzap (9)

where Ly is the length of the phase-shifter part of the MZl, L3;5 is the length of the 3dB
couplers, and n.ss is the effective index of the device obtained with the Lumerical MODE
Solutions software. Based on Equations (1) - (9), E¢p, Can be expressed by:

—j(rnV2+Vp1 (L1 B+49)) V14V

Ep_tum(V1,V,) = é.e Vb1 (-1+e ", ) (10)
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By examining Equation (10), it is possible to show that the LMM is capable of phase-only
modulation. First, to simplify Equation (10) we can assumethatL; = 1, 8 = 2m, ¢ = 0,and using

trigonometric identities then

.V LT \4 .
ﬂr—V1 iy 1 —imgi )
p ——e Vp1

N

NII—\

Ep_tum(V1,V3) = (11)

The intensity of LMM is derived in Equation (12) and plotted in Figure 2. Consequently, the phase
of LMM is derived in Equation (13) and plotted in Figure 3.

1
|Eg—ium|® = > [1+ COS(% Vy +V + V)] (12)

LEg_1um = _%(ZVZ + V) (13)
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Figure 2- Intensity of LMM as a function of applied voltages when V, = 5V
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Figure 3- Phase of LMM as a function of applied voltages when V,, = 5V

Phase-only modulation with the LMM is possible when the output intensity maintains a constant
unit amplitude value. By requiring that |E¢,,|? = 1, we obtain a condition for V, as a function

of Vi:
Vo=V — V4 (14)

This expression for V, is symmetric with V3, since V, — V; = £V,,;. By changing the expression
Vy = V,1 — V5 to the more general expression V, =V, — V; where I, < V,,;, the LMM output
intensity will range from zero (for V; = 0) to one (for I, = V},;). This proves that the LMM can
provide both an arbitrary phase and amplitude modulation. Through Equation (11), the voltages
V; and V, can be written as functions of the amplitude and phase output of the LMM. The

resulting equations are, respectively:

Vi _
V= ;(COS Y2 |Eg—pum|* — 1) + LEg_pym — g) (15)

Ve
Vo= ;(—LER—LMM - g) (16)
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The physical explanation of the principles of DPSK modulation format relies on the fact that the
amplitude is constant and thus |Er_;yu| = 1, while the phase varies as ZExr_;pypy = 0, 7.
Different voltage values required for phase modulation according to Equations (15) and (16) are

extracted and the results are summerized in Table 1 as below.

Table 1 - Different voltage values required for phase modulation

LEp_1mm | V1 V,
0 |v.j2| V.2
T | V)2 |32

To evaluate the modulation efficiency of the LMM, it is important to understand the EO response
of the modulator as a function of frequency. To obtain this, we used the calculated output of the
LMM from [9]. By assuming the relation between phase shift and the applied voltage to each arm

of MZM in LMM shown here in Equation (17)

0., = T(Vip+Vac) 9., = T(Var+Vac)
1b V1 ’ 1f Vi1
_(VaptVad) | _(VistVar)  m
05 = Vor + > Hzf = —Vpl + > (27)

where angles 6,5 and 6, are the phase shifts experienced by the forward going signals due to
the modulation of the effective refractive index of the upper and lower MZI arms, respectively,
and similarly 684, and 8, are the phase shifts experienced by the backward propagating signals
due to the modulation of the effective refractive index of the upper and lower MZI arms. For the
upper arm of the MZI, the phase shift is defined by 6; = 0;;, + 6,. Similarly, for the bottom arm
of the MZI the total phase shift of the signal is defined as 6, = 6, + 0,¢. Voltages V;5 and
V5 are the applied voltages at the forward going signals to the upper and lower MZI arms,
respectively, and similarly V;;, and V,, are the applied voltages at the backward propagating
signals to the upper and lower MZI arms. For the upper arm of the MZI, the total applied voltage

is defined as V; = V3, + V; . Similarly, for the bottom arm of the MZI the total applied voltage is
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defined asV, =V, + V,. Considering these relations in Equation (17) the voltage-based output

of LMM can be refined as phase shift-based output of LMM. That means

Ep_1mum(f,61,02) = Eg_pum (f, V1, V2) (18)

The EO response for intensity modulation of the LMM for phase values of O (blue line) and m (red
line) are obtained in Figure 4. As it can be observed there is roll-off around 1 GHz for intensity
modulation. The efficiency of EO response for intensity modulation is interrupted by counter-
propagating signals. At high frequencies the EO response of LMM to tend toward zero since the

phase mismatch between the optical and RF waves increases.

—LMM at phase = 0
—LMM at phase = =

EO response for intensity modulation
o
\‘

0.4 ! !
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Frequency (GHz)

Figure 4 — EO response for intensity modulation of LMM at phase values of 0 and &

The EO response for phase modulation of the LMM for phase values of 0 (blue line) and & (red
line) are obtained in Fig. 5. As it can be observed there is roll-off around 1 GHz for intensity
modulation. Similar to intensity modulation, the efficiency of EO response for phase modulation
is also interrupted by counter-propagating signals. At high frequencies the EO response of LMM

to tend toward zero as well.
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Figure 5 — EO response for phase modulation of LMM at phase values of 0 and Tt

The difference of EO response for phase modulation of the LMM at phase values of 0 and 7 is
obtained with the blue line in Fig. 6. The EO response of an MZI of the same length without a

loop-mirror that is driven with the voltage as the LMM is also included in Fig. 6 (red line).

vy
—MZM
= —LMM
il e
©
S
°
o
E /2
(0]
7]
o
<
o
S
3
c 0
o
o
)
g
@)
L
/2 | | | | |
0 1 2 3 4 5 6 £ 8 9 10

Frequency (GHz)

Figure 6 — (blue line) EO response for phase modulation of an LMM, (red line) EO response for phase modulation
of a standard MZI driven with the same voltage as the LMM.
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The EO response for phase modulation rolls off around 1 GHz. Similar to intensity modulation
[9], the efficiency of EO response for phase modulation is also affected by counter-propagating
signals. At high frequencies the LMM displays a modulation efficiency comparable to an MZI
without a loop-mirror and is modulated with the same drive voltage. However, the LMM can
provide twice the modulation depth for frequencies below 1 GHz. This corresponds to the
frequency range over which the LMM electrodes can be considered in the lumped regime instead

of the traveling wave regime.

6.3 Design and fabrication
The device discussed here was fabricated at the Institute of Microelectronics (IME)/A*STAR

through an OpSIS (Optoelectronics Systems Integration in Silicon) Multi-Project Wafer run. PN
diodes with dual-drive TW electrodes operated in reverse bias were used to modulate the
refractive index of the MZIl arms. The length of both modulation regions was 2.28 mm. The power
splitters used to form the MZI were two identical adiabatic3dB couplers. In Figure 7, the loop,
which has a radius of curvature of 10 um, is located on the right side and the input and output
ports are visible on the left side. The schematic of the device with the electrode configuration is
shown in Figure 7 and is similar to the device presented in [6], [7].The geometry of the doping

regions is shown in Figure 8.

input port 1‘.’,
Orop ~ + AO/2
or ~Drop
I‘l
A6/2
Through port
1"‘11:/01.3;}1 On-chip device length ~ 2.6 mm

Figure 7 - Schematic of the LMM
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Figure 8- PN junction geometry of the LMM

The measured transmission spectrum of the TW-LMM, normalized to a reference waveguide, is
shown for different DC biases in Figure 9. In this figure, the waveguide routing propagation loss
is 2.0 dB. The insertion loss due to the pair of each grating coupler is 5.7 dB. The insertion loss of
the LMM (without considering the grating couplers) is 8.1 dB. As shown in Figure 9, the FSR of
the TW-LMM is 20 nm, and the measured Vj; is 5V, matching the 22 um length difference

between the arms of the MZM. The modulation depth observed is about 25 dB, similar to that

reported in [6], [7].
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Figure 9 - Normalized transmission spectrum of the LMM with different bias voltages

114



6.4 Experimental demonstration of DPSK at 10 Gb/s
We tested the modulator by applying a 27-1 PRBS signal via a GSGSG probe on one side of the

device. The other end of the modulator was terminated with a 50 Q load to minimize RF
reflections. The amplified drive signal was 4.09 Vpp, applied to the lower arm of the device, which
operated as a single-drive modulator. A reverse bias voltage of 1.84 V was applied to the
modulator using a bias tee. In this experiment, we used a tunable all-fiber delay-line
interferometer for DPSK demodulation [3]. At the receiver, a DC voltage of 1.46 V was used to
tune the DPSK demodulator to optimize the optical eye diagrams. The experimental setup to
evaluate the performance of the LMM for DPSK modulation is illustrated in Figure 10. The DPSK
optical eye diagram before processing by the tunable-DPSK demodulator is presented in Figure
10 beside the DCA. With single-drive electrode modulation the LMM could not meet the phase-
only modulation requirement. This optical eye diagram indicates compound phase and intensity
modulation. We used single-drive electrode modulation because due to fabrication error the

other electrode was not functioning properly, and the dual-drive electrode modulation was

asymmetric.
i Optical
Clock Electrical
PPG Tunable PPG Pulse patterngenerator
I laser DUT | Device under test
$ DCA | Digital communication
DUT analyzer
‘ VOA | Variable optical
; attenuator
EDFA
PD Photodetector
ED Error detector
L Path 2 - s ==
2 DPSK
Filter pessosessooss VOA |- PD | ED

~| demodulator | ‘
Path 1

DCA

Figure 10 — Schematic of the experimental setup used to evaluate the DPSK performance of the LMM
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Figure 11 - BER measurements for 10Gbit/s DPSK modulation using 3dB and 6dB attenuators before the RF
probe to improve quality of the optical eye diagrams

In the DPSK, signal information remains in the phase variations of the optical signal. As a
photodetector is insensitive to phase variations in the optical signal, a demodulator is needed at
the receiver front end to convert the phase variations of the DPSK signals to intensity variations.
In our demodulated DPSK optical eye diagrams (see Figure 11), the optical eye width was 38 ps,
the ER (ER) was 16.7 dB, and the OSNR was 6.7 dB. The BER data we obtained after using the
DPSK demodulator is shown in Figure 11. In our experiment, we obtained error-free operation
(BER < 107'2) at a received power of -4.5 dBm, as shown in Figure 11; the zero errors line
indicates a measurement with zero errors detected in three terabits. Therefore, we can claim
error-free operation with a 95% confidence level [12]. This claim is supported by the clear optical

eye diagram.

6.5 Chirp analysis for loop-mirror modulator

Any mismatch in the propagation of optical signals via the two arms of an MZI generates chirp.
This mismatch can happen either from asymmetric phase shift or asymmetric amplitude (and
intensity) at the arms of the MZI. Based on [14-16], the chirp of an optical modulator () can be

defined as the ratio of the phase modulation to the intensity modulation described by

(%) )

(@)

a =
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where [ is the intensity of the optical signal, ¢ is the phase of the optical signal, and t represents
time. Chirp results in pulse broadening when a > 0 and pulse compression when a < 0. For a
regular dual-drive MZl, if the effective refractive index per volt changes equally in both arms of

the MZI, then in the small-signal regime the chirp can be simplified as [16]:

_ V1+y2V2
y(V1—V2)

(20)
where V; and V, represent the amplitudes of the sinusoidal drive signals, and the scaling factor
0 <y < 1 is present because of asymmetric splitting/combining ratios in the MZI device. The
value of y can be extracted from the measured DC modulation depth, &, by Equation (21) below:

Ve-1
Y =7 (21)
Based on the experimental measurements for the dual-drive LMM we obtain y = 1. The resulting

chirp estimation is equal to

_ Vi+V,
Vi-V2

(22)
For the series push-pull (SPP) LMM we have V; = —V, and consequently Equation (22) implies
that agpp = 0. For the dual-drive (DD) LMM, the voltage condition that is derived from Equation
(14)is V; = Vy,y — V4. From Section 6.4 we obtain the values V,,; = 5V and V; = —4.09 V, which
yield app = —0.37. For the sake of comparison, the corresponding values in the case of the

existing Mach-Zehnder based silicon optical modulators in [17], [18] are @ = —1.7 for a single-

drive MZIl and a = 0 for a dual-drive MZI.

6.6 Conclusion
In the experiment described here, we generated a 10 Gbit/s DPSK signal using a TW-LMM and

achieved error-free operation. We presented an analysis of the device and obtained an
expression for the conditions that are necessary to obtain arbitrary phase and amplitude output
as a function of the two drive voltages. This device has the potential to operate at higher speeds,
but we were limited in our demonstration by our BER detector. The drive voltage of the proposed
TW-LMM is 4.09 Vpp. Theoretical analysis in [9] shows that in the lumped model, the power

consumption of the LMM is one-quarter that of an equivalent TW-MZM with similar drive voltage
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[8]. Based on Equation (7) in Chapter 5, the dynamic power consumption of the LMM device at a

modulation rate of 10 Gb/s for DPSK modulation is estimated to be 8.4 pJ/bit. Further work would

be necessary to generate the phase-only modulation required for DPSK modulation.
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Chapter 7

Conclusion

7.1 Applications and implications of power-efficient optical switches and

modulators
There is an increasing demand for consumer applications requiring larger bandwidth and higher

capacities in telecommunication and datacom networks [1]. Optical components with low-power
consumption can provide a solution to this demand. This thesis investigates the low-power, high-
speed silicon-based optical modulators for broadband applications. We demonstrate for the first
time a non-resonant silicon-based integrated photonics optical modulator that combines an
MZM with a loop-mirror, resulting in a loop-mirror modulator (LMM).

This thesis is an investigation to explain this hypothesis that resonant devices and non-
resonant devices implemented in EO materials are capable to reduce power consumption while
achieving high-speed performance. This is a general principle which is in particular applicable to
implemented devices in EO effect and can be extended to the devices that are implemented using
the plasma dispersion method. The quantitative evidence for the above claim is given in Chapter
3 where we exhibit the switching energy comparison of the resonant (based on FPI) and the non-
resonant (based on MZl) EO switches. The derived analytical results show that the resonant
switches are suitable for use in optical networks at low frequencies since their power
consumption is less than the non-resonant switches. However, the resonant switches have a
narrow bandwidth that limits their applications. Furthermore, there is a certain frequency at
which the resonant switches have switching energy equal to the non-resonant switches and the
demonstrated modulation characteristics of these switches become identical. By an analytical
model, in Chapter 3 we show that at frequencies higher than this critical frequency, non-resonant
switches are preferable.

The LMM that is designed in Chapter 4 uses carrier depletion with a reversed bias voltage

to provide complete modulation. Chapter 4 theoretically affirms that LMM in lumped electrodes
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regime requires smaller phase shift, and hence it can operate with lower actuation voltage and
less power consumption than equivalent MZMs with similar drive voltage [2]. In Chapter 5 we
show the results of large signal characterization and big signal measurements of a series push-
pull TW-LMM. The maximum rate for OOK modulation before distortion is 20 Gb/s and it has a
potential to work at a higher modulation speed with further optimization to reduce the EO
velocity mismatch. In Chapter 6 we demonstrate the results of 10 Gb/s DPSK modulation with a
dual-drive TW-LMM. These results are obtained with error-free BER operation. The TW-LMM has
the potential to operate at higher speeds for DPSK modulation, but we were limited in our
demonstration by our BER detector. In addition, using a balanced photodiode might help to show
the received eye diagram of the DPSK signal. However, the necessary equipment for this
investigation was not available at the time we were doing the DPSK experiments. Moreover, in
Chapter 6 we perform an analysis of the TW-LMM and obtain an expression for the optimized
performance conditions. This condition is necessary in order to achieve arbitrary phase and
amplitude output as a function of the two drive voltages. The characterization results and

enhanced features for LMM in both OOK and DPSK modulation are listed in Table 1 as below.

Table 1 — Enhanced features for LMM in OOK and DPSK modulation

Characterization parameters

OOK modulation

DPSK modulation

Operating bandwidth

40 nm (C-band)

40 nm (C-band)

Maximum modulation speed 20 Gb/s 10 Gb/s
Ve 5 volts 5 volts

Voo 2.6 volts ~2.25volts
Extinction ratio 3dB 5.3dB
Insertion loss 2.6dB 3.0dB

Footprint

4 mmx2mm

3mmx2.5mm

Modulation depth

25dB

~25dB

In addition to the characteristics of LMM that are noted above, we also investigate the EO
modulation response of LMM for OOK modulation in Chapter 5. The simulation results show that

EO response rolls off very quickly at around 1 GHz in counter-propagation; thus, at higher

121



frequencies the optical signal is only modulated when it propagates in the forward direction.
Therefore, at high frequencies, the LMM displays modulation efficiency comparable to that of an
MZM without a loop-mirror when both are modulated by the same drive voltage. However, for
the same drive voltage, the LMM can provide twice the modulation depth for frequencies below
1 GHz. This corresponds to the frequency range over which the LMM electrodes can be
considered as lumped electrodes regime instead of TW electrodes regime. Moreover, since the
propagation time inside the loop-mirror is negligible, in this regime, the LMM will efficiently
modulate the signal in both co- and counter-propagation.

The LMM is proposed as a reflective modulator for GPON networks. We expect that it can
result in significant cost reductions and offer a suitable bandwidth. Our theoretical model in
Chapter 4 indicates that the LMM can provide improved performance if its MZM is implemented
with a lumped electrode design instead of TW electrodes. As explained in EO bandwidth analysis,
counter-propagation modulation in our demonstrator is efficient at low frequencies where the
TW electrodes effectively work as lumped one. Thus, in that regime the LMM is able to generate
a phase difference between its arms twice as large as an equivalent MZM for the same
modulation voltage. To demonstrate this, we recently sent for fabrication an LMM with shorter
electrodes (750 um instead of 2.2 mm) that should operate as a lumped MZM at frequencies

higher than 10 GHz based on the microwave model presented in [3].

7.2 Future work
The silicon-based LMM is a cost-efficient solution in comparison to other remote modulation

devices such as IL-FP [4], [5], RSOA [6]-[9], and EAM [10]—[14]. Most of the losses of the LMM
are due to coupling and routing, which can easily be improved [15]. Besides the back-to-back
measurements, a more explicit way to show the performance of the LMM would be to consider
transmission experiments over a few km of fiber (for the intra-data center and PON applications)
or at least 80 km (for long-haul applications). In this case a discussion of the penalties should also
be included.

Some other modifications that can be done to reduce the insertion loss are developments in the
end-face polishing techniques [16], and improvements in the alignment of connectors [17].

Furthermore, in comparison to the low-power and high-speed modulators based on ring
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resonators, the LMM design is based on MZI and has a broad bandwidth with high fabrication
tolerance. These advantages in addition to the colorless nature of the device, makes LMM a
significant candidate to be considered in WDM systems. In future work, we will examine a revised
LMM lumped design which contains shorter electrodes. The lumped model will provide higher
modulation speed with lower power consumption than the methods that were previously
mentioned. Furthermore, as reported in [18]-[20], the velocity match of optical and RF signals is
not an issue in the lumped electrode regime. It is important to indicate that in the
characterization of the proposed LMM, we have not measured the polarization dependency of
this device. However, the LMM is designed for polarization-independent operations.

Hybrid silicon and EO polymer photonic devices combine the low-power actuation of
polymers and the small footprint of silicon photonics to make the desired device with high
modulation efficiency and large bandwidth. The LMM design has the advantage of low-power
consumption as explained in previous sections. Its power consumption should be one-quarter
that of conventional MZI and this makes it an innovative idea in power-efficient optical
modulation. It is possible to combine the low-power consumption of EO polymer with the low-
power advantage of loop-mirror devices. Eventually the expected design will be the LMM
fabricated with EO polymer cladding as a highly power-efficient optical modulator. Also, because
EO polymers are not limited by the drift velocity of charge carriers, the fabricated modulator
should achieve high speeds as well. This can respond to the demand for a low-power and high-
speed optical device. As one of the short-term future objectives for this prototype, the 40 Gbps
modulation rate for telecommunication applications and 10 Gbps modulation rate for datacom
applications can be targeted with this hybrid silicon and EO polymer device. However, reaching
solutions with faster modulation rate can be considered for long-term future of this prototype.
The next step will be to design and fabricate this hybrid optical modulator through available
foundries. Then as a post-fabrication process, the provided EO polymer will be deposited to form
the cladding. This device will be the building block that enables the implementation of novel
integrated high-performance optical modulators. In addition to telecommunication and
datacom, EO polymer modulators may also find applications to incorporate the optical switches

and modulators in high bandwidth fiber and wireless communication devices, video transmission
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and radio frequency distribution, ultrafast analog to digital converter, optical detection and radar

systems [21].
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