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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF ENGINEERING AND PHYSICAL SCIENCES

Optoelectronics Research Centre

Doctor of Philosophy

Communication Applications in Silicon Waveguides

by losif Demirtzioglou

The adoption of silicon photonic technology in optical communication networks is now
a commercial reality, with silicon transceiver products being incorporated into data cen-
tres. Photonic circuits fabricated on the Silicon-on-Insulator (SOI) platform enjoy the
benefit of design scalability, by leveraging the immense infrastructure of the microelec-
tronics industry that offers high production yield at low cost. This PhD project was
aimed at investigating and developing a number of integrated components that perform
key functionalities in communications. In particular, the reported devices cover chip-
to-fibre grating couplers, electro-optic modulators and nonlinear waveguide elements,

which are studied in various stages of their development cycle.

The first component reported in this thesis is a novel silicon grating coupler device that
was simulated and fabricated in order to operate as a mode order converter. Coupling
of the fundamental waveguide mode to a higher-order Linearly Polarised (LP11) mode

of a commercial two-mode fibre is successfully demonstrated to verify its operation.

The second topic that is investigated relates to electro-optic silicon modulators and
their capabilities in two different applications. First, an analytic model is developed for
the behaviour of a Ring Resonator Modulator (RRM) as a frequency comb generator
and the concept is experimentally implemented on a fabricated device that produces a
five-line comb. The second device that is studied is a linear Mach—Zehnder Modulator
(MZM) that is characterised and used for data transmission in medium-reach links using
Pulse Amplitude Modulation and Discrete Multitone formats (PAM-4 and DMT), while

improvements of the topology in terms of linearity are theoretically studied.

The last topic of this thesis relates to the application of nonlinear silicon waveguides in
all-optical signal processing. Wavelength conversion of a complex optical signal through
Four-Wave Mixing in such a structure is demonstrated, while an improved design for an

integrated wavelength converter device is proposed.
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Chapter 1

Introduction

Optical fibre communications are currently the dominant technology driving the ex-
change of data traffic around the world. The use of the silica glass fibre as a medium for
data transport has gone through numerous stages of evolution since its first report by
Charles Kao and George Hockham [1], resulting in the current widespread deployment
of fibre optic cable bundles for long-distance transmission links. Over the decades, there
have been several milestones in this evolution, which include the demonstration of the
single-mode optical fibre with a loss approaching the minimum theoretical value in bulk
silica (~0.2 dB/km) [2], the invention of the erbium-doped fibre amplifier (EDFA) in
the late 1980s [3, 4], the technique of dispersion management [5] and the introduction
of advanced modulation formats [6] to implement coherent modulation and detection
in optical systems [7, 8]. Thanks to the aforementioned technological innovations that
enabled augmentation of the link capacity, optical networks have always adapted to in-
creasing traffic demands. Maintaining the balance in this supply-and-demand relation
is still the target in today’s research on optical communications [9], with the challenge
of the current era involving the substantial modification of the existing physical network
infrastructure, potentially through the introduction of Spatial Division Multiplexing
(SDM) [10-12], in order to keep up with the rapidly growing datarate requirements of

today’s applications.

In addition to the fibre-based systems, the development of photonic components on the
Silicon-on-Insulator (SOI) platform has seen a rapid growth in the form of commercial
devices for the data centre and High-Performance Computing (HPC) markets. Research
in the field of silicon photonics first started in 1985 [13, 14], while commercialisation
started shortly after [15, 16], with the main target being sensor applications. Nowa-
days, the market of silicon photonic devices is predominantly directed by the demand
for low-cost short-range optical interconnects in data centres and the computing in-
dustry [17]. The popularity of the technology is proven by the amount of transceiver
products that have been developed commercially by companies such as Intel [18], Lux-

tera [19], Acacia [20] and others. A number of key components for telecommunication

1
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applications have successfully been developed in silicon in order to achieve this level
of commercialisation [21], however improvements in the cost, power consumption and
manufacturing robustness are still being studied. Modulators have been designed either
using doped silicon sections in Mach—Zehnder-based configurations or by leveraging elec-
troabsorptive mechanisms (in SiGe or III-V materials), while photodetectors have been
most commonly based on the use of germanium. Components with several function-
alities that accommodate communication applications (such as multiplexers) have also
been designed. Bonding between silicon chips enables packaging photonic and electronic
circuits together, while gratings or edge-coupling are used to realise the connection to
optical fibres. Lastly, the biggest challenge has been the design of an efficient light emit-
ter in the silicon platform because the indirect bandgap of the material prohibits such an
implementation, however on-chip light sources have so far been built using I1I-V-based
lasers that are bonded to the SOI chip.

Although there is a number of alternative materials provided for integration, includ-
ing Indium Phosphide (InP), Gallium Arsenide (GaAs) and Lithium Niobate (LiNbO3),
the choice of silicon is justified by a number of reasons. Firstly, the foundries based
on the Complementary Metal-Oxide-Semiconductor (CMOS) technology that already
serve the microelectronics industry can be leveraged to offer scalable manufacturing for
silicon photonic devices, therefore lowering their cost. Secondly, the structures that are
fabricated on the SOI platform exhibit strong light confinement because of the high
refractive index contrast between the silicon core and its SiOg surroundings, thus en-
abling the design of devices in the submicrometer scale. Lastly, optical components can
be monolithically integrated in silicon along with electronic components and microelec-
tromechanical systems (MEMS) at high density, allowing for convenient copackaging

with control circuits.

This PhD project was conducted as part of the Silicon Photonics for Future Systems
(SPES) project (funded by the Engineering and Physical Sciences Research Council
(EPSRC) in the UK). The specific objective of SPFS that this project has related to
is the development of silicon photonic transceivers for high-capacity applications. The
work reported in this thesis studied the development of various components in such a
transceiver, spanning from device design and simulation to fabricated component char-
acterisation and data transmission experiments. The work was carried out within the
groups of Optical Fibre Communications and Silicon Photonics at the Optoelectronics
Research Centre (ORC), while some of the experiments were conducted on the optical
communications testbed of the State Key Laboratory of Advanced Optical Communica-
tion Systems and Networks of Peking University in China, as part of their collaboration
with the Silicon Photonics group in the University of Southampton. The stages in the
development procedure of a silicon photonic component consist of the modelling and
simulation of the device using software tools, the fabrication processes conducted in ap-

propriate cleanroom facilities, the characterisation of the manufactured device through
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laboratory measurements and the evaluation of its performance in an experimental data
transmission link, in the case of telecommunications components. The author of this
thesis was involved in activities relating to all of the above stages except for the fabrica-
tion process, which was conducted by members of the Silicon Photonics group with the
appropriate expertise. The work presented in the thesis covers a variety of topics that
correspond to different components of a SOI-based telecommunications transceiver: the
design and characterisation of grating couplers for mode order conversion, the modelling
and experimental generation of a frequency comb using a Ring Resonator Modulator,
the characterisation of a Mach—Zehnder Modulator which is used to transmit high-
spectral-efficiency data and the design of linear modulator configurations and finally,
the implementation of wavelength conversion through the use of a nonlinear waveguide
and the design of a fully integrated wavelength converter. A comprehensive description

of the thesis structure is provided in the following section.

1.1 Thesis Outline

This thesis is divided into 7 chapters, which first describe all the necessary theoretical
elements relating to the technology of silicon photonics and optical communications and
then elaborate on the contributions of this project to scientific research. The contents

along with the new contributions to the state-of-the-art are outlined in this section.

Chapter 1 provides general context about the field of research that is related to this
thesis, while describing the main aspects of the presented work and the topics that it

covers.

Chapter 2 presents the basic theoretical concepts behind the research topics investi-
gated in the rest of the thesis. A description of light propagation in silicon waveguides
is first presented, with an elaborate analysis of the nonlinear effects present in such
structures. Then, the silicon-fibre interface through gratings is described by elaborating
on the concept of out-of-plane coupling. The next topic in the chapter concerns electro-
optic modulation in silicon and the physical mechanisms that are used to implement
it, with a focus on the plasma dispersion effect. Lastly, a description of the most com-
mon configurations of silicon modulator devices is presented, namely the Mach—Zehnder
Modulator (MZM) and the Ring Resonator Modulator (RRM), while the analytic mod-
els for their transfer functions are studied. This section finishes with an outline of the

typical performance metrics considered in the design of an electro-optic modulator.

Chapters 3 - 6 describe the design and experimental work conducted by the author
under this PhD project and present the results. Chapter 3 reports the simulation-
based design of a grating coupler that implements mode order conversion at the chip-
fibre interface and presents characterisation results on a fabricated device. The main

measured properties that are reported include the power profile at the output of the
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grating as well as the efficiency of coupling to a commercial two-mode fibre. The results
of this work were presented at the Conference on Lasers and Electro-Optics in 2019
(CLEO 2019) [22] and published in the Photonics Research journal [23].

Chapter 4 investigates the generation of a frequency comb by a Ring Resonator Modula-
tor (RRM) which is driven by sinusoidal electrical signals. An analytic model is provided
to study the behaviour of the RRM as a comb generator and a fabricated device is sub-
sequently used to generate a five-line optical frequency comb. The experimental results

of this work were published in Optics Express [24].

The topic of Chapter 5 is the use of linear modulators for the transmission of information
using advanced modulation formats. A fabricated Mach-Zehnder Modulator (MZM) is
characterised in terms of linearity and is then used to transmit data modulated using
the Pulse Amplitude Modulation and Discrete MultiTone formats (PAM-4 and DMT
respectively) in a medium-reach optical link. The results of this experiment were pre-
sented in the European Conference on Optical Communications in 2017 (ECOC 2017)
[25] and published in Optics Express [26]. The last section of this chapter investigates
the design of a MZM configuration termed Ring-Assisted Mach—Zehnder Interferometer
(RAMZI) Modulator which is optimised for linearity, while measurements are reported

on a preliminary version of a fabricated device.

Lastly, Chapter 6 describes the characterisation of a fabricated silicon waveguide in terms
of its nonlinearity and its use for the Four-Wave-Mixing-based wavelength conversion of
data modulated with a 16-Quadrature Amplitude Modulation (16-QAM) format through
Bit Error Ratio (BER) measurements. These results were presented at the European
Optical Society Biennial Meeting (EOSAM) 2016 [27]. Its last section describes a design
for a fully integrated wavelength converter device that includes on-chip pump and signal

filtering, with modelling results of different types of ring filters.

Chapter 7 summarises the topics investigated in this thesis, outlines the main results and
scientific contributions and discusses the potential future steps in the presented research

activities.



Chapter 2

Background

2.1 Silicon Photonic Devices

2.1.1 Propagation in silicon waveguides

A silicon photonic circuit is typically written on a Silicon-on-Insulator (SOI) wafer,
which contains the semiconductor material that is the foundation of integrated circuits
in the microelectronics industry. The composition of such a wafer is illustrated in Fig.
2.1, where the material layers are presented in a cross-sectional view. At the bottom lies
a 725-pm-thick silicon substrate, on which a buried oxide layer (SiO2 BOX) of a 2-pum
thickness forms the base for the silicon layer that hosts the photonic circuit. The crys-
talline silicon layer (SOI) in which the components are written is usually 220-nm-thick,
although different thicknesses are also commercially available. The 220-nm specification
is widely used in multi-project wafer (MPW) foundries, while a cladding layer made of
SiOs is also deposited on top to provide symmetry in the optical surroundings of the
circuit, enable the fabrication of metal electrodes above the photonic components, as

well as protect them from mechanical damage.

y
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Silicon Oxide cladding

Silicon-on-Insulator (SOI), 220 nm

Buried oxide (BOX), 2 uym

Silicon substrate, ~700 um
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FIGURrE 2.1: Composition of a Silicon-on-Insulator (SOI) wafer (not to scale).
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The fundamental building block of any silicon photonic component is the waveguide
structure. The two types of structures that are typically used to guide light in silicon
photonic design are strip and rib waveguides. A strip waveguide is the result of a full
etch of the silicon layer (220 nm etching depth), whereas a rib geometry results from a
partial etch (e.g. 120 nm etching depth). Scanning Electron Microscope (SEM) pictures
of the cross-sections of these waveguide types along with their corresponding simulated
mode field profiles are illustrated in Fig. 2.2. The mode confinement is stronger in strip
waveguides and this can favour applications that require structures with tight bend radii
or make use of nonlinearity, while rib types enable electro-optic functionalities because
the geometry allows electrical access to the waveguide from its sides. It is noted that
in order for these waveguides to be single-mode in the wavelength range typically used
for telecommunications applications (C-band, 1530 - 1565 nm), their width is usually
selected to be ~500 nm.

I {microns)

Z (microns)

05 02 0.1 04 s 02 0.1 0.4
(C) ¥ (microns) (d) y (microns)

FIGURE 2.2: SEM cross-section images of (a) a strip waveguide and (b) a rib waveguide
written on a SOI wafer. (c), (d) Mode profiles (electric field component E,) for the
strip- and rib-type respectively, as simulated in MODE Solutions by Lumerical”?.

The measure of the guiding capability of such silicon waveguides is the propagation loss
they exhibit. Like in the case of optical fibres, the optical power attenuation in a silicon
waveguide is exponential with propagation length and is expressed by the following

equation [28]:

Pout - Bne_az (21)
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where « is the attenuation constant, P;, is the power launched inside the waveguide and
P, is the power at its output, after propagation over a distance z. The attenuation

constant is usually expressed in units of dB/cm as per the following relation:

10 Pout

adB/cm - —IZOQ( P

) = 4.343 0001 (2.2)

where a reference propagation length L (in cm) was assumed. The attenuation constant
comprises the total loss in power experienced by the propagating light. The main sources

of optical loss in a silicon waveguide are [29]:

1. Material loss, which is negligible in the case of passive structures at low input
optical power levels. However, this factor can contribute greatly to the total loss
in the case of active structures, where silicon is doped and free carriers can cause
absorption effects, as well as in the case of operation at high optical power levels

where the effect of two-photon absorption (TPA) is present.

2. Sidewall scattering loss, which is the main source of optical loss in silicon waveg-
uides. The roughness present on the sidewalls of an etched structure can cause
radiation outwards [30], as well as reflections and phase perturbations across its
length (Fig. 2.3). Increasing the waveguide width can alleviate the problem, how-
ever the potential excitation of undesired higher-order modes has to be taken into

account.

3. Metal proximity loss, in the case of devices that contain electrodes to implement
some functionality such as heating or biasing a p-n junction and their metallic

components contribute to absorption.

From the point of view of optical telecommunication applications, loss is not the only
factor that contributes to the deterioration of an optical signal. Dispersion and nonlin-
earity are significant parameters of a waveguide that can be undesirable or leveraged in

order to implement some function, depending on the application.

Regarding dispersion, it has been shown that modifying the transverse dimensions
(height, width) as well as the structure type of a waveguide (rib or strip) can affect
its Group Velocity Dispersion (GVD) [31, 32]. This is because the total dispersion of
the waveguide is dependent on the confinement of the optical mode and it has therefore
led to the development of dispersion engineering methods. In particular, it has been
shown that strip-type waveguides, where the mode is strongly confined, can exhibit
anomalous dispersion in the C-band, whereas their rib-type counterparts generally show
smaller amounts of anomalous dispersion or even exhibit normal dispersion in the same

band, for common structures of a 300-nm height and a 500-nm width [31].
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/

Sidewall
roughnesss

FIGURE 2.3: Schematic of a waveguide at an angled perspective. The roughness of its
sidewall is visible (not drawn to scale).

The following section focuses on nonlinearity, as its role in optical signal processing

applications is investigated in the experimental part of this thesis (Chapter 6).

2.1.2 Nonlinearity in silicon waveguides

To describe the effects of nonlinearity in silicon waveguides, an analysis of the evolution
of the optical field as it propagates inside a nonlinear medium is first provided. Next,
the specific effects exhibited in silicon structures are outlined and described. For this

purpose, the wave equation is used as the starting point [33]:

1 0’°E 0*P

2
D
Vv 2o Mop

(2.3)
where E represents the electric field vector, ¢ is the speed of light in vacuum, pug is the
vacuum magnetic permeability and P represents the induced electric polarisation vector.
The wave equation is used here to describe the propagation of light in a silicon waveguide.
Assuming that the medium is homogeneous, stationary and spatially non-dispersive, the

relation between P and E can be expressed as:

P =« (x(” ‘E+x®: EE +y® | EEE + ) (2.4)

where ¢ represents the vacuum electric permittivity and (™ is the n-th order electric
susceptibility which is mathematically represented as a (n + 1)-rank tensor comprising

complex components. The first term on the right-hand side of eq. (2.4), x(!), represents
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the linear susceptibility of the medium, which relates to its linear response. This term

essentially determines the relative permittivity of the medium ¢(w) through the relation:

e(w) =1+ ¥V (w) (2.5)

In this equation, X(l)(w) represents the complex susceptibility in the frequency domain
and the use of the angular frequency variable w indicates the frequency dependence of
the permittivity e(w). The properties of refractive index n(w) and linear absorption
coefficient «(w) of the medium are related to the permittivity (or dielectric constant)

through the expression:

€= (n+iac/2w)? (2.6)

and by combining eq. (2.5) with eq. (2.6), the following expressions for n(w) and a(w)

are derived:

n(w) =1+ 3Re[{(w)] (2.7)
a(w) = = Im[x") () (2.8)

where the mathematical symbols Re and Im represent the real and imaginary parts

respectively.

The above analysis treated the medium response which is related to the linear suscepti-
bility term (). This is sufficient to describe light propagation in silicon in cases where
the amplitude of the electric field is relatively small. However, in the cases of large
intensity levels of optical excitation in silicon structures, the nonlinear susceptibility
terms need to be taken into account to accurately describe light guidance. As silicon
is a centro-symmetric material, the second-order susceptibility term is absent, and the

effects commonly used in nonlinear applications are related to the third-order term [34].

This section briefly outlines the concepts related to all the non-negligible effects encoun-
tered in silicon waveguides in nonlinear applications. The main concepts introduced are
the optical Kerr effect, the effect of two-photon absorption (TPA) and the effects of
free carrier dispersion (FCD) and free carrier absorption (FCA). Mathematically, these
effects correspond to coefficients similar to the linear refractive index and the linear
absorption coefficient, however their different roles will be made clear through their

inclusion in the nonlinear Schrédinger (NLS) equation which is introduced below.
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The phenomena that are present in the propagation of an optical mode inside a silicon
waveguide can be described by appropriately modifying the wave equation. By including
the induced polarisations associated with the third-order nonlinearity (Pi(g) (r,w)) and
free carriers (I5Zf (r,w)) in the wave equation, it can be written in the frequency domain

in the following form [34]:

w2

V2E(r,w) + 5 ni(w)Ei(r,w) = —pow?[Bf (r,w) + PP (r,w)]  (2.9)

c2

where Ei(r,w) represents the Fourier transform of the i-th component of the electric
field (i = 1,2, 3 for the x, y, z components respectively) and ng is the material refractive

index which is generally different for the core and cladding layers of the waveguide.

Because the induced polarisations are considered as small perturbations to the linear
wave equation, it can be assumed that the waveguide modes are not affected by them.

Therefore, the electric field can be written in the form:

Ei(r,w) = Fi(z,y,w)Ai(z,w) (2.10)

where Fi(az, y,w) describes the mode profile in the transverse plane and Ai(z, w) describes
the mode evolution along the propagation direction z. By substituting eq. (2.10) into eq.
(2.9), multiplying by Fi*, integrating over the transverse plane, the following expression

is obtained:

02 A, () A, — MowafF* [P/ + P™)dady

072 k [ [ |E|2d:vdy

(2.11)

where f;(w) is the propagation constant. Then, by exploiting the Slowly Varying En-
velope Approximation, it can be proven that the following expression is derived for the
field amplitude [34]:

0A 0?A
ot B = — W —-afA——z—an—+wRe|A| A-= 5TPA|A| A
6T2 2 2 C N—— 2 Aeff
. . .Y 4 v Optical Kerr — ———
Dispersion Linear Loss FCA FCD TPA
(2.12)

Eq. (2.12) is referred to as the Nonlinear Schrodinger (NLS) equation and it describes
all the effects that occur in a silicon waveguide during the propagation of a monochro-
matic field at a carrier frequency wy. The effects associated with the imaginary terms
are responsible for phase changes to the optical mode, while the real terms express am-

plitude changes and therefore correspond to effects that act as sources of attenuation
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(loss). All the variables and parameters present in this equation are defined in the fol-
lowing paragraphs, while the physical effects associated with each term are described

accordingly.

Loss

In the above equation, «q is the attenuation coefficient of the waveguide that represents
the optical loss per unit of propagation length mainly caused by the light scattering on
its sidewalls. This type of loss is present in a waveguide structure even at relatively low
power levels (where nonlinear effects are negligible) and scales linearly with the propa-
gated distance, as is evident from the term in the differential equation. The parameters
ng and n represent the material refractive index and the effective refractive index of the

waveguide respectively.

Dispersion

Regarding the phase change constant f(w) in the derivation of the above equation, it was
expanded in a Taylor series around wq, with §; representing the expansion coefficients
(not to be confused with the indexing convention used in eq. (2.11)). It should be noted
that by transferring the wave propagation equation back to the time domain to derive
eq. (2.12), a frame of reference moving at the carrier group velocity v, was also used for
the evolution of the optical field, through the transformation T' =t — z /vy =t — p12.
As a result, only the Sy coefficient is present in the equation, which represents the
second-order dispersion in the propagating signal, while 83 and 4 were considered to

be negligible in this derivation.

In the cases of high level of optical input power to the waveguide, the effects that
arise can be divided into two categories: (a) effects related to the Kerr nonlinearity of
silicon, which induce changes in the effective refractive index and the attenuation (two-
photon absorption) associated with the propagating optical mode, and (b) effects that
are related to the free carriers generated by the aforementioned two-photon absorption.
These free-carrier effects also cause variations in both the phase (free carrier dispersion)
and the intensity (free carrier absorption) of the propagating light. The parameters in

eq. (2.12) that are related to the two categories of effects are described below.

Kerr nonlinearity

The y®)-related nonlinearity is related to phenomena that are exhibited in silicon when
the intensity of the incident light is relatively high and they include two types of effects:

the Kerr effect, which induces an intensity-dependent phase change, and the two-photon
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absorption (TPA) phenomenon which induces an intensity-dependent loss due to the
simultaneous absorption of two photons by the material. The coefficients in the NLS
equation that define the strength of these effects form together the complex nonlinear

parameter v [34]:

: wny . PBrpa
V(W) = Yre + 1Vrm = +1i (2.13)
CAe ff 2Ae Vi
where the Kerr coefficient ng is given by the expression [34]:
3\
= = 2.14
2 4egen? ( )
and the TPA coefficient Srp4 is given by the expression [34]:
3wxg3)
= ~dm 2.15
Prea 2€9c?n? (2.15)

3)

In both of these equations, n is the effective refractive index of the mode, xj’ and X(?’)

Im

are the real and imaginary parts of the y® susceptibility, while Acyr is a parameter
that is related to the field distribution of the mode and expresses the average mode area
[34]:

(f \Epdsdy)
J I |Eilidady

Ags = (2.16)

It is noted that, based on this definition of the complex nonlinear parameter, any free
carrier effects are not included in v(w); rather, they are treated as separate terms in the

NLS equation, as described in the following paragraphs.

Free carrier effects

Given that the TPA process cannot be considered as negligible in silicon waveguides,
the effects related to the free carriers TPA produces are also taken into account in the
NLS equation. TPA can generate a considerable number of free electrons and holes in
the waveguide region, that not only absorb light but also alter the mode propagation
by inducing changes to the material refractive index. These two types of effects, Free
Carrier Absorption (FCA) and Free Carrier Dispersion (FCD) are expressed in eq. (2.12)
through the following two coefficients [34]:
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NNy = ——L 2 2.17
ny(w ) 2€0now? m:+m;§ ( )
3
q N, Ny,
N, Ny) = 2.18
(W, Ne, Ny) €0CNow? ,uemzz—i_,uhm;f (2.18)

ny is the refractive index change caused by the presence of free carriers, while a is the
corresponding absorption coefficient. In eqs. (2.17) and (2.18), ¢ is the electron charge,
N, and Nj, are the densities of free electrons and holes respectively, m} and mj are the
effective masses of electrons and holes respectively and p. and pp are the electron and
hole mobilities respectively. These expressions are derived through the use of the Drude
model which describes well the dynamics of free carriers in the case of silicon waveguides
[35]. Onme useful observation related to the FCA and FCD terms of eq. (2.12) is that
the 72 coefficient signifies the appearance of stronger free-carrier-related effects in a
waveguide structure compared to the case of propagation in a bulk material, because in
the former case the effective refractive index n is smaller than the material index ng due

to mode confinement.

One nonlinear effect that is extensively used for nonlinear applications in Silicon Photon-
ics is Four-Wave Mixing (FWM). As it is the fundamental concept behind applications
such as wavelength conversion, which is the topic of Chapter 6 in this thesis, a brief

description of the FWM effect is provided in the next section.

2.1.2.1 Four-Wave Mixing in silicon waveguides

Four-Wave Mixing occurs when three different optical waves are launched to a medium
exhibiting nonlinearity of the third order and a fourth wave (known as idler) is generated
as a result. In practice, FWM can even occur when the input to the nonlinear structure
consists of a strong pump wave at a frequency w,, along with a weaker signal wave at
ws, resulting in the generation of an idler wave at w;, which constitutes the partially

degenerate case of FWM where only three waves are present.

Depending on the application, FWM can either be useful or undesirable. In the case
of transmission links that carry wavelength-division-multiplexed (WDM) signals, the
frequency generation phenomenon can lead to cross-talk between different channels. On
the other hand, the capability of controlling the generation of the idler wave through an
optical signal at another wavelength opens the way for the development of all-optical
signal processing applications. FWM can also be used as a basis for measurement
techniques that evaluate the nonlinearity or the chromatic dispersion of a waveguide
[36, 37].
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The FWM effect in silicon waveguides can be highly efficient, due to the strong mode
confinement. However, since TPA and free-carrier-related effects cannot be neglected at
high intensity levels of incident light in these structures, they can be detrimental to the
FWM efficiency. Therefore, the following analysis of FWM takes into account all these

effects in order to accurately describe how it manifests in silicon photonic devices.

Assuming the presence of three monochromatic waves in a waveguide, their evolution is

described by the following three coupled equations [34]:

8A 3 1 . . * _1KZ
= [z(ﬁp+ﬁg)—§@0} Ap+27<\Ap‘2+2\AS‘2+2\Ai]Q)Ap—i—szyAsAiApe (2.19)
8AS . 1 . . * —1KZ
o = 108+ 80) = Jo0| A+ iy (JA P+ 214 P+ 21 A ) A i AZATe™™ (2.20)
8142 . 1 . . * —IKZ
o= |8+ 8D = Jao| At iy (|4 21 4,2+ 21 A ) A+ iy AZATe ™ (2.21)

where the subscripts p, s,7 refer to the pump, signal and idler waves respectively. S,
and 5{: represent the linear propagation constant and the free-carrier-related complex
propagation constant for each of the waves respectively, with the subscript u indicating
the wave to which they correspond. The equation for the idler wave describes the new
frequency generated by the FWM process. The last four terms on the right hand side
of equations (2.19) - (2.21) represent the nonlinear effects of Self-Phase Modulation
(SPM), Cross-Phase Modulation (XPM) and Four-Wave Mixing (FWM), where the
latter is expressed by the last term. In practice the pump wave is much more intense
than the signal and idler waves, therefore pump depletion as well as SPM and XPM
effects produced by the signal and idler can be ignored. As a result, egs. (2.19) - (2.21)
take the following form [34]:

04, T 1 .

=2 = [i8,+ 8) — 50] 4, + 14,24, (2.22)
04, T 1 . . -
= [@(ﬁﬂu BY) = Sa0| A +i2y| A PA, + iy Ay A (2.23)
= [z(ﬁﬁ—ﬁif ) — 500| Ai + 29| 4,2 A + iy AL Az (2.24)




Chapter 2 Background 15

It can be seen that the FWM terms are accompanied by a coefficient that includes
the parameter of phase mismatch k. In order for the FWM process to be efficient,
phase matching among the interactive waves is required. This concept is related to the
momentum conservation among the four photons involved in the FWM process. It can
be proven from the derivation of eqs. (2.22) - (2.24) that the total phase mismatch is
[34]:

k= AL+ APy +2P,Re(y) (2.25)

where the first term represents the linear phase mismatch Ag = 35 4 3; — 20, the last
term is the nonlinear phase mismatch related to the Kerr nonlinearity, while the second

term represents the phase mismatch induced by free carriers and is equal to [34]:

ﬂs Bz ﬁp

2
Navgo-npwp (n(]s N Nop )

ABy = Re(] + ) — 28]) = =5 (2.26)

given that the free-carrier-related complex propagation constant 6{; is given by [34]:

5= "D )+ if20 ()] (2.27)

In eq. (2.26), oy is the coefficient linking the refractive index change ns to the average

density of free carriers N4 according to the formula ny = 0y Nawg-

The free-carrier-induced phase mismatch AfSy acts as an added second- and higher-
order dispersion and it can be verified [34] that its quantities in the telecom band are
relatively small, therefore the total phase mismatch in a silicon waveguide is dominated
by the terms related to the linear mismatch and the Kerr nonlinearity contribution.
Regarding the linear phase mismatch, it can be observed that it can be minimised by
either reducing the wavelength difference between the pump and the signal or by setting
the pump wavelength close to the zero-dispersion point. This last method is clear when
Ap is expressed as [33]:

8T f]f

C

AB =

D(fp)(fs = fp) (2.28)

where D(f,) represents the dispersion parameter at the pump wavelength.
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2.1.3 Interface with fibre systems — Grating Couplers

The waveguides that comprise a silicon photonic circuit are much smaller than an optical
fibre, owing to the strong mode confinement that is facilitated by the high refractive in-
dex difference between its core and cladding (ng; = 3.47 and ng;0, = 1.44 at a wavelength
of 1550 nm for a silicon waveguide in silica surroundings). Therefore, the coupling of an
integrated circuit to a fibre system requires the implementation of a technique designed

to match the mode sizes of the two media.

Side View

Upwards atr

Top View

FI1GURE 2.4: Schematic representation of a SOI grating coupler. Top: Side view and
layer configuration, Bottom: Top view.

The solutions that are widely used in fabrication facilities and multi-project-wafer (MPW)
foundries consist of two proposed techniques: the edge-coupling and the out-of-plane-
coupling configurations. Edge-coupling involves aligning the optical axes of a fibre and
a waveguide so that they lie on the same plane and bringing the fibre facet in close

proximity to the side of the chip that contains the end point of the waveguide. By
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means of an integrated spot size converter that is drawn at the edge of the waveguide,
coupling can be achieved with an insertion loss of less than 0.5 dB [38, 39]. The second
technique involves the design of a grating structure in the same layout as the rest of the
circuit. The grating is written on the silicon layer of the wafer by selectively etching the
waveguide to create a periodic pattern of trenches. The top and side views of a grating
coupler are illustrated in Fig. 2.4. An optical mode propagating in-plane along the
waveguide changes direction when it interacts with the pattern and can radiate upwards

through the silica cladding and the air to couple to a fibre through its facet.

The edge-coupling solutions generally exhibit larger values of coupling efficiency to fibres,
larger bandwidths of operation and no polarisation dependent loss, while recent research
in the field has moved towards interface with common single-mode fibres (SMF's) with
10-pm mode-field diameters (MFDs), thus expanding the initial studies which involved
only lensed fibres [40]. However, their requirements for high-quality facet polishing and
high-resolution optical alignment have led the research community to also acknowledge
the importance of the alternative grating coupler solutions. Gratings can be positioned
anywhere in the photonic circuit and coupling through this technique exhibits lower
sensitivity to the fibre alignment, compared to the edge-coupling method. As a re-
sult, in cases of fabrication foundries which target mass production of components and
wafer-scale testing is important, this implementation of fibre-to-waveguide coupling is
sometimes preferred. The principle of operation and design considerations of grating

couplers is described in further detail in this section.

j'in 1l —
—plane
Rerf

FIGURE 2.5: Vertical coupling concept illustration based on the Huygens-Fresnel prin-
ciple.

The operation of a vertical coupler based on an etched grating pattern can be under-
stood through the Huygens—Fresnel principle. An in-plane optical mode incident on the
grating pattern experiences diffraction by each trench, which can be considered as a
point scatterer and therefore a source of a new spherical wavelet. This is illustrated in
Fig. 2.5 where a number of individual spherical waves are generated by the grooves of
the grating. The interference of these wavelets forms an upwards-radiating wavefront,

whose propagation angle is determined by the type of interference. In the case where the
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in-plane mode encounters each trench after a phase delay of 27, the output wavefront
propagates perpendicularly to the chip plane. This is equivalent to the groove periodic-

20 where )g is the free-space
Neff

ity A being equal to the mode wavelength i, _piane =

wavelength and n.s; is the effective refractive index of the in-plane mode.

z

F 3

FIGURE 2.6: Graphical representation of the Bragg condition through the Ewald circle
corresponding to a grating coupler.

Another approach to the diffraction phenomenon which can offer more insight into the
operation of out-of-plane couplers that cause radiation at an angle is the consideration
of the corresponding Ewald sphere [41]. Given that the pattern exhibits periodicity
in only one direction, the grating is one-dimensional and therefore the Ewald sphere
degenerates into a circle, as shown in Fig. 2.6. The x-z plane represents the spatial
frequency domain, or k-space, of the system, and the k-vectors drawn on it correspond
to spatial frequency components along the in-plane direction of propagation (x-axis)
and the direction that is perpendicular to the chip (z-axis). The in-plane wave that
travels along the grating section of the waveguide is represented by the vector in black
which has a magnitude of 8 = n.y ko, while the periodicity of the grating is represented
by the vector in blue which has a magnitude of K = 2% B and K therefore express
the spatial frequencies of the wave and the etched pattern respectively. According to
the theory of Fourier optics, the wave resulting from the first-order diffraction of the
propagating wave by the grating pattern is the one represented by the green k-vector in
Fig. 2.6. For a silica-cladded grating, the magnitude of this vector is equal to k. = n ko,

where n. = ng;0,, and its x-component is given by k., = 8 — K. This determines
—1kes
k

c

the angle of radiation 6 = sin . It is noted that because light propagation in the
x-axis occurs in a different material and structure (Si waveguide) than in the x-z upper
half-plane (SiOz2), the radius of the Ewald circle n ko is different from the magnitude of
the in-plane wave vector n.rrko. The above relations are summed up in the equation

that expresses Bragg’s law:
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A
Neff — NeSING = KO (2.29)

Eq. 2.29 relates the pattern periodicity of a grating coupler to its angle of radiation, given
the material and operating wavelength of the system. Therefore, it is the fundamental

tool in the design of silicon photonic gratings.

The most important parameter in grating coupler design is the coupling efficiency be-
tween the waveguide and the optical fibre. As this can be directly related to the insertion
loss of the grating coupler device, it is important to identify the sources of optical loss

related to such a component. The types of loss are outlined below:

1. Loss due to back reflection: When the optical mode propagating in the waveg-
uide encounters the etched trenches, part of the light is reflected due to the high
refractive index difference and counter-propagates inside the waveguide. When
this effect is present in both input and output gratings, part of the light can be
trapped inside the waveguide due to successive reflections at both ends. Thus, a
Fabry-Pérot-type cavity is formed, which results in the transmitted power showing
a sinusoidal relation to optical wavelength at the output of the silicon photonic
device [42, 43]. The effect of back reflection can also appear when light launched
from a fibre is incident on the grating, leading to optical power being sent back
to the input fibre. Shallow etching of the trenches can mitigate the effect of back
reflection. Additionally, light can experience higher orders of diffraction (up to
the second order in commonly used designs) that can contribute to a loss of op-
tical power. In particular, in the case of perfectly vertical coupler designs, the
second-order Bragg diffraction component essentially contributes to back reflec-
tion, therefore it is often preferable in practice to design gratings that operate at

an angle [29].

2. Penetration loss: As light encounters the grating pattern, part of it can be scattered
downwards to the SiOy substrate. This can be alleviated by the use of shallow-
etched trenches as mentioned above and by introducing reflectors under the grating
devices [44-48].

3. Mismatch between radiated profile and fibre mode: The part of the light that
is radiated upwards towards the fibre exhibits a power profile determined by the
strength of the scattering effect caused by the grating grooves. In a uniform
pattern where the periodicity and trench width are constant across the length of
the grating, most of the optical power is scattered by the first teeth with which
the mode interacts. Therefore, the radiated power shows an exponential-decay
profile, which has a low overlap with the Gaussian shape of an optical fibre mode.
As a result, only part of the upwards-propagating light couples into the fibre and

this mismatch can effectively be considered as a source of loss. The coupling
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efficiency can be increased by adopting an apodised grating design, where the
trench width (and even the periodicity) is varied across the device length, resulting
in a Gaussian-shaped radiated profile [44, 47-50]. A uniform and an apodised

grating along with their respective radiated power profiles are illustrated in Fig.

2.7.
- S N T
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FIGURE 2.7: Side view of (a) a uniformly etched grating coupler and (b) a grating with
an apodised etching pattern, along with the respective radiated power profiles.

2.1.4 Electro-optic components

The application of silicon photonics in telecommunication environments is directly re-
lated to the development of the fundamental optical transmitter and receiver units. The
design of a silicon photonic transceiver system involves the development of a variety of
components that provide all the required functionalities. The most important role in

this set of devices is occupied by the electro-optic modulator.

Electro-optic modulation involves a change caused to the optical mode by an applied
electric field [51]. The effect on the mode is expressed mathematically by a change to the
complex effective refractive index ficfy = neys + i, which contains information about
the phase velocity in the waveguide (real part, n.s) and the propagation loss (imaginary
part, ). Based on the property that the electric field modifies, the electro-optic effects
can be categorised in electro-refractive (when the change relates to the real part of fi.¢)

and electro-absorptive (when the change relates to the imaginary part of neyy).

The electro-optic effects that are commonly used in the design of silicon modulators
are summarised here, with an emphasis on the plasma dispersion effect, which is the

mechanism employed for modulation in all the fabricated devices reported in this thesis.

2.1.4.1 Thermo-optic effect & Plasma dispersion effect

The most efficient mechanisms enabling electro-optic modulation in silicon at the telecom-
munications wavelengths of 1550 nm and 1310 nm involve either the thermo-optic coef-
ficient of the material or the plasma dispersion effect. Although the former can exhibit

sufficient values of modulation depth, the speed of the thermo-optic effect does not
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support the high datarates required in telecommunications systems [52]. For this rea-
son, it finds applications in switching configurations that do not require operation at
high speed. Modulation targeting the conversion of fast electrical signals to the optical

domain is mainly served by plasma-dispersion-based components.

The plasma dispersion effect describes the change in the complex refractive index of
silicon An caused by a change in the concentration of free carriers in the material. The
relation between these properties was studied and quantified by Soref and Bennett in
1987 [35]. Since free carriers in silicon can consist of both electrons and holes, the
expressions relating the change in refractive index and absorption due to changes in the
concentration of both types of carriers when the operating wavelength is 1550 nm are
the following [35]:

An = An, + Anj, = —[8.8-107% - AN, +8.5-107* . (AN,)"] (2.30)

Aa = Aa,+ Aap, =85-107% - AN, +6.0-107"* - AN, (2.31)

where An. and Any, represent the changes in the refractive index due to the concen-
tration change relating to electrons and holes respectively, while Aa, and Acq;y, are the
variables corresponding to absorption change, where the subscripts again represent the
source of the effect. AN, and AN} describe the changes in the concentration of free
electrons and free holes respectively in silicon. The expressions corresponding to a wave-

length of 1300 nm are given below [35]:

An = An,+ Anj, = —[6.2-107% - AN, +6.0- 107 . (AN,)"] (2.32)

Aa = Aa, +Aap, =6.0-10718 - AN, +4.0-107® - AN, (2.33)

Equations (2.30) - (2.33) show that for carrier density changes of the order of 5 - 107
cm ™3, the refractive index change An can reach values of —1.66 - 1072 and —1.18 - 1073

for wavelengths of 1550 nm and 1300 nm respectively.

Building a silicon modulator based on the plasma dispersion effect involves designing
components that can manipulate free carriers in silicon. Doped silicon waveguides are
used for this purpose and the three main structures that are used to form modulators are
presented in Fig. 2.8. All three types consist of rib waveguides with highly doped regions
of silicon on both sides, on which the electrical signal is applied through metallic vias.
The behaviour of these structures when voltage is applied to the p+ and n+ sections

can affect the concentration of free carriers in the part of the waveguide that overlaps
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with the propagation mode. Fig. 2.8 (a) shows a carrier-accumulation device, where
a thin layer of SiOy lies in the middle of the silicon waveguide to provide insulation
and therefore act as a capacitor. Fig. 2.8 (b) depicts a structure based on carrier
injection, where a forward bias causes free electrons and holes to enter the ’intrinsic’
region in the middle of the waveguide, which consists of undoped silicon. Finally, Fig.
2.8 (c) shows a carrier-depletion device, which operates in reverse bias. In this case, p-
and n-doped regions cover the entirety of the waveguide, forming a p-n junction that
naturally contains a depletion area. The width of this depletion area can change based
on the applied reverse bias voltage and its overlap with the optical mode determines the

strength of the modulation effect.

n+ [ ] n+ [ ]

Oxide barrier -~ Sio, Sio,

(a) (b) (©

FIGURE 2.8: Cross-sections of typical modulator structures based on the plasma dis-
persion effect: (a) carrier accumulation, (b) carrier injection and (c) carrier depletion

types.

2.1.4.2 Other effects

It should be noted that the effects that are primarily considered for electro-refraction and
electro-absorption in semiconductors are the Pockels effect and the Franz-Keldysh effect.
The reason that the plasma dispersion effect is usually preferred in silicon photonics is
that the aforementioned mechanisms are weak in crystalline silicon at the wavelengths
of interest. However, alterations in the structure and fabrication technique of the waveg-
uides have indeed been considered to leverage some of these effects and achieve efficient
electro-optic conversion. These effects require the combination of silicon with other
materials in the same structure which raises the complexity of the design process and

fabrication.

In particular, the Quantum-Confined Stark Effect (QCSE) enables the design of electro-
absorption modulators in germanium quantum well structures [53, 54|, while in bulk SiGe
structures this is enabled by the Franz-Keldysh effect [55]. The inclusion of germanium,
another CMOS-compatible Group IV material, has seen significant progress since the
demonstration of the first modulator designs [56, 57]. Lastly, Pockels modulators have
also been reported as this effect can appear through the application of mechanical strain

on silicon [58] or silicon nitride [59].
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2.1.5 Modulator devices

Since the electro-optic components that are most commonly used are based on the plasma
dispersion effect, the fundamental devices composed of p- and n-doped silicon waveguides
function as phase modulators, due to the electro-refractive nature of this mechanism.
However, in a transmitter unit, the fundamental electro-optic device is usually an in-
tensity modulator, therefore specific photonic circuits must be constructed around the
aforementioned electro-refractive components to form devices that manipulate the out-
put optical intensity. The most common of these configurations are the Mach—Zehnder
Interferometer and the Ring Resonator. Intensity modulation is achieved by modifying
the refractive index in certain waveguide sections of these topologies. This section de-
scribes their analytic transfer functions, while discussion and comparisons are provided

regarding their modulation properties, such as the modulation depth and bandwidth.

2.1.5.1 Mach—Zehnder Modulators

i — N/ Outl
m2 —7 O\ /N ou2

(a)
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FIGURE 2.9: Schematic representation of the Mach—Zehnder Inteferometer topology
implemented with (a) evanescent-wave couplers, (b) multi-mode interference (MMI)
couplers, (¢) Y-junctions.

One common waveguide topology that relates optical phase variations to intensity changes
is the Mach-Zehnder Interferometer (MZI). As the name suggests, it is based on the
concept of interference between two input waves and a schematic of such a device is
illustrated in Fig. 2.9 (a). It consists of two optical coupler components that perform
inverse operations: the first one splits the input beam to send its components into two
different waveguides, whereas the second one combines the beams and produces two

different results that can be collected from the end waveguides. Even though this is
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a 2 x 2 structure, it is commmon to use a single output port for a given input and
as a result, other implementations of the MZI include multi-mode interference (MMI)
couplers (Fig. 2.9 (b)) or Y-junctions (Fig. 2.9 (c)) to realise the splitting and joining
functions. For the purpose of presenting the operating principles behind the fabricated
modulators described in the experimental section, the following analysis only treats the

single-input single-output configuration.

In order to analyse the Mach—Zehnder modulator, the transfer function of the optical
interferometer without any electro-optic functionality is first extracted. Based on Fig.
2.9 (c), the expressions for the electric field in the two MZI arms FE1 oy and Es o, after
the splitter component and after propagation over the full MZI arm length are given by
[29]:

By out = —maye I = Ry e Ronersala (2.34)

V2 V2

¢ a2€—Jﬂ2L2 — ﬂOéQe—Jkonemez (2'35>

V2 V2

E2,out -

where Ly and Lo are the lengths of the MZI arms, ko is the free-space wavenumber,
negr1 and neppo are the effective refractive indices in each of the arms and o and ap
represent the optical loss accumulated after propagation over the full length of the MZI
arms. It is noted that the parameters oy and as here do not represent the attenuation
constant as it was defined in eq. (2.1). Their relation to the attenuation constants
of the MZI arms which are represented here by a; and ag is given by the equation

—aili j = 1,2, therefore they take values between 0 and 1 (with O corresponding

a; = e
to the full attenuation of the electric field after propagation in the MZI arm and 1
corresponding to no attenuation). The division of the electric field by v/2 in egs. (2.34)
- (2.35) results from the assumption that a 50:50 power splitter is used. The electric

field at the output of the full device is then calculated to be:

_ El,out E2,out _ E_z
ut \/§ \/i 9

based again on the assumption of a 50:50 power coupler. Since the property of interest

E, (ale*jkonefmh + OQe*jkoneff,sz) (2.36)

when calculating the device transmission is optical power rather than electric field, the
following expression for the output intensity is more useful for the purposes of this

analysis:

Iin
J— |Eou,5|2 = a% + a% + 2a1a2003(k0(neff71[/1 — nemeg))} (2.37)
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FIGURE 2.10: Transmission of a Mach—Zehnder interferometer with arm lengths {L;,
Ly} = {1.8 mm, 2 mm} (calculated in MATLAB from eq. (2.37)).

Then, the transmission (or equivalently the intensity transfer function) is given by the
ratio % This transfer function is plotted with respect to wavelength in dB scale in Fig.
2.10 for an unbalanced MZI, which is the configuration that comprises arms of different
lengths. It is clear that there is a sinusoidal relation to the operating wavelength. This
arises from eq. (2.37), where the variable A that signifies the wavelength is present
through its relation to the wavenumber, ky = 27” The period of this function, termed

its Free Spectral Range (F'SR), is given by the following expression:

)\2
FSR= ——— (2.38)
ng|L1 — L2|
where ny represents the group refractive index of the waveguide, defined as ng = ngrs —
on
A=
o

It is clear from eq. (2.37) that a change in the effective refractive index of one of the
arms can alter the transmission function. In particular, Fig. 2.11 depicts the change of
the transfer function when the n.s; of one of the arms is varied. The effect is a shift in
the wavelength axis which causes the optical output at a specific wavelength to traverse
through the peak and trough values of the sinusoidal transfer function. If peaks and
troughs correspond to ON and OFF states respectively, it is clear how an electro-optic
component (e.g. a doped waveguide) incorporated into one of the MZI arms can turn

the MZI circuit into an intensity modulator.
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FIGURE 2.11: Transmission of a Mach—Zehnder interferometer for different effective

refractive index changes applied to one arm ({Ll, Ly} ={1.8 mm, 2 mm}) (calculated
in MATLAB from eq. (2.37)).

2.1.5.2 Ring Resonator Modulators

The Ring Resonator (RR) is another configuration that can act as an intensity modulator
when an electrorefractive component is incorporated into it. A schematic of a ring
structure coupled to a bus waveguide is shown in Fig. 2.12, where the arrows represent
the propagation direction of light. The electric fields at different points of the structure

are also marked and help to analyse it and extract its transfer function.

FIGURE 2.12: Schematic representation of a ring resonator structure.
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The first component that is important in this analysis is the optical coupler that connects
the bus waveguide to the ring structure and essentially provides the excitation to the ring.
Such a coupler is realised by two waveguide structures that are in close proximity with
each other and utilise the concept of evanescent-wave coupling. As a 2 x 2 component,

it is mathematically expressed by [60]:

Eou t Ezn
- " > (2.39)

* *
Eout,2 —K t Ein,Z

where ¢ is the through coupling coefficient, representing the ratio between E,,: 1 and
Ein 1 in the presence of evanescent-wave coupling when there is no input Ej, 2, while
is the cross-coupling coefficient that relates E,ut 2 to Ej, 1 under the same conditions.

The two coefficients are related to each other through the expression |x|? + [t|> = 1.

Next, the round-trip propagation inside the ring can be described by the equation:

Ein,? = aeijquout,Q (240)

where « is the total attenuation the electric field experiences during a round-trip and ¢
represents the accumulated phase over the same propagation length. This phase is equal
to ¢ = Q{ne rrL, where X\ is the free-space wavelength of the light, n.s; is the effective
refractive index of the propagation mode, while L represents the circumference of the

ring. From eq. (2.39) and eq. (2.40), we derive the expression:

t — e J®

1= ate 78 0mt (2:41)

Eout,l =

Eout,l

for the output electric field at the through port of the structure. The ratio . repre-
sents the transfer function of the device relating to the electric field, therefore it contains
information about the ring resonator system both in relation to optical intensity and to

phase. In particular, the expression for the output optical intensity is the following [60]:

|t + o — 2alt|cos(¢ + 6) '
1+ a?|t]2 - 2altcos(op +0) "

(2.42)

out

where 6 is the phase of the complex transmission coefficient ¢.

The intensity transfer function with respect to wavelength is plotted in Fig. 2.13. Sim-
ilarly to the MZI case, the function shows periodicity and troughs are observed at the
resonance wavelengths, for which light completes the largest number of round-trips inside
the ring and consequently the optical intensity inside the resonator structure takes its

maximum value. The resonance wavelengths A,..s are the ones that satisfy the condition
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FIGURE 2.13: Transmission of a 24-pm-diameter ring resonator with parameters {c,
t} = {0.8897, 0.8895} (calculated in MATLAB from eq. (2.42)).

é‘z—;; = Aprop = m - L, m = 1, ..., where \p,,, represents the wavelength of the propa-
gation mode. This condition describes a case where an integer number of propagation
wavelengths can ’fit’ inside the ring circumference, corresponding to the constructive
interference of F;, 1 and Fj, 2 at the input point of the ring structure. This leads to
the coupler consecutively routing all the optical power to the resonator, which eventu-
ally accumulates inside the ring. The spacing between two such resonance wavelengths

(again termed Free Spectral Range, F'SR) is given by:

)\2
FSR=—— 2.43
o (2.43)
where ng4 represents the group refractive index of the waveguides comprising the ring

structure.

As indicated by eq. (2.42), the ring resonator transmission is dependent on the refractive
index and waveguide length parameters, like the Mach—Zehnder Interferometer config-
uration. However, it involves two additional design parameters, namely the « and ¢
variables, which essentially determine the coupling condition of the ring. This provides
additional degrees of freedom in the design of a ring resonator and it is useful to analyse

the effect of different {«,t} combinations on the shape of the RR transfer function.

The o and t parameters are directly related to the total loss light experiences in a
round-trip and the coupling strength between the bus waveguide and the ring structure
respectively. Based on the relation between a and ¢, three coupling regimes can be iden-
tified [61], which are illustrated in Fig. 2.14 through geometry layouts and the phase

and intensity transfer functions to which they correspond, plotted for a wavelength range
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FIGURE 2.14: Coupling regimes and respective theoretical transfer functions of a ring
resonator around the resonance wavelength (calculated in MATLAB from eq. (2.41)).

around the resonance point. The tunable parameters in the actual design process are
related to the geometry of the device, therefore the description of the regimes below ap-
proaches different ring configurations that correspond to different {«,¢} combinations.
As shown in Fig. 2.14, for a given ring diameter and propagation loss per length (there-
fore fixed round-trip loss «), there exists a bus-ring gap d,; for which light stays inside
the ring structure the longest, completing the maximum number of round-trips. This
gap corresponds to a t value which is equal to the value of o. This critical coupling
condition (a = t) is described by an ideally zero power level at the device output for
the resonance wavelengths, while the phase experiences an abrupt w-radian phase shift.
In the overcoupling (« > t) or the undercoupling condition (a < t), where the bus-ring
gap is smaller or larger than d..; respectively, the transmission trough is shallower at
the resonance wavelengths, never reaching the zero value. As for the phase response,

overcoupling corresponds to a m-radian delay, while undercoupling leads to a wiggle (Fig.
2.14).

Regarding the design of a modulator based on the ring resonator, an electro-refractive
component can be incorporated in the waveguide section that forms the ring circumfer-
ence. This enables modifying the effective refractive index n.s; through the application
of voltage and the result of this variation is illustrated in Fig. 2.15. The transfer func-
tion is shifted in the wavelength axis as the values of n.; are varied and therefore for a
fixed-wavelength optical excitation to the ring system, the corresponding optical output
can traverse through different intensity levels. The structure can thus function as an

intensity modulator.
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FIGURE 2.15: Transmission of a 24-pm-diameter ring resonator for different effective
refractive index changes applied ({a, t} = {0.8897, 0.8895}) (calculated in MATLAB
from eq. (2.42)).

2.1.5.3 Modulator performance metrics

In the previous sections, a thorough analysis of the optical components used to form

intensity modulators was presented. It is however useful to also identify the metrics used

to evaluate the performance of such electro-optic modulators from a device approach, in

the context of a communications system. The metrics that are commonly used are listed

below, where comparisons are drawn between the MZM and the RRM configurations,

with a focus on the devices commonly fabricated on silicon platforms [62].

1. Imsertion loss: The sources of loss in a modulator device are related to both

the fundamental electro-optic component (p-n junction) and the structure that
houses it (MZI or RR). The former can introduce losses due to the optical mode
interacting with the rough sidewalls of the waveguide, as well as due to absorption
caused by the interaction with free carriers in the doped silicon regions and any
metal parts that are used for the electrode components. In terms of the intensity
modulator topology, a MZM generally introduces higher loss compared to a RRM,
because it includes long waveguides to form the MZI arms, as well as the splitter

and coupler components.

. Modulation depth: The modulation depth is defined as the ratio of optical

output power levels corresponding to the ON and OFF states of the modulator.
This is first dependent on the phase modulation efficiency of the electrorefractive
component (phase shifter), which expresses the net phase shift induced for a given

value of applied voltage, per phase shifter length. It should be noted that the
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A¢(V) function is not linear as the rate of phase change is reduced as the reverse
bias voltage increases. Further than that, the modulation depth is determined
by the amount of intensity variation induced by a certain phase shift. This is
dependent on different parameters for the MZM and RRM devices. Regarding
the MZM, longer MZI arms in principle lead to higher modulation depth, while
in the case of RRMs, critical coupling is generally desirable to achieve the lowest
possible intensity level for the OFF state. Finally, it should be noted that the
achievable extinction ratio (ratio between the ON and OFF state power levels)
also depends on the electrical properties of the electronics that comprise a fully
packaged modulator, while it also differs significantly at higher modulation fre-
quencies, due to bandwidth limitations. These parameters are described in more

detail in the following paragraphs.

3. Bandwidth: The bandwidth of the modulator measures its ability to support
a wide range of modulation frequencies. This is firstly related to the equivalent
circuit of the fundamental phase shifting element which exhibits some RC time
constant as a result of the capacitance components it includes. Secondly, it depends
on the electrical properties of the electrodes used to apply voltage to the modulator.
In the case of MZMs, the metallic contacts that span the full length of its arms
constitute a set of Radio Frequency (RF) transmission lines whose design affects
the datarates they can support. Regarding the MZMs, shorter devices usually show
larger bandwidth. In the case of RRMs, no such travelling-wave electrodes are used
and the electrical part of the device is treated as a lumped element. However, as
the structure is a resonator, its photon cavity lifetime can be detrimental to the

operating speed of the modulator when high-Q-factor rings are used.

4. Wavelength selectivity: If the modulator transmission exhibits variation with
respect to wavelength, the operation of the device requires either the optical source
to emit at a specific wavelength or an appropriate tuning mechanism for the mod-
ulator to adapt to the arbitrary input wavelength. The RRM always shows selec-
tivity with respect to wavelength, as indicated by the plot in Fig. 2.13. However,
a balanced MZM, which consists of arms of the same length, can exhibit nearly

uniform transmission across the C-band.

5. Chirp: The chirp parameter expresses the variations in the output wavelength of
the modulator, as a result of the phase changes that accompany the transitions be-
tween the different intensity levels. The disadvantage of producing chirped signals
is revealed in long-haul transmission scenarios, where the chromatic dispersion of
the optical fibre can significantly distort the signal. However, chirp is not always
considered in the modulator design, as the development of silicon photonic modu-
lators is usually aimed at short-reach interconnect applications. Signals produced

by RRMSs can exhibit chirp due to the phase response of the device [60]. However,
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in the case of MZMs, driving both arms by a differential pair of electrical signals

(push-pull configuration) can practically eliminate the chirp effect.

6. Temperature sensitivity: The design of modulators for the Silicon-on-Insulator
(SOI) platform needs to take into account the large thermo-optic coefficient of
silicon (1.8 x 10* K~'). RRMs are particularly sensitive to temperature changes
and an external active tuning mechanism is required to ensure stable operation.
MZMs, on the other hand, are not particularly affected by temperature variations
as the refractive index changes occur on both arms, thus eliminating the net effect

on the output transmission.

7. Footprint: For silicon chips to accommodate photonic circuits of large complexity,
the area occupied by the modulator device needs to be as small as possible. In
this respect, the RRMs show an advantage as their diameter, which defines their
largest dimension, can be as small as tens of microns. In the case of MZMs, the
largest dimension is their arm length which usually spans hundreds of micrometers,

or even reaches the millimeter scale.

8. Power consumption: Another important parameter is the power that is con-
sumed by operating the modulator and it is often measured in units of energy
consumed per bit of data. The electrical components that accompany a MZM are
treated as a distributed circuit, where the travelling wave electrodes that drive
the modulator are often terminated with a resistance (typically 50 §2) to sup-
press any reflections. In this type of system, the drive voltage, the characteristic
impedance and the bit rate ultimately determine the power consumption. In the
case of a RRM, the electrical contacts constitute a lumped circuit element, there-
fore the power consumption is dictated by their capacitance and the drive voltage.
Since no termination is used, reflections can be significant in this system and the
drive voltage can be larger than the one applied to the ring. Additionally, any
active tuning mechanism used to stabilise the RRM operating point also incurs
consumption of electrical power, which should be taken into account in the total
power consumption calculation. In particular, if the RRM resonance wavelength
is shifted away from its optimal position in the A-axis relative to the optical source
wavelength due to some temperature change, an active tuning device (such as a
heater) needs to constantly supply power (usually in the form of applied voltage)

to maintain the A-position of the RRM operation point.

It is clear that every silicon modulator contains electrical components in conjunction
with the photonic structures that enable modulation. Especially in the case where a
commercial transmitter unit is built, the modulator devices require appropriate packag-
ing along with all the necessary electronic control circuits, which may differ from their
preliminary versions that are typically used for experimental work in a research envi-

ronment. This emphasises the importance of co-designing the electronic and photonic



Chapter 2 Background 33

components of an electro-optic modulator. The design steps related to the electronic
parts of the modulator become clearer if a MZM with a p-n junction and metallic con-
tacts that span the full length of its arms is considered. The driving signal is affected by
the electrical behaviour of the p-n junction used for electro-refraction (equivalent circuit
model per unit length), the travelling wave electrodes, as well as the type of packaging
with the electrical signal source, which could involve wire bonding or flip-chip bonding.
All these factors affect the power and the bandwidth of the electrical signal even at a
stage prior to its conversion to the optical domain. Example microscope pictures of two
fabricated modulators, in the MZM and the RRM configuration, are illustrated in Fig.
2.16.

MZM arms

Transmission Wire-bonded
Lines contact pads
(a)
Ring Resonator
Bus waveguide
Grating /
Couplers
(b) Contact pads

FIGURE 2.16: (a) Top view image of a Mach—Zehnder Modulator after its wire-bonding
to a Printed Circuit Board (PCB), (b) Top view image of a Ring Resonator Modulator.

2.2 Optical Communication Systems

This section is dedicated to the Pulse Amplitude Modulation (PAM) and Discrete Mul-
tiTone (DMT) formats, as well as the linearity of a modulator and the techniques of
its evaluation. The purpose of this section is to familiarise the reader with the relevant
terminology, before the report on the experimental work. The section on the modulation

formats includes an explanation of some key digital communications theory concepts,
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along with a description of the actual implementation of the modulation formats in the
author’s experiments. It must be noted that basic knowledge about the fundamentals
of digital telecommunications is necessary in following the explanations provided below.

For more details on such systems, the reader can refer to [63].

2.2.1 Modulation Formats

The purpose of any digital communications system is to reliably transmit a set of bi-
nary data through a communication channel. The representation of information in this
context is a sequence of bits, whose origin is irrelevant to the analysis of the communica-
tions system (output from a computer, an analog-to-digital converter, etc.) [63]. Under
this consideration, a digital communications system is described by the block diagram
in Fig. 2.17, where the transmitter Tx converts the digital bits to a time-dependent
signal relating to some physical property, which is sent to pass through the channel with
impulse response h(t) and arrives at the receiver Rx. At the Rx stage, the received signal
is converted to a bit stream again. The quality of this transmission is determined by
the level of noise added to the signal throughout this process, which is here represented
as n(t). In the case of optical communications, the channel consists of the optical fibre
and all optical components involved in transferring the electrical signal to the optical
carrier in the C- wavelength band, according to the convention that Tx and Rx transmit
and receive respectively an electrical signal (represented by changes in voltage). This
incorporates the E/O modulators and the O/E photodetectors into the channel block
and renders them the bottleneck in bandwidth, as the frequency of the optical carrier in
a standard single-mode fibre (SMF) is of the order of hundreds of THz. It is also noted
that these channels can be considered linear and time-invariant (LTT) for this analysis.
In the following paragraphs, a description of the Tx-Rx pairs for the PAM-4 and DMT
formats will be presented with block diagram schematics describing the steps in their

software implementation process.

011010100...
L T h(t) D— R
..011010100
. . bits
Transmitter Communication Receiver
Channel

FIGURE 2.17: Block diagram of a digital communications system.

Pulse Amplitude Modulation (PAM) translates the binary data to a signal comprising

multiple amplitude levels, or multiple levels of intensity in the case of optical signals.
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Thus, if a symbol is defined as the smallest packet of information transmitted with a
modulation format, the number of different symbols in a PAM format is the same as the
number of levels used. For example, a PAM-4 format employs 4 intensity levels which
correspond to 4 different symbols. Depending on the number of levels Ny, in use, the
number of bits mapped to a symbol is equal to b = logaN;,. This mapping is shown

schematically on an intensity axis in Fig. 2.18.
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FIGURE 2.18: Constellation diagram for (a) a PAM-2 (or On-Off Keying - OOK) and
(b) a PAM-4 modulation format in optical communications.
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FicUure 2.19: Block diagram of a PAM-4 system, consisting of the transmitter, the
channel and the receiver.

The software implementations of the transmitter and receiver components for a trans-

mission link using the PAM-4 format are represented with the block diagram in Fig.
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2.19. The bit stream is usually generated as a Pseudorandom Binary Sequence (PRBS),
which serves as one ”frame” of data. This frame is first mapped to the PAM-4 symbols
in order to create a PAM-4 waveform, to which a preamble is added in order to mark the
start of the frame. Since this discrete-time waveform contains one sample per symbol,
it is then appropriately upsampled based on the sampling rate of the Digital-to-Analog
Converter (DAC) in order to match the desired symbol rate. After being sent to the
DAC, the waveform is translated into a voltage signal and exists in the continuous-time
domain. This waveform propagates through the channel h(t) to finally be sent to the
Analog-to-Digital Converter (ADC) of the receiver. The additive noise n(t) represents
all types of distortions that come from either optical components (laser source relative in-
tensity noise, optical amplifier noise) or electrical components (noise from RF amplifiers,
modulators, photodetectors, DAC, ADC). After passing through the ADC, the received
signal is translated back to a discrete-time waveform and resampled appropriately to
match one symbol per sample. At this point, a synchronisation algorithm searches for
the preamble part in the waveform to identify the beginning and end of a frame and
proceed to demodulate it. Finally, the frame is converted from a set of symbols to a bit
stream using the reverse PAM mapping operation. The received bit stream can then be

compared to the original transmitted one and a bit error ratio (BER) can be calculated.

Channel Bits/
Response channel

—_—

Frequency Frequency

FI1GURE 2.20: Data loading in a multicarrier modulation format such as DMT.

The implementation for DMT is more complicated than the one for PAM-4 because the
symbols generated are allocated into different RF carrier frequencies instead of being
sequentially transmitted in time. This multicarrier modulation is considered to tackle
issues with Inter-Symbol Interference (ISI) which appear when conventional data formats
are used in channels with a band-limited frequency response [63, 64]. The objective of
multicarrier modulation formats is to use the available channel bandwidth as efficiently
as possible and the strategy to achieve this is to divide the spectrum in a number of sub-
channels, narrow enough for their individual frequency response to be considered flat
(Fig. 2.20). Thus, data is parallelised and loaded to a number of subcarriers (usually
in the form of QAM-modulated symbols). In the special case of DMT, information
about the channel response is provided to the transmitter and this estimate is used to
adaptively load the binary data to the sub-carriers so that the ones exhibiting relatively

higher (lower) Signal-to-Noise Ratio (SNR) values are occupied by data modulated with



Chapter 2 Background 37

more (less) complex formats. This property makes DMT applicable to slowly time-
varying two-way channels, such as telephone lines. This is in contrast to environments
such as the one-way channels in broadcast applications where channel estimation is
not available and bit loading is implemented in a uniform manner across the channel
subcarriers, using the Orthogonal Frequency-Division Multiplexing (OFDM) format.
In the case of optical communication channels, bandwidth constraints arise from the
presence of electro-optic (E/O) components (modulators, photodetectors) as well as
from the effect of power fading due to chromatic dispersion in relatively long-reach
fibre links, therefore DMT enables the efficient use of the available bandwidth through
its adaptive data loading. Another aspect of the DMT format is that it is designed to
produce signals that can be transmitted by an intensity modulator and received through
Direct Detection (DD) by a photodiode, without the need for any coherent system in

the data recovery.
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FIGURE 2.21: Block diagram of a DMT system, consisting of the transmitter, the
channel and the receiver.
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The software implementations of the transmitter and receiver components for a trans-
mission link using the DMT format are represented with the block diagram in Fig. 2.21.
Considering that channel estimation has already taken place, a water-filling algorthm is
used to decide the order of the QAM modulation format used in each subcarrier based
on its SNR value, hence the number of bits b; per symbol for each of the subcarriers.
Details of the water-filling algorithm used in this work can be found in [64], pp. 305-
330. If N is the number of bits sent in the first frame of data and N, is the number
of subcarriers used, the binary sequence is sent to a Serial-to-Parallel block to be di-
vided into N, sets of bits. Each set carries as many bits as the QAM format selected
by the water-filling algorithm allows to be transmitted in a single symbol. The bits
are mapped to QAM symbols and a matrix of size N, x M is created, where M = Nlc
Each row of this matrix represents a signal in the frequency domain, whose time-domain
representation is, in principle, complex. In order to render this signal real, another N,
carriers are added as the negative part of the frequency spectrum and the data on them
are equal to the complex conjugate of the data in the positive part in order to satisfy
the condition of Hermitian symmetry. The row-signals are then Inverse-Fast-Fourier-
Transformed (IFFT) to produce a matrix of real-valued time signals. Each row now
represents a DMT symbol in the frame. Since the frame has to be sent in a serialised
form to the channel, the DMT symbols will have to be positioned in a successive order.
Before this happens, a cyclic prefix is added to every signal-packet to provide a guard
interval for the mitigation of ISI effects, while an additional preamble is added to mark
the start of each DMT symbol. Finally, the last stages are the serialisation of the frame
and its approriate up-sampling in order to be transmitted to the channel through the
DAC. The same concepts apply for the channel as the ones described previously for the
PAM-4 case. The received signal is captured by the ADC, re-sampled and each frame
is identified through a synchronisation routine. These operations are applied in reverse
at the receiver, i.e. the frame is parallelised, the cyclic prefix from each DMT symbol is
removed and a FFT operation transforms the signal back to the frequency domain, in a
N, x M matrix. At this point, based on the estimate of the channel frequency response,
an equalisation algorithm appropriately scales the data on different frequencies of the
received signal. The negative part of the spectrum is removed and the QAM symbols on
each carrier are mapped back into sets of bits, which are serialised into a single binary

sequence.

As was mentioned in the beginning, the DMT format continuously adapts to the trans-
mission channel in order to make efficient use of the available spectrum and maximise
the total data rate. This is achieved by incorporating a step of channel estimation at the
beginning of the transmission. An estimate of the channel frequency response can be
quantified by first allocating uniform data to all the carriers and capturing the received

signal, whose SNR profile follows the power fading of the channel, as shown in Fig. 2.22.
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FI1GURE 2.22: Channel frequency response estimation by transmitting uniformly allo-
cated bits across all DMT subcarriers.

2.2.2 Analog links — modulator linearity

Although PAM and DMT formats allow for an increase in the capacity compared to con-
ventional On-Off Keying (OOK) systems, they pose a new requirement for the compo-
nents of a transmission link, which is that of high linearity in the input—output relation.
Any optical communication system can be described by the block diagram illustrated
in Fig. 2.23 (a). The input RF signal containing the information bits is converted to
the optical domain through an E/O modulator, which in turn sends the optical signal
to propagate through a length of fibre (system channel) in order to be received and con-
verted back to the electrical domain by an O/E photodetector. Hence, the requirement
for high linearity concerns all components of such a system, however, as shown in [65],
the most prominent source of nonlinearity in real photonic links is the modulator. If
a sinusoidal transmission curve is considered for the modulator, Fig. 2.23 (b) shows
how the output optical signal relates to the input electrical signal. If a silicon modu-
lator is expected to transmit data in a PAM or DMT format, a linearity optimisation
at the design stage is essential. In the case of PAM-n, loading information on multiple
intensity levels on the transmitter side creates the necessity for these levels to remain
equidistant on the amplitude axis up to the point of the receiver equipment. DMT, on
the other hand, generates an analogue signal with arbitrary intensity transitions in the
time domain, thus showing a high Peak to Average Power Ratio (PAPR), which makes

it more vulnerable to nonlinear distortions.

The silicon Mach—Zehnder Modulator is intrinsically nonlinear and the two main sources
of its nonlinearity are: (1) the sinusoidal form of the interferometer transmission function
and (2) the inherent nonlinearity of the carrier depletion mechanism used for electrore-
fractive modulation [66, 67]. As the block diagram in Fig. 2.24 shows, the P, (V)
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FIGURE 2.23: (a) Schematic of a photonic link, (b) Optical Power vs. Input RF voltage
plot for an E/O modulator.

function that describes the E/O conversion is composed of two other functions: one
linking the effective refractive index to the applied voltage n.rs(V') and one linking the
optical output power to the effective refractive index Pypi(ncsr). Therefore, the linearity
of the E/O conversion depends on the linearity of both these functions that constitute

the composite E/O function.
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FIGURE 2.24: Block diagram of the E/O conversion stages of a MZM.

The most common technique used to evaluate the nonlinearity of a modulator involves
driving it with a signal consisting of frequency tones and examining its spectral output.
Before analysing this method, it must be noted that the analytical approach followed
below applies to the presence of static weak nonlinearities, for systems with no memory
effect or frequency dependence of the output nonlinear distortion components [68]. For
these assumptions, the total E/O MZM transfer function P, (V') is considered in the
following mathematical analysis as an input-output function y(x), where the variables
y and x are used here to denote the modulator optical output P, and the electrical
signal input V respectively [69]. By expanding the transfer function to a Taylor series

around a bias point xg, we have the following expression:



Chapter 2 Background 41

= (z—x0)*  dRy >
y(@) =Y (e = D anle — o) (2.44)
k=0
where a;, are the expansion coeflicients defined as

1 dry
It is noted that both y and x in these expressions are functions of time denoting the
input and output signals of our system, while xy expresses the input bias. It is now
useful to observe the output y(t) for specific types of driving signals z(¢). The usual
implementation of this nonlinearity evaluation technique involves driving the modulator

with a set of two fundamental frequencies (w1, ws):

z(t) = xo + Alcos(wit) + cos(wat)] (2.46)

where A is the arbitrary amplitude of the driving signal. Substituting eq. (2.46) to
eq. (2.47) and considering the terms of y(x) only up to the 3rd-order polynomials
(k = 3), the frequency components produced by the modulator at its output stage are
summarised in Table 2.1 [69]:

TABLE 2.1: Nonlinear distortion components

Frequency Amplitude
Component
DC 0 an + (12142
Fundamental w1, Wo a1 A+ %G3A3
Second-order harmonic (HD2) 21, 2wo %GQAQ
Third-order harmonic (HD3) 3w1, 3wa TazA®
Second-order intermodulation (IMD2) | wy — w1, w; + wa, a9 A?
Third-order intermodulation (IMD3) 2wy — wa, 2we — wi, 2wy + %agAg’

wa, 2wz + w1

It can be observed that apart from the fundamental tones and an additional DC com-
ponent, new frequencies arise with varying amplitude coefficients. These spurious com-
ponents can be classified based on the position they occupy on the frequency spectrum
(Fig. 2.25). Components at frequencies of integer multiples of w; and we are called
harmonic distortions, while the ones corresponding to sums and differences between the
two fundamental frequencies are called intermodulation distortions. By observing their
amplitudes, it is clear that the second-order intermodulation distortion (IMD2) is twice
as large as the second-order harmonic (HD2) one, while the third-order intermodulation
distortion (IMD3) is three times larger than the third-order harmonic (HD3) one. What
is also observed is that the IMD3 components are the ones closest to the fundamental
tones, making them the hardest to filter out, while the IMD2 components can appear

close to the original tones or not, depending on the spacing between the latter. The
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significance of this observation for a real application with a signal comprising a contin-
uous spectrum of frequencies is that IMD3 is superimposed on some part of the signal
bandwidth even in narrowband systems and therefore becomes the main cause of signal
quality deterioration, while IMD2 can mainly affect wideband systems with multi-octave

signals (where whign > 2Wiow)-
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FIGURE 2.25: Output spectrum of nonlinear modulator with a two-tone signal input.

One of the most common parameters that are used as a metric of nonlinearity in a
communication link is the Spurious-Free Dynamic Range (SFDR). SFDR expresses the
output power dynamic range of the link, for which no intermodulation distortion of a
given order is exhibited. However, to accurately interpret this definition, one must take
into account the noise floor of the system. Under this consideration, SFDR,, can be
defined as the maximum output SNR for which the IMD,, component power is below
the noise floor. This is visualised in Fig. 2.26, which shows a plot of the RF output
power of the fundamental and IMD,, components with respect to RF input power, in
decibel scale. In this plot, the noise power spectral density (PSD) is marked and the
SFDR,, is annotated as the difference (when plotted in dB) between the fundamental
and IMD,, powers, when the IMD,, is equal to the noise power. Since the slope of the
fundamental curve is equal to unity, SFDR can also be defined as the ratio of the input
powers for which the two output components are equal to the noise power, as illustrated
in Fig. 2.26.

It must be noted that citing a SFDR,, value must also be accompanied with the band-
width at which the noise measurement was taken, as this affects the value of the noise
power. Considering that the slope of the n-th order IMD component curve is n times
larger than the slope of the fundamental curve, it can be proven that the relation of the

SFDR,, value to the measurement bandwidth B is given by:
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FIGURE 2.26: RF output vs. input power plot for a nonlinear system and SFDRj
definition.

SFDR,(B Hz) = SFDR,(1 Hz) — (”T_l) 10l0g10(B) (2.47)

Usually, a 1-Hz measurement bandwidth is considered and SFDR,, is expressed in dB

Hznv;zl, based on the scaling factor calculated in eq. (2.47).

Another parameter often cited as a metric of system nonlinearity is the intercept point
of the fundamental signal curve and the n-th order IMD curve, considering a linear
behaviour for the two curves. The quantities that are often cited to refer to the intercept
point are either the n-th order input intercept (IIP,,) or the n-th order output intercept
(OIP,,) which represent the corresponding input and output power values respectively

and are illustrated in Fig. 2.26 for the 3rd-order IMD component.






Chapter 3

Grating Couplers for Systems
involving Higher-Order Modes

Space Division Multiplexing (SDM) has attracted a lot of interest in research over the
recent years, as a means of augmenting the available optical data transport network
capacity, considering that existing techniques are proving insufficient to accommodate
the rapidly increasing generated traffic [11, 12]. The implementations of SDM that have
recently seen significant progress in the research community involve the use of either
multi-core [70] or multi-mode fibres [71] which increase the available fibre capacity by
allocating distinct data streams into different cores or modes, respectively. Considering
the latter case, the development of systems based on Few-Mode Fibres (FMFs) also
raises challenges in processing the multiplexed data, meaning that components able to

realise inter-modal functionalities are required for the system design.

At the same time, the components present in modern communication data centres are
making extensive use of the silicon photonic technology. In this context, merging the
integrated component systems with the FMF-based networks appears to be an essential
task that can be reduced to the design of two basic building blocks: an efficient interface
between the FMF and the silicon photonic circuit and an integrated mode multiplexer.
Interfacing the Silicon-on-Insulator (SOI) platform with a FMF can be achieved by
means of grating couplers designed to be sufficiently large to accommodate the FMF
spot size [72, 73]. As regards mode multiplexing, integrated components that implement
this functionality entirely on the SOI chip have already been reported [74-76]. Another
reported technique involves the chip-to-fibre interface to perform the mode conversion
operation. On-chip waveguides with electro-optic phase shifters have been used to feed
an array of small-scale gratings which are appropriately positioned in order to illuminate
the comparatively larger FMF facet and thus excite higher-order Linearly Polarised (LP)
modes [77-80].

45
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Such mode multiplexers rely on the fundamental operation of mode order conversion.
This chapter focuses on the design, simulation and characterisation of a fabricated grat-
ing coupler that is capable of converting the TEy mode of the waveguide to the LP1;
mode of a two-mode fibre, with no requirement for additional integrated components.
Because the conversion mechanism is related to the pattern design of the grating, the
operation occurs entirely at the FMF-to-SOI interface. As a result, the design targets set
for this work focused on maximising both the coupling efficiency and the conversion ef-
ficiency of the device. The first section describes the design strategy related to apodised
grating couplers for high coupling efficiency, along with simulation results. The second
section describes how the mode conversion operation is incorporated into the pattern
and presents the simulation results of the corresponding 3D grating structure. The third
section presents and discusses the experimental results of the device characterisation.
The contribution of this work to the scientific community was the demonstration of the
first fabricated mode-converting grating coupler [22], as the only previous report of the
concept in literature presented simulation results, without any experimental verification
[81].

3.1 Design & Simulation

Out-of-plane grating couplers (GCs) are a common type of interface between silicon chips
and fibre systems which utilises the diffraction of light by an etched groove pattern to
change the direction of a waveguide mode and send it towards a vertically positioned fibre
(Fig. 3.1 (a)). Since the direction of a wave is expressed by its phase characteristics, the
pattern itself is determined by the spatial phase functions of the two modes to be coupled.
In particular, if @mode,waveguide (T, 2) and Gmode, fibre(T, 2) are the phase distributions of
the in-plane mode propagating along the grating part of the waveguide and of the fibre
mode on the chip plane (the x-z plane in Fig. 3.1) respectively, then the individual
scatterers comprising the grating are situated at the points where ¢mode waveguide (T, 2) =
Gmode, fibre(%, ). This phase-matching condition can be used to design grating couplers
for any waveguide-fibre mode pair. Hence, to incorporate an additional mode order
conversion operation to the coupler, it is sufficient to use the spatial phase function of
the desired higher-order mode in the phase-matching equation. Thus, converters to any
arbitrary higher-order fibre mode can be designed, as demonstrated previously in [81]
and [82].

Regarding the specific case of the TEg-to-LP1; conversion, the solution to the phase-
matching equation forms the structure shown in Fig. 3.1 (b). The periodic groove
pattern on one side of the grating is offset with respect to the one on the other side by
a distance that is equal to half their spatial period. Thus, the optical mode propagating
in the waveguide acquires a 7 phase difference along the x direction as it interacts with

the grating and the resulting phase profile of the electric field that is diffracted upwards
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FIGURE 3.1: 3D concept of the grating-fibre interface for (a) a regular grating pattern,
(b) a mode-converting grating pattern (dimensions not to scale). Insets: Top view of
the gratings.

matches the profile of a LP1; fibre mode. This also applies to the reciprocal operation of

a fibre mode being launched to the grating in order to be coupled to a waveguide mode.

The phase-matching condition that was described in the previous paragraphs helped in
conceptualising the structure of a TEp-to-LP1; GC and acknowledging the key element
of the half-period offset. In practise, to further optimise the design of the device in
terms of coupling efficiency, the diffracted light must also match the Gaussian intensity
profile of the fibre mode. Therefore, a pattern with variable periodicity was used and the
design strategy involved simulation work. The full design methodology is presented next
in two parts: the first part describes the apodisation method used to achieve the highest
possible coupling efficiency for a regular SOI grating, measured through simulations, and
the second part reports the implementation of the offset to a 3D-simulated apodised GC
and presents results for the mode conversion operation, in the form of diffracted field

profile patterns.

3.1.1 Apodisation technique

The first design step was the maximisation of the waveguide-to-fibre coupling efficiency
for a regular grating (TEp <> LPg;) through apodisation of the groove pattern. As
seen in the structures illustrated in Fig. 3.2, the trench length was set to vary, in
order to manipulate the strength of diffraction across the length of the grating. This
apodisation method is a common technique used to improve the coupling efficiency
between a waveguide and a fibre. Its effect is more intuitively understood when the
interaction of an input waveguide mode with the grating is considered. The first grooves
with which the optical mode interacts only allow a small portion of the optical power
to be radiated upwards, while the next ones are designed to gradually increase the

diffracted power along the grating length. This is shown in both structures of Fig.
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3.2 by the gradual increase in the arrow lengths which represent the magnitude of the
diffracted light. This enables shaping of the intensity profile along the z-direction, so
that the diffracted light can match the Gaussian-shaped intensity profile of a fibre mode

and the coupling efficiency can be improved.

FF Apodisation only

(a)

FF & A Apodisation

/ / / /

A‘I

(b) —

-
L
L

FIGURE 3.2: (a) Grating with apodised filling factor and constant period, (b) Grating
with apodisation on both the filling factor and period. The arrows signify the direction
of the diffracted light, whose magnitude is represented by the arrow length.

However, considering that each trench-tooth pair of period A is an individual scatterer,
modifying the trench size while retaining the same periodicity does not guarantee a
uniform direction of propagation for the diffracted wave along the structure (see Fig.
3.2 (a)). This is clearer if we consider that the effective refractive index for each scatterer

is equal to:

Nepr = F Neppu+ (1= F) nNeppe (3.1)

where F represents the filling factor of the scatterer, given by the ratio of the unetched
length L, over the scatterer period A and nsy, and ness. are the effective refractive
indices of the unetched and etched part of the silicon slab respectively. Then, n.sy
extracted from eq. (3.1) can be substituted in the diffraction equation for the first-order

Bragg condition:

Ac

Neff — SN0 gir

A= (3.2)

where A, represents the coupling wavelength of the diffracted light and 6,;. expresses

the angle of diffraction. It is clear from this equation that the period A of each scatterer
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is dependent on its filling factor F' through the n.s; term if the angle of diffraction 0
is to be kept constant along the structure. In the specific case of a linearly apodised
GC, the filling factor at an arbitrary position z along the grating can be expressed by

the equation:

F=Fy—R-z (3.3)

where Fy represents the filling factor of the first scatterer and R is the linear apodisation
factor, representing the filling factor change per unit length (measured in yum~—!). Equa-
tions (3.2) and (3.3) show that for linearly apodised scatterers with identical A, such as
the structure shown in Fig. 3.2 (a), light of a specific wavelength is diffracted towards
different angles 0, across the length of the GC, because of the gradual change in n.y;.
In order to maintain the directionality, A has to be modified in the z-direction according
to eq. (3.2) so that the Bragg condition is satisfied for the full length span of the GC.
Such a structure is illustrated in Fig. 3.2 (b) and it is the one that was considered in
the design stage of this work. This technique is described and discussed in more detail
in [50].
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FIGURE 3.3: (a) Side view of an apodised grating, as simulated in FDTD Solutions

(TOX: Top Oxide Layer, BOX: Bottom Oxide Layer), (b) Contour plot of the maximum

coupling efficiency with respect to the etching depth and the linear apodisation factor
R.

To quantify the coupling efficiency of this type of GC, the 2-D structure shown in Fig.
3.3 (a) was simulated with the Finite Difference Time Domain (FDTD) method using the
software FDTD Solutions provided by Lumerical”™ . This represents the cross-section of
the grating in the y-z plane, which is enough to simulate the diffraction effect without loss
of generality, as the pattern is assumed to be homogeneous along the x-direction at this
stage. The parameters of the structure were based on the specifications of the available
SOI wafers and fabrication processes. Therefore, the silicon thickness of the structure

was selected to be 220 nm, which corresponds to waveguides supporting Transverse
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Electric (TE) modes at A = 1550 nm. The silicon device is surrounded by silica (SiO2),
in the form of a top cladding layer of 720-nm thickness and a bottom 2-um-thick layer.
The etching depth, periodicity and length of the trenches were left as free parameters
to optimise based on the implemented apodisation technique. Regarding the method
employed to evaluate the coupling efficiency, the optical input was set to originate from
an out-of-plane fibre to be launched towards the grating and then propagate in-plane
along the waveguide, where the coupled optical power can be monitored. For this, an
optical source with a Gaussian-shaped intensity profile was selected in order to resemble
the fundamental mode of a commercial two-mode fibre, while the beam waist was set
to 10 pm based on the reported mode field diameter (MFD) of 20 pm. This beam was
incident on the grating at an angle of 14.5° relative to the chip surface normal so as
to ensure unidirectional propagation in the waveguide. It is also noted that the optical
source was set so that it takes into account the evolution of the beam waist originating
from a fibre positioned above the chip and impinging on the top oxide layer (TOX) (Fig.
3.3 (a)). The distance of the fibre core facet from the grating pattern was calculated to
be ~16 pm, based on the feasible physical positioning of the full fibre structure, which
includes the 125-pm-diameter cladding, at the 14.5° angle. The mode was allowed to

propagate over a distance of 10 pm along the waveguide inside the simulation space.

Based on these specifications, a campaign of 2D-FDTD simulations was run on the y-z
plane to sweep the etching depth and the apodisation factor of the GC. The results of
the sweep are summarised in the contour plot of Fig. 3.3 (b). The plot suggests that the
maximum achievable coupling efficiency for this SOI configuration is 68%, while it also
reveals the robustness of this design, as the coupling efficiency value changes only by 2%
for an etching depth variation of £10 nm. Therefore, the optimum parameter pair was
selected for this work which indicated an etching depth of 110 nm and an apodisation

factor value R = 0.020 pm~!.

3.1.2 Groove positioning for mode order conversion

The next step of the design aimed to add the mode conversion capability to the device.
For this reason, the optimum apodised grating coupler was constructed in FDTD Solu-
tions as a 3D structure. First, the width of the grating was set to 20 ym in accordance
with the spot size specifications of a commercial two-mode fibre. Next, the appropriate
z-offset was introduced to one side of the GC. In particular, a set of 22 apodised scatter-
ers corresponding to the optimum design mentioned in the previous section was set to
comprise the Right Hand Side (RHS) of the GC, as illustrated in Fig. 3.4 (a), while the
scatterers on the Left Hand Side (LHS) needed to exhibit a half-period (Ag;/2) offset
relative to the RHS to introduce the 7 phase shift. Since the RHS had a variable Ag,
the offset used was also variable, different for each individual scatterer. The LHS trench

positions are indicated with the blue points in Fig. 3.4 (a) at the centre points of each
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RHS scatterer and thus they defined the variable period Ar ; of the 22 LHS scatterers.
Then, the filling factor values for the LHS part {Fy ;} were calculated using the Bragg
condition equation (3.2) so that the directionality of the GC is maintained. The final
groove pattern for the two sides of the GC is given in Table 3.1.

TABLE 3.1: Trench positions and sizes

Right Left ‘
No. | Pos. (nm) Size (nm) | Pos. (nm) Size (nm)
1 0 61 305 65
2 610 69 916 72
3 1222 76 1528 80
4 1835 84 2143 88
5 2450 92 2759 96
6 3067 100 3377 104
7 3686 108 3996 112
8 4306 116 4617 120
9 4929 124 5241 128
10 5553 132 5865 136
11 6178 140 6492 144
12 6806 149 7121 153
13 7436 157 7751 161
14 8067 165 8384 170
15 8700 174 9018 178
16 9335 183 9654 187
17 9972 191 10292 196
18 10611 200 10932 205
19 11252 209 11574 213
20 11895 218 12218 222
21 12540 227 12864 232
22 13187 236 13512 241

To evaluate the coupling efficiency of this mode converting grating, 3D-FDTD simula-
tions were performed, in which a LPgy; beam was launched to the grating and the power
coupled to the waveguide was monitored. This type of calculation was conducted for
apodised designs of both a regular GC and a mode converting GC and the resulting
coupling efficiency curves are plotted with respect to wavelength A in Fig. 3.4 (b). The
peak efficiency values observed for the two types are 68.4% (-1.7 dB) and 55.6% (-2.6 dB)
respectively, which are slightly higher than the numbers previously reported in literature
[81], namely 60.4% (-2.2 dB) and 51.5% (-2.9 dB). Another conclusion drawn from these
plots is the presence of a 0.9-dB conversion penalty that is present as additional loss
in the mode converter design. Careful study of the simulated electric field propagation
revealed that the additional loss arises from a portion of optical power that is incident
on the discontinuity in the centre of the grating pattern (between the LHS and RHS
parts), which appears to experience refraction towards the substrate without coupling

into the waveguide.

The reverse operation was also simulated, where a TEy waveguide mode was sent to the

grating and out-scattered to a TEi-shaped mode which can subsequently be coupled
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FIGURE 3.4: (a) Top view of the middle area of the mode-converting grating, where

the right-hand side and left-hand side patterns meet, (b) Simulated coupling efficiency

for a regular and a mode-converting grating coupler, (¢) Intensity profile at the output

plane above the grating and phase profile at y = 10 um after conversion of TEq to
out-of-plane TE; (compatible with LP1;).

to a LP;; fibre mode. The power diffracted upwards at a 14.5° angle relative to the
normal was monitored and the resulting intensity profile is shown in Fig. 3.4 (c). It is
clear that two intensity lobes are created as a result of the phase shifting between the
two parts of the grating, creating an intensity null in the middle. The phase profile of
the x-component of the electric field Ex is also plotted on the bottom, confirming the

induced 7 phase difference.

3.2 Device Fabrication and Characterisation Experiment

The grating coupler design was then fabricated on a SOI wafer and characterised in
order to experimentally verify its functionality. The device fabrication was conducted in
the facilities of the Optoelectronics Research Centre (ORC) by Dr. David J. Thomson,
Dr. Abdul Shakoor and Dr. Ali Z. Khokhar for the Silicon Photonics for Future Systems
(SPFS) project. The characterisation experiments were performed by the author with

the help of Dr. Cosimo Lacava and the useful guidance of Dr. Yongmin Jung.

The specifications of the SOI wafer included a 220-nm-thick silicon layer on top of a
bottom oxide layer (BOX) of a 2-pum thickness, made of SiOy. The structures were

drawn on a resist film using electron beam lithography and the photonic circuit was
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FIGURE 3.5: Scanning Electron Microscope (SEM) image of the mode-converting grat-
ing (top view).

then formed on the silicon layer of the wafer by means of inductively coupled plasma
(ICP) etching. As a final stage, a layer of SiOy was deposited on top of the etched
elements, which had a thickness of 730 nm. A top view of the resulting structure is

depicted in Fig. 3.5, as captured by a Scanning Electron Microscope (SEM).
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FIGURE 3.6: Characterization setup and recorded output far-field patterns for waveg-
uides interfaced with (a) a pair of regular gratings and (b) a regular and a mode-
converting grating.
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Two types of devices were drawn on the layout of the silicon chip in order to perform
characterisation measurements. Each of them consisted of a waveguide connected to two
GCs that served as the input and output (I/O) interface with the external fibre system.
The first device type, drawn schematically in Fig. 3.6 (a), contained two regular apodised
grating couplers, whereas the second type, drawn in Fig. 3.6 (b), included the mode
converting grating at its output coupler. The first characterisation experiment aimed
to record the far-field patterns at the output of the designed GCs and the system that
was set up for this measurement is shown in Fig. 3.6 (a), (b). The optical input to
the waveguides was provided by a wavelength-tunable external cavity laser with a fixed-
polarisation output. This was sent to a single-mode polarisation-maintaining (PM) fibre
that was appropriately set up to launch TE-polarised light (comprising only the Ey
component) to the input GC and therefore excite the TEy mode of the waveguide. At
the output side, an objective lens was placed at an angle above the grating pattern so
that the far-field pattern of the diffracted light can be imaged through an infrared (IR)

camera.

The far-field patterns recorded for the two types of devices are plotted in Fig. 3.6 (a),
(b). The device comprising regular I/O grating couplers did not cause any alteration
to the mode order, which is evident by the single-lobed intensity profile recorded at its
output. In the second device, the TEy mode that propagated through the waveguide was
converted at the output grating stage, hence the diffracted TE-shaped profile exhibits
two intensity lobes as a result of the phase change causing the cancellation of the electric
field present in the middle. In this form, it can be coupled to the LP11 mode of a fibre. In
order to also quantify the modal purity of the converted output, the power profile along
the horizontal line that bisects the mode is plotted in Fig. 3.6 (b) above the far-field
pattern. The intensity in the region between the two lobes would ideally be zero for a
pure TE; diffracted profile, therefore the maximum-to-minimum intensity ratio was the

evaluated metric to characterise its purity and it was measured to be 8.6 dB.
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FIGURE 3.7: (a) Fibre-to-fibre transmission for the mode-converting device (inset:
far-field pattern at the output of the two-mode fibre), (b) Extracted (and simulated)
coupling efficiency for the mode-converting grating coupler.
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Finally, the waveguide-to-fibre coupling efficiency as well as the power penalty of the
mode conversion operation were evaluated by coupling the silicon devices to 1 metre
of a commercial graded-index two-mode fibre. For each of the devices in Fig. 3.6 (a),
(b), the fibre-to-fibre transmission was measured by sweeping the input wavelength and
the result corresponded to the insertion loss of a pair of gratings. This transmission
is plotted in Fig. 3.7 (a) for wavelengths spanning the whole C-band and showed a
3-dB bandwidth of 42 nm. The peak value of -5.2 dB at 1537 nm observed in this plot
therefore corresponded to the total insertion loss for the pair of gratings shown in Fig.
3.6 (b). In order to verify the excitation of the LP;; mode in the fibre, the far-field
pattern at the output of the fibre was also recorded and is depicted in the inset of Fig.
3.7 (a). This measurement also enabled to quantify the purity of the excited mode, which
was evaluated by the same method mentioned in the previous paragraph. The peak-to-
trough intensity ratio was measured to be 13.8 dB for this pattern, indicating a higher
modal purity compared to the results of the previous experiment. This difference can
be attributed to the slightly different setup constructed to capture the far-field pattern
in the two cases, as the capturing system used for the GC output consisted of a more

complicated array of lenses to image the resulting pattern to the IR camera.

Next, the transmission measurements for the two device types were used in conjunc-
tion to extract the coupling efficiency of a single grating. In particular, a transmission
measurement for the regular GC pair was divided by 2 (in dB scale) given that the
two GCs are identical in order to extract the efficiency for a single regular GC. Using
this measurement as reference (peak value -1.8 dB, not plotted here) along with the
transmission curve in Fig. 3.7 (a), the coupling efficiency of the mode converting GC
was extracted and is plotted with respect to wavelength in Fig. 3.7 (b). The simulation
prediction is also presented in the same plot for comparison. The two plots both exhibit
peak values at a central wavelength of 1540 nm which correspond to -3.1 dB and -2.6
dB of coupling efficiency for the fabricated and the simulated GCs respectively. The
slight mismatch in these peak values is attributed to unaccounted losses associated with
the fibre facets in the experimental system used for the measurement. Finally, using
again the extracted efficiency for the regular GC as a reference measurement, the power
penalty of the conversion operation was calculated as equal to 1.3 dB which is close to

the 0.9 dB prediction at the simulation stage.

3.3 Conclusion

This chapter reported the design and characterisation of a fabricated silicon grating
coupler that operates as a mode order converter with the specific demonstration of the
TEq to LP1; conversion. The concept was based on applications combining multimode
fibre networks with integrated silicon components and the design targets were the opti-

misation of the coupling efficiency and the conversion efficiency.



56 Chapter 3 Grating Couplers for Systems involving Higher-Order Modes

The first section described the design strategy and presented simulation results. It was
divided into two parts: the apodisation technique used to improve the coupling efficiency
and the implementation of the mode conversion functionality. The second section pro-
vided information about the fabrication procedure and reported the experimental results
for the characterisation of the silicon devices. The main results included a -3.1 dB cou-
pling efficiency for a single mode converting grating coupler, with a conversion penalty
of 1.3 dB. Far-field patterns of the converted modes were also presented correspond-
ing to both the output of the grating structure and after propagation in 1 metre of a

commercial two-mode fibre.

This work demonstrated the implementation of a TEg to LP11 conversion entirely at the
coupling stage between a SOI chip and a two-mode fibre using an appropriately tailored
grating pattern and it was the first result involving a fabricated mode conversion device

with a single grating reported in the literature.



Chapter 4

Frequency Comb Generation
based on a Ring Resonator
Modulator

Over the last decades, the efforts to increase the capacity of optical communication
links have very often involved the implementation of Wavelength Division Multiplexing
(WDM) [83, 84], where the use of multiple carriers can compensate for the hardware-
related limitations in bandwidth, mainly present in the E/O conversion stage. Especially
in the field of silicon photonic transceiver design, a significant number of commercial
solutions have adopted the use of multiple carrier wavelengths to achieve the >100 Gb/s
capacity per transceiver-unit goal [19-21, 85]. Although this is often achieved with arrays
of Distributed Feedback (DFB) lasers which operate separately from one another, the
concept of using a single laser input fed to an optical frequency comb generator has also

attracted significant interest in research [86, 87].

Frequency combs at optical wavelengths have received increased attention in recent
years as a disruptive technology in spectroscopy and metrology applications, owing to
the rapid advancement offered by the development of nonlinear microresonator devices
[88]. At first glance, the adoption of such technology in the telecommunications sector
appears to be a difficult feat due to the strict requirements in robustness and reliability
set by the community regarding potential commercial comb devices. However, recent
steps that the research community has taken into investigating comb generation are
rapidly bringing the technology to a very mature stage, with implementations in WDM

transceiver environments already being reported in the literature [89-91].

Most reports in the literature have utilised the Kerr nonlinearity of materials such as
Silicon Nitride (SigsNy) [92-94], Silica (SiO2) [95, 96], Diamond [97], Gallium Phosphide
(GaP) [98, 99], Aluminium Nitride (AIN) [100, 101] and more recently Lithium Niobate
(LiNbOg3) [91], all based on integrated platforms. Some of these material platforms

o7
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involve sophisticated fabrication processes, while others are better candidates for mass
production of low-cost components. Silica- and silicon nitride-based solutions, which are
compatible with the SOI platform, take advantage of the optical power enhancement
present in resonator structures at specific wavelengths in order to generate multiple
comb lines through parametric frequency conversion. These Kerr combs have exhibited
spans as large as an octave, while their line spacing is fixed at a value equal to the Free
Spectral Range (FSR) of the resonator involved. The commonly reported values for the
line spacings in these types of combs are in the range of hundreds of GHz, although
devices involving very large ring resonators have even shown values below 100 GHz [89).
However, the main limitation of the Kerr comb generation technique is the requirement
for a high optical pump power to trigger the nonlinear effect (in the order of Watts or

hundreds of milliWatts), with no means of control over its distribution to the comb lines.

A different technique to generate a comb from a single-wavelength input is the use
of E/O modulation by a Radio Frequency (RF) driving signal. In this case, the line
spacing is solely determined by the modulating frequency of the RF signal, while the
comb span is dependent on the achievable modulation depth that dictates the number of
generated harmonics. The phase modulators that have previously been used to produce
these higher-order tones that comprise the comb spectrum were based on integrated
InP [102, 103] or LiNbO3 [104-107]. As the main advantage of this technique is its
flexibility in terms of the generated spectral shape, a number of efforts have also been
directed towards producing flat combs, mainly by appropriately tailoring the electrical
input [105, 106, 108-111]. The most important result of recent years on silicon E/O
combs has been the use of a silicon-organic-hybrid (SOH) Mach—Zehnder Modulator
(MZM) to generate the WDM carriers of a Thit/s data transmitter [112], while other
works (including the one reported in this chapter) [24, 113-116] have investigated the

potential of conventional silicon RRMs for comb generation.

In this chapter, a comb generation technique based on the use of E/O ring modulators
is investigated, while experimental results for the implementation on a fabricated silicon
device are reported. The first section presents an analytical model describing intensity
and phase modulation in ring resonator structures that contain an electrorefractive com-
ponent, along with a calculation of the spectral components of the modulated output.
The following section reports the experimental generation of a flat comb in the C-band,
using a fabricated silicon RRM driven by two sinusoidal RF signals. This result provided
the first investigation of frequency comb generation with a conventional silicon RRM in
the literature [24].
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4.1 Modelling Tone Modulation in Ring Resonators

To acquire a thorough understanding of the effects of RF tone modulation on the op-
tical output spectrum of an E/O ring resonator structure, a theoretical approach was
attempted as a first step. This section reports the development of an analytical model
that describes electro-optical modulation in a ring resonator whose circumference com-
prises an electrorefractive element. The mathematical formulation for this model is
based on the expressions for guided propagation modes and on control theory models,
represented by block diagrams. It is noted that this model assumes a linear system
for the ring resonator component, and only addresses its steady state behaviour. This
means that optical nonlinearities as well as the dynamic behaviour of the ring are not
considered in the approach described in this section. This does not diminish the value
of the drawn conclusions in terms of applicability in real systems, as the operation of
a RRM at low optical power and in the presence of relatively low-frequency RF driv-
ing signals is compatible with the presented theoretical treatment. In particular, a real
RRM can be described by the model as long as the optical power is sufficiently low so
that no nonlinear effects are triggered in the ring circumference where light experiences
enhancement at resonance wavelengths. As for the RF input, this model is accurate
for driving signals exhibiting transition periods larger than the photon cavity lifetime,
which is dependent on the ring quality factor. Finally, it should be noted that the de-
velopment of this model as an original idea of the author occurred in parallel with the
work published in [117], which is the only report in the literature of a frequency-domain

approach to the problem.

4.1.1 Block diagram representation of a Ring Resonator

FIGURE 4.1: Schematic of a ring resonator structure with annotations of the input and
output mode field variables as well as the mode propagation direction.
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As described in Chapter 2, the structure of a ring resonator consists of a bus waveguide
and a ring cavity, as illustrated in Fig. 4.1. The analytical expression describing its

input-output field relation is repeated here for consistency:

t—aeI?

Sout = T apre g

(4.1)
where ¢ = kon.ssL is the phase accumulated during one round-trip propagation of the
mode along the ring circumference. The variables kg, n.sy and L here represent the free-
space wavenumber, the effective refractive index of the mode and the ring circumference
respectively. The design parameters t and « represent the through-transmission coeffi-
cient and the round-trip loss respectively. Since S, and S;;, are electric field variables,

t and « also relate to the mode electric field rather than the mode intensity.

Since the function of the cavity structure can essentially be viewed as a feedback mech-
anism, it is useful to express the above equation using control theory nomenclature,
representing the ring resonator system with a block diagram. This diagram is depicted
in Fig. 4.2, where all the aforementioned variables are present and & is the cross-coupling
coefficient, directly linked to ¢ through the relation x? + t*> = 1. The presence of the
feedback loop in the ring resonator system is obvious in this representation and it is

trivial to prove that the diagram mathematically corresponds to eq. (4.1).

t*

Sin 'K* ( ) ae-jd) K Sc>ut

FIGURE 4.2: Block diagram representing a ring resonator system with the mode field
as variable.

Eq. (4.1) evaluates the system output S, for a given input S;,, at a specific wavelength.
Although it can describe the steady-state response of the system for any given wave-
length, it only applies to systems where S;, and S,,: are variables of electric field of the
same wavelength. Therefore, it cannot model the functionality of a modulator, which
produces new spectral components at the output, through the use of active elements.
In the specific case of a silicon RRM whose circumference is carrier-doped in order to
modify the effective refractive index through a voltage input, the electrorefractive ele-

ment would be ideally represented by a phase modulator. In the presence of a given RF
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electrical input, the phase modulator generates spectral sidebands at the output stage
which, in principle, cannot be described by the scalar variable S,,;. In the special case
of sinusoidal modulation, the sidebands only consist of discrete frequency tones, at a

spacing equal to the modulating frequency Qgp.

To address the need to handle multiple wavelengths simultaneously, the representation
used in Fig. 4.2 was modified. In the new approach, instead of scalar variables, 5;, and
Sout are considered to be vectors, whose elements correspond to discrete positions in the
frequency axis. Thus, this new system can treat input and output electric fields as they
are distributed across a discrete spectrum. Since the model is developed to describe tone
modulation and the output spectrum can only exhibit a discrete, comb-like form, the
discretisation of the spectrum can be conveniently defined so that the spacing between
adjacent frequency points is equal to the modulating frequency Qrp. The input and

output vector variables are now written in the form:

S—N,in S—N,out
S—l,z’n S—l,out
Sin = SO,in Sout = SOput (4'2)
Sl,in Sl,out
_SN7in_ _SN,aut_

where Sy denotes the complex field amplitude at the centre frequency and S;,7 # 0
represent the amplitudes spanning the rest of the discrete spectrum. It is noted that
the span of the spectrum, i.e. the vector size (2N + 1) can be arbitrarily selected and is

limited by the used hardware in computational solving.

t*

Si—] «* —~()— P K — S,

FIGURE 4.3: Block diagram representing a ring resonator system - Matrix approach.

Based on this modification, the new block diagram is mathematically described by matrix

operations. Illustrated in Fig. 4.3, the blocks comprising the system can now represent
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either scalar coefficients or (2N + 1) x (2N + 1) matrices. In particular, the blocks
including k and t retain their scalar form, whereas in order to account for the dispersion

in the ring, the round-trip propagation block P is a matrix defined as:

[e—io-N . 0 0 0 .. 0
.. e do 0 0 0
P=al| 0 W0 eTi%0 0 (4.3)
0 0 e IN 0
0 0 0 0 .. e Jon]

which expresses the round-trip propagation in the ring for different wavelengths. The
accumulated phase ¢; is different for each travelling wave of different wavelength and
this is expressed by the different values in each element of the main diagonal. This
representation still describes a ring resonator with no electrorefractive element. This is

why the only matrices it contains are diagonal.

4.1.1.1 Ring Resonator Modulator Model — Single-tone Drive

Regarding the case of a RRM modulating a single-wavelength optical input, the corre-

sponding block diagram is shown in Fig. 4.4, where S;;, and S,,; take the form:

[ 0 1 _SfN,out_
0 S—l,out
Sin = So,m s Sout = SO,out (4'4)
0 Sl,out
L 0 | L SN,out _

The use of the matrix approach becomes clear in the RRM model, where the phase
modulator component is represented by matrix A. To construct this matrix, the formula
for phase modulation by a sinusoidal signal was used, according to the Jacobi-Anger

identity:

ejwctej(A(bAsinQRFt) _ ejwct Z Jn(A¢A)6anRFt (45)

n=—oo
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t*

FI1GURE 4.4: Block diagram representing a ring resonator system - Matrix approach.

where w, is the carrier frequency, A¢ 4 is the phase amplitude of the modulating signal
and Qrp the modulating frequency. Based on this expansion to the harmonics of the

carrier frequency, the phase modulation matrix A is written as:

[ Jo(Ada,n) . TJoN41(Adan) J-N(Adao) J-nN-1(Ada,—1) ... J_an(Ada_nN) |
IN-1(Ada,N) - Jo(Apa,1) J-1(A¢a,0) J_2(A¢a,—1) .. Jo1-~N(A¢a _nN)
A= | In(AdanN) .. J1(Ada1) Jo(Ada,0) J_1(Ada,—1) wo J_N(Ada,—N)
INy1(AdanN) .. J2(Ada1) J1(A¢a,0) Jo(Adpa,—1) wo J1-N(Ada,—N)
| Jon(Adan) ... Ini1(Agan) IN(Ad a0 IN_1(Dpa,—1) .. Jo(Ada,—nN)
(4.6)

where J,(A¢4) is the n-th Bessel function of the first kind and A¢4 is given by the

equation:

2T

Apyg = 3

and expresses the phase modulation amplitude, considered to have the same value for
all wavelengths, because the change is negligible for a small number of closely spaced
frequency taps around the centre frequency. As can be observed, the difference of the
phase modulator block (matrix A) from the propagation block (matrix P) in their
mathematical formulation is that matrix A is non-diagonal. This approach enables the
emulation of an active element which produces new frequencies in the output spectrum,

through matrix multiplication.

Another interpretation of this formulation comes from the identity:
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U1
V2

AV = [Al Ay ... Aoniq] - =v1A] +v2As + ... + vant1Aont1 (4.8)

V2N+1

which equates the matrix multiplication of an input vector V by the matrix A with a lin-
ear combination of the column vectors A; (see (4.6)) with the elements v; as coefficients.
Each term v;A; in the right-hand side of eq. (4.8) expresses the phase modulation of

each input frequency component v;, as per eq. (4.5).

A mathematical expression can now be derived for the block diagram of Fig. 4.4, based

on control theory:

Soue = (|12~ 1) AP[1 - °AP)] TS+ 1Sin (4.9)

where I represents the (2N + 1) x (2N + 1) unit matrix. The similarity of this matrix
expression to the expression in eq. (4.1) is clear if the numerator and the denominator

of the fraction in the latter are multiplied by ¢ and written in the form:

- t— e I? '
B t—ae 19 o t—ae 19 —a|t|26_j¢+a|t|26_j¢t5' 410
ot —alt|Zemio T t — alt|2e=7¢ " (4.10)
B (Jt]? — 1)ae™7? ~(tP - 1aeI?
=(1+ W)tsm = msm +tSin

In order to demonstrate the functionality of this model in emulating the output spectrum
of a RRM, a MATLAB routine was written to simulate it through the use of matrix
variables. A set of parameters were fed to the routine, relating to the ring resonator
structure and the driving signals, which are listed in Table 4.1. The parameter values
were selected to resemble the fabricated RRM devices that were available in the labo-
ratory. The transfer function of the overcoupled ring resonator is shown in Fig. 4.5 (a)

and the output spectrum after modulation is shown in Fig. 4.5 (b).

For the considered overcoupled ring resonator, the driving signal amplitude corresponds
to the maximum available n.s; change that the RF signals can produce in the laboratory.
It is clear that the modulation depth is large enough to suppress the carrier to a power
level lower than the first harmonics. However, it is not strong enough to increase the

power of the second harmonics to a level that allows them to form part of the comb.
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TABLE 4.1: MATLAB Model Parameters

Property Value
Optical Input Power 1 a.u.
Optical Input Wavelength 1547.858 nm (Resonance Wavelength)
Ring round-trip loss « 0.9828
Field through-transmission coeflicient ¢ 0.9548
Ring diameter L 24 pm
Effective group index 3.88
Modulating frequency Qrp 10 GHz
Effective refractive index change Ancyy 2.15 x 1074
A Matrix size M x M 121 x 121
0 —~ 0
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FIGURE 4.5: (a) Modelled ring resonator intensity transfer function, (b) Calculated
output spectrum under 10-GHz tone modulation.

Enhancing the power of the second harmonics would result in two prominent tones on

each side of the optical carrier, forming a comb shape with five lines.

4.1.1.2 Ring Resonator Modulator Model — Dual-tone Drive

t*

in -K* —@— P - A | B K — Sout

FIGURE 4.6: Block diagram representing a ring resonator modulator system electrically
driven using the dual sine wave technique.
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Since this model was developed to investigate the potential of a RRM for frequency comb
generation, configurations with appropriately tailored driving signals were considered in
order to expand the comb span. A well-known technique in the literature is the operation
under a multiple-tone electrical input. In the specific case of a dual sine wave input to the
RRM at frequencies of QQrr and 2QQrr, the optical wave is described by the expression
ej“Ctej(A¢ASi”(QRFt+A9)) ej(A¢BSi”(2QRFt)), where Af is used here to denote the phase
difference between the two sine waves. The phase amplitudes of the two modulating
tones are represented in this expression by A¢4 and A¢pg. The model used to describe

this configuration is illustrated in Fig. 4.6.

In this model, the matrices A and B are given by the expressions:
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Jo(A¢p2) 0 J_1(A¢p,0) 0 J_2(A¢p,2)
0 JO(AgbBJ) 0 Jfl(AgbB’,l) 0
B=|.. Ji(A¢pp) 0 J()(A(be) 0 J_l(A¢B7_2)
0 J1(A¢B 1) 0 Jo(A¢p, 1) 0
J2(A¢p,2) 0 J1(Adp o) 0 Jo(A¢p,—2)

(4.12)

The expression for matrix A is slightly different to incorporate the phase difference A#,
while matrix B is similar to A, consisting of Bessel function elements, only more sparsely
distributed as modulation from a 2Qpp signal only generates harmonics of order equal
to 2nQ2grp. The mathematical formulation for the model in Fig. 4.6 is given by the

expression:

Sout = (|t|2 - 1) BAP [I - t*BAP] TS+ 1Sin (4.13)

A MATLAB routine was written to emulate this second model, where the electrical input
was now set to a dual sine wave signal, consisting of a 10-GHz and a 20-GHz tone. The
Ancsy amplitudes were set to 0.72 x 107* and 1.39 x 10~ respectively, so that they
correspond to signals that can be produced in the laboratory. In this case, the output
spectrum is also affected by the phase difference Af between the two tones, which is
already incorporated into the model, therefore this parameter was swept in order to
produce the flattest possible comb. The best result (for A§ = 0.75 rad) is shown in Fig.
4.7 (a), while a flatness metric is plotted with respect to the phase difference A between
the two tones in Fig. 4.7 (b). Flatness is defined as the power difference between the

strongest and the weakest comb line among the five.

It is clear that this comb does not exhibit sufficient flatness, as the maximum power dif-
ference among its five lines is equal to 6.38 dB. In order to explore alternative methods
of flattening the comb shape, other parameters of the system that can affect the output
spectrum were investigated. In particular, the impact of the ring coupling condition
was studied by monitoring the generated lines as the through transmission coefficient
t was varied. The results shown in Fig. 4.8 (a) present the trend in carrier power as
well as the harmonic powers for the overcoupling (¢t < «) and the undercoupling regime
(t > «). There are two cases where the two power levels are equalised, producing a
relatively flat 5-line comb: one appears inside the overcoupling regime and the other

inside the undercoupling regime, both of which occur near the critical coupling point.
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FIGURE 4.7: (a) Calculated output spectrum under 10- and 20-GHz tone modulation,
(b) Comb flatness variation with respect to the phase difference Af between the two
tones.

The flat comb result is a combination of the carrier suppression caused by a strong mod-
ulation effect and the level of enhancement that the harmonics experience. Under this
consideration, the trend in the power level of the produced harmonic tones is important
(Fig. 4.8 (a)), which is dependent on how many round-trips they complete when they
enter the ring cavity. Therefore, inside the overcoupling regime, the structure favours
the propagation of the generated optical tones inside the cavity and the cascaded phase
modulation phenomenon is more prominent, whereas in the undercoupling regime the

harmonic power levels drop significantly.

RF Input: 10 & 20 GHz & Optimised A¢

——Carrier
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FIGURE 4.8: (a) Calculated power levels for carrier and harmonic tones vs. through

transmission coefficient ¢ under 10- and 20-GHz tone modulation with the optimum A#

value, (b) Comb flatness variation with respect to the through transmission coefficient
t.

Figure 4.8 (b) shows the line power difference as it varies with respect to the through
transmission coefficient . The two areas of minimum power difference (increased flat-
ness) can be observed, with the overcoupling regime corresponding to a more robust
comb generator system with respect to variations in ¢f. These minima correspond to

much lower values than the ones shown in Fig. 4.7 (b), reaching < 2-dB levels.
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Therefore, the MATLAB routine was run for the optimised value of 0.9699 for the ¢
parameter (minimum power difference inside the overcoupling regime), which showed a
power difference of 1.55 dB among the comb lines. The resulting spectrum is shown in
Fig. 4.9 (a), with its dependence on the phase difference Af depicted in Fig. 4.9 (b).
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FIGURE 4.9: (a) Calculated output spectrum under 10- and 20-GHz tone modulation
for ¢ = 0.9699, (b) Comb flatness variation with respect to the phase difference Af
between the two tones.

The investigation of the model parameters that affect the comb shape were a useful
guide in order to implement the comb generation technique with a fabricated device
in the laboratory. The tuning methods presented in this section were considered in
the experimental procedure described in the following section to optimise the comb
shape in terms of flatness. The amplitude and phase of the RF signals could easily be
tuned with the available electrical components, while traversing different regimes of the
ring coupling condition was achieved by appropriately biasing the p-n junction of the
silicon modulator, which triggered different modulation mechanisms and at the same

time affected the round-trip loss.

4.2 Frequency comb generation in a Ring Resonator Mod-

ulator

This section reports the generation of an optical frequency comb with a highly uniform
power distribution along its span, through the use of a micrometer-scale Ring Resonator
Modulator (RRM) fabricated on a SOI platform. The device was designed by Dr. D. J.
Thomson at the Optoelectronics Research Centre (ORC) and fabricated at the Institute
of Microelectronics (IME) in Singapore for the Silicon Photonics for Future Systems
(SPES) project. The characterisation and comb generation experiments were performed
by the author, with the help of Dr. C. Lacava and Dr. K. R.H. Bottrill. The speci-
fications of the RRM are first presented, along with the measurements of its complex

transfer function. Next, the comb generation experiment is described and the effect of



Chapter 4 Frequency Comb Generation based on a Ring Resonator Modulator 71

the coupling condition and modulation regime on the comb shape is discussed. Finally,
the optimum operation of the RRM for the generation of a flat comb is reported, with
the demonstration of five 10-GHz-spaced lines, whose coherence is verified by an ad-
ditional time-domain measurement showing transform-limited pulse generation. These
results were the first investigation of the capabilities of conventional small-footprint and
low-power silicon modulators for comb generation on an integrated platform. The sig-
nificance of these observations can be appreciated in potential WDM systems requiring
low-cost solutions for comb generation, with devices fabricated using CMOS-compatible

processes.

4.2.1 Ring Resonator Design

A modulator-based comb is produced by means of electro-optic modulation of a Con-
tinuous Wave (CW) source. This is essentially achieved by appropriately shaping the
resulting spectrum around the optical carrier. In particular, the comb shape is deter-
mined mainly by two factors: the applied electrical signal waveform and the achieved
modulation depth. In the specific case of a silicon RRM, the modulation depth is depen-
dent on the coupling condition of the ring and the operating regime of the p-n junction.
Since these are directly related to the RRM design, the specifications of the fabricated
device are described in the following paragraphs, with an elaborate discussion on the

above parameters of this implementation.

The fabricated RRM reported in this chapter had a 24-um diameter and a bus-ring gap
of 240 nm, which was measured to be slightly off the critical coupling point, inside the
overcoupling regime (see Section 2.1.5.2), when no bias voltage is applied. The device
was fabricated on a SOI wafer, entirely through CMOS-compatible processes. A top
view microscope image of the RRM is shown in Fig. 4.10 (a), while the cross-section
of its doped waveguide section is portrayed in Fig. 4.10 (b), where the p-n junction
can be seen (not visible in the top view image). The silicon layer thickness was 220
nm and the etching depth for the rib waveguide structures was 130 nm. The photonic
circuit pattern was written using Deep Ultraviolet (DUV) lithography, while the p- and
n-doped sections were realised by boron and phosphorus ion implantation respectively
along the ring circumference. Coupling to and from the planar structures on the silicon
chip was facilitated by two focused grating couplers, which were designed for Transverse
Electric (TE) mode operation in the C-band (electric field parallel to the x-axis in Fig.
4.10). Two Polarisation Maintaining (PM) fibres were positioned at a 11°-angle to the

surface normal of the chip to launch and collect light, as shown in Fig. 4.10 (c).

Regarding the electrical input to the RRM, the three metallic pads shown in Fig. 4.10
(a) were written on a layer on top of the photonic structure in a Ground-Signal-Ground
(GSG) configuration to provide access to the p- and n-doped sections of the ring cir-
cumference through vias. Thus, the RF signal could be applied to the RRM through



72 Chapter 4 Frequency Comb Generation based on a Ring Resonator Modulator

(b) (C) Optical

[ Fibers 1

Vhias VRF

(=)

Il g

Ground  Signal  Ground 450 nm
[.! 130 nm
| l y
- \L | I 90 nm

x Z

FIGURE 4.10: (a) Ring resonator modulator top view micrograph, (b) waveguide cross
section and (¢) coupling scheme for the silicon photonic chip.

a high-speed 3-pin GSG probe that made contact with the pads. The changes caused
to the propagating optical mode by the voltage applied to the p-n junction can be at-
tributed to both electrorefractive and electroabsorptive effects, as per the relation of
carrier density change with respect to refractive index and absorption in silicon, evalu-
ated by Soref and Bennett in [35]. In a doped waveguide, these effects are expressed as

a change in its complex effective refractive index An.ys, which is defined as:

ANerr = Angrr + iAa 4.14
Ir fr

where Angyr expresses the effective refractive index change of the doped waveguide
and Aqa expresses the absorption change. In the case of the RRM, where the doped
section was the ring circumference, the two effects manifested themselves as changes
in the transfer function of the RRM: An,y; was exhibited as a wavelength shift, while
Aq altered the resonance depth and shape because an increase in the round-trip loss
altered the coupling condition. Depending on the polarity of the applied voltage, the
physical mechanisms responsible for the change in A7, ;; were either the change in the
depletion area of the junction (in the reverse bias regime) or the injection of free carriers
(in the forward bias regime), both present in an area that overlaps with the optical
mode. The impact of the junction regime on the RRM transfer function was evaluated

by characterisation measurements reported in the following paragraphs.

4.2.2 Device Characterisation

First, the intensity transfer function of the RRM was measured, using a tunable laser
source while simultaneously monitoring the output power of the modulator. The trans-
mission spectrum is therefore shown in Fig. 4.11 (a) for different bias voltages, measured
by means of a wavelength sweep of a 1-pm step. The effect of the bias regime on the
resonance shape and position in the A-axis is apparent. The deepest resonance trough

is observed for a forward bias voltage of 1 V, which suggests that the ring is critically
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coupled for this voltage, while lower (including reverse bias) and higher voltages cor-
respond to overcoupled and undercoupled ring states respectively. By evaluating the
quality factors (Q-factors) of the ring for each voltage, it is useful to note that they fall
in the range of 3,000 to 10,000, corresponding to photon cavity lifetimes smaller than 8
ps. This suggests that there is no significant bandwidth limitation originating from the

resonator topology itself for electrical signal frequencies in the order of tens of GHz.
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FIGURE 4.11: Measured (a) intensity and (b) phase transfer function (resolution: 50
pm) of the ring resonator modulator and their change vs. applied bias voltage.

Apart from the coupling condition investigation, it can also be seen that forward biasing
induces stronger changes to the RRM response, which is due to the different characteris-
tics of the physical mechanisms responsible for modulation in forward and reverse bias.
In the reverse bias case, the depletion region of the p-n junction is widened compared to
the case of no applied voltage and the induced changes to it do not overlap highly with
the optical mode, hence they cause a small but fast effective refractive index change.
However, forward biasing involves a narrower depletion region, while for even higher
voltages (> + 0.7 V), a carrier injection effect is triggered. Both of these mechanisms
modify the effective refractive index greatly in forward bias, although carrier injection
is a slower phenomenon. Therefore, even though the forward bias regime offers stronger
interaction with the mode and leads the RRM to critical coupling, operation in the
carrier injection regime hinders modulation at frequencies higher than ~1 GHz. These
effects of the different bias regimes also became clear by observation of the corresponding

generated comb shapes which are discussed in the next section.

The phase transfer function of the RRM was also measured for different DC bias volt-
ages and is plotted in Fig. 4.11 (b). As the phase profile of the RRM could not be
directly measured, a purpose-built measurement system was constructed to extract this
graph [118]. The technique that was used involved launching two closely spaced coher-
ent spectral tones to the RRM and measuring the acquired phase difference between
them after propagation in the device, through heterodyne detection at the output. The
analytical description of this measurement method, along with the specifications of the

implemented system used in the experiment are reported in [118-120]. The phase profile
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plots in Fig. 4.11 (b) verify the change in the ring coupling state for different bias volt-
ages. Based on the information from the graph, operating the RRM near the resonance
wavelengths provides the largest phase modulation depth. For the purpose of comb gen-
eration, the phase modulation properties of the RRM provide useful insight regarding
the capability of carrier suppression, which is key to achieving a flat comb shape. Carrier
suppression can happen when the driving signal modifies the phase of the fundamental
tone so that it reverses its sign throughout the voltage swing. Therefore, depending on
the spectral position of the carrier tone relative to the RRM resonance wavelength, it
can experience different levels of power suppression. This offers a degree of freedom in
tuning the fundamental tone power level at the output in order to equalise it to the level

of its harmonics and produce a flat comb shape.

4.2.3 Experimental results and Discussion

The setup illustrated in Fig. 4.12 was used to implement the frequency comb generation.
An external tunable laser source generated the optical carrier that was fed to the RRM,
while the electrical driving signal consisted of two RF sinusoidal waveforms. Two RF
clocks were used to produce electrical tones at frequencies of 10 and 20 GHz, which
were subsequently amplified and combined together to drive the RRM by means of
a high-speed probe. A phase shifter was used to tune the phase difference between
the two sinusoidal signals, while a bias tee enabled the application of a DC voltage to
appropriately bias the p-n junction. The frequencies of 10 and 20 GHz were selected in
order to produce five comb lines of a 10-GHz spacing. Higher modulating frequencies
were also tested but the produced optical tones did not exhibit sufficient power levels to
form a flat comb shape, due to the bandwidth limitations of the RRM.
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FIGURE 4.12: Experimental setup for the frequency comb generation. Lines in black
represent optical connections, while lines in red represent electrical connections.
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The implementation of this comb generation system offered sufficient flexibility in opti-

mising the spectral output of the RRM. The system was appropriately tuned with the
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aim of producing a comb with a flat shape and a high power level. Based on these con-
siderations, the optical power used at the input was set to 2.3 dBm in order to produce
comb lines at a high power level relative to the noise floor. Testing the system with
higher intensity levels of the laser source triggered the onset of nonlinear effects in the
ring which deteriorated the achievable modulation depth, because of the extra nonlinear
effective refractive index change and nonlinear absorption present along the ring circum-
ference. The optimum result was achieved with a 1.5-V,, 10-GHz tone and a 2.9-V,,
20-GHz tone, whose phase difference was equal to 7 radians, while the bias voltage used
was equal to + 0.22 V. It is noted that the amplitudes of the RF tones were limited by
the gain of the RF amplifiers used. This configuration generated the frequency comb
illustrated in Fig. 4.13 (a), which consists of five 10-GHz-spaced spectral lines with a
maximum power difference of 0.7 dB among them. The on-chip insertion loss of the
RRM was equal to 5.5 dB.
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FIGURE 4.13: (a) Generated frequency comb at 10 GHz line spacing for a 0.22 Volt
forward bias voltage applied, (b) Generated frequency combs for different bias voltages
applied. Top and bottom rows correspond to reverse and forward bias respectively.

According to the discussion in the Device Characterisation section, the shape of the
RRM output spectrum is determined by the strength of the combined amplitude and
phase modulation effects. The power level of the produced harmonic tones is directly
dependent on both of these effects, while the suppression of the carrier tone power is
mainly determined by how strongly the light experiences phase modulation. The method
used in this experiment to flatten the comb shape involved tuning the bias voltage of the
RRM and the wavelength of the Continuous Wave (CW) source. Figure 4.13 (b) portrays
the comb spectra corresponding to the different bias voltage regimes, for each of which
the source wavelength was optimised for the best possible outcome in terms of comb
flatness. In the case of reverse bias, the produced harmonics were not sufficiently strong
to form a flat comb shape because the achieved modulation depth was relatively small.
This is due to the relatively low resonance depth (see Fig. 4.12 (a)) and the moderate
efficiency of the carrier-depletion effect. On the other hand, forward-biasing the RRM
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led to higher modulation depths, because the ring was closer to the critical coupling state
and the efficiency started to increase. However, higher forward bias voltages also moved
the p-n junction towards the carrier injection regime, which hinders the generation of
high-frequency harmonics. Hence, for bias voltages higher than ~0.7 V, the power of the
comb lines dropped significantly. Therefore, the optimum trade-off point was achieved
for a bias voltage of + 0.22 V, which is illustrated in Fig. 4.13 (a). This observed trend
in the evolution of the comb shape with varying bias voltage aligns with the predictions

mentioned in the Device Characterisation section.
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FIGURE 4.14: Measured optical pulses generated at the output of the device, by means
of an optical sampling oscilloscope.

The next step was to verify the coherence of the generated comb lines through a time-
domain measurement of the output. An optical sampling oscilloscope (EXFO PS0O-102)
was used to record the generated pulses illustrated in Fig. 4.14, that corresponded to the
comb spectrum. The full-width at half-maximum (FWHM) of the pulses was measured
to be 20.3 ps, while their repetition rate of 10 GHz matched the comb spacing. According
to the analysis described in [106] regarding coherent flat frequency combs with near-ideal
rectangular spectra, their corresponding time-domain representation is a sum of sinc-
shaped Nyquist pulses. Based on this mathematical description, the theoretical pulse
width, measured as the FWHM, is equal to O.Qﬁ when the phase is constant across
all comb lines or shows a linear dependence on frequency across the comb spectrum
[121, 122], where N is the number of the flat comb lines and f,, is the repetition rate.
For the generated five-line comb spectrum reported in this chapter (Fig. 4.13 (a)),
this corresponds to O.QWEHZ = 18 ps, which is close to the experimentally measured
value of 20.3 ps. The small difference of ~2.3 ps can be attributed to the fact that
the generated comb spectrum was not ideally rectangular, since there is a 0.7 dB power
margin among the lines. An alternative metric of the pulse width is the duration between

the zero-crossing points which is theoretically equal to ﬁ = 40 ps [106], while the
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experimentally measured value was 41 ps, which verified that the generated pulses were

transform-limited and the comb was coherent.

The comb generation technique that was implemented in this experiment exhibits a low
cost in device footprint and low power consumption. Based on a compact ring resonator
structure, the reported device occupies an area of 0.062 mm?, which is much smaller
compared to typical MZM-based devices, such as the mm-sized modulator presented
in [112]. The RRM implementation relies on electronic control (two input RF tones)
to fine-tune the generated comb shape, with a power consumption in the range of tens
of milliWatts. Thus, the added complexity in the RF domain allows for the use of a
simple conventional low-cost silicon modulator. The use of the five generated lines as
optical carriers in transceiver devices can be compatible with commercial applications
as previously reported solutions have commonly used four WDM carriers in their trans-
mitter designs [19, 123, 124]. The limitations present in the reported experiment were
related to the RRM E/O bandwidth which did not allow for a comb line spacing higher
than 10 GHz and the strength of the external RF signal which restricted the number
of generated lines. Regarding these aspects, the required power can be reduced and the
comb span broadened for optimised ring designs, where the critical coupling condition is
satisfied when the p-n junction is far from the carrier injection regime, as well as through

cascaded ring configurations.

4.3 Conclusion

This chapter investigated the use of E/O silicon ring resonator modulators to generate an
optical frequency comb. After an introduction to the concept of modulator-based comb
generation techniques, the first section presented an analytical model for a tone-driven
RRM and results of its MATLAB implementation for a dual-tone input were presented.
The system behaviour was studied with respect to parameters such as the ring coupling
condition and the phase difference between the two tones, which were tuned in order to

optimise the comb shape in terms of flatness.

Based on the guidelines provided by this software model of the RRM, the next sec-
tion described the experimental implementation of the comb generation technique on a
fabricated silicon RRM. Characterisation measurements were reported and the effect of
the bias voltage on the output comb shape was discussed. The best result involved the
generation of five comb lines at a spacing of 10 GHz with a maximum power difference
of 0.7 dB among them. The coherence of the lines was also verified by a time-domain
measurement of the output, which revealed the generation of transform-limited 20-ps
pulses. This work investigated for the first time the potential of a low-cost conventional
micrometer-sized silicon modulator to generate a frequency comb in the C-band, based

on an appropriately tailored RF input at low power.






Chapter 5

Mach—Zehnder Modulators for

Advanced Modulation Formats

The capacity of an optical link served by a silicon modulator can be increased through
the use of advanced modulation formats [125]. Depending on the specific link require-
ments, an appropriate combination of a modulation format and transceiver components
is selected, with the purpose of maximising the available capacity while minimising the
cost. In the case of short-to-medium-reach interconnects within data centres, where
silicon modulators are used [15, 126, 127], the requirement for low complexity and cost-
effectiveness has so far favoured the use of modulation formats compatible with Direct
Detection (DD) schemes. For this reason, while modulation schemes such as Phase Shift
Keying (PSK), Quadrature Amplitude Modulation (QAM) and Orthogonal Frequency-
Division Multiplexing (OFDM) are widely employed in optical telecommunications, the
primary focus in the case of silicon photonic transceivers has been on formats such as
Pulse Amplitude Modulation (PAM) and the OFDM implementation termed Discrete
MultiTone (DMT), that can be directly received by a photodetector, without the need

for any coherent system.

PAM formats that use 4 amplitude levels or more can essentially allocate multiple in-
formation bits to each transmitted symbol, while techniques such as DMT modulation
load the information bits on multiple carrier frequencies which simultaneously modulate
the optical carrier. However, these formats have strict requirements in terms of trans-
mission reliability, because their corresponding waveforms exhibit amplitude variations
that must be more precisely replicated at the receiver side, compared to a conventional
On-Off Keying (OOK) signal ((Fig. 5.1)). This poses some challenges on the modulator
design, which has to show highly linear behaviour in order to transfer the signal to the

optical domain undistorted.

This chapter reports the implementation of a fabricated and electrically-packaged sili-

con Mach—Zehnder modulator for the purpose of PAM-4 and DMT data transmission
79
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FIGURE 5.1: Time-domain representation of data modulated with (a) the PAM-4 for-
mat and (b) the DMT format.

and further considers through modelling several Ring-Assisted MZI modulator design
configurations optimised for linearity and modulation depth. The first section presents
the characterisation results on the fabricated MZM in terms of its static electrical be-
haviour, RF frequency response and linearity. The second section describes the exper-
imental setup for the PAM-4 and DMT transmission links and reports the extracted
Bit-Error-Ratios (BERs) and spectral efficiency (SE) values for each case. Finally, the
third section analyses the design of a number of novel topologies for linear modulators

through modelling of their transfer functions.

5.1 Characterisation of the Mach—Zehnder Modulator

The Mach—Zehnder Modulator that was used for the transmission experiments was de-
signed by Dr. D. J. Thomson and fabricated externally by the Institute of Microelec-
tronics (IME) in Singapore for the SPFS project. The packaging of the fabricated optical
chip with an electrical Printed Circuit Board (PCB) was implemented by Dr. Li Ke. The
characterisation experiments were performed by the author and Dr. C. Lacava, in order
to evaluate the compatibility of the device with advanced modulation formats. This sec-
tion reports on the design strategy, the fabrication parameters and the characterisation

measurements.

The modulator was designed as an imbalanced push-pull MZM, with multi mode in-
terference (MMI) couplers of a 50:50 coupling ratio used to split and recombine the
two arms and two grating couplers at the input and output of the device to facilitate
fibre-to-chip coupling. Two identical 1.8-mm-long phase shifters were embedded in its
two arms to induce a refractive index change on application of electrical voltage, based
on the plasma dispersion effect. They consisted of silicon waveguide sections that were
doped by means of phosphorus and boron ion implantation to create a p-n junction as
illustrated in Fig. 5.2. As it is essential for the MZM to support high baudrates for high
capacity applications, the p-n junction was designed for operation in the high-bandwidth

carrier-depletion regime, which requires the driving voltage applied to reverse bias the
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FIGURE 5.2: Top view schematic of the MZM. Inset: Doped waveguide cross-section.

Termination wire bonding

F1GURE 5.3: Top view photograph of the packaged MZM.
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junction. For the differential RF signals to bias the doped waveguides, two electrical
transmission lines were drawn on an aluminium layer on top of the SiOs cladding to
form 50 € coplanar waveguides traversing the length of the MZM arms. On each side
they were equipped with a set of 5 metallic pads in the Ground-Signal-Ground-Signal-
Ground (GSGSG) arrangement that provided their interface with the external electrical
signal source (pink and yellow pads in Fig. 5.2). The final device was surface mounted
to an electrical PCB that comprised two SMK connectors leading to two microstrip lines
that were wire bonded to the MZM electrical pads in order to route the differential RF
signals to the optical modulator. 50 2 terminations were also built on the PCB and
wire-bonded to the output of the MZM transmission lines. Fig. 5.3 (a) shows a mi-
croscope image of the packaged device (photonic chip attached to the PCB) from a top
perspective view, while Figs. 5.3 (b) and (c) show magnified photographs of the silicon
MZM structure and the bonding wires.

5.1.1 Transfer function and frequency response measurement

Normalized Transmission (dB)

DC bias
0~9V)
CW Laser l Power Meter l
~—$—'

1544 1546 1548 1550 1552
(2) (b) Wavelength (nm)

FIGURE 5.4: (a) Experimental setup for the characterisation of the MZM, (b) Nor-
malised MZM optical transmission for different DC voltages applied to a single RF
input port.

The optical transfer function of the MZM was first measured by sweeping the input wave-
length to the device and measuring the output power at each wavelength sequentially.
This measurement was repeated for different bias voltages applied to the modulator, pro-
ducing a series of plots that describe the static modulation properties of the MZM (with
no RF signal applied). The experimental setup used to implement this measurement is
illustrated in Fig. 5.4 (a). At each sweep step, an external cavity laser (ECL) provided
a single-wavelength optical input to the MZM and the power collected at the device out-
put was measured by a power meter. Coupling to and from the grating interfaces of the
MZM was realised through polarisation-maintaining (PM) fibres that were positioned at
an angle to the chip surface, while their facets were rotated appropriately so that their
primary polarisation axis was aligned to the transverse electric (TE) mode in the silicon
waveguides. A bias tee was used to apply DC voltage to one arm of the modulator from
an external power supply. The transfer function and its shift in wavelength as a result
of the phase shift (A¢) induced by the MZM DC bias are shown in Fig. 5.4 (b). To

evaluate the modulation efficiency, the phase change A¢ was quantified as a function of
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the applied voltage by measuring the wavelength shift AX of the transmission nulls in

Fig. 5.4 (b) for each voltage value and substituting it into the following equation:

21 - AN
A =
¢ FSR

(5.1)

where FSR is the Free Spectral Range of the MZM. The results are illustrated in Fig. 5.5
(a), while the property extracted from this data to quantify the modulation efficiency of
the MZM is the VL. The voltage required to achieve a m phase shift V, was evaluated

for each point individually using a first-order approximation [128-130]:

TVpiasL

L:
Ve Ao

(5.2)

and the modulation efficiency VL is plotted as a function of Vi, in Fig. 5.5 (b).
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FIGURE 5.5: (a) Measured MZM phase shift for a given applied voltage, (b) Modulation
efficiency measured for different bias voltages.

Regarding the E/O properties of the MZM in the presence of RF signals, a series of band-
width measurements were conducted to evaluate the effect that the electrical packaging
had on the frequency response of the final device. First, the electrical So; transmission
of the coplanar RF waveguides on the unpackaged optical chip was measured. Coupling
to the transmission line was achieved through high-speed electrical RF probes in order
to connect it to a 50-GHz Network Analyser and the frequency response is shown in
Fig. 5.6. It is noted that the bandwidth evaluation in electrical transmission measure-
ments on Travelling-Wave MZMs uses the -6.4-dB threshold in order to be considered
a comparable metric to the E/O 3-dB bandwidth of the MZM, as proven in [131]. As
shown in Fig. 5.6 (a), the measured -6.4-dB bandwidth for the unpackaged MZM was 26
GHz at a DC bias voltage of 8 V applied to the phase shifter. Next, the Se; parameter
was measured for the PCB which comprised a pair of 50-{2 microstrip lines with two
SMK connector interfaces and its frequency response revealed a -6.4-dB bandwidth of
10.02 GHz. Finally, the same type of measurement was conducted for the packaged
MZM, showing a significant deterioration of the -6.4-dB bandwidth, at a value of 4.45
GHz for a DC bias voltage of 8 V. It is apparent that the microstrip lines on the PCB
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along with the wire-bonding to the optical chip resulted in a decrease in the electri-
cal bandwidth available to drive the MZM. The purpose of these measurements was to
identify the sources of bandwidth limitation in the packaged device, by isolating the
factors associated with purely electrical components from the E/O phase shifter design.
Lastly, the final packaged device was also operated under excitation from an optical
source in order to evaluate its E/O frequency response. An optical carrier was therefore
modulated by a range of RF frequencies and the output was detected by a photodiode
with a flat frequency response. The result of this RF frequency sweep method is pre-
sented in Fig. 5.6 (b). It is evident that the 3-dB E/O bandwidth of 4.33 GHz is only
slightly different from the electrical bandwidth of 4.45 GHz, which suggests that the
bottleneck in the device bandwidth appears at the stage of mounting the optical chip
to the PCB. To mitigate the detrimental effect of the electrical packaging on the device
bandwidth, other techniques such as flip-chip bonding are currently being considered for

future implementations.
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FIGURE 5.6: (a) Electrical Sg; parameter measured on the MZM device only (red
dotted curve), the PCB only (blue dash-dotted line) and the packaged MZM device
(black line), (b) E/O S2; parameter measured on the packaged device.

5.1.2 Linearity Evaluation

The final step of the characterisation experiments was the evaluation of the modulator
linearity. As mentioned in the previous section, this is crucial for transmissions of PAM-
4 and DMT data, as these modulation formats are extremely sensitive to nonlinear
distortions caused by the link components [132, 133]. The goal of this step was to
quantify the spurious-free dynamic range (SF DR) of the MZM as a metric of its linearity.
To this end, the two-tone test was performed on the packaged modulator, according to
the methodology reported in Section 2.2.2. It should be noted that due to the dual-drive
push-pull configuration of the packaged MZM, no second-order nonlinear distortions are
present in the system [69, 134, 135], therefore the main limitation comes from the third-

order distortions. Out of these, the intermodulation distortion components (IMD3) play
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the most important role in signal deterioration as they are always situated very close to
the fundamental frequencies, whereas part of the harmonic distortion components (HD3)
appear at out-of-band frequencies that can be filtered out and are generally weaker in

amplitude.

RF sinusoidal
source 1
A
¥
RF sinusoidal
source 2

FIGURE 5.7: Experimental setup for the MZM linearity measurement.

Under these considerations, the measurement scheme illustrated in Fig. 5.7 was set up to
evaluate the SFDRyyps of the device. The MZM was set to operate at its quadrature
point (output power at -3 dB of its maximum transmission) by tuning its optical input
to the appropriate wavelength via an ECL CW source. The optical interface between
the chip and the fibre setup was again enabled by the vertical grating couplers and PM
fibres that were set up to excite the TE waveguide mode. The optical power launched
to the chip was 15 dBm and the received modulated signal was collected by a 20-GHz
photodetector and sent to a RF spectrum analyser to monitor the final RF frequency
response. The RF input to the MZM consisted of a pair of single-frequency signals
that were generated by RF frequency synthesisers and combined together through a
3-dB RF coupler (Wilkinson power divider). This signal was subsequently split into two
appropriately phase shifted paths to differentially drive the modulator. In order for the
MZM to operate in the carrier-depletion regime of the p-n junction, a DC reverse bias
voltage was applied to it and the modulator linearity was investigated for different bias

values.

The SF DRy ps was measured for different modulating centre frequencies, namely 2,
3 and 5 GHz. Around these central values, the two input tones had a spacing of 0.01
GHz and the RF spectrum analyser collected the output with a resolution bandwidth
of 100 Hz and a background noise level of -157 dBm. The RF P;,-P,,; plots for the
investigated frequencies and bias voltages are shown in Fig. 5.8 (a)-(c), from which the
SFDRyps and IIP; parameters are calculated. As explained in Section 2.2.2, the
measured parameters describe the full communication link, which means it reflects the
nonlinearity of the full transmission setup. For this reason, a reference measurement on
a commercial 40-GHz LiNbOj3 modulator was performed and the comparison with the

silicon MZM is shown in Fig. 5.8 (d)-(e), where all measurements are normalised to a
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FIGURE 5.8: (a) - (¢): RF Pj,-P,y: graphs for the fundamental and IMD3 components

of the packaged MZM biased at 0, 4 and 8 V and at driving frequencies of 2, 3 and 5

GHz (resolution bandwidth of 100 Hz), (d), (e): Comparison of calculated SF DR p3

and IIP; parameters (resolution bandwidth of 1 Hz) between the silicon MZM and a
LiNbOj3 operated at its quadrature point (Vp;as = 2.1 V).
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resolution bandwidth of 1 Hz. It is clear from this comparison that the silicon MZM
exhibits remarkable linearity properties when biased at 8 V and driven with 5-GHz sig-
nals. Its SFDRryps value is equal to 101 dB Hz2/3 and the ITP3 value is larger than
30 dBm, which surpasses the performance of the commercial LiNbO3 modulator. A
general comparison to the linearity metrics for Si-based modulators reported in the lit-
erature is presented in Table 5.1. The table shows that considering both the SF DRy p3
value and the frequency for which it is achieved, the investigated MZM performs better
than other Si MZMs reported in the literature, according to the measurements in the
communication link considered in this experiment. It can be seen that the device that
shows a higher SFDRyjps value at a higher frequency [136], as well as a number of
devices in this Table that exhibit high linearity [137, 138], take advantage of a different
modulator topology, the Ring-Assisted MZI (RAMZI) configuration. The design of such

modulators is discussed in the final section of this Chapter.

TABLE 5.1: Linearity of various Si-based modulators present in the literature

SFDR;yps [dB Hz?/3] | Central Frequency [GHz]
[139] Si ring modulator 84 1
[137] Si ring-assisted MZM 99 10
[140] Si MZM 113.7 2
[138] Si ring-assisted MZM 71.65 1
[136] Si+III-V ring-assisted MZM 117.5 10
[141] Si MZM 95 I
[142] Si MZM 97 1
[26] This work (Si MZM) 101 5

5.2 Mach—Zehnder Modulator in PAM-4 and DMT trans-

mission links

This section reports the transmission experiments performed using the electrically pack-
aged Mach—Zehnder Modulator that was described in the previous section. The follow-
ing experiments were conducted by the author and Dr. C. Lacava, in a collaboration
with the group in the State Key Laboratory of Advanced Optical Communication Sys-
tems and Networks of Peking University in Beijing, China. In particular, PAM-4 and
DMT data were modulated using the MZM and were launched to various lengths of
optical fibre (SMF) to test the transmission reliability in different propagation lengths
through Bit-Error-Ratio (BER) measurements. The main results include 40 Gbits/s
PAM-4 transmission up to 20 km of SMF and 49.6 Gbits/s DMT transmission up to 40
km of SMF. The latter, which proved to offer the best performance for medium-reach
links, showed the highest spectral efficiency of 5 b/s/Hz reported in the literature for an

unamplified Direct-Detection link with a silicon photonic modulator.



88 Chapter 5 Mach—Zehnder Modulators for Advanced Modulation Formats

5.2.1 Data transmission experiment

The experimental scheme used for the data transmission is shown in Fig. 5.9. Blocks
in yellow represent the software implementation of the modulation formats, while the
rest of the components represent hardware instruments. The equipment consisted of a
32-GS/s DAC (of a 20-GHz bandwidth) that converted the digital signal to an electrical
differential output which was amplified to drive the modulator (4 Volts peak-to-peak was
applied to each MZM arm). The optical carrier was generated by a tunable CW laser at
the wavelength that corresponded to the 3-dB operating point of the modulator. A bias
voltage of 8 V was used on the MZM, as it showed the best linearity properties at that
value during the characterisation stage. The modulated signal was sent to propagate
through spools of SMF of variable length (0 - 50 km) before being collected by the
receiver. At the receiver stage, a Variable Optical Attenuator (VOA) along with an
EDFA were used as a noise source and the final amplified signal was fed to a 30-GHz
photodetector integrated with a transimpedance RF amplifier (TTA). An 80-GS/s ADC
(of a 35-GHz bandwidth) converted the signal to a digital form for offline processing.

=
IS
-
x

PAM Mapping ;
Add Preamble | T
Upsampling

DMT Tx

\
= = 4v
2o 8 DMT Signal [N DC Bias (-8V) I ™
g a o $ E) | l/ IPhaseshifter 155050Wav;5€5"ﬂg‘7h§("m’1551Dn
a = !
oy ofSISIE IS EP—0KE) (e <Com>——
e L =1 g 32 GS/s 14.2 dBm
B els LS
5 é 51D DC Bias (8V)
n o DMT signal M7 v P=-3dBm
N
SMF Optical Fibre (0 - 50 km)
s Sle
(9:% £ 5 o |E|L 2 p=ogem  Noise loading
RX Data o | @ ‘§ E O|s|18|=5 \[ P=-142dBm l
: :gﬁu.%ﬂcg" 2T PD+TIA /|'@’
Z|z|s|~|8|z|E|8 80 GSls ~
(S5 18|88 30GHz | Noise Source VOA
© o |3
[ (2]
DMT Rx
s
els|5 |2
@ 2 |5
old|s |8
S|s|lE|S
<|z|8|8
w|s|x
»
PAM-4 Rx

FI1GURE 5.9: Experimental Scheme for the PAM-4 and DMT transmission links.

The data were generated using the block diagrams described in the Background section.
In the case of PAM-4, Pseudorandom Binary Sequences of length 2!°-1 were mapped to
the PAM-4 symbols and were upsampled to be sent as an electrical signal from the DAC
at a rate of 20 Gbaud. A preamble was also added at the start of each sequence for

synchronisation purposes. At the receiver side, the signal captured at a rate of 80 GS/s
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was resampled and the start of the sequence was identified by locating the preamble.
After equalisation, the PAM-4 symbols were mapped to bits and the received sequence
was compared to the original transmitted one. The eye diagrams for the signal after
equalisation are shown in Fig. 5.10 for back-to-back as well as after propagation in a

20-km fibre, to provide some visual insight of the quality of the received signal.
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FIGURE 5.10: Eye diagrams for the PAM-4 data after equalisation (a) in a back-to-back
system, (b) after propagation in 10 km of SMF and (c¢) in 20 km of SMF.

In the case of DMT, the software implementation obviously required higher complexity.
The PRBS was first parallelised in order to be divided into the different subcarriers
of the DMT frame. Then, the distribution of the bits across the available frequencies
was selected based on the rate-adaptive water-filling algorithm described in detail in
[64]. The role of the algorithm was to decide which QAM format each subcarrier can
support, based on the SNR available at that frequency, and map the bits accordingly
in order to maximise the total transmission bit rate. The SNR information on the
different subcarriers was provided by a channel estimation performed at the start of the
experiment and is shown in Fig. 5.11 (a) for the 40-km-long link. This channel estimation
was performed by transmitting a QAM-symbol multi-carrier signal with a uniform bit

distribution over the RF frequency spectrum and receiving the output signal from the
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MZM. The frequency bandwidth used for data allocation was 10 GHz and it was divided
into 256 evenly spaced subcarriers, out of which 239 were loaded with bits. Fig. 5.11 (b)
shows the bit distribution across the subcarriers. After the binary sequence was mapped
to the QAM formats of each subcarrier, a frame of frequency-domain signals was created.
For each signal in the frame, the complex conjugate was generated and appended to
the original and the total sequence was converted to a real-valued time-domain digital
waveform through an IFFT process. A 3.6% cyclic prefix (CP) was added at the start
of each waveform and the resulting frame was serialised into one large sequence. A 2%
preamble was appended to the sequence for synchronisation purposes and the result
was sent to the DAC after appropriate upsampling. A continuous waveform consisting
of repetitions of this DMT sequence propagated through the optical channel and was
received by the ADC to be converted to a digital signal.

Bits allocation

Pesg b4
BNRERERD

40 km

0 1 2 3 4 5 6 7 8 9 10 0 50 100 150 200 250
Frequency (GHz) Sub-channels

@

FIGURE 5.11: (a) SNR profile of the link containing 40 km of SMF, (b) Bit loading
profile for the 40-km-long transmission link, with constellation diagrams for the 128-
QAM and 64-QAM data in the back-to-back and 40-km links.

This signal was then resampled and the DMT sequence was extracted from it by a
synchronisation algorithm that identified the preamble position. Next, the sequence was
parallelised to form the individual time-domain signals of the DMT frame. After CP
removal, the signals were transformed to their frequency-domain counterparts through
a FFT process, to be equalised and mapped back to bit sequences. Finally, the bit
sequences were all serialised into a single bit stream which was compared to the original
transmitted PRBS, so that the transmission bit-error-ratio (BER) could be evaluated.

In total, 1342 symbols were included in one frame spanning the 10-GHz bandwidth,
which corresponded to a capacity of 52.42 Gb/s (frame transmission time of 25.6 ns).
Since certain samples represent the CP and the preamble and do not carry informa-
tion, the net transmitted capacity was calculated to be 49.6 Gb/s. A summary of the
properties describing the DMT format implemented in this experiment is given in Table
5.2.
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TABLE 5.2: DMT parameters for the 40-km-long link
Number of channels (allocated) FFT size CP Preamble Sampling Rate
239 512 3.6% 2% 19 GS/s

As shown in Fig. 5.11 (b), the highest-order QAM format used is 128-QAM and two
example constellation diagrams for 128-QAM and 64-QAM are presented for the back-
to-back link as well as after propagation in 40 km of SMF. Even though a large number
of symbols is used in these formats, it is evident from the received sample distribution
that the data is still retrievable, without large signal quality deterioration. This can
be attributed to the linearity of the MZM that maintained the amplitude scaling of the
QAM symbols.

As mentioned before, the performance of the links was eventually evaluated through BER
measurements. The BER values for different lengths of SMF propagation are presented
in Fig. 5.12. Because the PAM-4 format was sent at a 20-GBaud rate, the blue curve
corresponds to a capacity of 40 Gb/s, while the black curve describing the DMT format
corresponds to 49.6 Gb/s. The BER plots indicate that the maximum lengths for which
BER values are below the 7% Hard Decision - Forward Error Correction (HD-FEC) Limit
(3.8 - 1073) are 20 km for PAM-4 and 40 km for DMT. DMT clearly has an advantage
over PAM-4, since it achieves both higher capacity and longer reach in transmission for

the same available RF spectrum.
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FIGURE 5.12: Bit error ratio (BER) vs. propagation length in SMF for the cases of
(a) PAM-4 and (b) DMT modulation formats.

5.2.2 Discussion

In order to gain some meaningful insight on these measurements, an analysis of the
causes for signal quality deterioration was performed. Apart from optical loss, the
main factor responsible for BER degradation in wideband Intensity Modulated (IM)-
DD links spanning long lengths of SMF is chromatic dispersion (CD) [143]. Because
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modulation in an IM-DD system generates a double sideband around the optical carrier,
the cumulative effect of the dispersion after long-reach propagation induces a relative
phase difference between the two sidebands, which significantly distort the received
signal. This distortion manifests itself as a decrease in SNR and is most prominent in
signals with high-RF-frequency content [144]. In quantitative terms, the SNR penalty
introduced by this effect can be modelled by the following equation [143, 145]:

2 A 2
SN Rpenaity = €os (TDLf ) (5.3)

where A is the optical carrier central wavelength, c is the speed of light, D is the chromatic
dispersion coefficient of the fibre, L is the propagation length and f is the baseband
frequency modulating the optical carrier. The SNR penalty is plotted as a function of
the RF frequency for three different lengths of SMF (10, 40, 50 km) in Fig. 5.13.
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F1cURE 5.13: SNR penalty induced for different propagation lengths of SMF due to
chromatic dispersion (central wavelength of 1550 nm).

The blue curve represents the SNR penalty exhibited in a 10-km-long link across a 20-
GHz span in the RF spectrum. As is evident, this length does not cause significant
deterioration in the 10 GHz band that was used in the modulation schemes present
in the MZM experiments (represented by the shaded area in the plot). However, at a
length of 40 km, frequencies between 7.5 and 10 GHz show penalties of more than 3
dB (red curve), while in the 50-km case the distortion is even more aggravated. The
power fading dips in the graph suggest that for lengths of 40 km or more, the modulator
bandwidth stops being the main limiting factor in capacity, as a wider-band signal
would still experience deterioration at frequencies higher than 10 GHz because of the

fibre dispersion. A method to overcome this type of signal distortion would involve a
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DMT format with a complex enough bit allocation algorithm to discretise the available
spectrum more finely and efficiently distribute the data to the usable parts, away from

the regions where the effect of power fading is prominent [146, 147].

TABLE 5.3: Baseband SE for various transmission systems reported in the

literature
Format Amplified | CD Distance Baseband | Rate

com- [km] SE [Gb/s]

pensa- [b/s/Hz]

tion
Si-MZM  with no electrical | DMT No No 10 4.4 107
packaging [147]
Si-MZM  with no electrical | DMT No No 4 3 90
packaging [146]
Si-MZM  with no electrical | SSB-DMT | No No 40 2.8 100
packaging [146]
Si-ring resonator with no elec- | PAM-4 Yes No 20 4 40
trical packaging [148]
Directly Modulated Laser (20- | PAM-4 Yes No 100 4 2 x 56
GHz E/O bandwidth) [135]
Directly Modulated Laser (15- | DMT No No 80 2 49
GHz E/O bandwidth) [149]
Si-photonic Stokes transmitter | 16-QAM Yes Yes 100 6.4 128
based on I/Q modulator[150]
1/Q Modulator with electrical | 16-QAM Yes No 320 4 50
packaging [151]
This work PAM-4 No No 20 4 40
This work [26] DMT No No 40 5 49.6

Based on this discussion, a comparison of the modulation formats implemented in this
experiment to the relevant literature is presented. A useful metric relating to the ca-
pability of utilising the available bandwidth is the baseband spectral efficiency (SE),
which is defined as the link capacity over the frequency band (measured in its baseband
form) used for data loading. According to this definition, the PAM-4 format has a SE
of 4 b/s/Hz, while the DMT format implemented in this experiment showed a SE of 5
b/s/Hz. Apart from the SE differences, the transmission length achieved with DMT (40
km) was also twice as long as the one achieved with PAM-4 (20 km) for BERs below the
FEC limit. This shows the advantage of the DMT format in band-limited systems, which
stems from introducing more complex T,-R, algorithms to make more efficient use of
parts of the spectrum with different SNR values. Other implementations reported in the
literature are presented in Table 5.3 to provide context to the results of this experiment.
The silicon MZMs reported in [146] and [147] exhibit >10 GHz bandwidths but the
transmission lengths do not surpass 10 km due to the CD-induced power fading effect.
A 40-km transmission is indeed reported in [146] by using a single-sideband (SSB) DMT
format, which however adds to the system complexity and renders it less attractive for
low-cost applications. Simplicity in the implementation is provided by PAM-4 systems,
which makes them very attractive for data-centre IM-DD links as reported in [148] and
[135], but the baseband SE associated with this format cannot surpass 4 b/s/Hz as there
is no dynamic bit distribution technique to efficiently use the available bandwidth. A
SE value of 6.4 b/s/Hz has been reported in [150], demonstrating a 100-km transmis-
sion link with a capacity of 120 Gb/s, however the use of an I/Q modulator, a Stokes
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receiver and a CD compensation technique significantly increase the complexity of this
system. The DMT experiments presented in this chapter [26] demonstrated the use of
a highly linear Mach—Zehnder modulator for the transmission of data at 49.6 Gb/s over
40 km of SMF, amounting to a SE of 5 b/s/Hz, which is the highest value reported for

a conventional silicon photonic IM-DD system.

5.3 Optimisation of linear performance: RAMZI

From the previous sections, it transpired how PAM-4 and DMT formats pose new chal-
lenges for the design of silicon modulators, which have to exhibit very linear behaviour
in order to achieve reliable data transmission. For the Mach—Zehnder modulator pre-
sented in Section 5.1, the design of the p-n junctions serving as the phase modulators
in its two arms allowed for high SFDR values for the system that was built to transmit
the data. This approach addressed the problem of the electrical nonlinearity that the
reverse-biased p-n junction induces to a silicon modulator [67] and in the case of a MZM,
this concerns the n.rr(V) function which represents the first block in the diagram of
Fig. 2.24.

However, other methods to improve the linearity of a MZM have been proposed in
the literature, which aim to linearise the inhererently sinusoidal transmission function
Popi(negs) of the Mach—Zehnder Interferometer arrangement (second block in Fig. 2.24)
by introducing new photonic circuit topologies [152]. In this case, linearisation occurs
as a result of the combination of the transfer functions of multiple components used to
form the final modulating device. The combinations that are mostly investigated in the
literature include connecting two Mach—Zehnder modulators in series or in parallel [153,
154] or coupling a Mach—Zehnder interferometer to a Ring Resonator modulator, which is
also called the Ring-Assisted Mach-Zehnder Interferometer (RAMZI) modulator [155—
158]. Implementations of the RAMZI arrangement on silicon platforms have already
been demonstrated, both in monolithic structures [137, 138, 159] and after heterogeneous
integration with III-V materials [136].

This section reports the design of a number of silicon RAMZI modulator configurations
with tunable linearity. In particular, it investigates the linearity dependence on the
Ring-to-MZI coupling for the purpose of fabricating a RAMZI modulator with a voltage-
controlled linearity. The design process is implemented in a purpose-built MATLAB
software code that uses the analytical expressions for the MZI and RRM transfer func-
tions to derive the total device transfer function. It then simulates the two-tone linearity
measurement technique. The driving signals of this virtual modulator are modelled as
sinusoidal refractive index changes incorporated into the device total transfer function
and therefore the SFDR is evaluated. By sweeping a number of design parameters,

the changes in the SFDR and therefore the linearity behaviour of the modulator are
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analysed. All design parameters are selected to match the capabilities of the available

fabrication facilities for devices on the SOI platform.

5.3.1 Design of the RAMZI modulators

The driving signal of a Mach—Zehnder Modulator is experienced as a change in the
refractive index Aneys of one of its arms (or both of its arms). Therefore, the linearity
of a MZM is determined by the dependence of the output optical intensity I,,; on the
induced refractive index change An.ss. For a single-drive MZM that is operated at its

quadrature point (intensity 3 dB lower than maximum), this dependence is sinusoidal:

Iin

Iout = 4

[2042 + 2a”sin (A(ﬁ(Aneff)>] (5.4)

where A¢(Anerp) = koAneprL expresses the induced phase difference on one of the
MZM arms which unbalances the modulator and changes its output intensity. The
parameter « represents the optical loss accumulated after propagation over the length
of a MZI arm and I;, is the input optical intensity to the MZM. Note that this form
for Ipy is derived from eq. (2.37) when an appropriate Agy;es has been applied to a

balanced modulator to bias it at the quadrature point, where I,,;(0) = I’"%

The nonlinear components of the sinusoidal function in (5.4) can be determined by

expanding it to its polynomials:

Iin

Iout(A(Zs) = 4

[2042 +20% (A¢(Anesy) - %A(Z)?’(Aneff) + %AgﬁS(Aneﬁ) + )} (5.5)

where it is evident that I,,:(A¢) contains odd-order nonlinear terms, with the most
prominent one being the third-order term. In the case of a conventional MZM, A¢ is

proportional to Aneyy, therefore I, (Aneys) also exhibits third-order nonlinearity.

The nonlinearity inherent in the I,,;(A¢) function of a Mach—Zehnder Interferometer
topology cannot be eliminated. The concept of linearisation by coupling the MZI to a
ring resonator is based on changing the relation between A¢ and Anss by introducing
a component that exhibits a nonlinear A¢(An.sy) function. Then, the nonlinear terms
of A¢p(Ancs¢) can counterbalance the nonlinearity in I, (A¢) and produce a linear
relation for I,,:(Aneys). It can be proven that the phase transfer function of a ring res-
onator modulator ¢rr(Ancsr), when operated at its off-resonance point, can eliminate
the third-order nonlinear terms of the MZI, for an appropriate MZI-to-RR coupling con-
dition [155]. A schematic of this Ring-Assisted Mach—Zehnder Interferometer (RAMZI)
Modulator is given in Fig. 5.14.
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FIGURE 5.14: Schematic of a RAMZI modulator.

To model the RAMZI modulator, a MATLAB code was composed in order to utilise
the analytical functions for the electric field transfer functions of the Mach—Zehnder
Interferometer (MZI) and the Ring Resonator (RR). These complex transfer functions

are repeated here for consistency:

1 . .
—jkones sl —jk L
Thvizr = 5[04MZI,1€ JROMS PN 4 qupp g g€ IO S 1,202 (5.6)

t— aRRe_jkoneff,RRLRR

Trr = ,
RR =17 appteIkones s RRLRR

where the symbol representations are defined in Table 5.4.

TABLE 5.4: Symbols used in Equations (5.6) and (5.7)

Symbol Physical property
ko Free-space angular wavenumber
QM7 Loss due to propagation in the i-th MZI arm waveguide
Neffi Effective refractive index of the i-th MZI arm waveguide
L; Length of the i-th MZI arm waveguide
QRR Loss due to propagation in the RR circumference
ners,rr | Effective refractive index of the RR circumference waveguide
Lrr Length of the RR circumference
t Through Coupling Coefficient

To construct the transfer function of a RAMZI modulator with one ring coupled to one

of the MZI arms, Trgr needs to be incorporated into Tj77; as shown below:

—Jjkonegyr,1Ll1 —jkoneyf2Llo (5.8)

1
TraMzI = = [aMZI,le -Trr + apnzr2e

2
The modulating signal of a RAMZI modulator essentially drives the RRM, changing the
effective refractive index in the ring circumference. Hence, the RR effective refractive
index is written as nesf rRrR = Neff pias +Anesp and Ty is a function of the signal Angy.
This shows the dependence of the RAMZI optical output to the modulating signal:



Chapter 5 Mach—Zehnder Modulators for Advanced Modulation Formats 97
Tranzr(Anesy) = % e~ tkomers L Tpp(Anesy) + e—jkoneffL} (5.9)

where the MZI arms were considered to be equal in length.

5.3.2 Simulation of the linearity measurement scheme

The transfer function in eq. (5.9) was written in a MATLAB routine in order to simulate
the system described by the block diagram in Fig. 5.15. This virtual communication
link represents the two-tone test described in Section 2.2 and was modelled analytically
to evaluate the linearity of the modulator for different configurations by quantifying the
Spurious-Free Dynamic Range (SFDR) which was calculated by measuring the spectral

content of the output.

IN: Two-tone
RF signal

DUT

Laser Photodetectoﬂ— OUT: RF signal

FIGURE 5.15: Block diagram of the simulated SFDR measurement scheme.

TABLE 5.5: Link Parameters

Property Value
Laser Power 15 dBm
I/0 Grating Couplers Loss 9 dB
Photodetector Responsivity 0.7 A/W
Modulator and Photodetector Impedance 50
RAMZI Waveguide loss 0.5 dB/mm
RAMZI Doped Waveguide loss 2 dB/mm
RAMZI MZI arm length 400 pm
RAMZI Ring circumference 286 pum
RAMZI Mode effective refractive index 2.5434

The simulated system used typical specifications for optical components that are com-
mercially available. The parameters of this optical link are stated in Table 5.5. The RF
input to the system was a sum of two time-domain sinusoidal signals (f; = 10 GHz, fs
= 10.01 GHz) and its optical output was calculated sequentially for each sampling point

in the time domain. It is noted that this sequential analysis assumes every time instance
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of the system to be in a steady state, therefore the modulators can be represented with
the transfer functions in equations (5.6) and (5.7) at every point in time. It is also noted
that the physical mechanisms of electro-refraction (plasma dispersion effect in the p-n
junction) were not simulated. Thus, the junction-related bandwidth limitation of the
modulator was not considered in this model and a linear relation between input voltage

V and n.sy was assumed.
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FiGURE 5.16: P;,-P,,: plots for a conventional Mach—Zehnder modulator and a
RAMZI modulator.

To calculate the SFDR;pps, the relation of input to output power for the fundamental
modulating tones (f;, f2) and the 3rd-order intermodulation distortion (IMD3) tones
(2f1 — f2, 2f2 — f1) was investigated. A range of electrical input power values were fed
to the system, to form the plot shown in Fig. 5.16. It can be observed that the output
power of the fundamental tone shows a linear trend with a slope of 1, while the IMD3
tone shows different slopes in different input power regimes: for lower input power the
trend appears linear with a slope value of 2, whereas at higher input power, a slope
value of 6 is observed. The transition between the two regimes occurs after a certain P,
threshold and manifests itself in the graph as a dip in power. This trend is compared
with the one for a conventional MZM topology, where the length of the MZI arms was
set so that the power of the generated fundamental tones for the two topologies are
equal. The IMD3 power plot in the MZM case follows a linear trend with a slope value
of 3, as expected by the strong 3rd-order-term present in the MZI transfer function. The
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comparison shows the effect the coupled ring has on the MZI, as when the 3rd-order term
is eliminated, other nonlinear terms take prominence in shaping the power variation at
the IMD3 frequency, hence the power slope changes from a value of 3 to some higher
value. The advantage of using the RAMZI topology is then evident by comparing the
SFDRs of the plots for the two configurations (MZM and RAMZI). For a noise level set
at -110 dBm (determined by the limitations of the FFT used for the calculation), the
SFDRpyps for the MZM is 68.6 dB, while the SFDRj;p3 for the RAMZI modulator
is equal to 80.1 dB. A visual representation of the RAMZI linear response compared to
the MZM can be seen in Fig. 5.17, where the optical output power P,,; is plotted with

relation to induced refractive index change An.yy.
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FIGURE 5.17: Optical Output P, vs. effective refractive index change An.sy plots
for a RAMZI modulator and a MZM.

In order to determine the impact of the RR-to-MZI power coupling ratio on the SFDR, of
the RAMZI modulator, the previous study was repeated for different coupling coefficients
t and the SFDR was calculated for each case. Figure 5.18 illustrates the SFDR trend and
reveals an optimum ¢ coefficient (¢ = 0.3), for which the SFDR value is at a maximum.
For the t values investigated (0.2 to 0.4), a SFDR improvement of up to 11.8 dB is
observed for the optimum RAMZI design. To gain some meaningful insight about this
variation, Fig. 5.19 depicts how the IMD3 power changes with respect to the input power
for the three different cases of ¢ = 0.2, 0.3 and 0.4. Modifying the RR-to-MZI coupling
value shifts the power dip point along the horizontal axis, thus altering the position of
the two slope regimes and the intersection point of the IMD3 plot with the noise level.
For t values away from 0.3, the slope takes values which are close to 3 around the noise
level, limiting the available SFDR. This shows the significance in providing a degree of
freedom for the RR-to-MZI coupling ratio, as the ability to tune the ¢ coefficient allows

for fine-tuning of the linearity behaviour of the modulator.
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FIGURE 5.18: SFDR;yp3 value for RAMZI modulators with different RR-to-MZI
coupling coefficients.
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FI1GURE 5.19: P;,-P,,; plots for three RAMZI modulator configurations with ¢t = 0.2,
0.3, 0.4.
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The optimum value for the ¢ coefficient corresponds to a specific value for the coupling
gap between the MZI arm and the RR. In particular, the power coupling ratio for
the t = 0.3 case is equal to x? = 1 —t?> = 0.91, which means that strong coupling
is required between the two components. Since the smallest achievable gap between
two waveguides is often limited by fabrication constraints, additional configurations
were studied to provide alternatives for linear modulator design. Further analysis was
conducted for the cases of two-ring and three-ring RAMZI topologies, illustrated in Fig.
5.20. In the case of the two-ring structures, two implementations are considered, which
analytically yield the same SFDR results: the push-pull configuration (Fig. 5.20 (a)) and
the parallel-coupled-ring configuration (Fig. 5.20 (b)). The SFDR trend with relation to
t is shown in Fig. 5.21 when two and three rings are used. They show that the position
of the maximum SFDR value in the ¢ axis is shifted, with ¢ = 0.53 and ¢ = 0.66 being
the optimum values for the two-ring and three-ring configurations respectively. These
results suggest that weaker MZI-to-RR coupling is required for each ring to achieve the
same effect (k2 = 0.72 and x% = 0.56 respectively), thus relaxing the gap fabrication

requirements for waveguide-to-waveguide coupling.
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FI1GURE 5.20: Schematics of multi-ring RAMZI configurations.
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FIGURE 5.21: SFDR with relation to ¢ coupling coefficient for (a) two-ring and (b)
three-ring RAMZI configurations.

Finally, the layout design of the aforementioned topologies was drawn by corresponding
the power coupling ratios to waveguide gaps. A campaign of FDTD simulations of the
structure illustrated in Fig. 5.22 (a) were run to sweep the ¢ parameter and produce
the plot in Fig. 5.22 (b), showing the relation of the power coupling ratio x? to the
gap size. The waveguide width was set to 450 nm and the coupling length was selected

to be 10 um, so that the gaps corresponding to the desired coupling ratios are feasible
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with the available fabrication facilities. With the information from the plot in Fig. 5.22
(b), the selected gaps for the single-ring, the two-ring and the three-ring configurations
for the RAMZI modulator were 310, 350, 389 nm respectively. Metallic heaters were
additionally designed to be placed on top of the coupling region in order to provide
tunability for the coupling ratio and therefore the modulator linearity by means of a

variable applied voltage.
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FIGURE 5.22: (a) Top view sketch of the coupling section between two waveguides, (b)
Power coupling ratio with relation to coupling gap.

5.3.3 Fabricated RAMZI modulators

A set of tunable RAMZI modulators were fabricated in the facilities of the Optoelec-
tronics Research Centre and the University of Surrey. The device designs that were
submitted for fabrication were based on the analysis of the previous section, where the
focus was on achieving the optimum coupling ratio and enabling its tunability. As a re-
sult, the design layouts consisted of modulators with the optimum RR-to-MZI coupling,
along with a number of variations of the RR-to-MZI coupling gap. However, due to
complications in the fabrication procedure, not all of the final devices were available for
characterisation as some of the interface grating couplers were damaged during the pro-
cess. The long processes of manufacturing the silicon photonic chips did not allow for a
second fabrication round within the duration of this PhD project. Therefore, in this sec-
tion, selected results are reported for the RAMZI modulator device that demonstrated
the highest SFDR value.

The fabricated RAMZI modulator that was tested contained a single ring resonator
and is described by the specifications listed in Table 5.6 and a top view microscope
image of the SOI device is shown in Fig. 5.23. The setup illustrated in Fig. 5.24 was
constructed to characterise the modulator in terms of its linearity. Two frequency-locked
RF synthesisers were set to drive the modulator with two frequencies f; = 2 GHz and
fo = 2.01 GHz. These signals, coupled with a DC bias voltage, were sent to the RAMZI
metallic pads through a GSG high-speed probe, while two control voltages were used

to tune the RAMZI through two heater structures: one positioned on a layer above the
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TABLE 5.6: Fabricated RAMZI modulator specifications

Silicon layer thickness

220 nm

Waveguide fabrication procedure

E-beam lithography & Inductively Cou-
pled Plasma etching

Waveguide type

Rib, etching depth 120 nm

Rib waveguide width 450 nm
Doped waveguide p-type carrier concentration | 3 x 107
(boron ion implantation)

Doped waveguide n-type concentration (phosphorus | 1.5 x 108
ion implantation)

MZI arm total length 837 pym
Racetrack Circumference 310 pm
Coupling gap 295 nm

Metallic electrodes material

Stack of Ti/TiN/Al/Ti/TiN

F1GURE 5.23: Top view microscope image of the fabricated RAMZI modulator.

RR~to-MZI coupling area, and one positioned above the uncoupled MZI arm (Fig. 5.23).
These two heaters were driven through DC electrical probes and their respective roles
in the device operation were to tune the ¢t coupling coefficient and bias the MZI to its
quadrature point. The optical carrier was fed to the modulator by a tunable-wavelength
laser source, at a power of 14 dBm. The tunability in wavelength enabled the RAMZI
to be driven at the off-resonance point of the ring resonator. The total loss of the silicon
photonic device (grating couplers + waveguide losses) amounted to 15 dB. The output
of the device was sent to a linear photodetector with a responsivity of 0.65 A/W, which
was connected to an electrical Spectrum Analyser. Thus, the power of the tones at
2f1 — fa, f1, f2, 2fo — f1 could be monitored and measured. It is also noted that the
noise in the implemented link originated primarily by the Relative Intensity Noise (RIN)

of the laser source which was equal to -177 dBm at the detection stage.

The SFDR of the modulator was measured for different voltages applied to the coupling
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FIGURE 5.24: SFDR measurement setup for the linearity characterisation of the
RAMZI modulator.

section heater. In terms of the measurement methodology, it was crucial to ensure
that the modulator was operated at both the off-resonance point of the ring and the
quadrature (3-dB) point of the MZI. For this reason, the optical wavelength and the MZI
arm heater had to also be appropriately tuned for each measurement in the coupling
section heater voltage sweep. The results of this measurement are shown in Fig. 5.25.
The SFDR values are in the range of 88-89 dB. These values were expected to be
higher, considering the linearity measurement results of the silicon MZM in Section 5.1
which was part of a similar link (SFDR ~101 dBHz*/?). However, the RAMZI device
that was available for measurement did not correspond to the ideal design, but was
instead a sub-optimal variation, with a coupling section that corresponded to a different
t parameter than the optimum one. It should also be noted that these SFDR, values are
slightly higher than the ones calculated through simulations (Fig. 5.18), because the
link implementation in the experiment differed from the simulated link in terms of noise

power level.

The observed change in linearity was only minor (~0.7 dB), which was attributed to
an insufficient coupling ratio change induced by the heater. The design of the metallic
filament used for the heater would need to be improved in order to induce a non-uniform
temperature change to the coupling area and cause the refractive indices of the two

coupled waveguides to be different from each other.



Chapter 5 Mach—Zehnder Modulators for Advanced Modulation Formats 105

89.5 1

89.0 1

SFDR (dB)
3
()]

88.0 1

87.5

T T T T
0 100 200 300 400
Ring Heater Current (mA)

FicUrE 5.25: Fabricated RAMZI SFDR with relation to the current applied to the
coupling section heater.

5.4 Conclusion

This chapter focused on the use of MZI-based silicon modulators for the implementation
of advanced modulation formats (PAM-4, DMT), with an emphasis on investigating their
linearity behaviour. The first two sections reported the characterisation of an electrically
packaged Mach—Zehnder Modulator and its implementation on an IM-DD link using
PAM-4- and DMT-modulated data. The results showed the reliable transmission (BER
below FEC) of PAM-4 data at 40 Gb/s over 20 km of SMF and of DMT data at 49.6
Gb/s over 40 km of SMF, as a result of the highly linear behaviour of the MZM. The
DMT transmission showed a spectral efficiency of 5 b/s/Hz, which is the highest value
reported for a conventional silicon photonic IM-DD system. The third section focused on
methods to improve the linearity of MZI-based modulators while also offering tunability
for the linearity behaviour, by investigating the design of a Ring-Assisted Mach-Zehnder
Interferometer (RAMZI) configuration. Modelling of the RAMZI modulator showed an
increase in its SFDR, parameter in excess of 10 dB compared to a conventional MZM of
the same modulation depth. Specifications and comments on the design of such RAMZI
devices on the SOI platform were reported, while preliminary characterisation results of

fabricated devices were presented.






Chapter 6

All-Optical Wavelength

Conversion based on Nonlinear

Waveguides

Modulation formats that handle complex optical signals such as the variations of Quadra-
ture Amplitude Modulation (QAM) have been under investigation in the research lit-
erature on coherent systems over the past years [160]. The adoption of such formats
facilitate an increase in the capacity of optical networks and help alleviate a potential
”capacity crunch” [83]. Even though the main role of an optical communication system
is to transmit these signals in order to transport information, a significant part of the
optical networks also includes processing functionalities such as wavelength conversion,
which are currently performed in the electrical domain. Silicon photonics can play an
increasingly important role in this signal processing sector, enabling the production of
all-optical commercial devices, capable of performing a multitude of operations in WDM
environments [16, 17, 161, 162].

All-optical processing concerns the techniques implemented in order to manipulate data
entirely in the optical domain, rather than transferring it to the electrical domain for
processing. The advantages offered by all-optical solutions relate to the ability of han-
dling data at ultra-fast rates (> 500 Gbs™!) [163, 164], which is not possible by the
electronic processing alternative. Of course, another important parameter to consider
when attempting to compare the two technologies is power consumption and, currently,
implementing signal processing through all-optical techniques appears to show a tradeoff

between achievable throughput and power consumption [165].

Wavelength conversion is one such optical functionality that enables switching or copying
ofa data stream to a different carrier wavelength. The significance of such an operation
is clear in the cases of wavelength contention, while switching between wavelengths is

also essential when constructing systems that are required to be reconfigurable [166].
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Being an all-optical process, wavelength conversion is implemented in optical media by
exploiting their nonlinearity. One such application is the use of nonlinear silicon compo-
nents that utilise the Kerr effect inherent in silicon to trigger Four-Wave Mixing (FWM)
and produce new wavelengths. Thus, wavelength conversion of 16- and 64-QAM signals
has been previously reported in silicon-based waveguides designed as strip structures
[167, 168]. On the other hand, rib-type structures are appealing in applications that re-
quire dispersion-tailored devices, with low propagation loss and low polarisation rotation,
because this particular geometry exhibits comparatively lower sensitivity to fabrication
imperfections [16, 169]. Therefore, to leverage the advantages of this particular geome-
try, this chapter focuses on investigating rib-type silicon waveguides as building blocks
in the design of integrated wavelength converter devices compatible with links that use
QAM-modulated data. The first and second sections report the characterisation of a
fabricated silicon rib waveguide in terms of its nonlinear properties and the experimental
results of a wavelength conversion operation performed on a 16-QAM optical signal. The
third section describes the procedure followed to design a fully integrated wavelength
converter that suppresses the original signal and the optical pump at the output stage,

through the use of appropriately tailored ring filters.

6.1 Waveguide Design and Characterisation

The silicon waveguide that was used in the following experiments was designed and fab-
ricated at the Wuhan National Laboratory for Optoelectronics, in Huazhong University
of Science and Technology in China. The characterisation and wavelength conversion
experiments were performed at the Optoelectronics Research Centre, in the University

of Southampton by the author with the help of Dr. Cosimo Lacava.

The waveguide used as the nonlinear component was drawn on a Silicon-on-Insulator
(SOI) wafer with a 220-nm-thick silicon layer. The cross-section of the fabricated struc-
ture is illustrated in Fig. 6.1. The layout was written on the silicon layer by means
of Deep Ultraviolet (DUV) 248-nm lithography and the selected etching depth for the
rib-type structures was 70 nm. The width of the waveguide was 500 nm in order to
maintain single-mode operation in the fundamental Transverse Electric (TE) mode and
its length was selected to be 4 cm so that the net nonlinear effect across its total length
was strong. It is noted that the silicon structures were surrounded by SiO2, as the bot-
tom consisted of a buried oxide layer, while the top of the layout was covered with a
SiO9 cladding layer. Grating couplers served as the input and output of the waveguide
and they were designed to couple TE-polarised light in the C-band. The propagation
loss of the waveguide along with the insertion loss of the grating couplers were measured
through an effective cutback technique performed on different-length variations of this

waveguide that were written on the SOI wafer. The propagation loss was measured to
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be a = 2.5 dB/cm and the insertion loss corresponding to a pair of grating couplers was
8 dB.

SiO,
500 nm
+—r
| | I 70 nm
. 220 nm
Si

FIGURE 6.1: Cross-section of the Si- rib waveguide used as the nonlinear component.

The characterisation of the nonlinear properties of the waveguide essentially aimed to
evaluate the real part of its nonlinear coefficient Re[y] which ultimately determines the
strength of the Four-Wave Mixing effect used for the wavelength conversion application.
Therefore, the characterisation experiment involved inducing FWM by launching two
Continuous Wave (CW) optical beams at closely-spaced wavelengths, namely the pump
and the signal beam, to produce light at a third wavelength, called the idler beam, as a
result of intermodulation between the two optical inputs. This effect can be described

by the following equation [170]

= (n- By(0) - Re[y] - Legs)” (6.1)

which is an approximation of the full mathematical formulation describing Four-Wave
Mixing [171], applicable to cases where the two-photon absorption (TPA) effect can be

considered negligible and the signal power level is kept significantly lower than the pump

Pi(L)
» Ps(L)
idler wavelengths measured at the output of a waveguide of length L, 7 is a coefficient

power level. In this equation represents the power ratio between the signal and
related to the phase mismatch caused by chromatic dispersion, P,(0) is the pump power
launched at the input of the nonlinear waveguide, Re[y] is the nonlinear coefficient that
is dependent on the material and the geometry of a given waveguide, and L.y represents

the effective length of the nonlinear waveguide, given by the formula:

1 — e—aL
Lejr = — (6.2)

where L is the length of the waveguide and « is its power loss coefficient.

In order to quantify Rely|, the set-up illustrated in Fig. 6.2 was constructed. Two
external cavity lasers (ECLs) were set to provide the CW pump and signal beams at

wavelengths of 1557 nm and 1556.6 nm respectively. In order to provide sufficient power
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to trigger the nonlinear effect of the waveguide, the pump beam was first amplified by
an Erbium-Doped Fibre Amplifier (EDFA). Coupling to the long serpentine waveguide
was implemented through optical fibres that were positioned at a 6° angle above the
input and output grating couplers, while polarisation controllers placed after the optical
sources helped ensure that only TE-polarised light was launched to the chip. The power
of the signal beam was kept constant at Py = 0.35 dBm, while the pump power P, was
varied in order to observe the change in the signal-to-idler power ratio % at the output.
This ratio, which expresses the conversion efficiency of the FWM effect, was evaluated
through spectral measurements at the device output by means of an Optical Spectrum
Analyser (OSA).

CW Pump

CW Signal OOO Si waveguide

FIGURE 6.2: Experimental setup for the characterisation of the nonlinear waveguide.

The quadratic formula (6.1) was fitted to the measured data in order to evaluate the
parameter Re[y]. It is noted that for the selected wavelength spacing, n was assumed to
be 1 because the effect of dispersion is negligible. The measured conversion efficiency %
with respect to input pump power P, is plotted in Fig. 6.3 along with its fitted model
and the extracted value of the nonlinear coefficient was calculated to be Re[y] = 45 £
1 W-lm=1

%107

o o o

= D oo
; :
(o)

Conversion Efficiency
[6)

o
[
T

5 10 15 20 25 30 35 40
Pump Power (mW)

FIGURE 6.3: Fitting of measured data based on equation (6.1).
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6.2 FWM-based Wavelength Conversion of 16-QAM sig-

nals

The wavelength conversion experiment involved setting up the transmission system
shown in Fig. 6.4. In this experiment, the optical carrier was modulated by a 16-QAM
signal at a 10-Gbaud rate by means of a Dual-Nested Mach—Zehnder I-Q Modulator.
The signal was generated by an Arbitrary Waveform Generator (AWG) which converted
a (2! — 1)-long pseudorandom binary sequence (PRBS) to a 16-QAM electrical signal
fed to the modulator. Both pump and signal beams were amplified by EDFAs in order
to achieve a sufficiently high power level on the waveguide, as well as to compensate for
the modulator insertion loss. The two optical inputs were coupled to the silicon chip and
the converted signal at the idler wavelength was observed at the output on an OSA. The
recorded spectrum for the maximum conversion efficiency achieved in this experiment is
shown in Fig. 6.5, where an estimated level of 18.5 dBm of pump power was coupled to
the waveguide structure (after the input grating coupler) and a conversion efficiency of
-16 dB was measured. The selected pump and signal wavelengths were 1557.26 nm and
1555.90 nm respectively, while the idler wavelength was 1558.62 nm. It is noted that
no two-photon absorption (TPA) was observed at this level of input power, however the
limitation to the pump intensity was set by the damage caused to the input grating

coupler at incident powers higher than ~25 dBm.

Tunable
Filter

p—

\'j

Si waveguide

FIGURE 6.4: Optical setup for the wavelength conversion experiment.

To evaluate the Bit Error Ratio (BER) of the converted signal, the idler was first isolated
from all other frequencies and then sent to a coherent receiver. Therefore, a tunable
optical filter with a 3-dB bandwidth of 50 GHz was used after the chip output and the
filtered idler was subsequently amplified to be retrieved by a coherent receiver and an
Optical Modulation Analyser (OMA). The OMA consisted of a real-time scope that per-
formed BER calculations on the received 16-QAM data. A Variable Optical Attenuator
(VOA) was used to vary the Optical Signal to Noise Ratio (OSNR) of the received sig-
nal and record the corresponding changes in BER. The performance of the wavelength
converter is presented in Fig. 6.6 through a comparison of the BER vs. OSNR plots for

the original (back-to-back) signal and the converted signal. The inset constellation plots
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FIGURE 6.5: Spectrum at the Si waveguide output containing the pump, signal and
idler, as well as higher-order frequency components generated by Four-Wave Mixing.

portray the quality of the two 16-QAM signals at an OSNR of ~24 dB, indicating very
low degradation for the converted symbols. The curves resulting from a linear fitting
of the measured data points suggest that an OSNR penalty of 1.4 dB is incurred dur-
ing the wavelength conversion process. Given that the back-to-back measurement was
conducted with the same Filter-VOA-EDFA arrangement at the receiver side, the only
additional source of noise that introduces the OSNR penalty in the wavelength conver-
sion system is the added pump source along with its corresponding EDFA. Therefore,
the penalty can be attributed to the amplified spontaneous emission (ASE) of the EDFA
used at the input stage of the system.
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F1GURE 6.6: BER vs. OSNR comparison for the back-to-back and the converted signal.
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6.3 Design of an Integrated Silicon Wavelength Converter

As can be seen from Fig. 6.4 and 6.5, the role of the nonlinear waveguide in the FWM-
based wavelength conversion operation is the generation of a copy of the signal at the
idler wavelength. Any mechanism for removing the original signal and pump beams from
the output will have to be added as a bulk component outside the chip (Fig. 6.7 (a)). In
the context of a telecommunications system, the design requirements for a wavelength
converter usually dictate that the device output contains the optical signal only at the
new wavelength. Under this consideration, the design of an integrated device that can
perform the conversion operation in the form shown in the schematic in Fig. 6.7 (b)

entirely on-chip was investigated.
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FIGURE 6.7: (a) Block diagram of the integrated wavelength converter and (b)
schematic representation of its silicon photonic implementation (ring dimensions not
to scale).

The design of this device was based on the concept implemented in Section 6.2, where
a bandpass filter was used to selectively allow light to propagate only at the idler wave-

length. Therefore, the silicon photonic version of this device involved the design and
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cascaded connection of two fundamental building blocks: the nonlinear waveguide and
the optical bandpass filter. The requirements for the two components were identified
and solutions were proposed by developing a photonic circuit layout for fabrication at
the facilities of the Optoelectronics Research Centre (ORC) and the University of Sur-
rey through the CORNERSTONE project [172]. Although the fabrication of the devices
was not completed within the time constraints of this doctoral programme, the design

procedure and the proposed component specifications are presented in this section.

6.3.1 Nonlinear p-i-n Waveguide for Carrier Extraction

The first component of the integrated wavelength converter shown in Fig. 6.7 (b) is
the nonlinear waveguide which is used to generate the idler. The target of the design
process for this component is the maximisation of the conversion efficiency. Although the
important parameters that determine the conversion efficiency of the FWM phenomenon
are present on the right hand side of equation (6.1), increasing the optical power pumped
into a silicon waveguide reveals another important factor that limits the FWM process,
which is the Two-Photon Absorption (TPA) effect. This is expressed by the imaginary
part of the nonlinear coefficient (Im(v)). TPA additionally generates free carriers, which
in turn causes Free Carrier Dispersion (FCD) and Free Carrier Absorption (FCA). All
the absorption effects are detrimental to the FWM process and set an upper threshold

to the conversion efficiency.

Based on these considerations, the design of the nonlinear component aimed to maximise
the achievable conversion efficiency by mitigating the absorption effects. The technique
used for this purpose was the creation of a p-i-n junction in the cross section of the
waveguide so that the generated free carriers can be extracted by applying voltage to
the junction. This technique has been previously reported in the literature for similar
applications [173, 174] as well as for the demonstration of optical gain through Stimulated
Raman Scattering in silicon [175, 176].

The silicon photonic chip fabrication processes provided by CORNERSTONE offered the
capability of ion implantation to create doped waveguides, therefore the structure shown
in Fig. 6.8 was designed. The photonic layout was written for fabrication on a SOI wafer
with a 220-nm-thick silicon layer. The designed waveguide was selected to be a rib type
to incorporate the doped sections. The etching depth was set to be 120 nm according
to the CORNERSTONE project specifications, while the width of the waveguide was
set as 500 nm to allow for single-mode operation in the Transverse Electric (TE) mode.
The p- and n-doped regions were placed at varying distances across different instances of
the device written in the layout, in order to evaluate the optimum spacing configuration
experimentally. It is noted that close proximity of the doped section to the optical mode
can result in a stronger carrier extraction effect in the presence of high optical power,

however it can also introduce losses related to the presence of charge carriers in the p-
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FIGURE 6.8: (a) Cross section of the p-i-n waveguide designed for free carrier extraction,
(b) Top view of the full length of the waveguide written in a serpentine shape.

and n-doped areas. The presence of loss reduces the conversion efficiency, as it appears
in eq. (6.1) in the form of the L.r; parameter, therefore a trade-off between loss and
the strength of the carrier extraction mechanism is encountered. The aim of the design
was to investigate the combined effects of the gap in Fig. 6.8 (a) and the length L of
the waveguide on the conversion efficiency by including a number of device variations
in the same layout. The top view of an example device is illustrated in Fig. 6.8 (b),
where the length L is approximately 10 mm. The different values for the gap and length

parameters that were included in the layout are outlined in Table 6.1.

TABLE 6.1: Parameter variations for the doped nonlinear waveguide

Parameter Values
Gap 200 nm, 400 nm, 800 nm, 1600 nm, 2200 nm
L 10 mm, 18 mm, 34 mm

6.3.2 Ring Resonator Filter

The second component of the integrated wavelength converter is the filter used to iso-
late the idler. The selected integrated implementation for this filter was a ring resonator
structure and the design targets were related to (a) its wavelength tunability, (b) its
bandwidth and (c) its Free-Spectral Range (FSR). A ring filter can be tuned in wave-
length by means of appropriate heaters, while its bandwidth is dependent on the coupling
condition of the ring resonator which can be determined by the geometry of the struc-

ture. The challenging requirement for this application was the large FSR that the filter
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must exhibit in order for the wavelength converter to be functional across the C-band.
It is also noted that a drop filter (bandpass type) was selected as the preferred type,
so that the light entering the ring resonator would be the converted signal at the idler
wavelength, while the pump and original signal would be out of resonance with the ring
cavity. On the contrary, a through filter (bandstop type) would require the idler to be
placed at an off-resonance wavelength and therefore pass through the bus waveguide of
the structure, while the high-power pump would enter the resonant cavity to be filtered
out. However, the presence of the high-power pump inside the ring could significantly

detune it due to the nonlinear effects present in it and was therefore not preferred.
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FIGURE 6.9: (a)-(b) Schematic representations and transmission plots of single-ring
drop filters and (c) a Vernier filter comprised of two rings with a 2:3 circumference
ratio connected in series.

A FSR spanning ~40 nm cannot be easily achieved by a single ring, as its circumference
would have to be smaller than 16 pm and this would introduce significant bend losses.
The technique used to expand the FSR in a ring structure is based on the Vernier
principle. As shown in Fig. 6.9, the use of two serially connected rings that exhibit
a FSR ratio of gg% = % can effectively result in a structure with FSR equal to
N -FSRy or M - FSRy. This is clearer if the frequency plot in Fig. 6.9 (c) is observed,

where the drop port of the two-ring structure can be considered as an AND gate that
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exhibits transmission equal to unity only at the wavelengths for which light enters both
rings. Therefore, by suppressing certain resonant peaks, a large effective FSR can be
achieved with relatively large ring structures whose bend loss values are not prohibitive

for fabrication.

Based on the Vernier principle and the restrictions on the bend radius, the three types of
ring filters that were designed are shown in Fig. 6.10. The first two types involve rings
of circumference L; and L9 equal to 45.416 pm and 60.554 pum respectively, using a 3:4
length ratio to expand the FSR of the total device to ~40 nm. The second type uses 2
rings of each length in order to improve the suppression of the undesired resonance peaks.
However, it is noted that this translates to additional heaters and the requirement for
careful tuning of the 4 rings so that they are aligned in the wavelength axis. The third
type also uses the 4-ring configuration, where the circumferences are equal to 71.416 pm
and 85.700 pum that correspond to a 5:6 length ratio. This configuration provides better
tunability to the central wavelength of the filter, as explained in the study of its transfer

function in the following paragraph.
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FIGURE 6.10: Schematic representations and transmission plots of (a) a two-ring 3:4-
ratio filter, (b) a four-ring 3:4-ratio filter, (c) a four-ring 5:6-ratio filter.

In order to calculate the coupling gaps between the rings, the filters were modelled
through a MATLAB routine that used the analysis described in [177]. This model is
based on purely analytic formulations of the building blocks comprising such structures:
optical couplers and waveguide sections. The transfer functions of the drop filters were

therefore evaluated for different values of the coupling gap parameters and an optimum
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solution in terms of undesired resonant peak suppression was selected. It is noted that
the filters were considered to be symmetrical, meaning that some coupling gaps were
assumed to be equal, as shown in Fig. 6.10. The selected optimum values that were
used in the design are listed in Table 6.2. The corresponding transfer functions for
these configurations are illustrated in Fig. 6.10. The 5 and 9 suppressed resonant peaks
are apparent in the 3:4-ratio and 5:6-ratio filters respectively. The improvement in the
suppression caused by introducing the additional ring resonators can be quantified by
calculating the power ratio between the first and second peaks R = % in the

3:4-ratio plots, where R is equal to 20 dB for the 2-ring filter and 32 dB for the 4-ring
filter. The same ratio is 29 dB for the 5:6-ratio 4-ring filter.

TABLE 6.2: Optimum gap values for the three filter configurations

Configuration | Gap Values (nm) (left to right)
9-Ring, 3:4 Ratio 950, 444, 250
4-Ring, 3:4 Ratio 250, 387, 250, 387, 250
4-Ring, 5:6 Ratio 275, 450, 450, 450, 275

Another interesting parameter in the Vernier filters is the minimum FSR value min(FSR)
of the two rings, as it expresses the wavelength span that must be covered by the tuning
heaters in order to enable centring the filter at any wavelength in the 40-nm band. To
clarify, shifting both rings in the wavelength axis by a value greater than min(FSR) is
a redundant operation, as the same result can be achieved if the two rings are detuned
in relation to each other and set so that the first and second suppressed peaks align
with each other in wavelength. This way, the transfer function will effectively be offset
by min(FSR) by only heating half the rings in the structure by a smaller amount than
the one corresponding to min(FSR). This shows the improvement introduced by the
5:6-ratio 4-ring filter, which shows a min(FSR) of 6.9 nm (864 GHz), while the value
for the 3:4-ratio ones is 9.8 nm (1223 GHz).

Based on the discussions in the previous paragraphs, wavelength converter devices with
variations of the nonlinear waveguide and the filter components were designed on the
same layout. Even though measurements on fabricated devices could not be conducted
due to the time constraints of this PhD project, a number of considerations regarding

future measurements on the first set of devices are outlined below.

One factor that needs to be taken into account during the first characterisation process
is the misalignment of the resonance wavelengths among the rings that comprise the
Vernier filters. Although the FSR ratios are likely to match the predicted values, the
positions of the resonance wavelengths of each ring will be arbitrary and therefore an
appropriate initial tuning must be conducted. This can be achieved by tuning each
heater individually while measuring the filter transfer function and observing its shape

change, in order to match the shapes illustrated on the right half of Fig. 6.10.
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Another consideration is the effect of heating on the coupling condition of the rings.
The heating filaments are designed to only cover the ring sections that are away from
their coupling points, so that they can only detune the transmission in wavelength.
However no heat dissipation simulations were conducted and the application of voltage
on the heater filaments could potentially alter the refractive index of the waveguides
near the coupling points, thus modifying the coupling condition of the rings. This can
be investigated through transfer function measurements of heater-equipped standalone

ring structures that were drawn on the layout for testing purposes.

Lastly, the use of a high-power pump during the operation of the device might cause a
temperature change in the bus waveguide of the filter and therefore affect the coupling
condition of the first ring of the structure. A measurement of the power coupling value
under different input optical powers can be initially conducted in test coupler structures

that are included in the layout.

6.4 Conclusion

This chapter focused on FWM-based wavelength conversion, as an all-optical operation
useful for applications involving telecommunication signals. In particular, the imple-
mentation of wavelength conversion using nonlinear silicon waveguides was investigated

and discussed through experimental measurements and device modelling.

The first section reported the characterisation of a fabricated silicon rib waveguide in
terms of nonlinearity, while the second section presented the experimental results of a
wavelength conversion system that was built to incorporate the integrated waveguide
as the nonlinear component. The main results included the wavelength conversion of a
40-Gbit/s 16-QAM signal with an OSNR. penalty of 1.4 dB at a BER = 1075, indicating
that conventional silicon rib waveguide structures can be good candidates in nonlinear
processing applications for signals of complex modulation formats, while exhibiting low

cost and high yield in their fabrication procedure.

The third section presented a design strategy for the full integration of a wavelength con-
version system on a SOI platform, where a nonlinear component is used in conjunction
with a filter. The layout drawn for the device fabrication was described, with comments
and discussion on the requirements for each block of the system. First, the design of
a nonlinear waveguide that incorporated a p-i-n junction for carrier extraction was de-
scribed, aiming to address the problem of free carrier absorption present in high-power
nonlinear applications. Next, several types of Vernier ring filters were proposed and
analytically modelled to provide transmission plots and specifications that are useful
in the wavelength conversion application. All the layouts were aligned with the design
rules set by the CORNERSTONE multi-project-wafer (MPW) programme offered by
the Silicon Photonics group at the University of Southampton.






Chapter 7

Conclusions

This project focused on investigating different applications of silicon photonics in a
telecommunications system, through the design and characterisation of several key com-
ponents. The choice of topics and the organisation of the conducted design and exper-
imental work was determined to a great extent by the larger framework of the Silicon
Photonics for Future Systems (SPFS) project, which targeted high-capacity transceiver
applications. Under this consideration, several experiments were based on already avail-
able fabricated devices for such a system, whose design had been initiated at an earlier
stage of the SPFS project, while others related to novel functionalities that were de-
veloped during this PhD project. It must be noted that the experimental work was
coordinated according to the availability of fabricated devices, while some of the pro-
posed designs did not reach the laboratory testing stage due to fabrication lead time

restrictions.

In particular, Chapter 3 presented a novel device that targeted an application that relates
to the interface of multi-mode fibres with a silicon photonic circuit. Building silicon
photonic components for mode conversion functionalities was motivated by the recent
research interest in leveraging SDM to increase the capacity of optical communication
links. The chapter reported the design of a mode order converter incorporated in a
grating coupler through extensive simulation work and experimental measurements. The
grating pattern was apodised to improve the coupling efficiency to an optical fibre, while
appropriately offsetting one side of the groove set with respect to the other induced the
7w phase change required to convert the mode order. In particular, a conversion of the
TEp mode to the LP1; mode was demonstrated for the first time in a fabricated silicon
device that makes use of this concept, while the characterisation measurements showed
a -3.1-dB coupling efficiency to a commercial two-mode fibre and a conversion penalty

of 1.3 dB. Far-field profile patterns were also recorded to verify the mode conversion.

Chapters 4 and 5 involved experimental work on fabricated modulator devices to inves-

tigate their suitability for comb generation and for data transmission. Chapter 4 focused
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on the comb spectra that can be generated by a RRM driven by appropriately tailored
electrical signals. A theoretical analysis of the RRM as a frequency comb generator was
investigated for the first time in control theory nomenclature, with results on how the
ring coupling condition and the phase difference of two input sinusoidal signals affect
the comb shape. Next, the experimental implementation of this concept was reported
using a fabricated RRM and the generation of five frequency tones at a spacing of 10
GHz with a power margin of 0.7 dB was presented. The behaviour of the RRM as a
comb generator was studied and discussed through transfer function measurements and
comb spectra measured for different applied bias voltages. The coherence of the comb
lines was another parameter that was tested and verified by a time-domain measure-
ment of the output which revealed a series of transform-limited pulses. These results
proved that an on-chip comb source can be built in silicon with a conventional low-cost
ring modulator that benefits from a small footprint, provided some complexity in the

electronics is allowed in the design of the RF input (a dual-tone signal).

Chapter 5 focused on the parameter of linearity in MZI-based modulators. The ad-
vantages of the highly-linear MZM that was fabricated and characterised were verified
through the transmission of data in medium-reach links via advanced modulation format
signals. In particular, PAM-4 and DMT data were transmitted over 20 and 40 km of
SMF and recovered by a direct detection receiver, showing BERs below the FEC limit
(3.8 - 1073). These transmissions corresponded to datarates of 40 Gb/s and 49.6 Gb/s
respectively, exhibiting the highest spectral efficiency value (5 b/s/Hz) in an IM-DD
link served by a silicon photonic modulator for the case of DMT modulation. A subse-
quent study of a tunable-linearity modulator design based on the RAMZI configuration
was reported through analytical modelling. In its comparison to the conventional MZM
topology with the same modulation depth, a ~10 dB increase in SFDR was observed,

while its implementation on the SOI platform was discussed.

Finally, Chapter 6 studied the use of silicon nonlinearity to implement all-optical wave-
length conversion in a communication system. This was conducted by experimentally
demonstrating the conversion in a silicon waveguide and by proposing an extended ver-
sion of such an integrated device with an additional filtering operation. The effect of
Four-Wave Mixing in a silicon rib waveguide allowed an optical signal containing 16-
QAM data at a rate of 40 Gb/s to be copied to another wavelength by launching a
high-power pump into the structure. BER measurements of the original and the con-
verted signal showed an OSNR penalty of 1.4 dB at a BER value of 107 at the receiver.
These rib-type structures that show relatively low sensitivity and low cost in their fab-
rication were proven to be good choices for the implementation of nonlinear processing
of complex modulated data. An additional novel design for an integrated wavelength
converter was presented, where the FWM-based conversion is accompanied by a filter-
ing operation, so that the pump and the original signal components are not present at

the output of the final device, for direct use in a communication application. This was
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presented in the form of fabrication layouts for the two elements. The first one consisted
of a rib-type nonlinear waveguide equipped with a p-i-n junction to extract the free
carriers that introduce nonlinear loss at high powers. As regards the filter, several types
of Vernier ring filters were proposed, based on their modelled transfer functions and the

required specifications.

7.1 Future Work

The work reported in this thesis is part of the larger SPFS project and the investigation
of the reported applications is tied to the on-going device development processes that
are carried out in numerous successive cycles. Considering the relatively long fabrication
lead time for silicon photonic components, especially when active circuit elements are
involved, several design activities were not finalised within the time constraints of this
PhD project. Therefore, there is room for further study and experimental testing in the

research topics that were described in this thesis.

Regarding the grating coupler work in Chapter 3, the first step that could be tested would
be to incorporate the grating into a mode multiplexing circuit composed of multimode
waveguides. A number of on-chip mode multiplexers have already been reported [74—
76] and the mode-converting grating interface can be used to provide the excitation
of higher-order waveguide modes when operated in a fibre-to-chip configuration. The
incorporation of the device into such circuits can open the path for the design of different
functionalities, involving switching between modes both on-chip and in a fibre. The
challenges in this concept would involve the design of the transition between the 20-um-
wide grating coupler and the multimode waveguides, which are typically 1-pm-wide if
the support of only the first two modes is desired. An appropriate taper would have to
be designed in order to avoid any mode mixing within the transition section. Lastly,
another further step would be the fabrication of mode-converting grating couplers that
can excite modes of even higher order (e.g. LP2j), such as in the design simulated in
[81].

Chapter 4 reported the generation of a frequency comb using a single ring resonator
modulator. The obvious next step would be to use a structure containing several ring
modulators in cascade. The concept would be to generate a comb with the first RRM and
send it to the subsequent modulators, whose resonance wavelengths would be detuned
relative to the first RRM and aligned to one of the generated harmonics. This way, the
additional RRMs would expand the comb span. Another design that could be envisioned
is a ring modulator with a FSR equal to the RF modulating frequency used for the comb
generation. This would lead to the generated harmonics successively entering into the
ring cavity and experiencing a cascaded modulation effect in a single ring structure. The

challenge in this design is that the required FSR value would require a large enough ring,
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which would also increase the round-trip losses. However, it has previously been reported
in integrated LiNbOg3 [87] and would merit investigation in silicon devices. Lastly, the
concept proposed in [178] which involves first the generation of a comb through an E/O
modulator and then its expansion through the FWM effect in a nonlinear component
could be tested on a silicon RRM connected to a nonlinear silicon waveguide. The
challenge anticipated in the operation of such a device would be the potential thermal
detuning of the ring in case the optical carrier launched to it is relatively high-power in

order for the FWM effect to take place in the nonlinear waveguide.

Regarding the topic of linear modulators (Chapter 5), the fabrication process of the
RAMZI modulator designs that were reported had not concluded by the time of writing
of this thesis. Therefore, when the final devices are fabricated, they will have to be ex-
perimentally characterised in terms of linearity to verify the trends of the Fundamental
and IMD3 components that were predicted in Section 5.3.2 (Fig. 5.19). The tunability
of their linearity can also be tested through operation of the heaters. As a final test,
transmission experiments can be carried out using PAM-4- and DMT-modulated data in
order to investigate the performance of such modulators in telecommunication systems.
Lastly, another research path towards improving the linearity of Mach—Zehnder modu-
lators can be a further optimisation of the p-n junction design through simulations in
order to provide a more linear electro-optic conversion function, regardless of the device
topology. An investigation on the effect of the p-n junction on modulator linearity has

already been reported [67].

Finally, the wavelength converter device proposed in Chapter 6 was not investigated
through measurements on a fabricated device. Therefore, characterisation measurements
of coupler and single-ring test structures are the first step in implementing the wave-
length conversion experiment in order to determine the filter transfer function shapes
and the effects of the heaters on them. The experiment can then be conducted by con-
verting QAM data, while the order of the QAM symbols that can be received without
errors would be based on the output power level of the idler. The demonstration of an
operational wavelength converter that is fully integrated in silicon would be the first

report of its kind in the literature.

The following section outlines the scientific contribution of this PhD project to the

research literature.
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