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Abstract

The past decade has witnessed the prosperity of online communication and commercial
activities, including video streaming services, cloud-based storage and services, and machine-
to-machine applications. The exponentially increased internet traffic drives the development
of high-speed and low-cost intra- and inter-data center optical interconnects (DCIs). In-
tegrated optical transceivers have been realized on different platforms, including indium
phosphide and lithium niobate. Compared to those platforms, the Silicon Photonic (SiP)
platform is advantageous in complementary metal-oxide-semiconductor compatibility, re-
duced cost, optoelectronics integration, and high integration density. SiP, using the mature
microelectronics fabrication process, enables high precision, high yield, and low-cost vol-
ume manufacture and simplifies the monolithic integration of both optical and electronic
devices. Also, because of the physical properties of silicon, the dimension of the waveguide
could be reduced to a micro-meter level, decreasing the footprint of optical devices and
increasing the integration density.

In this thesis, we explore SiP devices for optical DCIs. This thesis can be divided into
three parts. In the first part, we demonstrate the design and characterization of optical
adiabatic couplers (OACs). The analytical relationship between splitting ratios (SRs) and
waveguide properties is developed. Experiments demonstrate OACs with SRs from 7% /93%
to 50%/50% for the fundamental transverse electric (TE) mode from 1260 to 1360 nm. The
variances of SRs for different wavelengths across the Original band (O-band) are within
1.3% when the chip temperature increases from 20 °C to 50 °C. To further decrease the
footprint of OACs and the SR variance from 1500 nm to 1600 nm, we propose a time-
efficient method to analyze and design the OACs. The measured SRs of the targeted 3-dB
OAC are between 47%/53% from 1500 nm - 1600 nm with a mode-evolution region of 110
pum. The same mode-evolution method presents imbalanced OACs with SRs from 8% /92%
to 42%/58%.

The second part of the thesis presents a CMOS-compatible and temperature insen-
sitive 1x4 wavelength (de-)multiplexer covering the entire Conventional band (C-band),
partial Short-wavelength band (S-band) and Long-wavelength band (L-band). The (de-
Jmultiplexer design is based on cascaded Mach-Zehnder interferometers (MZIs). The waveg-
uide widths of the MZI delay lines are matched to decrease the overall thermo-optic coef-
ficient (TOC). The proposed device is measured from 20 °C to 50 °C, and the measured
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TOC is 4.8 pm/°C.

The last part of the thesis demonstrates the design, analysis, and characterization of
a compact Mach-Zehnder modulator (MMZM) with meandered phase shifters on the SiP
platform. With a footprint of 432x260 um?, the MMZM has an insertion loss of 2.1
dB. Using —0.5 V bias, the measured V, and 3-dB EO BW are 6.4 V and 7.7 GHz,
respectively. Using the fabricated MMZM, we experimentally demonstrate 53 Gbaud PAM-
4 transmission over 2 km of standard single-mode optical fiber at a bit error rate (BER)
below the hard-decision (HD) forward error correction BER threshold of 3.8x107? having
6.7% overhead.
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Résumé

Cette derniére décennie a amenée la prospérité des communications en ligne et des activités
commerciales, y compris les services de streaming vidéo, le stockage et les services basés
sur le cloud et les applications de machine a machine. L’augmentation exponentielle du
trafic Internet entraine le développement d’interconnexions optiques au sein et entre les
centres de données (DCI) a haute vitesse et a faible cout. Des émetteurs-récepteurs optiques
intégrés ont été réalisés sur différentes plates-formes, notamment le phosphure d’indium et le
niobate de lithium. Comparée a ces plates-formes, la plate-forme de photonique sur silicium
(SiP) présente des avantages en termes de compatibilité complémentaire métal-oxyde-semi-
conducteur, de cotit réduit, d’intégration optoélectronique et de densité d’intégration élevée.
SiP permet une fabrication en volume de haute précision, a haut rendement et & faible
coit et simplifie 'intégration monolithique des dispositifs optiques et électroniques grace
a l'utilisation du processus de fabrication de la microélectronique mature. De plus, en
raison des propriétés physiques du silicium, la dimension du guide d’ondes pourrait étre
réduite a un niveau micrométrique, diminuant ’encombrement des dispositifs optiques et
augmentant la densité d’intégration.

Dans cette thése, nous explorons les dispositifs SiP pour les DCI optiques. Cette thése
peut étre divisée en trois parties. Dans la premiére partie, nous démontrons la conception
et la caractérisation des coupleurs optiques adiabatiques (OACs). La relation analytique
entre les rapports de séparation (SR) et les propriétés des guides d’ondes est développée.
Des OAC avec des SR de 7%/93% a 50%/50% sont démontrés de 1260 a 1360 nm pour
le mode électrique transversal fondamental (TE) par des expérimentations. Les variances
des SR pour différentes longueurs d’onde sur la bande original (bande O) sont inférieures
a 1,3% lorsque la température de la puce passe de 20 °C a 50 °C. Pour réduire davantage
Iempreinte des OAC et la variance SR de 1500 nm a 1600 nm, nous proposons une méthode
efficace pour analyser et concevoir les OAC. Les SR mesurés des OAC de 3 dB se situent
entre 47%/53% de 1 500 nm & 1 600 nm avec une région d’évolution de mode de 110 um.
La méme méthode d’évolution de mode présente des OAC déséquilibrés avec des SR de
8%/92% a 42%/58%.

La deuxiéme partie de la thése présente un 1x4 (dé-)multiplexeur de longueur d’ondes
compatible avec CMOS et insensible & la température température couvrant complétement

la bande conventionnelle (bande C), partiellement la bande de longueur d’onde courte
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(bande S) et longue (bande L) . La conception du (dé-) multiplexeur est basée sur des
interférométres Mach-Zehnder (MZI) en cascade. Les largeurs des guides d’ondes des lignes
a retard MZI sont assorties pour diminuer le coefficient thermo-optique global (TOC).
L’appareil proposé est mesuré de 20 °C a 50 °C, et le TOC mesuré est de 4,8 pm/°C.

La derniére partie de la thése démontre la conception, I’analyse et la caractérisation d’un
modulateur Mach-Zehnder compact (MMZM) avec des déphaseurs méandrés sur la plate-
forme SiP. Le MMZM a une perte d’insertion de 2,1 dB avec une empreinte de 432x260
um?. En utilisant un biais de —0,5 V, les V; et 3-dB EO BW mesurés sont respectivement
de 6,4 V et 7,7 GHz. A T'aide du MMZM fabriqué, nous démontrons expérimentalement
une transmission PAM-4 de 53 Gbauds sur 2 km de fibre optique monomode standard a
un taux d’erreur sur les bits (BER) inférieur au seuil de BER de décision finale (HD) de
3,8 x1072 ayant une surcharge de 6,7 %.
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Chapter 1

Introduction

1.1 Motivation

With the prosperity of online business, entertainment, and communications, including the
internet of things (IoT), the 5G network, online gaming and video streaming platforms,
and cloud-based applications, tremendous efforts are spent on improving the efficiency and
transmission capacity of data centers (D-Cs). According to Cisco’s estimation, by 2023,
nearly two-thirds of the global population will have internet access, and the number of de-
vices connected to internet protocol (IP) networks will be more than three times the global
population [18]. For short-reach data center interconnects (DCIs), where many transceivers
are deployed to enable high-speed, large-capacity transmission, cost per part, heat dissi-
pation, and power consumption are also critical issues to be addressed [19]. Therefore, a
low-cost and high-yield transmission solution with certain thermal controllability is in great
demand.

For decades, many endeavours have been devoted to rearranging and reusing the modu-
lar process steps from complementary metal-oxide-semiconductor (CMOS) fabrication [20].
Therefore, well-established materials and techniques in the silicon microelectronics industry
have been used to build complex photonic devices and circuits. By leveraging the billion-
dollar modern CMOS infrastructures, the commercialization and mass-production of the
photonic integrated circuits (PICs) on the silicon photonics (SiP) platform is feasible. Also,
due to the large index contrast between the silicon core and its oxide cladding, photonic
devices with high integration density are achieved on the SiP platform.

To enable high-speed and low-cost DCls, researchers worldwide have been researching
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and demonstrating transceiver designs on the SiP platform [21-23]. A generic schematic of
a transceiver with a wavelength (de-)multiplexer (MUX) is shown in Fig. 1.1. Because of
the indirect bandgap of the silicon material, the integrated laser can not be realized directly
on the SiP platform. Alternatively, externally modulated lasers can be connected to the
rest of the PICs. Without considering the mode MUXs, transverse electric (TE) mode is
ensured before interfacing with the edge couplers or vertical grating couplers (GCs). After
information loading through the modulators, the modulated optical signals with different
optical wavelengths are combined by a wavelength MUX. The merged optical signal is
transmitted through standard single-mode fiber (SSMF). The optical signal is first sepa-
rated by the wavelengths at the receiver end using a (de-)MUX. For each wavelength, the
optical signal is translated into the electrical field by a photo-detector (PD) and amplified
by a trans-impedance amplifier (TTA). The scope of this thesis is limited to the low-cost

and low-power consumption transmitter design with high fabrication and temperature tol-

erance.
\ /
#TE# Modulator | — — PD+TIA|
#TE—> Modulator | — SSMF v — |PD+TIA
= =
2O |z
~ =
#TE—> Modulator | — 21— PD+TIA
— Optical :
#TE-» Modulator | — — [PD+TIA| i - — - Electrical |
| ] L1 i

Fig. 1.1 Schematic of the transceiver design with wavelength (de-
Jmultiplexers. TE: transverse electric, MUX: multiplexer, SSMF: standard
single mode fiber, PD: photo-detector, TIA: transimpedance amplifier.

Power splitters, wavelength (de-)MUXs, and modulators are the three fundamental
components of transmitter designs. Power splitters are frequently used to build Mach-
Zehnder interferometers (MZIs), as shown in Fig. 1.2, which are widely used in optical
switches [24], modulators |25], and integrated neural networks [26]. In those applications,
imbalanced power splitters with specific splitting ratios (SRs) are often required. Im-

balanced power splitters can be realized by mode interference couplers, including optical
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directional couplers (ODCs) and multimode interference (MMI) couplers for the silicon-on-
insulator (SOI) platform [27-32]. However, the performance of those imbalanced couplers
based on ODCs or MMI couplers needs precise control of the device dimensions. Also, for
each SR, a new set of parameters must be determined to ensure a reproducible result that
is tolerant to fabrication error. Compared to ODCs and MMI couplers, optical adiabatic
couplers (OACs) involve only one mode [33]. The mode order stays the same through the
adiabatic transition region even though the mode profiles at distinct locations are different.
Thus, the OACs do not need precisely defined critical power transfer length. However,
most research on OACs is focused on the ones with an SR of 3-dB, and imbalanced OACs

are still open to being explored.

(‘\

2x2 Power
Splitter

| — |
| |
\_/

Fig. 1.2 Schematic of the Mach-Zehnder interferometer.

The major drawback of the OACs is the large footprint to achieve a flat SR over a broad
optical bandwidth (BW). The length of an OAC can be up to 200 pum |34|, dramatically
deteriorating the simulation time and accuracy. Instead of using the straight waveguides in
the mode evolution region, adopting subwavelength grating (SWQ) slots can decrease the
required mode-evolution region [14,35]. However, SWG slots are sensitive to fabrication
error, compromising the fabrication tolerance of the OACs. To further improve the per-
formance of OACs, a time-efficient simulation method is worth exploring to optimize the
constituent waveguides in the mode-evolution region without compromising the fabrication
tolerance of the OACs.

Wavelength (de-)MUXs are frequently used to increase the transmission capacity in

DCIs and optics communication networks [36]. SiP wavelength (de-)MUXs based on ar-
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rayed waveguide gratings (AWGs), ring resonators, and MZIs have been demonstrated over
the past decades [37-41]. However, due to silicon waveguides’ high thermo-optic coefficients
(TOCs), their effective indices are sensitive to temperature variations. Therefore, the per-
formance of SiP (de-)MUXs is temperature-dependent since their operational theories are
based on phase interference which is directly related to effective indices. It is essential to
address the thermal sensitivity issue.

SiP modulators are one of the enabling devices for optical communications, which re-
quires optimization in two domains: higher BW and lower power consumption [42]. Mod-
ulators with large electro-optic (EO) BW, including travelling-wave (TW) Mach-Zehnder
modulator (MZM) [25] and micro ring modulators (MRM) [43], have been reported to
achieve high-capacity transmission. However, TWMZM and MRM are power-hungry be-
cause of the termination and wavelength stabilization circuitry, respectively. High inte-
gration density, slight optical loss, high thermal stability and fabrication tolerance drive
the design of next-generation low-power SiP modulators. Some efforts have been made to
develop lumped-element slow-light modulators with high modulation efficiency and small
footprint, accompanied by shortcomings such as sensitivity to temperature variations and
fabrication errors [44,45]. Therefore, considering the above requirements, dual-drive me-
andered MZMs (MMZMs) have been proposed [46]. Still, there is room to simplify the
driving and biasing circuitry while reducing the footprint further. Also, a systematic EO
BW analysis for lumped modulators considering electrode, PN junction, and optical transit
time is preferred.

In this thesis, we work on designing several significant components for low-cost and
temperature-insensitive transceivers: the OACs, wavelength (de-)MUX, and modulator on
the SOI platform. In the first part of the thesis, we present OACs with design-intended SRs.
A time-efficient method is then proposed to analyze and further improve the performance
of OACs. Then, a CMOS-compatible 1x4 Conventional band (C-band) wavelength (de-
YMUX with low thermal sensitivity is demonstrated. Finally, a compact SiP MMZM with

low optical loss and simplified driving and biasing circuitry is demonstrated.

1.2 Thesis organization

The remainder of this thesis is organized as follows.

In Chapter 2, we provide the research background for the SOI platform and the relevant
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photonic devices we designed for this platform. In Section 2.1, we introduce the basics of the
SOI platform. Then, the research background of two types of power splitters are discussed
in Section 2.2. Finally, the fundamentals of wavelength (de-)MUX and modulators are
presented in Sections 2.3 and 2.4, respectively.

In Chapter 3, we report the operational theory, simulation, and characterization of the
2x2 OACs. In Section 3.1, we demonstrate OACs with design-intended SRs. In Section 3.2,
we propose a time-efficient method to analyze and design the OACs on the SOI platform.
Using this method, we demonstrate OACs with improved performance in terms of footprints
and SRs.

In Chapter 4, we demonstrate a CMOS-compatible and temperature-insensitive C-band
wavelength (de-)MUX on the SOI platform. Section 4.1 briefly introduce the structure of
this chapter. Section 4.2 presents the detailed analysis and simulation results. Section 4.3
gives the fabrication and experimental results.

Chapter 5 focuses on designing, analyzing, and characterizing a compact SiP modulator
with meandered phase shifters. The constitution of this Chapter is first introduced in
Section 5.1. Section 5.2 introduces the device layout and simulation results. Then, the
direct current (DC) and small-signal characterization are illustrated in Section 5.3. Finally,
the results for the on-off keying (OOK) and different pulse-amplitude modulation (PAM)
orders with basic digital-signal-processing (DSP) algorithms are displayed in Section 5.4.

Finally, Chapter 6 concludes the thesis by summarizing the key accomplishments and

outlining some potential improvements and future work in the short and long terms.

1.3 Original contributions

In summary, the original contributions of this thesis are the analysis, simulation, and exper-
imental characterization of three critical components of low-cost transmitter design: power
splitters, wavelength (de-)MUXs, and modulators on the SOT platform. The contributions

are summarized hereafter:

Temperature Insensitive Adiabatic Coupler Design with High Fabrication Error

Tolerance

e First, we demonstrate the OACs with design-intended SRs for the SOI platform. The

operational principle, numerical simulations, and experimental results on the designed
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OACs are presented. To explain the operating principle, we derive the analytical
relationship between the SR and the effective index difference, based on which we
calculate the corresponding SRs under various output waveguide width differences
at a central wavelength of 1310 nm. During the simulation process, a segmented
optimization method is employed to analyze the adiabatic transition process through
the OAC. For the experiment results, broadband OACs with design-intended SRs,
from 7%/93% to 50%/50%, are fabricated and then tested over an optical BW of
100 nm, i.e. from 1260 to 1360 nm for the fundamental TE mode. Furthermore, the
thermal stability of the OAC is investigated. When increasing the stage temperature
from 20 °C to 50 °C, the variances of the SRs for different wavelengths across the
O-band are within 1.3%, making the design a potential candidate for performance

robustness against temperature variations.

e Then, we propose a time-efficient method to analyze and design the OACs on the SOI
platform. By analyzing the OACs, we derive the boundary conditions and necessary
constraints on the tapering functions to achieve optimized performance. Taking these
conditions into consideration, we choose three common types of functions for com-
parison. Based on the width and separation of the constituent waveguide pair, the
performance of OACs with different tapering functions is compared. The compared
OACs are fabricated and measured. The SRs of the fabricated devices are charac-
terized using unbalanced MZIs. We analytically and experimentally prove that, for
a designed 3-dB OAC, a quadratic separation and exponentially varying width pro-
vides the slightest SR imbalance with the smallest footprint among the compared
tapering methods. The extracted SRs of the designed 3-dB OAC using such a taper-
ing method are between 47% /53% from 1500 nm to 1600 nm with a mode evolution
length of 110 um. Using this tapering method, we also experimentally demonstrate
imbalanced OACs with SRs of 8%/92%, 12%/88%, 15%/85%, 23%/77%, 30%/70%,
and 42%/58% measured at 1550 nm.

CMOS-compatible and Temperature Insensitive C-band Wavelength (de-)Multiplexer

e We demonstrate a CMOS-compatible and temperature insensitive 1x4 C-band wave-
length (de-)MUX on the 220-nm-thick SOI platform. The (de-)MUX design is based
on cascading MZIs. The waveguide widths of the MZI delay lines are matched to
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decrease the overall thermo-optic coefficient (TOC). For comparison, an MZI-based
(de-)MUX with uniform delay lines is also fabricated on the same chip. The transmis-
sion spectra of the proposed and reference devices are measured when the wavelength
is swept from 1500 nm to 1600 nm, and the temperature is varied from 20 °C to
50 °C. The measured results show that the TOCs of the proposed and reference de-
vice are 4.8 pm/°C and 85 pm/°C, respectively. This power-efficient MUX with high

integration density is promising for the D-C applications.
Compact Mach-Zehnder Modulator with Meandered Phase Shifter

e We present a C-band MZM with meandered phase shifters and a compact footprint of
432x260 um? on the SOI platform. The electrode, p-n junction, and optical transit
time are considered when performing the EO BW simulations. The simulation results
prove that the dominant BW limiting factor for this type of modulator is the optical
transit time. The insertion loss (IL) of the modulator without bias is 2.1 dB. The
measured half-wave voltage (V,) and 3-dB EO BW at —0.5 V bias are 6.4 V and
7.7 GHz, respectively. 53 Gbaud PAM-4 transmission over 2 km of SSMF is achieved
at a bit error rate (BER) below the 6.7% overhead hard-decision (HD) forward error
correction (FEC) BER threshold of 3.8x1073.



Chapter 2
Background

This Chapter introduces the background of the SiP platform and the devices discussed in
this thesis. In Section 2.1, we briefly introduce the SOI platform and the critical properties
of the silicon waveguide used in this platform. Section 2.2 presents the research background
of the two power splitters: MMI couplers and OACs. Section 2.3 demonstrates the state-
of-the-art (de-)MUXSs and focuses on the development of temperature-insensitive designs.

Section 2.4 introduces the fundamentals of SiP modulators.

2.1 Silicon photonic platform

The typical composition of the wafers used for SiP PICs is shown in the Fig. 2.1. It
comprises a 220 nm silicon layer, a cladding oxide layer on top of the 220 nm silicon layer,
a buried oxide layer underneath the 220 nm silicon layer, and a silicon substrate on the
bottom. The 220 nm silicon layer is used to define photonic devices and has become a
standard since 2003 [47]. However, silicon waveguides with different thicknesses have been
reported for various applications [48]|. A cladding layer is deposited on top of the 220 nm
silicon layer to provide protection and isolation of the photonic devices. In addition, this
top oxide layer can be removed to realize polarization manipulation devices [28]. A buried
oxide layer enables tight light confinement and high integration density. The bottom silicon
substrate serves as mechanical support.

To design photonic devices on the SOI platform in different wavelength ranges, the
wavelength dependence of the refractive index for silicon is a critical consideration when

performing simulations [20]. A Lorentz model is used for the silicon refractive index to en-
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Cladding Oxide

Buried Oxide (BOX)

Fig. 2.1 Cross-section view of the silicon-on-insulator (SOI) wafer.

sure consistent simulation in Ansys Lumerical MODE and Finite-Difference-Time-Domain
(FDTD) solvers [49]:

2
) €LorentzW(y
e 2.1
nSI( ) € w% —_ 27,(5027(6/)\ - (2;\‘—0)2 ( )

where ng; is the silicon refractive index, € is the permittivity, €rrent, i Lorentz permittivity,
wo is the Lorentz resonance in units of rad/s, dy is Lorentz linewidth in units of rad/s, A is
the wavelength, and c is the speed of light in vacuum.

A constant index model often models the refractive index of silicon dioxide. First,
silicon dioxide has an almost constant refractive index around 1550 nm, and the material
dispersion of silicon dioxide is about six times lower than in silicon [20]. In addition, most
of the light is confined in the silicon layer, making the oxide dispersion insignificant in the
performance of SiP devices. One exception is when the waveguide widths are intentionally
small, and the evanescent fields are used for different applications, including sensing. Since
light would be loosely confined in the silicon waveguide, the effect of dioxide should be
considered for the accuracy of simulation results. For simulations performed for typical
devices when the light is strongly confined in the waveguide, a constant index model for
dioxide is preferred for fewer convergence issues and faster simulation time.

After choosing the appropriate models for both silicon and dioxide, the effective and
group indices could be calculated. For SiP devices and system designs, the effective and
group indices are frequently used to determine critical characteristics. The definitions of

effective and group indices are briefly summarized in the following paragraphs.
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From the perspective of wave optics, a necessary condition for a guided mode in a
waveguide, as shown in Fig. 2.2, is ngijos < kﬁo < ngi, where ngioo and ng; are the refractive
indices of silicon dioxide and silicon, respectively, (3 is the propagation coefficient, and kj is
the vacuum wavevector. The effective index can be understood as the average index seen
by the mode and can be calculated using the mode amplitude as the weighting function.

Therefore, the effective index of a mode is defined as neg = % [50].

Light Beam ——>

Fig. 2.2 Total internal reflection for a guided mode in a section of silicon
waveguide.

To properly illustrate the definition of group index, we first introduce the definitions
of phase velocity, group delay, and group velocity [50]. The phase term of the sinusoidal

k2=wt) traveling in the 2 direction, where k is

electromagnetic wave is expressed as e
the wavevector in certain material and w is the angular frequency of the wave in units of
rads/sec. A point is attached to this electromagnetic wave. The speed of this point has to

satisfy the following condition so that its phase stays the same:

t
z(t) = % + constant (2.2)

Therefore, the phase velocity v, is defined by taking the first-order derivative of Eqn. 2.2
with respect to the time ¢:

dz w

=—=— 2.3

Up dt k ( )

Frequently, light travels as a package because the modulation of lightwave will un-

avoidably expand the frequency spectrum of the original carrier. The group velocity vy
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describes the propagation of this light package. We introduce a superposition of two waves
with different frequencies to develop an expression for the group velocity: w; = w + Aw,
wy = w — Aw, where wy; and wy are the angular frequencies of the two waves, and Aw is
the frequency difference from central frequency w. The electric field superposition can be

written as follow:
Ey + Ey = 2Ej cos(wt — kz) cos(Awt — Akz) (2.4)

where E; and FE, are the electric field of the two waves, E, are the amplitude of the
two waves, and Ak are the wavevector difference of the two waves. The group velocity vy
describes the speed of the wave envelope, which is described by cos(Awt — Akz). Similarly,
assuming that there is a point attached to the envelope, the speed of this point has to satisfy

the following condition so that its phase stays the same:

A
z(t) = A_wkt + constant (2.5)

Therefore, the group velocity v, is defined by taking the first-order derivative of Eqn. 2.5

with respect to time ¢:
_dz Aw . Aw  dw

At Ak Avso Ak dk

Group delay 7, is defined as the time it takes for a wave package to travel a unit distance.

(2.6)

Vg

With the definition of v,, 7, can be expressed as follows:

dk

- (2.7)

Ty = 1/vg =

To relate Eqn. 2.7 to the effective index neg, k = "= is substituted into Eqn. 2.7 and the

group delay can be expressed as follows:

d (LRef2 Negg + wReil
( < ): i dw (2.8)

T —
& dw c

By inverting Eqn. 2.8, we acquire a new expression for v,:

C
¢ Nefr + de;g ( )
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Therefore, the group index n, is expressed as follows:

dneff dneff
= et = A dw

Ng = Neff + W (2.10)

With the introduction of effective and group indices, we perform simulations on the two
commonly used waveguides for C-band and O-band using Ansys Lumerical MODE finite
difference eigenmode (FDE) solver. Within the scope of this thesis, only the fundamental
TE mode is considered. Therefore, the simulation results focus on the fundamental TE
mode. The width of a strip waveguide with a standard height of 220 nm must be less than
440 nm to enable a single TE and transverse magnetic (TM) mode |20]. However, when
injecting the fundamental TE mode from the laser to the fiber array unit (FAU) interfaced
by on-chip vertical GCs, most of the light would still be coupled into the fundamental quasi-
TE mode without exciting higher-order modes. In addition, another benefit of utilizing
larger width is to reduce optical loss and phase noise. Most of the optical loss and phase
noise come from the side-wall roughness. With a larger waveguide width, the optical mode
would concentrate more in the central region of the waveguide and interface less with the
side wall, reducing the propagation loss and phase noise. Therefore, the strip waveguide
with a 500 nm width is adopted and simulated. The mode profile captured at 1550 nm is
shown in Fig. 2.3(a). The calculated effective and group indices from 1500 nm to 1600 nm
are shown in Fig. 2.3(b) and 2.3(c), respectively.

Similarly, the single TE mode operation requests the waveguide width to be less than
320 nm for O-band operation. Therefore, a waveguide width of 350 nm is used. The mode
profile captured at 1300 nm is shown in Fig. 2.4(a). The calculated effective and group
indices from 1260 nm to 1360 nm are shown in Fig. 2.4(b) and 2.4(c), respectively.

2.2 Power splitter

2.2.1 2x2 Multimode interference coupler

Recently, there has been a growing interest in employing the MMI effect in SiP devices. The
MMI effect has been utilized to realize power splitters [51-59|, optical hybrids which are
frequently used in coherent receiver designs [60-68], and polarization beam splitters [69-73].
The theoretical analysis demonstrated in this Section is based on [74]. The fundamental

principle of MMI couplers is the self-imaging principle. Some early explorations of utilizing



2 Background 13

the self-imaging principle on the uniform waveguide platform were demonstrated in [75,76].
The schematic of an MMI waveguide fabricated on the silicon layer is shown in Fig. 2.5.
The width and length of the MMI waveguide are denoted as Wy and Lynr, respectively.
The guided mode is transmitted along the z-direction. The number of guided modes is
finite for a given waveguide [50], and the total number of supported modes for the MMI
waveguide is labeled as m. For the y-order mode, the dispersion relationship between the
~ AT

lateral wavevector k, , ~ 3

e and propagation constant 3, is expressed as follows:

k;,u + 65 = kgngff,u (211)

where neg, is the effective index of the v4p-order mode and kg is the the vacuum wavevector.
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Fig. 2.3 (a) The mode profile, (b) effective index, and (c¢) group index of a
waveguide with 220 nm height and 500 nm width.
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The propagation constant can be expressed as follows from Eqn. 2.11:

Kyw
: 2.12
koneff,zx) ( )

ﬁu = kOneff,u 1- (

For a real function f(x) that is infinitely differentiable at a real number a, its Taylor series

is the power series as expressed below:

n!

©_£(n)(q
fla)y=>" LAl )(x —a)" (2.13)

When f(z) = /1 — 22, its second-order Taylor series at a = 0 can be approximated as

follow:
22
flx)~1—— (2.14)
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Fig. 2.4 (a) The mode profile, (b) effective index, and (c¢) group index of a
waveguide with 220 nm height and 350 nm width.
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L MMI 7

v

Fig. 2.5 Schematic of an MMI waveguide.

Therefore, when x = ko%égy and ky, << Kkones,, the second Taylor approximation of Eqn.

2.12 is expressed as follows:

koneff v ky v 2
: : 2.15
2 kOneff,u ( )

51/ ~ k(]neff,zx -

When taking kg = ?\—70‘ and k,, ~ %t into Eqn. 2.15, £, can be simplified as follows:

(l/ + 1)27'5)\0

2.16
e, Wi (2.16)

ﬁu ~ kOnefﬂu -

The beat length L, is defined by the propagation constants of the two lowest-order

modes. Using Eqn. 2.16, L, can be expressed as follow:

2
7T ~ 4neﬂ‘7VWMMI

B Bo— DB 3o

Ly (2.17)
The input field profile ¥(y,0) at z = 0 can be expressed in terms the superposition of
the guided modes:

v=m—1

U(y,0) = ) P (y) (2.18)

v=0

where ¢, is the coefficient for the v-th order mode.
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At z = L, the field profile is expressed as follows:

v=m—1

U(y,L) = ¢, (y) exp {j %{L} (2.19)

For the case of general interference when no restriction is placed on ¢,, Eqn. 2.19 can

be expressed in terms of a two-fold imaging at L = £(3L,), p=1,3,5....

U(y, 53L) = D )+ Y (=i at(y)
v even v odd (2.20)

_ I+ (=1r ¥(—y.0)

For the case of restricted interference when only some of the guided modes are excited
in the MMI waveguide, the input field should be excited at y = £Wyn/6, and two-fold

images will be formed at L = £ L, p is non-negative integer.

2.2.2 2x2 Adiabatic coupler

The idea of adiabatic transition used in the PICs is defined in [33]. This idea has been
exploited intensively on the SOI platform to implement different devices, including power
splitters |34, 35, 77-85], polarization manipulating devices [86-96], and mode MUXs [97-
104].

The focus of this thesis is on developing the OACs with improved performances. The
operating theory of OACs involves only one mode, and the mode order stays the same
through the adiabatic transition region even though the mode profiles at distinct locations
are different. Therefore, OACs do not need precisely defined critical power transfer lengths.
The detailed simulation process and operational theories will be presented in Section 3. The
following paragraphs will present the research background and the state-of-the-art results
regarding OACs.

The main reason that prohibited a vast deployment of OACs on the integrated platform
is the large footprint of such devices. The footprint of some early fabricated OACs can

be up to several mm?

. In the past two decades, much effort has gone into developing
OACs with smaller footprint. Instead of the 90° waveguide bends, researchers have used

the adiabatic S-shaped waveguide bends between the input(output) ports and the mode-
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evolution region to reduce the device width [35,77,84]. On the other hand, the main
priority is to decrease the required mode-evolution length to shrink the device length,
which can be achieved by increasing the coupling strength in the mode-evolution region.
Researchers adopt SWG slots [14,83] or rib waveguides [78,84] to increase the coupling
strength. However, the dimensions of SWG slots are close to the minimum feature size
of almost all the available foundry processes. Therefore, SWG-based OACs are sensitive
to fabrication errors. Another method is to optimize the shape of the coupling region.
Researchers calculated the required coupling length based on different fitting functions of
the coupling coefficients and propagation constants [84,105,106].

Above all, the imbalanced OACs are still open to be explored and will be discussed in
Section 3.1. Also, the effects of width and gap change on the adiabaticity of the devices

remain to be analyzed quantitively and will be presented in Section 3.2.

2.3 Wavelength multiplexing technology

Wavelength-division-multiplexing (WDM) technology is one of the popular solutions to
enhance the transmission capacity of an optical interconnect link [36]. The key parameters
to evaluate the performance for a wavelength (de-)MUX are shown in Fig. 2.6: channel
spacings/free-spectral ranges (FSRs), ILs, crosstalks (XTs), and 1-dB BW [107]. Channel
spacings are determined by the number of channels and the FSRs of the filters. Channel
spacing is measured by the wavelength difference of the neighbouring channels when the
maximums are achieved. IL is the optical transmission loss captured at the maximum point
of each channel. At the maximum of each channel, the minimum transmission spectrum
difference between the channel of interest and the neighbouring channels is defined as XT.
For each channel, if we draw a horizontal line 1 dB below the maximum point, there will
be at least two crossings on this channel. The 1-dB BW is the minimum spacing between
the crossings on different sides of the maximum point.

Different structures are utilized in the SOI platform to realize wavelength (de-)MUXs,
including micro-ring resonators (MRRs) [108-114|, Bragg gratings (BG) waveguide [115-
121], arrayed-waveguide gratings (AWGs) [122-127], and MZIs [39,40,128-132]. The advan-
tages and disadvantages of each type of (de-)MUXs are introduced concerning the critical
parameters, as shown in Fig. 2.6.

The benefit of the MRR-based wavelength (de-)MUXs is the capability of incorporating
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Fig. 2.6 The key parameters used to evaluate the performance of a (de-
MUX.

multiple channels in a compact footprint. However, the number of channels is limited by
the tight FSR. The FSR of MRR is determined by the cavity length, which is limited
by the bending radius. The minimum bending radius is as small as several microns in
the standard SOI platform without introducing significant optical losses. Nevertheless, by
utilizing a specially designed silicon waveguide, a record FSR is achieved for the MRR [114].
Another disadvantage of the MRR-based wavelength (de-)MUXs is the small channel BW
because of the Lorentzian-like spectral response of MRR [107]. Researchers have presented
cascaded high-order MRRs [133], a combined add-drop ring with a reflector [134], and MRR
with photonic crystal (P-C) [135] to realize flat-top responses. Because of the tight BW of
such MUX, the performance is also susceptible to temperature changes.

BGs in SiP are created by periodically corrugating the silicon waveguides to create the
effective index modulation. The benefits of BG-based (de-)MUXs are the flat-top response,
the flexible wavelength selectivity, and the large FSR. The corrugation depth controls the
BW of the response. The periodicity of the BGs defines the center wavelength. In principle,
the FSR of BG is infinite. The disadvantages of BG-based (de-)MUXs are the footprints
and the ILs. Since multiple channels are often required to realize a wavelength (de-)MUX,
several BGs must be cascaded to form a multi-channel filter, which increases the overall
footprint. The ILs per channel are inherent with the BGs and are determined by the

corrugation depth and the number of periods used in the gratings. Therefore, there is a
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trade-off between BW, footprint, and IL. Traditional BG has only two ports: input and
output ports. To avoid the circulators in the devices, researchers have proposed several
solutions to separate the reflected light from the injected light: the combination of MMI
waveguides and BGs [115,136|, grating-assisted contra-directional couplers [117,137], and
multimode waveguide gratings [118,119].

(De-)MUXs based on AWGs are typically composed of two free propagation regions
(FPRs) and several arrayed waveguides connecting the FPRs. The most attractive benefit
of AWGs is the capability of multiplexing tens of WDM channels simultaneously. Therefore,
these devices have been adopted in practical dense WDM (DWDM) applications. Even
though the SiP platform is capable of decreasing the footprint of AWGs from several cm?
to around 0.1 cm?, the integration density of such devices is still expected to be improved
further. Also, the XTs within each channel could be decreased with a smaller footprint,
given that the phase noises are introduced by the uneven silicon waveguide thickness and
side-wall roughness. There are multiple ways to reduce the footprint of AWGSs including
overlapping the FPR regions [138], and using the P-Cs [126, 139] or BGs [140] at the
end of arrayed waveguides as a reflective structure. Nevertheless, the ILs of such devices
can be up to 10 dB, even for the AWGs fabricated on the low-loss silicon nitride (SiN)
platform [141,142].

Wavelength (de-)MUXs based on MZIs are typically composed of several stages. For
each stage, one or more MZIs are cascaded. The elemental composition of MZI includes
power splitters, power combiners, and delay paths. To demonstrate the filtering principle
of the cascaded MZIs, we present a 1x4 wavelength (de-)MUX composed of three stages,
as shown in Fig. 2.7. We use MMI couplers based on general interference, as introduced in
Section 2.2.1, for the power splitters. Ansys Lumerical eigenmode expansion (EME) solver
calculates the S-parameters of the MMI couplers. The following equation determines the

delay path of each MZI [143]:
)\2
ngAL

FSR = (2.21)

where n, and AL are the group index and length of the delay path, respectively. Section
4.2 presents the detailed calculation process, and we demonstrate the results only in this
Section. The transmission spectrum for each stage is shown in Fig. 2.8. For Stage 1, the
simulated FSR is 20 nm, and the output is separated into even and odd channels. For
Stage 2A /2B, the simulated FSR is 40 nm, and the even/odd channels are filtered again.
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Therefore, a wavelength (de-)MUX of 10 nm channel spacing is formed.
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Fig. 2.7 The schematic of a MZI-based 1x4 wavelength (de-)MUX.

From the simple example shown above, the channel spacing of MZI-based wavelength
(de-)MUX is determined by the number of stages and the FSR of each stage. Regardless
of the footprint, such a scheme can realize a WDM design with random channel spacing.
The power splitters’ performance determines each channel’s I, and XT. Also, the phase
noise introduced by the delay path would influence the XTs. By cascading multiple MZIs
for each stage, a flat-top response, therefore higher BW, is achieved for each channel [39].

Due to silicon waveguides’ high TOCs, the effective and group indices are sensitive to
temperature variations. Since the operational theories of the MZI-based (de-)MUXs are
based on phase interference, which is directly related to the effective and group indices, the
performance of such devices is temperature-dependent. Thus, it is essential to address the
thermal sensitivity issue. Recently, researchers have proposed utilizing a material with a
negative TOC on top of the silicon waveguide to counteract the positive TOC at the cost
of compromising the CMOS compatibility [144]. The MUX fabricated on the SiN platform
has low thermal sensitivity, but a larger footprint has also been demonstrated [145]. The

active feedback loop is also applied to increase the thermal stability, which is effective



2 Background 21

but increases the power consumption and integration complexity [146]. Another method
is to use a combination of waveguides with different TOCs to force the overall TOCs
of the multiplexers to be zeros. Since the TOCs of waveguides are related to effective
indices, the difference in TOCs is created using waveguides with different widths, modes,
or polarizations [147-151|. However, additional ILs are introduced when light is coupled
to the higher-order modes or different polarizations. In addition, directional couplers,
whose performances are sensitive to temperature variations, are adopted in most MZI-
based athermal MUXs. Therefore, by using a power splitter with lower thermal sensitivity,
the overall TOC of the MUX could be further reduced.
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Fig. 2.8 Transmission spectra of (a) Stage 1, (b) Stage 2A, and (c) Stage
2B.
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2.4 Modulator

Soref and Bennett first predicted the plasma dispersion effect in 1987, which has been widely
used as the phase modulation principle on the SOI platform [152]. The phase change occurs
when the carriers are injected or removed from the p-n junction. The changes in index of
refraction at 1550 nm and 1310 nm can be expressed as follows according to the recent

experimental data [153]:

An(at 1550 nm) = —5.4 x 1072AN M — 1,53 x 10718 A PO-53# (2.22a)
An(at 1310 nm) = —2.98 x 1072AN"10 — 1.25 x 107 "* A P53 (2.22b)

The changes in absorption at 1550 nm and 1310 nm as functions of carrier densities are as

follows:

Aa(at 1550 nm) = 8.88 x 102! ANT 1 5.84 x 107 AP (2.23a)
Aa(at 1310 nm) = 3.48 x 1072 AN"** +1.02 x 107 APH (2.23b)

where AN and AP are the carrier densities of electrons and holes in units of cm 3.

For high-speed modulators, the reverse-biased p-n junction has been widely adopted.
Under reverse bias, the motion of the free carriers is caused by the applied electric field, also
called drift. As a comparison, under forward bias, the movement of free carriers is caused
by the concentration difference, also called carrier diffusion. The drift velocity is much
faster than the diffusion velocity [154]. Therefore, utilizing a reverse-biased p-n junction
for a high-speed modulator seems intuitive. However, a significant drawback of the reverse-
biased p-n junction is that a high voltage of up to 15 V is required to achieve a 7t phase shift,
which is not acceptable to most CMOS radio frequency (RF) drivers [155]. Compared to
the reverse-biased p-n junction, the forward-biased p-i-n junction is more efficient in phase
modulation [156]. Using a passive RC equalizing technique, researchers have extended
the EO BW of a modulator with a forward-biased p-i-n junction to 20 GHz [157, 158|.
However, this technique would require different fabrication processes, which are difficult to
access for academia. Therefore, this thesis focuses on developing the SiP modulators with
the reverse-biased p-n junction.

Different types of modulators have been presented on the SOI platform, including
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TWMZMs [16,25,159-169], MRMs [170-180], BG-based modulators [45,181-191|, P-Cs-
based modulators [44], and MMZMs [46,192,193]. We will compare the critical metrics of
different types of devices, including the EO BWs, the driving voltages, the power consump-
tion, the optical BWs and temperature sensitivity, the footprints, and the optical ILs [160].
For monolithic integration of the CMOS RF driver on the SiP transceivers, the driving
voltages are expected to be below 2.5 V [194]. The power consumption of modulators
mainly comes from three aspects: 1) The RF driving voltage, termination, and capacitance
of the p-n junction; 2) The biasing circuitry when thermal phase shifters are employed to
tune the phases; 3) The temperature control circuitry when the devices are susceptible to
thermal variations [193]. The optical operational BWs determine the thermal sensitivity
of modulators. The footprints of devices are relevant to integration density, especially for
transceivers using WDM techniques [170]. The optical ILs determine the receiver sensi-
tivity, the highest transmission speed for error-free operation, and the adoption of optical
amplifiers, including Erbium-Doped fiber amplifiers (EDFAs), Praseodymium-Doped fiber
amplifiers (PDFAs), and semiconductor optical amplifiers (SOAs) [165].

MRMs are among the most promising solutions with their high-speed operations, com-
pact footprints, and low RF driving voltages. The MR structures’ slow-light effect enables
the high modulation efficiency, where photons travel around the active region multiple times
and accumulate phase changes before exiting the structures [108]. However, the EO BWs
of MRMs are also limited by the photon lifetime. Therefore, researchers would sacrifice
the modulation efficiency to achieve high EO BW by designing MR structures with a low
quality-factor (Q-factor) [174]. Researchers have used L-shaped p-n junction to maximize
the overlap with the optical mode to compensate for the modulation efficiency. Even though
the capacitance of the L-shaped p-n junction is higher than the lateral junction, the EO
BW of MRM is not limited by the RC constant of the p-n junction. Therefore, a high EO
BW is also achieved with improved modulation efficiency [43,173,175|. Another issue with
the MRMs is the limited extinction ratio (ER), which limits the optical modulation ampli-
tude (OMA) and hinders the application of high-order modulation formats. To address this
issue, researchers demonstrate PAM-8 modulations with a high-speed MRM by optimizing
the p-n junction and MR structure [171]. Another solution is to use MRR-assisted MZM
structures [176,177]. Lastly, the most critical issue with MRMs are the wavelength tuning
and locking circuitry. Since the MRMs are sensitive to fabrication errors and ambient tem-

perature fluctuations, a dynamic circuit is often required to tune and lock the operational
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wavelength [178-180].

TWMZMs have been widely adopted in high-speed transceiver designs [159,162]. To
optimize the EO BWs of TWMZMs, we need to consider three main factors: the microwave
loss dominated by the p-n junction’s capacitance, the velocity mismatch between RF sig-
nal and optical signal, and the impedance mismatch between the characteristic impedance
of the electrode and the termination [25,160]. To further decrease the microwave loss,
researchers propose the series-push-pull structure (SPP), where the p-n junctions are con-
nected back-to-back (B2B) [163]. To compensate for the velocity mismatch, researchers
have partially used the slow-wave electrode design [195] or removed the substrate [161]
to slow down the speed of the RF signal. The characteristic impedance should be care-
fully designed considering the electrode dimension, material, and the p-n junctions [164].
Another benefit of TWMZM is the wide operational optical BW and resistance to temper-
ature variations. In addition, the high ER enables higher modulation formats, including
PAM-16 [165], 16-quadrature amplitude modulation (16-QAM) [166], and 32-QAM [167].
Researchers have also demonstrated multi-electrode MZMs to generate PAM-4 signal with
a 2-bit digital-to-analog converter (DAC) [168,169|. Nevertheless, there are some inherent
drawbacks of TWMZMs. Because of the low modulation efficiency of the reverse-biased p-n
junction, the length of a TWMZM can be up to several millimeters. Engineers must adopt
a long phase shifter to decrease the driving voltage, sacrificing the KO BW and integration
density. Also, the optical ILs introduced by the long p-n junction are pretty significant.

Researchers have used the slow light effect to increase the modulation efficiency and
integration density. Initially, researchers have employed BG structures to substitute the
straight waveguides in the MZMs [181-185]. However, the modulation efficiency improve-
ment is limited, and the half-wave voltage (V) is around 12 V. Also, the EO BW is limited
by the long photon lifetime caused by BGs. Furthermore, the optical BW is also limited to
0.5 nm, making the device susceptible to temperature changes. The optical ILs introduced
by BGs are also significant. To address the abovementioned issues, researchers have used
weakly coupler phase-shifter BGs [45, 186-191|. The optical BW is increased to several
nanometers, improving thermal stability. Also, the optical ILs and EO BW are enhanced
because of the weakly coupled BGs. High-speed MZMs with P-Cs waveguides are demon-
strated as well [44]. However, P-Cs are inherently susceptible to fabrication error, and the
optical ILs are also significant.

For low-cost and high-speed transmitters designs, a modulator with high integration
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density and modulation efficiency, low fabrication and thermal sensitivity, and negligible
optical ILs is preferred. The MMZM has the capability of achieving all the targets above.
Devices demonstrated to date are based on dual-drive modulation schemes [46,192,193].
To simplify the driving and biasing circuitry and increase the integration density further,

we propose an SPP MMZM with a compact footprint on the SOI platform.
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Chapter 3

Broadband Adiabatic Coupler

Building on the background introduced in Section 2.2.2; this Chapter reports the design,
simulation, and experimental results of the OACs with different SRs. Section 3.1 presents
the broadband and thermally stable OACs with variable SRs on the SOI platform. Section
3.2 proposes a time-efficient method to analyze and design the OACs. Using this method,
we demonstrate OACs with improved performances. Section 3.3 Concludes this Chapter.
Section 3.1 of this Chapter is based the author’s work in [4]. Section 3.2 of this Chapter is

based on the author’s work in [3] and [6], respectively.

3.1 Adiabatic coupler with design-intended splitting ratio

3.1.1 Introduction

In this Section, we demonstrate broadband OACs of various SRs, which are resistant to
temperature fluctuations and fabrication errors. Section 3.1.2 gives the mathematical anal-
ysis of the relationship between the SRs and the output waveguide width differences. In
Section 3.1.3, we use a segmented simulation method based on 3-dimension (3D) FDTD and
EME techniques to determine the parameters for the OACs operating in the wavelength
region from 1260 nm to 1360 nm for the fundamental TE mode. Section 3.1.4 presents the

experimental results of the OACs with different SRs at various temperatures.
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3.1.2 Operation principle

The schematic of the proposed OAC is shown in Fig. 3.1. We will illustrate the constitu-
tion and operation principle of each region individually. Region I consists of two tapered
waveguides with a length of L; separated by a gap of g;. The widths of the upper and
lower waveguides are tapered from w to w; and ws, respectively. This region is designed to
gradually taper the widths of the two waveguides without introducing XTs between them.
In addition, the injected mode is expected to remain mainly in the same waveguide without
exciting higher-order modes. The waveguide spacing g; between the two waveguides should

be large enough to realize this requirement.

Lt le L Ls2 Lt

Fig. 3.1 The schematic of the OAC with labeled design parameters. [4] ((©)
2019 TEEE)

Region II composes a pair of S-shaped waveguide bends with widths w; and w,. We

define the width difference of the two input S-shaped waveguide bends, Awy,, as follows:
Awy, = w; — woy (3.1)

The S-shaped waveguide bends are brought together until a gap of go. Region Il is designed
to solely excite the 15 /2"d-order mode of the two-waveguide system when the TE mode is
injected from Port 1/Port 2, respectively. When the i*’-order is excited, most of the ILs

in Region II come from the (i + 1)"-order mode. Therefore, the analytical solutions of ILs
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in Region II are developed considering only the "' and (i + 1)™-order modes [196-198)].
As shown in [196], the [ Ly is inversely proportional to the square of the asynchronicity

parameter Xip:

]LH X (32)

Xito
where IL; represents the IL for Region ¢ (i = II —IV). The asynchronicity parameter Xy

is defined as follows:
AP

Xiro =
2K1110

(3.3)

where Af1 represents the difference in propagation constants of two isolated waveguides
with widths w; and ws, and ko is the coupling coefficient of two straight waveguides with
widths w; and wy and a spacing of g;. Equation 3.2 indicates that smaller I L;; can be
achieved with larger Xp0. As shown in Eqn. 3.3, there are two ways to increase Xpp:
increase A or decrease kymg. It is preferred to increase Apg since the variation of
k1o is negligible when varying the constituent waveguides. In summary, by increasing the
input waveguide width difference Awy,, we can reduce the I Ly in Region II.

Region III has two tapered waveguides with a length of L and a spacing of g. The
widths are tapered from w; to ws and wy, respectively. The waveguide width difference at

the input of this region is Awgys:
Awout = W3 — Wy (34)

Region III is designed to connect the neighbouring regions with an adiabatic transition.
In other words, when the 15 /2% order mode of the two-waveguide system is excited at
the left-hand side of Region III, the same order mode is expected to be the dominating
mode transmitted in this region. Next, the analytical expression of [L is developed,
considering only the first two modes when the 1%*-order mode is excited. For Region III,
Ai(z) and Ay(z) represent the amplitude of the 15°- and the 2°¢-order modes, respectively.
The coordinates along the transmission direction of the left and right ends are labeled as
z =0 and z = L, respectively. When injecting the light into Port 1, the amplitudes of the
two waveguides at z = 0 are A;(0) = Ajp and A2(0) = 0. Assuming adiabaticity of Region
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III, Ai(z) and Ay(z) are expressed as follows [196]:
Al(Z) ~ AlO exp (]/ 51(2/)612/) (35&)
0

e~ Aufosn (i [ e ) [ (j [ - 62(2”)]612”) &) (350)

where /3, and (3, are the propagation constants of the 1°* and the 2*-order modes, respec-
tively, c12 is the coupling coefficient between these two modes, and % is the rate of the
waveguide width change along the propagation direction. The power ratio of the 2"d-order

mode over the 1%-order mode is expressed as follows [196]:

_ |A2(Z)’2 _ Zc @ex . ¢ AR SNd" | dz' 12
qui(z) = ’Al(Z)P_’/o 125 p(ﬂ/o [61(z") = B2(2")]d >d | (3.6)

Under the adiabaticity assumption, ¢ and 51(z”) — 52(z”) can be approximated as follows:

12 SAW- (37&)
B1(2") — B2(2") = 2k (3.7b)
By taking Eqn. 3.7 into Eqn. 3.6, ¢ni(2) can be simplified as follows:
X Awin . &
qui(z) ~ | QAI;I)O 5f &P <]/ QKIIIOdZH> dz'|?
0 in 0
X z
= | 4120 / eXp(2jl€1[[02/)d2,|2 (38)
0
Xm0 \2 . o
4/€HIOL) S1n (I{IHQZ)
Therefore, I Ly is approximated as follows with Eqn. 3.8:
X sin Ko L
ILm =~ qm(L) x [A(L)* = [Ai(L)* x ( ZIO)Q Hz ? (3.9)
K11io
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Based on Eqn. 3.9, we can conclude that I Ly is negligible with L goes to infinity:

XIHO)Z lim 1 ): 0 (3.1())

. 2
0< lim [Ly < | A (L)[( L—m(ﬁ

On the right-hand side of Region III, the power distribution of the excided mode depends
on the constituent waveguides at the intersection. Intuitively, the SRs can be varied by
changing Awgy,:. To establish a semi-analytical relationship between the SR and Awgys,
we restrict our attention to the injected i*®-order mode and the (i + 1)*"-order mode. The
power ratio of the upper and lower output ports can be approximated as follows, ignoring

the XT terms and assuming the 1st-order mode is excited [198]:

Pup(ZO) 1
— 20=Ly+ La + L 3.11a
Pdown(ZO) tanQ(g) 0 ' ! ( )
C; ¢+1(20)
tan(§) = ————— 3.11b
( ) 90(20) ( )
1

p(20) = (3.11c)
2(Bup(20) — Bup(20))

where ¢; ;41 is the coupling coefficient between the "~ and (i + 1)*"-order mode [20], By

and B4own are the propagation constants of the upper and lower waveguides. Taking Eqn.

3.11b into Eqn. 3.11a, the power ratio between the constituent waveguide is expressed as

follows:

Pup(20) 2 1/1 + tan(¢)
Pdoin(zo) = f tan? () * tan?(€)

By taking Eqns. 3.11b and 3.11c into Eqn. 3.12, the power ratio can be written as function

(3.12)

of the coupling coefficients and effective indices:

Pup(20) 212 An2 () ¢;i11(20) A2
uptFo) g SRR gy D02 3.13
Paown(20) ¢ iv1(20) ( AN (2) ) (3.13)

where An;(z) is the effective indices difference between the upper and lower isolated waveg-
uides when the i*"-order modes are excited in both waveguides. The expression of SR is as

follows: P P
SR — up down 3.14
Pup + Pdown o Pup + Pdown ( )
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Equations 3.13 and 3.14 establish the relationship between the SR and the effective
index difference. To demonstrate the relationship between the SR and Awg,, we need
to determine two parameters by numerical modelling: An;(z) and ¢;;41(20). First, we
set w3 = 0.35 um, go = 0.15 um, and wy is taken from 0.3 um to 0.35 um every 2 nm.
Therefore, Awy,; ranges from 0 nm to 50 nm every 2 nm. Then, we use the FDE solver
to calculate the effective indices of the 1%°-order mode for a straight waveguide when its
width ranges from 0.3 um to 0.35 um in a 2 nm spacing, based on which we calculate
An;(zp) for different Aweyys. According to [20], ¢;i41(20) = “A"‘+1(Z°)

the difference in the effective indices of the i*"- and (i + 1)""-order modes of the constituent

s where Anm-ﬂ(,zo) is

waveguides at zg. Again, we use the FDE solver to calculate the effective indices of the
18- and 2"-order modes for two straight waveguides with widths ws and w, and a spacing
of go. With the calculated effective indices, we can calculate ¢;;41(20) for different Awgyg.
Based on the calculated An;(2o) and ¢;;+1(20), we compute the SR as a function of Awgyg.

The semi-analytical SR versus Awgy; is demonstrated in Fig. 3.2.
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Fig. 3.2 Calculated SR as a function of output waveguide width difference.
[4] (©) 2019 IEEE)

Region IV contains another pair of S-shaped waveguide bends with widths w3 and wy.

The S-shaped bends are brought apart from a gap of g, to ¢;. This region guides the
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modes into different paths without exciting higher-order modes. Region V has two tapered
waveguides with a length of L; separated by a gap of g;. The widths are tapered from ws
and wy to w, respectively. This region is to connect the OAC to the rest of the circuit.

Figures 3.3(a) and (b) demonstrate the field propagation through the 3-dB OAC when
injecting the fundamental TE mode into Port 1 and 2, respectively. When the TE mode
is injected into Port 1, only the TE mode is excited and transmitted along the upper
waveguide of Regions I and II. On the right-hand side of Region II, the TE mode in the
upper waveguide excites the 15-order mode of Region III. In Region III, only the 1%*-order
mode is excited and guided. For a 3-dB OAC, the output waveguide widths are the same,
ensuring an equal power distribution with no phase shift at the end of Region III. In Regions
IV and V, only the TE mode is guided on both the upper and lower waveguides.

The mode propagation process is similar when the fundamental TE mode is injected into
Port 2. The main difference is that the 2"%-order mode is excited and guided throughout
Region III. On the right-hand side of Region III, the constituent waveguides have equal

power distribution but 7t phase shift because of the mode property.
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Fig. 3.3 The field propagation diagrams of the proposed OACs and illustra-
tions of the mode profiles at different locations in the devices. The OAC with
50%/50% SR and the TE mode is injected from (a) Port 1; (b) Port 2. [4] ((©)
2019 IEEE)

Figures 3.4(a) and (b) are the field propagation diagrams for the OAC with a targeted
SR of 20%,/80% when light is injected from Port 1 and 2, respectively. The mode evolution
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process is similar to the 3-dB OAC. The difference is that uneven power distribution is

achieved with different output waveguide widths.
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Fig. 3.4 The field propagation diagrams of the proposed OACs and illustra-
tions of the mode profiles at different locations in the devices. The OAC with
20%/80% SR and the TE mode is injected from (a) Port 1; (b) Port 2. [4] ((©
2019 TEEE)

3.1.3 Design and simulation

This Section introduces the segmented simulation process to determine the parameters
labeled in Fig. 3.1. The values of the waveguide width w and separation g, are set
beforehand. The waveguide width w is chosen to be 350 nm for single-mode operation.
With a smaller gy, the required length for Region III is shorter. However, limited by the
minimum feature size defined by the fabrication process, g5 is set as 150 nm.

The first four steps use the 3D FDTD solver, and the last two use the EME solver. First,
the input waveguide spacing g; is explored. The simulated structure includes two parallel,
straight, and ten pum-long waveguides with the same width w =350 um and spacing of
g1. The TE mode is injected into the upper waveguide, and two mode-expansion monitors
are placed on the right-hand side to calculate the power coupled into the fundamental TE
mode for both waveguides. The spacing, g;, is set to minimize the XTs between the two

waveguides. The simulated XTs as functions of the spacing at three different wavelengths
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are shown in Fig. 3.5. XTs converge to a negligible level for all three wavelengths when

g1 > 1.3 um. Therefore, g; is set as 3 pm.
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Fig. 3.5 Simulated XTs as functions of input waveguide spacing g; at three
wavelengths. [4] (©) 2019 IEEE)

Since the primary purpose of this work is to demonstrate the OACs with different SRs,
we intentionally choose conservative values for the parameters of the OACs. In general,
there are two criteria when determining the parameters in the following steps. First, the
ILs for different regions are expected to be lower than 0.1 dB, and we assume the ILs
are negligible at this level. When ILs are insignificant, we also consider the dimensions
resulting in the convergence of ILs.

The second step is determining the input waveguide widths w;, and ws and the length Lg;
of the two input S-shaped waveguide bends. The simulation structure is based on Region
II, as shown in Fig. 3.1. We set w; = w + 0.5Aw;, and wy = w — 0.5Awy,. As shown
in [34], the difference in ILj; when injecting light into the upper and lower waveguides
is insignificant. Thus, the results are only presented for the case when light is injected
into the upper waveguide. As Awy, is increased from 50 nm to 150 nm with a step of
50 nm, we sweep Lg; from 5 pum to 25 pm. Figures 3.6(a)-(c) demonstrate the simulated
ILy as functions of Ly when (wl, w2) is (375 nm, 325 nm), (400 nm, 300 nm), and (425
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nm, 275 nm), respectively. The corresponding I Ly is both negligible and convergent when
Ly < 25 pum, 20 um, and 15 pm, respectively. Considering the length of the input S-
shaped waveguide bends alone, (w;, ws) being equal to (425 nm, 275 nm) is preferred since
it achieves a smaller I L;; within less area. However, the increase in Awy;, will prolong the
footprint of the mode-evolution region significantly. Also, the differences of IL;; between
the last two cases, namely (400 nm, 300 nm) and (425 nm, 275 nm), is within 0.02 dB
which is negligible. Taking all above into consideration, we choose (400 nm, 300 nm) for
(w1, we) and 20 pm for Lg;.

Next, the length L; of the taper is decided. The TE mode is injected into a linear
taper with input and output waveguide widths of w and 1 um, respectively. L; is designed
to minimize the I L;. The simulated IL; as functions of L; is shown in Fig. 3.7 at three
wavelengths. For all the simulated wavelengths, the I Ly are both negligible and convergent
when L; > 5 um. Therefore, we set L; to be 5 um.

The fourth step specifies the length Ly of the two output S-shaped waveguide bends.
The simulation structure is based on Region IV. We set w3 = w and wy = w3 — Awgy-
In this step, we set Awyy = 0 when the maximum Ly is required to reach negligible IL.
According to the results from the second step, when increasing Aw;, from 50 nm to 150 nm,
a smaller L is required to reach negligible IL. Similarly, the same conclusion can be drawn
for the output S-shaped waveguide bends when Aw,y is less than 150 nm. Therefore, when
Awgyy = 0, the required Ly is the largest to reach insignificant ILs. The simulated Ly
as functions of L is shown in Fig. 3.8 when the 15t/ 2%%_order mode is excited at three
wavelengths. As shown in Fig. 3.8(a), the I L1y is negligible and convergent when Lg, < 10
um. In Fig. 3.8(b), even though the I Ly is not convergent, the value is ten-fold smaller
than in Fig. 3.8(a). The fluctuation comes from the computational software error. Based
on the simulation results, we choose 10 pm for L.

The fifth step is to select the length L of the mode-evolution region. The simulation
structure is based on Region III in Fig. 3.1. On the right-hand side of Region III, w3
is set to be 350 nm and wy = w3 — Awey. The 15¢/2"-order mode is injected from the
left-hand side of Region III and is chosen as the targeted mode on the right-hand side of
Region III, respectively. By analyzing the scattering matrix, we calculate the amount of
power coupled into the 1t/2%%-order mode, respectively. As Awgy; is increased from 0 nm
to 20 nm with a step of 10 nm, we sweep L from 20 pm to 200 um. Figures. 3.9(a) — (c)

show the simulated ILp; as functions of the mode-evolution length L when injecting TE
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Fig. 3.6 Simulated I L1 as functions of S-shaped waveguide bends length Lg;
at three wavelengths when (a) w; = 375 nm, wy = 325 nm; (b) w; = 400 nm,
wy = 300 nm; (¢) wy; = 425 nm, we = 275 nm. [4] (©) 2019 IEEE)



3 Broadband Adiabatic Coupler 37

0.009 ; ; . .
0.006 |- fr%,,_,._ﬂ_-_'__'_,_f__e_-_-_ -;..*q ______________

L]
I e
. .
. L
. an®®

0.005 | R e e “rheneseet?]
0.004 ‘ ‘ : ’

0.003 "-—*';' 1260 nm
0.002 |- T LT N #1310 nm |
0.001 |- o™ e 1360 nm- |

IL(dB)

-0.001

5 10 15 20 25 30
Input taper length L, (um)

Fig. 3.7 Simulated IL; as functions of taper length L; at three wavelengths.
[4] (© 2019 IEEE)

mode into Port 1. Since the results are similar when injecting TE mode into Port 2, we
only present the results for Port 1 to avoid redundancy. For a fixed value of Awgyg, ILjy is
higher at a shorter wavelength, resulting from the weaker coupling at shorter wavelengths.
At the same wavelength, ILyy is smaller with larger Awyy. The output end of imbalanced
OACs can be treated as a cross-section of the 3-dB OAC. Thus, it takes less distance to
reach the steady-state for Region ITI with a larger Awgy. Considering all the above, TLy
is negligible and convergent when L > 180 um. Therefore, we choose L=200 um for the
OAC.

The sixth step is determining the relationship between the SR and the Awgy. The
whole device shown in Fig. 3.1 is simulated. Apart from w,, the other parameters are set
according to previous steps. For Port 1 - Port 4, the fundamental TE mode is chosen as
the expansion mode. By analyzing the scattering matrix computed by the EME solver, we
calculate the amount of power coupled into the TE mode for Port 3 and Port 4 and then
calculate the SR based on it. The simulated SRs as functions of Aw,y; are shown in Figs.
3.10(a) — (b) when injecting TE mode into Port 1 and Port 2, respectively. Figures. 3.11(a)
— (b) show the simulated SRs as functions of wavelength for the OAC with Awy, = 10
nm when injecting TE mode into Port 1 and Port 2, respectively. At 1310 nm, the SR is
around 79%/21%. From 1260 nm to 1310 nm, the largest SR-deviation away from the SR
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at 1310 nm is 1.03%. From 1310 nm to 1360 nm, the largest SR-deviation away from the
SR at 1310 nm is 0.68%. The SR-deviation difference between wavelengths comes from the

more powerful coupling strength at longer wavelengths.
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Fig. 3.10 Simulated SRs as functions of Awgy,, when injecting the TE mode
into (a) Port 1; (b) Port 2. [4] ((©) 2019 IEEE)

3.1.4 Fabrication and experiment results

The schematic of the experimental setup is shown in Fig. 3.12. The setup comprises
optical components, mechanical support, and a thermoelectric cooler (TEC) controller.

The optical connections are introduced first. The tunable laser is connected to the CT400
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Fig. 3.11 Simulated SRs as functions of wavelength when Awgy; = 10 nm
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passive optical component tester. The output light of CT400 is sent to a polarization
controller, which is then connected to the FAU. The FAU is used to inject and collect light
from the on-chip vertical GCs. The received optical signals are connected to the four input
ports of CT400. The mechanical part is divided into those that support the FAU and those
that move the chip. An FAU holder capable of moving in three directions and rotating in
three angles is used to hold and adjust the position of the FAU. The Maple Leaf automated
stage controller is used to move the stage with the SiP chips on top in the 2-dimension
(2D) plane. The top and side-view cameras are used to monitor the movement of the chips
and the FAU. To test the thermal stability of devices, we use a 30x30 mm? Peltier element
to thermally tune the chip stage [199]. The chip is placed on top of a large piece of copper
that serves as a heat sink. The Peltier element is mounted between the heat sink and the
chip mount block. A thermistor is embedded in the chip mount block and is wired to the

temperature controller.
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Fig. 3.12 The schematic of the experiment setup. [4] ((C) 2019 IEEE)

The OACs were fabricated on a 200 mm SOI wafer with 220 nm nominal top silicon
thickness using 193 nm optical lithography. Several variations of OACs with different
Awey, were fabricated on the same wafer. Vertical GCs are used for optical interface with
approximately 10 dB loss at 1310 nm.

The unbalanced MZI test structures are used to characterize the SRs for the designed

OACs. For each MZI test structure, two identical OACs are connected by two optical
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waveguide paths with different lengths. The length difference of the two optical waveguide
paths results in an FSR in the measured spectrum from which the ERs can be extracted.

Once the ERs are extracted, the SRs can be calculated using the formula below [31]:

1 1 1
SR=—-—4—\/—= 3.15
272V 105 (3.15)
Figure 3.13 shows the measured ERs as functions of the wavelength when Aw,,; equals
0 nm to 25 nm with a step of 5 nm. Based on Fig. 3.13 and Eqn. 3.15, we can calculate the
corresponding SRs for different wavelengths. The ERs for different Aw,,; increase around

1350 nm to 1360 nm, which results from the nonuniformity of the GCs used in the test

structures.
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Fig. 3.13 ERs as functions of the wavelength when Awgy, equals to 0 nm to
25 nm with a step of 5 nm. [4] (©) 2019 IEEE)

Researchers use the cut-back method to calculate the ILs for compact devices where
many of the same devices are cascaded. However, limited by the large footprint, another
method is used to estimate the ILs of the OACs. The transmission spectrum of a pair

of GCs connected B2B is first measured. Since the test structure of OACs also contains
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two GCs, the ILs introduced by the OACs can be assessed by deducting the transmission
spectra of the B2B GCs. However, this method has two limitations. First, the limited BW
and the roll-off of the GC spectrum constrained us from characterizing the total operating
bandwidth of our device, especially at the longer wavelength side, as shown in Fig.3.13.
Second, the spectrum repeatability of the GC we used is limited, which gave us an uncer-
tainty of about 1 dB for the same GC design located at different places of the chip. Such
uncertainty in ILs from the GCs is about a magnitude more significant than the ILs of
our devices. Therefore, characterizing the ILs of our devices with such GCs will not be
accurate. Nevertheless, as shown in Fig. 3.13, over the wavelength range from 1260 nm to
1320 nm, the ILs of our devices are about 1 dB, mainly attributed to the uncertainty of
the grating coupler. Beyond 1320 nm, the uncertainty from the grating coupler increases
dramatically, and it is not clear to see the actual ILs of our devices.

Figure 3.14 displays the SRs as functions of Aw,,; at a wavelength of 1310 nm. The
diamond, triangle and square markers denote the data calculated from the semi-analytical
representation, EME simulation, and experiment, respectively. The dashed line represents
the exponential curve fit for the experiment data. The deviations between the data and
the exponential curve fit are 6.1%, 2.8% and 6.5% for semi-analytical representation, EME
simulation, and experimental data, respectively. The slight difference between the simu-
lation and experimental results suggests that the exponential function is a reliable way to
describe the relationship between the SR and Awe,, which can be used to customize OACs
with random SRs.

Figure 3.15 shows the simulated and measured SRs at room temperature and the vari-
ations of SRs under different temperatures as functions of the wavelength of the designed
OACs. The orange and blue lines depict the SRs calculated from the EME simulation and
experiment. The solid and dashed lines describe the output power from Port 3 and Port
4, respectively. The error bars parallel to the y-axis show the variations of SRs at different
wavelengths when temperatures are increased from 0°C to 100°C and 20°C to 50°C for
simulation and experiment, respectively. The maximum variations caused by temperature
across the entire O-band are 1.6% and 1.3% for simulation and experiment, respectively.
Since the tuning range of Peltier is below 60 °C, we did not increase the stage tempera-
ture above 50°C. However, the simulation results suggest that the variation of SRs caused
by temperature change is negligible even at 100°C. The slight SRs variation under 30 °C
temperature change proves the thermal stability of the proposed OACs.
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Fig. 3.14 SRs calculated from the semi-analytical expression, EME solver,
and experimental results as functions of Aweye at 1310 nm. [4] (©©) 2019 IEEE)

Recently, several imbalanced OACs, DCs, and MMI couplers have been demonstrated
[30,31,200,201]. The comparisons between the state-of-the-art imbalanced couplers with the
proposed OACs are summarized in Table 3.1. The critical advantage of mode-evolution-
based devices such as the one we presented in the paper over the mode-coupling-based
devices such as DCs and the MMI couplers is the insensitivity to thermal change. Such
thermal insensitivity is extremely important for datacom applications where the devices
must operate within an extensive temperature range from 0 °C up to 80 °C. Unfortunately,
the refractive index of silicon is temperature-dependent and is reported to be 1.87 x 1074 /K
at 1500 nm. For a temperature change of 80 °C, the index change is approximately 1.50 x
1072, deteriorating the performance of any mode-coupling-based devices such as DCs and
MMI couplers. However, there are still many improvements that could be made to OACs.
For example, the footprint of this device could be reduced further by using either sub-

wavelength grating or a rib waveguide.
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Fig. 3.15 SRs calculated from simulation and experiment as functions of the
wavelength under different temperatures. [4] (© 2019 IEEE)

Table 3.1 Comparison of the state-of-the-art imbalanced couplers [4] ((©

2019 TEEE)
Ref. Type In*out Average measured SR Maximum variation =~ BW Footprint Temperature sensitivity
[30] DC 2%2 80%/20% 6% 100 nm 1.3%23 pum? N/A
[31] DC 2%2 80%/20% 3% 100 nm  3*14 pm? N/A
[200]  MMI  1*2 72%/28% 5% 10nm  3*18.2 pm? N/A
[201] MMI  2%2 85%/15% 3% 50 nm  10%185 pum? N/A

This work OAC  2%2 78%/22% 6.2% 100 nm  4*240 pm?  1.3% SR variation for 30°C variation
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3.2 Adiabatic coupler with nonlinearly tapered mode-evolution

region
3.2.1 Introduction

In this Section, we first derive the boundary conditions and the constraints on the tapering
functions of the mode-evolution region. Following the derived conditions and constraints,
we choose linear, quadratic, and exponential tapering functions and quantitatively compare
the performance of the OACs with these functions. The OACs are designed for the fun-
damental TE mode operating from 1500 nm to 1600 nm. Next, the analyses are validated
using experimental results. For the designed 3-dB OAC, the quadratic separation and ex-
ponential width tapering function give the best performance. The SRs of the designed 3-dB
OAC using this function are within 3 £+ 0.33 dB with a mode-evolution length of 110 um.
Using the same tapering method, we also demonstrate several imbalanced OACs with SRs
from 8%/92% to 42%/58%.

3.2.2 Theoretical analysis

The schematic of the proposed OAC is shown in Fig. 3.16. The device is divided into
five regions. Region I consists of two tapered waveguides with a length L separated by a
gap ¢g1. The widths of the upper and lower waveguides are tapered from w to w;(0) and
wy(0), respectively. Region II has a pair of S-shaped waveguide bends with widths w1 (0)
and wy(0). Region III composes two tapered waveguides with a length of L. Since the
waveguide width and gap tapering function are our primary interest, the left and right end
of Region TII are labeled as z = 0 and 2z = L, respectively, where z is the propagation
direction. The widths are tapered from w;(0) and wy(0) to wy(L) and we(L), respectively.
The gap between the two waveguides is tapered from g(0) to go(L). Region IV contains
another pair of S-shaped waveguide bends with widths w(L) and wy(L), respectively.
Region V includes two tapered waveguides with a length of L; separated by a gap of ¢;.
The widths are tapered from w; (L) and wo(L) to w, respectively.

For Region 111, the guided mode amplitudes are denoted as |¥) = [A;, A5]" where A; and
Ag represent the amplitudes of the modes in the upper and lower waveguides, respectively.

Assuming the scalar and paraxial approximation and weak coupling, the amplitudes change
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Region I Region 1| Region 111 | Region IV | Region V

Input 1 z!=0 Direction of z

Fig. 3.16 The schematic for the OAC with labeled parameters. [3] ((©) 2021
IEEE)

along the propagation direction is expressed as follows [202]:

-A Q

W) = —i
QO A

d
- k%! (3.16)

where Q) is the coupling coefficient, A = 5, — B, With 5, and S, being the propagation
constants of the modes for the upper and lower waveguides, respectively. When light is
injected into the upper (lower) waveguide, only the 1%°- (2°d-) order mode is excited. Since
the amplitude of the 15°- (2°4-) order mode at the left end of Region III is focused mainly in
the upper (lower) waveguide, the 1%- and 2"%-order modes at the left end of Region III can
be written as |1) = [1,0]" and |2) = [0,1]", respectively. Next, the first two order modes

of the two-waveguide system can be expressed as follows [106]:

|®4) =sin© |1) 4+ cos© |2) (3.17a)
|®_) = —cosO|1) +sinO [2) (3.17Db)
where © = %tanfl(%). The adiabaticity of the device is closely related to the modes of

the two-waveguide system and can be expressed by the Hamiltonian matrix element T as
follows [203]:
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1\<¢+ @7>\
= - (3.18)
L12vA? 4+ 02|
where denotes the first order derivative with respect to z, and ®, = © cos © |1)—Osin O |2).
Therefore T can be written as a function of A and €
1 QA—QA’ (3.19)
AL (2 A2)3 '
A smaller T means less power would be coupled to higher-order modes. Ideally, with infinite
mode-evolution length L, T would be negligible. The main priority is to minimize Y.y
and the required mode-evolution length.

To better explore T, the numerical approximations for  and A are introduced [84]:
A=W, a=a,o)t, W=was(z),1]" (3.20a)

Q=0byexp(8'G), B=1[5,6". G=]lg(2), 1" (3.20b)

where a, by, and [ are constants and wqig(z) = wy(2) — wa(z). Inserting Eqns. 3.20a and
3.20b into Eqn. 3.19, T can be written as follows:
boBTGA — oW

LY | (3.21)
AL (02 4+ A2)3 '

Next, we derive the constraints on these constants based on their definition and the
operational principles of the OAC: (1)  and A are both non-negative; (2) in Region
IT1, the waveguide width difference wqis(z) is decreasing along the propagation direction
to make sure that power is gradually transferred from one arm to the other arm. Thus,
the propagation constant difference A is also decreasing; (3) with the two constituent
waveguides getting close, the coupling strength €2 increases along the propagation direction.

To sum up, the constraints on the parameters mentioned above are the follows:
A Q>0=0>0 (3.22a)

A = aqigig(z) <0, gig(2) <0= a3 >0 (3.22b)
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Q = byBiga(2) exp(BTG) >0, g2(2) <0= B <0 (3.22¢)

After determining the constraints for the parameters, we specify the boundary condi-
tions next. At the left end of Region III, to ensure that the coupling to higher-order modes
is negligible, the waveguides are intentionally separated so that their coupling strength is
negligible. Also, to make sure that the input mode stays in the waveguide into which it
is injected, the waveguide width difference is introduced at the left end of Region III. At
the right end, to design a 3-dB OAC, there is no waveguide width difference, indicating
no propagation constant difference. Thus, the mathematical expressions of the boundary

conditions can be summarized as follows:
Q(0)=0, A(0)>0 (3.23a)

Q(L) >0, A(L)=0 (3.23b)

To examine the influence of width change on Y, the gap is set to be constant. By

applying Eqns. (3.22a) - (3.22¢), T is simplified as follows:

Q  ajwag

f=-—— 3.24

AL (2 + A?): 524
To observe the behavior of T along z, the first order derivative of T is calculated and
expressed as follows: .
_alQ[wdiﬁ(Q2 + AQ) — 3wd1ffAA]

AL(2 + A?)3

To ensure adiabatic power transition along the mode-evolution region, T, is expected to
be shifted toward the end of that region. To realize this, T > 0 has to be true along this

region and a certain constraint over wg;g(2) is required:

T:

(3.25)

- . 3tbgigAA
T > 0= tge(z) < #’f& (3.26)

Then, T .. is at 2 = L and can be expressed as:

(L)
Thox = —————2 3.27
ALO2(L) (3:27)
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To decrease the XTs of the device, T,,,x needs to be reduced. Therefore, based on Eqn.
3.27, we need to decrease |wgg(L)| - the slope of the width function at the right end of
Region ITI, which requires wqig > 0.

Next, we evaluate the effect of gap change on YT while keeping a constant width change.

Assuming the change of waveguide width-difference is very slow:

lim A = lim o'W =0 (3.28)
W—0 W—0

Under this assumption, T can be simplified as follows:

_ boBige(2)QA

- d (3.29)
AL(Q? + A?)3

Given the boundary conditions Q(0) = A(L) = 0, we have Y(0) = Y(L) = 0. Thus, T >0

cannot be guaranteed along Region ITI. Next, we take the first order derivative of T:

boS1AQ

— m{boﬁl(QQ(z»Q(AQ _ 292) + §2<2)(A2 + QQ)] (330&)

39292(2>
boB1(92(2))? + Ga(2)

Since A is a decreasing function and € is an increasing function, there is only one possible

T(z) =0 when A% =20%—

(3.30D)

2. Therefore, we can obtain the following inequalities and equation:

T > 0 whenz < z (3.31a)
T < 0 whenz > z (3.31Db)
T max Whenz = zg (3.31c)

Similarly, zy is expected to be as close to L as possible to decrease the XTs level in the
middle of the mode-evolution region. The second term of Eqn. 3.30b should be positive to

realize this, implying the following conditions:

§2(2) <0 or §a(2) = —boBi(ga(2))* >0 (3.32)
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With the second term of (3.30b) being positive, the following inequality is true:

39292(Z>
bof1(g2(2))? + Ga(2)

A? =207 — < 20? (3.33)
When the equality is taken, zy is furthest to the right end of Region III, indicating the

largest XT. In this case, Y ,.x can be expressed as follows:

\/5505192(2’0)

Tmax - 3
4 x 3§LQ(ZU)

when A =1/20Q (3.34)
When zj is closer to L, Q(zp) will increase and Y., will decrease. Also, a smaller |g2(2o)|
gives rise to a more diminutive Y p,,. Since a small |g2(20)| indicates a smooth gap change
at the end of mode-evolution region, go(z) > 0 is preferred than gs(2) < 0.

In summary, the derived conditions for width and separation tapering functions are:
wdiﬁr(z) < 0, wdiﬂ(z) >0 (335&)
g2(2) <0, ga(2) >0 (3.35b)

3.2.3 Numerical simulation

As can be seen from Section 3.2.2, when ignoring the width change and considering the gap
change, T .« occurs in the middle of the mode-evolution process, breaking the adiabaticity
of the device. Therefore, gap change would be more likely to introduce X'Ts than the width
change. Thus, the gap change is explored first. We choose three commonly used functions
for the gap change: linear, quadratic, and exponential functions for Region 111, named Type
A-C, respectively. All of the Type A-C designs use linear width functions. After comparing
the performance of the Type A-C designs, we pick the best gap function among the Type
A-C designs, and we use this function for Type D. The exponential width function is used
for Type D to compare the influence of width change. The complex tapering functions are
summarized in Table. 3.2.

For the purpose of comparison, we set g2(0) = 500 nm, go(L) = 100 nm, w;(0) = 550
nm, wy(0) = 350 nm, w; (L) = wo(L) = 450 nm, and L = 150 wm. Figure 3.17 presents the
coupling strength 2 and average propagation constants A along the propagation direction.

Since the waveguide width tapering functions are the same for the Type A-C designs, their
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Table 3.2 Waveguide width and separation functions in Region III [3] ((©

2021 IEEE)
Linear width (wi(L) —w;(0))/L x z+w;(0), i=1 or 2
Exponential width | w;(0) exp(In(w;(L)/w;(0)) x z/L), i=1 or 2
Tinear gap (92(L) — 92(0))/L % = + 9o(0)
Exponential gap 92(0) x exp(In(g2(L)/g2(0)) x 2/L)
Quadratic gap (92(0) — g2(L)) x 22/L?
—2 % (9u(0) — ga(L)) X 2/L + gs(0)

A values are the same. Among the Type A-C designs, the coupling strength Q of the
Type C design is the strongest and the Type A design is the weakest along the propagation
region. With higher coupling strength at the left end of Region III, the device would be
able to realize more power transfer when there are less X'Ts. Next, the values in Fig. 3.17
are inserted into Eqn. 3.21 to plot the adiabaticity along the transmission direction, as
shown in Fig. 3.18. When 2z = 0 — 100 um, T is negligible so we only present T when
z = 100 — 150 pm. Among the Type A-C designs, the Type C design has the lowest
maximum, and its maximum is closest to the end of the device. Considering both €2 and
T among the Type A-C designs, the designed 3-dB OAC with the quadratic gap (Type C
design) would be able to realize the least SR imbalance with the shortest length. Thus,
we choose the quadratic gap function for the Type D design. Similarly, A, €2, and T are
plotted for the Typed D design in Figs. 3.17 and 3.18. Since the width change of the Type
C and D designs are very similar and use the same gap tapering function, their A and
are very close to each other. As for T, the maximum of the Type D design is lower than the
Type C design and closer to the end. Thus, the Type D design should provide a smaller SR
imbalance than the Type C design. In the next Section, the SRs of the fabricated devices

will be compared.

3.2.4 Fabrication and experiment results

The designed devices were patterned by electron beam lithography in a commercial foundry.
The silicon waveguide has a thickness of 220 nm, and the wafer has a buffer oxide layer of
2 um thickness and a substrate of 675 um thickness. The rest of the experimental setup
is the same as described in Section 3.1.4. The extracted SRs for the designed 3-dB OACs
are plotted in Fig 3.19 and summarized in Table 3.3. Compared to the Type A design, the
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Fig. 3.17 Simulated coupling strength ) and average propagation constant
difference A as functions of z. [3] (© 2021 IEEE)
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Fig. 3.18 Simulated Hamiltonian matrix element Y as functions of z. [3] ((©)
2021 IEEE)
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Type B design has a minor SR imbalance with the same mode-evolution length. Compared
to the Type B design with 120 pm, the Type C design has better performance with L = 110
um. Thus, the quadratic gap gives the slightest imbalance with the shortest length, while
the linear gap is the opposite. The Type D design has a minor SR imbalance with the
same mode-evolution length as the Type C design. Therefore, this proves that exponential

width change would improve the performance further.

! i i |=—TypeA,L =185 um
1 1 TypeB, L =185 um
Pl e il il CEETE TypeB, L =120 um
! ! ====TypeC, L =110 um
ob o4 __L_[ = TypeD,L=110um
|

-4
1500 1520 1540 1560 1580 1600
Waveenth (nm)

Fig. 3.19 Measured SRs for the designed 3-dB OACs. [3] (©© 2021 IEEE)

Table 3.3 A summary of the experiment results for the designed 3-dB OACs
[3] ((© 2021 IEEE)

Design Width Gap L (um) | Imbalance (dB)
Type A Linear Linear 185 3+0.76
Type B Linear Exponential 185 340.37
Type B Linear Exponential 120 340.68
Type C Linear Quadratic 110 340.59
Type D | Exponential | Quadratic 110 340.33

Next, we use the optimized tapering function to design OACs with different SRs by
varying the waveguide width difference wqir(L) at the end of Region III. As illustrated in



3 Broadband Adiabatic Coupler 56

Section 3.1, the SRs are calculated as a function of waveguide width differences. The same
method is used to plot the calculated SRs at 1550 nm in Fig. 3.20. The measured SRs
at 1550 nm when wgg(L) is varied from 0 nm to 60 nm every 5 nm are also displayed in
Fig. 3.20. The horizontal error bar indicates the SRs for the device when the wavelength
is swept from 1500 nm to 1600 nm. When wgg(L) > 40 nm, the SRs deviates from
the theoretical values. The deviation can be explained as follows. Firstly, the MZI test
structure is not the best way to test imbalanced OACs. As the imbalance level increases,
the ER extracted from the MZI spectrum decreases, which the fluctuation of the GCs can
influence. Secondly, the device performance can be influenced by the fabrication accuracy.
The SR is directly related to wgig(L). A slightly different wgi(L) would make the measured
SRs deviate from the theoretical values. Also, it is noteworthy that the SR variances are
larger when wgig(L) = 15 - 30 nm. The SR variances increase among this range can also
be explained from two perspectives. The first reason is based on the working theory of the
imbalanced OAC design. Since the SR is closely related to the effective index difference
of the constituent output waveguides at Region IlI, which is wavelength sensitive, the SR
as a function of wgs(L) is also wavelength sensitive. The second reason is related to the
MZI test structures. With a smaller ER, the variance of the devices with wgg(L) < 30
nm may be added by the variance of the GCs. However, when the ER keeps decreasing,
the influence of the GC may not be reflected. Therefore, the fluctuation is decreased when
waig(L) > 30 nm.

3.3 Conclusion

Section 3.1 have experimentally demonstrated the OACs with controllable SRs in the SOI
platform operating over a broad wavelength range in the O-band for TE-polarization. The
OACs with SRs from 7%/93% to 50%/50% have been demonstrated in this paper. We use
the exponential function to fit the data calculated from the experiment. At center wave-
length, the deviations of the SRs from the experimental data curve fit are within 6.1%,
2.8%, and 6.5% for semi-analytical representation, simulations, and experiment, respec-
tively. Therefore, the exponential function calculated from experimental data can be used
as an empirical formula to realize OACs with arbitrary SRs without going through the
prototyping process. The thermal property is also explored for the proposed devices. For

the simulation, the device temperature is increased from 0°C to 100°C. For the experi-
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Fig. 3.20 Measured SRs for the imbalanced OACs (black circle). Orange
squares denotes the theoretical SRs calculated at 1550 nm.. [3] (©) 2021 IEEE)

ment, the stage temperature is increased from 20°C to 50°C. The maximum variations of
the SRs for different wavelengths over the entire O-band are 1.6% and 1.3% for simulation
and experiment, respectively. The OACs are proven to be resistant to volatile temperature
fluctuations.

Section 3.2 analytically and experimentally demonstrate an efficient method to improve
the performance of the OACs. A quantitative study to evaluate the mode-evolution process
is proposed for the OACs. By analytically studying the influence of waveguide width and
gap tapering functions, we derive necessary constraints for the mode-evolution functions
to optimize the performance. Then, we compare four different types of mode-evolving
functions. We theoretically and experimentally prove that the quadratic separation and
exponentially varying width would bear the most negligible SR imbalance for the designed
3-dB OAC with the shortest length. The measured SRs of the designed 3-dB OAC using
the optimized tapering function are within 47%/53% from 1500 nm to 1600 nm. Lastly,
the optimized tapering function is used to realize OACs with different SRs from 8% /92%

to 42% /58%.
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Chapter 4

CMOS-compatible and Temperature
Insensitive C-band Wavelength
(de-)Multiplexer

Based on the background presented in Sections 2.2.1 and 2.3, this Chapter reports the
design, simulation, and experimental results of a CMOS-compatible and temperature in-
sensitive C-band wavelength (de-)MUX. Section 4.1 briefly introduces the content of this
Chapter. Section 4.2 gives the design methodology and simulation results. Section 4.3
presents the important figure-of-merits (FOMs) for the proposed (de-)MUXs at different
temperatures. Section 4.4 concludes this Chapter. This Chapter is based on the author’s

work in [2].

4.1 Introduction

In this work, we propose and demonstrate a 1x4 C-band MZI-based MUX on the SOI
platform with low thermal sensitivity and can be easily modified for O-band Coarse WDM
(CWDM) operation. Waveguides with different widths are employed in the delay lines to
balance the overall TOC. Compact and broadband MMI couplers are utilized in the design.
Another MZI-based MUX with uniform delay lines is also demonstrated for comparison.
The transmission spectra for both devices are measured from 1500 nm to 1600 nm when
the temperature is varied from 293.15 K to 323.15 K. Compared to the reference MUX



4 CMOS-compatible and Temperature Insensitive C-band Wavelength
(de-)Multiplexer 59

with a TOC of 85.36 pm/K, the measured TOC of the proposed device is 4.8 pm/K. For
the reference device under various temperatures, the ILs and signal XTs degrade from ~1
dB to ~8 dB and from ~30 dB to ~25 dB, respectively. For the proposed device under
the same temperature changes, the ILs and XTs remain ~2 dB and ~20 dB, respectively.

4.2 Design and simulation

The schematic of the paired-interference-based MMI coupler used in the MUXs is displayed
in Fig. 4.1 [74]. The MMI coupler consists of two input/output tapers and a multi-mode
waveguide. The critical parameters labeled in Fig. 4.1 are multi-mode waveguide width
wyvvt = 4.5 wm and length Iy = 24 pum, taper width wy = 1 pum, and input/output
waveguide width w;, = 0.5 pm. These parameters are calculated based on the theory
introduced in Section 2.2.1. The MMI coupler is characterized by the SRs and ILs which

are defined as follows:

Po,
SR =101lo _ 4.1a
g10<P01 i Pog) ( )
IL =10log,, (Po1 + Po2) (4.1b)

where Py, and Po, are the power at output 1 and output 2 of the MMI coupler, respectively.
The simulated SRs and ILs at different temperatures are displayed in Figs. 4.2 and 4.3,
respectively. For ~30 K temperature change, the variations of both SRs and ILs are within
0.1 dB, implying the excellent thermal stability of the proposed MMI coupler.

The schematic of the reference MUX containing three MZI stages with uniform delay
paths is shown in Fig. 4.4. For each stage, the waveguide width of the delay path is 450
nm for single-mode operation. With FSR being 10 nm, the lengths of the delay paths
for each stage ALy, ALs,, and ALy, are chosen to be 28.126 wm, 14.228 um, and 14.393
um, respectively [39]. Considering both the dispersion and thermal-optic properties of the
waveguides and the MMI couplers, the transmission spectra of the device are calculated

by taking the S-parameters of the simulated MMI coupler into the transfer matrix for each

MZI stage:
Sy S| [ 7R 0l (S Sa
Eout - . . (42)
541 S42 0 1 S41 S42
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Fig. 4.1 Schematic of the MMI coupler. [2] ((C) 2022 IEEE)
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Fig. 4.2 The SRs as functions of wavelength for the proposed MMI coupler
at different temperatures. [2] ((©) 2022 IEEE)
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Fig. 4.3 The ILs as functions of wavelength for the proposed MMI coupler
at different temperatures. [2] ((€) 2022 IEEE)

where ST = 1, 2a, or 2b, S;; is the calculated S-parameter of the MMI coupler (i = 3,4,
Jj =1,2), and neg(A,T') is the waveguide effective index as a function of both wavelength
and temperature. The calculated transmission spectra at different temperatures are illus-
trated in Fig. 4.5. Based on the transmission spectra, the center wavelength is defined
as the wavelength where the local maximum is achieved per channel. The IL. and XT are
determined for each center wavelength. The calculated center wavelengths, 1Ls, and XTs
for the four output channels are summarized in Table 4.1. The simulation results confirm
that the temperature variation mainly affects the center wavelengths of the MUX. The
TOC of the simulated device is 68.9 pm/K. The ILs of the multiplexer mainly come from
the MMI couplers.

The schematic of the proposed device is displayed in Fig. 4.6 and consists of three MZI
stages with nonuniform delay paths. For each stage, the longer delay path is composed of
two segments of waveguides with widths w; and ws, lengths dLgr and Lgr, respectively
(ST = 1,2a,2b). The shorter delay path comprises one segment of uniform waveguide with
width w; and length Lgp. Since the calculation method to determine the lengths of delay
paths for each stage is the same, the detailed process is only demonstrated for the first

stage.
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Table 4.1 Summary of the Simulation results for the design in Fig. 4.4 [2]
(© 2022 IEEE)

T-307.1K T-—3227K

WL (nm) IL (dB) XT (dB) [ WL (nm) IL (dB) XT (dB)
1514 1.68 32 1517 1.59 26
1524 1.4 32 1526 1.32 35
1533 1.19 36 1536 1.17 47
1543 1.12 53 1545 1.13 33
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Fig. 4.6 Schematic of the wavelength MUX with thermal stability design. [2]
(© 2022 IEEE)
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The interference for the first stage is expressed as follows [149]:

mA = neg(wy, A, T) - dLy

(4.3)
+ [Ner(we, A\, T') — neg(w1, N\, T)] - Ly

where m is a half-integer or integer and neg(wg, A, T) (k = 1,2) is the effective index for the
waveguide of width wy as a function of both wavelength and temperature. Differentiating
both sides of Eqn. 4.3 with respect to A, we can get a modified expression M for m as the

following;:

Oneg(wy, N\, T)

M=m— dL1
A (4.4)
I Oneg(wa, A\, T') — neg(wy, A, T')]
- O\

% of the first stage is

calculated by taking the partial derivative of Eqn. 4.3 with respect to the temperature:

Considering the dispersion effect as shown in Eqn. 4.4, the TOC

dA . dLl 8neﬁ(w1, )\, T)

dr — M oT (4.5)
E&[neﬁ”(U)Q, >\, T) - neff(wla )‘7 T)]
M oT

The FSR of the first stage can be approximated as such:

/\2
FSR = 4.6
ng(wi, A, T)dLy + AnglLy (4.6)

where Ang = ng(wa, A\, T) — ng(wi, A\, T), and ng(wi, A\, T) (k = 1,2) is the group index for

9 = 0) for the first stage,

dL, and L, are derived from Eqns. 4.5 and 4.6 and expressed as the following:

the waveguide of width wy. To achieve the athermal condition (

)\2

dL]- = Ineg(wy,\,T) (473)
FSR[ng (w17 >\’ T) - Ang( 8neg(1112,A,T)8_T8neﬂ(w1,A,T) )]
oT oT
Onesr(wy, \, T) /0T
L = Rei(wi, M 1)) (4.7b)

Inem(wi, A, T) — nem(wa, A, T)]/OT
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Equations 4.7a and 4.7b show that both dL, and L; are directly dependent on the waveguide
properties. Thus, it is crucial to determine the values for w; and ws in order to calculate
dL; and L.

To specify the values for w; and wsy so that % = 0, the thermal dependence of the
effective index with respect to waveguide widths is plotted in Fig. 4.7 by using Ansys
Lumerical MODE and HEAT solvers. As illustrated in the Fig. 4.7, with 2% being

oT
positive for the calculated waveguide widths, the first term in Eqn. 4.5 remains positive.
Therefore, the second term of Eqn. 4.5 has to be negative to make sure % = 0, implying

wy and ws have to be chosen such that the following condition is satisfied:

Onenr(ws, A, T) _ Onea(wy, A, T)

orT or (48)

Oneg(w,\,T) 1
oT

close to the maxima. Then, dL; and L, are only dependent on w, and are plotted in Fig.

Also, to limit the footprint of the multiplexer, w; is set to be 500 nm where S

4.8. To ensure a compact footprint, we set the following conditions for the delay lengths:

Additionally, to ensure that the optical loss caused by the narrow waveguide is negligible,
ws should be no less than 350 nm. To satisfy the conditions above, w, is set as 350 nm.
After determining the values for w; and ws, dL; is calculated as 15.803 wm based on Eqn.
4.7a. Then, the TOC ($3) is plotted as a function of Ly in Fig. 4.9. Taking the fabrication
error into account, j—% is also computed when the waveguide widths are varied by £ 20 nm.
As can be seen, the maximum TOC is 26 pm/K when L; = 237.629 um considering + 20
nm width and length error. Thus, such a design is reliable even with + 20 nm fabrication
error in both waveguide width and length. Similarly, dLs, Lo, dL3, and L3 are calculated to
be 8.059 um, 118.814 um, 8.217 um, and 118.814 um, respectively. Then, the transmission

spectra of the multiplexer are calculated by multiplying the transfer matrix of each stage:

Eout == 831 532 . eij/r\él *(J)‘¢2 : 531 832 (4103“)
Sa1 Saz 0 e x Sa1 Saz
¢1 = 27 - neﬂr(wl, )\, T) . dLST + neﬂr(wg, )\, T) - Lgr (4.10b)

¢o = 21 - Negr(w1, A\, T') - Lgr, ST =1, 2a,2b (4.10c)
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Fig. 4.7 Thermal-optic property of the effective index as a function of width.
[2] (© 2022 IEEE)

The calculated results at different temperatures are plotted in Fig. 4.10 and summarized
in Table 4.2. Compared to the reference device with a TOC of 68.9 pm/K, the calculated
TOC is 5 pm/K. The ILs and XTs of the proposed device are ~2 dB and ~20 dB, respec-
tively. Compared to the reference device, ILs increase by 1 dB while the XTs decrease by
5 dB. The degradation in ILs and X'Ts is caused by slightly compromised phase-matching
condition for the proposed delay paths, indicating a trade-off between thermal stability and
ILs/XTs.

Table 4.2 Summary of the Simulation results for the design in Fig. 4.6 [2]
(© 2022 IEEE)

T =3072K T=313K

WL (nm) IL (dB) XT (dB) | WL (nm) IL (dB) XT (dB)
1510 2.23 12 1510 2.16 11
1518 1.71 16 1519 1.73 14
1527 1.48 14 1527 1.47 16
1536 1.34 16 1536 1.34 17
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Fig. 4.9 % as a function of Ly for different (w1, we). [2] ((C) 2022 IEEE)



4 CMOS-compatible and Temperature Insensitive C-band Wavelength

(de-)Multiplexer 68
0 0
/ \‘_:’
= 5} i
c g A
_8 -10 g- N ! :
B g ERERTAY
-1 = - - 3
g 5 g - Stage 2A-Channel 1};
£ 50 = = =Stage 2A-Channel 2
UM S UVE e Stage 2B-Channel 1
Stage 2B-Channel 2 Stage 2B-Channel 2

-25 E A= 't Bl 1 v e s e — r—
-25

Wavelength (nm) Wavelength (nm)
(a (b)

Fig. 4.10 Transmission spectra of the proposed design in Fig. 4.6 at (a)
307.2 K and (b) 343 K. [2] (© 2022 IEEE)

4.3 Fabrication and experimental results

The devices were patterned using electron beam lithography by Applied Nanotools foundry
with silicon waveguides of 220 nm thickness, a buffer oxide layer of 2 um thickness, and a Si
substrate of 675 wm thickness. The experimental setup is the same as described in Section
3.1.3. The calculated SRs of the fabricated MMI coupler are 3+0.5 dB from 1500 nm to
1600 nm, as shown in Fig. 4.11. The SR variation is within 0.5 dB when the temperature
is varied from 293.15 K to 323.15 K.

The measured transmission spectra for the designs in Figs. 4.4 and 4.6 under different
temperatures are presented in Fig. 4.12. The center wavelengths, ILs, and XTs for both
designs are summarized in Tables 4.3 and 4.4. The wavelength shifts of the four output ports
for both designs are shown in Fig. 4.13. In comparison to the reference device with a TOC
of 85.36 pm/K, the proposed multiplexer has a TOC of 4.8 pm /K. The wavelength shifts are
slightly different among the four output ports, as depicted in Fig. 4.13. The minor difference
between among channels is because the phase-matching condition is wavelength-dependent.
For both designs at 293.15 K, the ILs are mainly caused by the MMI couplers. However,
when the temperature is increased by 30 K, the ILs surge to ~6.5 dB for the reference design

while the ILs remains the same level for the proposed one. The worsened ILs are attributed
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Fig. 4.11 Measured SRs of the fabricated MMI coupler at different temper-
atures.

to the additional phase noises introduced by the side-wall roughness together with the SR
imbalance of the MMI couplers under severe temperatures. The XTs for the reference and
proposed designs at different temperatures are ~25 dB and ~20 dB, respectively, implying
a trade-off between thermal stability and interference. Low interference from neighboring
channels, corresponding to high XT, is achieved with the perfect 7t phase difference between
the targeted channel and neighboring channels. However, for the proposed device, a perfect
7t phase shift is more difficult to realize given the designed delay paths compared to the
reference device, resulting in a lower XTs.

Comparing with the state-of-the-art MZI-based WDM devices summarized in Table 4.5,

the proposed device in this work demonstrates extraordinary thermal stability across the

Table 4.3 Summary of the experiment results for the design in Fig. 4.4 [2]
(© 2022 IEEE)

203.15 K 323.15 K
WL (nm) IL (dB) XT (dB) | WL (nm) IL (dB) XT (dB)
151247 1.28 28 151471  7.62 26
1521.64  1.35 30 1524.22  7.22 25
1531.39  0.46 38 1534.08  6.74 34
1540.38  1.07 28 1543.10  7.93 22
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Fig. 4.12 Measured transmission spectra for the reference device at (a)
293.15 K and (b) 323.15 K; for the proposed device at (c¢) 293.15 K and (d)
323.15 K. [2] ((©) 2022 IEEE)

Table 4.4 Summary of the experiment results for the design in Fig. 4.6 [2]
(© 2022 IEEE)

203.15 K 323.15 K

WL (nm) IL (dB) XT (dB) | WL (nm) IL (dB) XT (dB)
1513.19  2.33 25 1513.63  2.13 24
1523.62  1.28 17 1523.60  2.49 16
1532.36  2.39 18 1532.50  2.11 30
1543.30  1.85 18 1542.96  2.97 17
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Fig. 4.13 Calculated TOCs for (a) reference and (b) proposed MUXs. [2]
(© 2022 IEEE)

100 nm wavelength range. The ILs and XTs could be improved by further optimizing the
MMI couplers. To be specific, the SR deviation over the C-band is mainly due to the output
tapers being closer to each other. The ILs are mostly attributed to the small taper width
W;. Therefore, reduced SR deviation and ILs could be achieved with larger multi-mode

waveguide width, allowing wider output taper separation and widths.

Table 4.5 Experimental Results of various MZI-based WDM designs [2]| ((©)

2022 IEEE)

Ref. WG Band/FSR  BWys IL (dB)  XT (dB)  TOC (pm/K)

[39] Si 220 nm C/5 nm 3 nm 1.6 15 NA

[41] $i340nm  O/3.2mm  NA  0.5-2.0 15-20 NA

[40] Si 220 nm  O/20 nm 16 nm 1.0 20 NA

[149] Si 220 nm O/5 nm NA 4 15 17

[145] SiN 340 nm  O/20 nm 13 nm 1.61-1.75  20.04-25.01 18.5
This work Si220 nm C/10 nm 4.56 nm 1.9-3.42 14.85-41.33 4.8

4.4 Conclusion

This Section demonstrates a CMOS-compatible 1x4 C-band MZI-based wavelength multi-
plexer with remarkable thermal stability. The TOC is as low as 4.8 pm/K thermally stable
MMTI couplers and the matched waveguide widths in the delay lines. Considering the data
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center application where the temperature fluctuates from 283.15 K to 343.15 K [204], the
proposed design would introduce only a 0.29 nm wavelength shift. With the temperature
increasing from 293.15 K to 323.15 K, the measured ILs and XTs of the proposed device
are ~2 dB and ~20 dB, respectively. With the ILs and SR imbalance of the MMI couplers
being further decreased, this work demonstrates that such a MUX with robust thermal

stability is power-efficient and suitable for data center applications.
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Chapter 5

Compact Mach-Zehnder Modulator
with Meandered Phase Shifter

Building on the background described in Section 2.4, this Chapter propose a C-band Mach-
Zehnder modulator with meandered phase shifters on the SOI platform, achieving low ILs
and high thermal and fabrication error tolerance. Section 5.1 presents the scope of this
Chapter. Section 5.2 demonstrates the device layout and the complete EO BW simula-
tion process. This section also compares the performance of the proposed device and a
TWMZM of the same active region length. Section 5.3 displays the DC and small signal
measurement, results. Section 5.4 gives the large signal experimental setup and results.
Energy consumption is calculated and demonstrated in Section 5.5. Finally, Section 5.6
concludes this Chapter. This Chapter is established on the author’s work in [1] and [5].

5.1 Introduction

In this Chapter, we demonstrate MZMs having meandering phase shifters. To simplify the
driving and biasing circuitry and increase the integration density, we propose an MMZM
based on the SPP driving scheme with a footprint of 432x260 pm? on the SOI platform.
The optical IL without biasing is found to be 2.1 dB. Using a —0.5 V reverse bias, the half-
wave voltage (V) and 3-dB EO BW are measured as 6.4 V and 7.7 GHz, respectively. Using
the fabricated MMZM, we experimentally demonstrate 53 Gbaud PAM-4 transmission over
2 km distance in the C-band at a BER below the HD pre-FEC BER threshold having 6.7%

overhead.
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5.2 Design and simulation

5.2.1 Device layout

The schematic, the p-n junction cross-section, and the fabricated device of the proposed
MMZM are displayed in Figs. 5.1-5.3, respectively. The overall footprint of the MMZM is
432x260 um?. The footprint reduction is realized by folding the optical waveguide in the
active region. Specifically, the optical waveguide is divided into eight sections, as labelled
by the green dotted square in Fig. 5.1. The waveguide is arranged in an arc shape for
each section, and the total length of the optical waveguide embedded in the active region
is 1.6 mm. A waveguide imbalance of 100 um between the two MZI arms is created for

convenience of DC characterization and biasing.

Waveguide | OPt

P T L _Section_  Oout
+

k\J__". g
G

Fig. 5.1 Schematic of the meandered Mach-Zehnder Modulator (MMZM). [1]
(© Optica Publishing Group.)

The p-n junctions are embedded around the optical waveguide. Figure 5.1 shows that
the p-n junctions are connected B2B in the first section. The SPP structure enables a
single RF driver to load the electrical signal. In the first waveguide section, the n-p-n
junction shares the N+ region with the neighbouring n-p-n junction. The extended teeth

from the coplanar strips (CPS) structure are used to make contact with the N+-+ region
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through two VIA layers and an intermediate metal layer. A 40 GHz, GSSG RF probe with
a 125 pum pitch is used to test the modulator. The first GS tips apply the RF signal to the
modulator. The second S tip applies the DC bias via the connected P+ junction. The
top two pads are connected to the RF signals through the GSSG probe. The third pad
is connected to the DC signal through the GSSG probe and applies the DC bias via the
connected P++ junctions. The fourth pad is not connected to any terminal on the chip
and is used for landing the tip of GSSG probe.

Fig. 5.2 The p-n junction cross-section of the MMZM (not to scale). [1] ((©
Optica Publishing Group.)

5.2.2 Electrode and p-n junction analysis

In this section, the EO BW is calculated considering the two metal layers, two VIA layers,
and the p-n junctions. The metal and VIA layers, shown in Fig. 5.4, are first simulated in
the Ansys high-frequency structure simulator (HFSS). The calculated S-parameter is then
imported to the Keysight Advanced Design System (ADS) to extract the values for the
lumped circuit model, as demonstrated in Fig. 5.5. As shown in Table 5.1, the resistance
of the electrode (1 Q) is almost negligible, suggesting that the 432 pm - electrode has an in-
significant microwave (MW) loss. The inductance (227 pH) is higher than the result shown
in |205]. Considering that the currents tend to concentrate at the edge of the electrode
due to the skin effect, the extended teeth from the CPS structure increase the accumulated

magnetic field while decreasing the gap between the electrodes. The conductance, repre-
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Fig. 5.3 The image of the fabricated MMZM. [1] (© Optica Publishing
Group.)

senting the dielectric loss of the electrode, is also higher than the regular CPS waveguide

because of the extended metal teeth.

Table 5.1 Summary of the values for the parameters in Fig. 5.5. [1] ((©
Optica Publishing Group.)
Cpn Cpn Cpn Cpn

Rlump Llump Clump 1/Glump RPN (0 V) (_05 V) (_2 V) (_4 V)
1Q 227pH 134fF 50k 14 Q 216 fF 200 {F 122 tF 80 ¥

The resistance and the capacitance of the p-n junction under different reverse bias
voltages are calculated using the Ansys Lumerical CHARGE solver and summarized in
Table 5.1. Inserting the calculated p-n junction results into the model shown in Fig. 5.5,
Uout/Vin 1s calculated for different frequencies and demonstrated in Fig. 5.6. As shown in
Fig. 5.6, the 3-dB BW of the electrode without the p-n junction is much larger than 30 GHz.
With the p-n junction, the 3-dB BW is decreased to 17 GHz. When using —0.5 V reverse
bias, the capacitance change is slight, resulting in minor BW improvement. With a higher
reverse bias voltage, the doping profile change results in a more prominent capacitance
decrease. Therefore, a more obvious BW improvement is observed at a higher reverse bias

voltage.
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Fig. 5.4 Layout of the simulated electrode. [1] ((©) Optica Publishing
Group.)

1

|
o
Z

Fig. 5.5 Lumped circuit model of the MMZM. [1] ((© Optica Publishing
Group.)
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Fig. 5.6 Calculated 20log;(vout /vin) as a function of frequency considering
the electrode and p-n junction. [1] (©) Optica Publishing Group.)

5.2.3 Optical transit time analysis

Optical transit time is another factor limiting the EO BW of lumped modulators. Since the
electrode is usually less than 500 wm long, the RF signal can be considered independent
of the transmission direction. Under this assumption, an optical signal travels through
the waveguide and accumulates specific phase changes introduced by the RF signal. The
accumulated optical phase change can be understood as the time integration of the RF
signal, which varies with RF frequencies given the same optical transit time. Therefore,
the following two equations are used to calculate the accumulated phase change versus

different RF frequencies [46]:
dv. vs — v

Cpn— = 5.1a
™At T Ren (5.1a)
ne to+7o
Ao(t) = 1 / velt) dt (5.1b)
Ng Jio
where Cpy and Rpy are the capacitance and resistance for the p-n junction, vy = %ﬂw)

is the applied RF signal, v, is the peak-to-peak value of the applied RF signal, w is the

RF frequency, ¢ is the time variable, v. is the voltage across the p-n junction, A¢(t) is
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the accumulated phase change as a function of time, 7 is the slope of the waveguide phase
change with respect to reverse bias voltage, c is the speed of light in the vacuum, n, is the
optical group index, and 7, is the optical transit time.

Based on Eqns. 5.1a and 5.1b, we will demonstrate the derivative of the voltage that
falls on the capacitor and the resulting overall phase change. First, we will derive the

solution for a linear differentiation equation as below:

Y+ p(x)y = q(x) (5.2)

where 1/ is the first order derivative of y with respect to z, p(x) and ¢(x) are both functions

of . Then, we introduce a function I(x):

I(2) = exp ( / p(m)dm) (5.3)

When multiplying Eqn. 5.3 to both sides of Eqn. 5.2, we will obtain the following equation:

I(z)y + I(x)p(x)y = I(x)q(x) (5.4)

When differentiating yI(x) with respect to x, we will have the following relationship:

() + ydexp(f p(x)dx)

dz
=y'I(z) + yexp ( / p(at)da:) dff;% (5.5)

=y I(z) + yl(z)p(x)
= I(r)q(x)

Therefore, the expression of yI(x) can be derived from Eqn. 5.5:

yl(x) = /(I(m)q(m)) + constant (5.6)

and the constant is dependent on the initial conditions. The solution of y(x) can be derived
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from Eqn. 5.6:

4 — JU(@)q(x)) + constant
= I(x) (5.7)

With the solution of the linear differentiation equation presented above, we can derive

the solution to Eqn. 5.1a. In the case of Eqn. 5.1a, we will have the following expressions:

1
)= —— 5.8a
p(t) RoCin (5.8a)
U,
)= ——>— 5.8b
q(t) RO (5.8b)

I(£) = exp ( / p(t)dt) _ exp<m) (5.8¢)

Therefore, the expression of v, is derived with Eqn. 5.7, and Eqns. 5.8a-5.8c:

t Vg
f(exp(RPNCPN> Fverdt) + constant

t
CXp <RPNCPN >

ve(t) = (5.9)

vpp sin(wt)

5 into Eqn. 5.9, v. can be expressed as follows:

By taking the expression of vy =

_ Vpp BpnCpN f(eXp <RpNthN> sin(wt))dt + constant

wlt) = 2 exp | =—t—
p RpnCpN

(5.10)

To simplify the expression, we introduce another parameter a:

1

a9 = ——-
RPNCPN

(5.11)
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Next, we will derive a simplified expression for [(exp(at)sin(wt))dt:

/(exp(at) sin(wt))dt = é/exp(at)d(— cos(wt)

= i[exp(at)(— cos(wt)) + a/(cos(wt) exp(at))dt]

_exp(at) cos(wi)

_ v / (exp(at))d(sin(wt))

_ _eXp(atLCOS(wt) n %[exp(at) sin(wt) —a / (sin(wt) exp(at))dt]
(5.12)

Therefore, from Eqn. 5.12, the expression of [(exp(at)sin(wt))dt can be calculated as

follows:

1
/(exp(at) sin(wt))dt = —— exp(at)(asin(wt) — w cos(wt)) (5.13)
a*w
Then, we take the simplified integration term Eqn. 5.13 into Eqn. 5.10 and assume the
initial voltage is zero, the voltage that falls on the capacitor can be simplified as follows:

AVpp 1

Ve = m(a Sln(wt) — wcos(at)), a = m

(5.14)

By taking Eqn. 5.14 into Eqn. 5.1b, the accumulated phase change is calculated as follows:

_ne  avpp
Aglt) = ng 2(a? + w?)

[—acos(w(ty + 7)) — wsin(a(ty + 7)) + a cos(wty) + w sin(aty)]
(5.15)
In the context of the EO BW, the magnitude of the small-signal response should be

normalized to the maxima and can be approximated using the phase response [25]:
$(w)

m(w) ~ |—= 5.16
@ =~ 50 (5.16)
The calculated results are shown in Fig. 5.7. The impact of the p-n junction on the overall
EO-BW is small, even though being included in the calculation. Also, the estimated EO
BW is around 12 GHz, smaller than the results considering the electrode and the p-n

junction. Therefore, the device EO BW is limited by the optical transient time.
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Fig. 5.7 Optical transit time limited EO BW estimation. [1] ((€) The Optical
Society.)

5.2.4 Comparison with TWMZM

To compare the performance of the proposed MMZM to an SPP-based TWMZM, we sim-
ulate the TWMZM with a 1.6 mm length of CPS electrode. The top CPS electrode, shown
in Fig. 5.8, is comprised of two conductors of 50 um width and a 35 um spacing. As
demonstrated in Fig. 5.9, the metal and VIA layers are first simulated in HF'SS. The sim-
ulation results compute the characteristic impedance Zy, and propagation constant -, for
the unloaded CPS structures. The RLGC parameters for the unloaded CPS structures can
be calculated by applying the following equations to Zy, and 7y [25]:

Ry = Re{ Zouvu} (5.17a)
[ Zu u
L, = o Zowa) (5.17b)
w
Zou
Gy = Re{=2) (5.17¢)
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Im{ Zoul
Cy= — o’ (5.17d)
w

1.6 mm

Fig. 5.8 Schematic of the simulated top electrode layer (not to scale). [1]
(© The Optical Society.)

Fig. 5.9 Layout of the simulated electrode.. [1] ((©) The Optical Society.)

The calculated RLGC parameters of the unloaded CPS structure are shown in Fig.
5.10. The resistance and conductance model the power dissipated in the conductors and
dielectric media, respectively. The inductance and capacitance model the energy stored
in the magnetic and electric field, respectively. With increasing frequency, the numerical

values of the resistance and conductance start to grow, indicating a rising power dissipation
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in the conductor and the dielectric media.
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Fig. 5.10 RLGC parameters extracted from the electrode simulation results.

To estimate the characteristic impedance of the CPS electrode loaded with the p-n

junction, the following parameters are introduced [25]:

@= wWCpn Rpn
Ripn = Rpn(1 4 Q%)
Q2
C’tpn - Cpnrcgz

(5.18a)

(5.18b)

(5.18c)

Based on Eqgs. 5.18a-5.18c, the characteristic impedance Z; of the loaded electrode,
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MW loss ay, and the transfer function 7' Fyy; considering velocity mismatch are calculated

for different frequencies by the following equations [25]:

| Lu
Hh=|=——"F= 5.19a
! Otl + C(tpn ( )

o) = — + (Gﬂ + R%;)Zl (519b)

(Wf(”g, pnc_ g, O))D

T Fynm = 101og,,(]sinc

(5.19¢)

where f is the MW frequency in units of Hz, c is the speed of light in vacuum, ng, pn
and ng o are the group indices of the MW signal in the p-n junction loaded electrode and
the optical signal, respectively. Using the same SPP-based p-n junction, we calculate the
characteristic impedance, MW loss, and velocity mismatch limited transfer function and

demonstrate the results in Fig. 5.11.

58 ——="— 0 0
Sepl- - q--q--7--7°-"9--3 gl
g 02 2T

54 o) R
gi g FER) SR s s N
£ =—=\Vith the p-n junction
o 52 = =Without the p-n junction 504 E a4t
i = s
& 50 = |
8 \ 06 3
§ 48 E -6F

46 -0.8 -7 . . . . .

5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
Frequency (GHz) Frequency (GHz) Frequency (GH2)
a (b) (c)

Fig. 5.11 EO BW estimation considering (a) characteristic impedance, (b)
MW loss, and (c) velocity mismatch.

The characteristic impedance of the loaded electrode is around 48 €2, with the unloaded
electrode being intentionally designed to be slightly larger than 50 €2. For a TWMZM of
1.6 mm, the 6.4-dB BW is much larger than 30 GHz, indicating the overall BW is not
limited by the MW loss. The transfer function’s 3-dB BW, considering only the velocity
mismatch, is 22.5 GHz. For such a CPS structure, the group index difference between

the MW signal and the optical signal is the factor limiting the EO BW. Therefore, the
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slow-wave electrode structure can be adopted to minimize the group index difference and
increase the BW further.

Ideally, the modulation efficiency of the proposed MMZM and the TWMZM should
be the same with an active region of the same length. The TWMZM is advantageous in
terms of the EO BW and transmission capacity. In theory, by compromising 8 GHz EO
BW, the footprint is reduced by 75% when adopting the MMZM design. Also, the energy
consumption is positively proportional to the device’s footprint [162|. Therefore, when
integration density and power consumption are of priority, the proposed MMZM can be a

promising candidate.

5.3 DC and small signal characterization

The modulator is fabricated using 193 nm lithography via a multi-project-wafer (MPW)
run by the Advanced Micro Foundry (AMF). The fabricated device is on an SOI wafer with
a 220-nm-thick top silicon layer, a 2-um-thick buried oxide layer, and a silicon substrate
having a 750 (2-cm resistivity. The optical spectrum of the device is characterized by an
FAU interfacing with on-chip vertical GCs. The measured IL spectra for the B2B GCs
and the device under test are shown in Fig. 5.12. The IL at the maximum transmission
of the device is 16.1 dB. The IL of a pair of GCs measured at the same wavelength on the
same die is 12.9 dB. Assuming standard 2.5 dB/cm waveguide loss [206], the routing loss
is estimated to be 1.1 dB. The calculated loss introduced by the modulator is 2.1 dB. The
minimum optical interference ER is 32 dB.

The V; of the modulator is measured by sweeping the DC voltages applied to the "G"
and "S" electrodes at different reverse-biased voltages [207]. First, the laser wavelength
is adjusted to the 3-dB operational point for each reverse-biased voltage when no driving
voltage is applied. Then, the differential DC voltages are simultaneously applied to the
"G" and "S" electrodes with equal amplitude and reverse sign. The output optical power
is recorded when sweeping the driving voltage at each reverse-biased voltage. The optical
power is normalized to its maximum for each biasing voltage and is shown in Fig. 5.13. The
Vi is then calculated as the driving voltage difference when the maximum and minimum
normalized optical powers are achieved: Vi = [(Va — V5)max — (Ve — V5)min|- The measured
V., is shown in Table 5.2 for different biasing voltages. V, rises with increasing reverse

biased voltages. The growth of V. is because, as the width of the depletion region continues
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Fig. 5.12 Optical spectrum for B2B GCs and the device under test. [1] ((©)
Optica Publishing Group.)

to expand, the overlap between this region and the optical mode decreases. However, the
increase in V; with growing bias voltage is faster than a traditional TWMZM. This indicates
that the decreasing rate of the overlap reduction for a MMZM is faster than for a TWMZM,
attributed to fabrication imperfection

The EO and EE responses of the modulator are measured with an Agilent 50 GHz
lightwave component analyzer (LCA) and a 40 GHz GSSG probe. The RF cable and probe
calibration is performed before the measurement. The measured EO So; response at differ-
ent reverse bias voltages, normalized to 1 GHz, is shown in Fig. 5.14. The corresponding
3-dB EO BWs are summarized in Table. 5.2. The increase in EO BW with higher reverse-
biased voltage is not apparent, which can be attributed to lower p-n junction efficiencies.
Also, the measured EO BW is smaller than the estimated result in Sec. 5.2.3. To further
examine the limiting factor of this modulator, the EE S;; response is measured and used
to extract the values for the lumped circuit model.

The measured EE S;; response at various reverse-biased voltages is shown in Fig. 5.15.
High reflection is observed at low frequencies, which is not an indication of poor mod-
ulation [205]. When reverse biased, the p-n junction behaves as a capacitor, resembling

an open circuit at low frequencies. The measured results are then imported to Keysight
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Fig. 5.13 Normalized measured optical power at different reverse bias volt-
ages. [1] (© Optica Publishing Group.)
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Fig. 5.14 Measured EO Sg; response at different reverse bias voltages. [1]
(© Optica Publishing Group.)
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Table 5.2 Summary of the V; and 3-dB EO BW at different reverse bias
voltages. [1] ((© Optica Publishing Group.)
Reverse Bias Y —05V -2V -4V
Vi 4.8 V 6.4V 11.6 V NA
3-dB EO BW 73 GHz 7.7 GHz 8.0 GHz 9.7 GHz

ADS to extract the numerical values of the circuit elements shown in Fig. 5.16. For the
lumped circuit model, R models power dissipated in the conductors, C,q is the parasitic
capacitance between the electrodes, Li.,q is the parasitic lead inductance, ry, is the resis-
tance including the contact and the quasi-neutral region, g4 is the conductance of the p-n

junction, and ¢;j is the capacitance of the p-n junction.
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Fig. 5.15 Measured and modeled EE Sy response. [1] ((© Optica Publishing
Group.)

The extracted values for the circuit elements and the calculated junction BWs at various
bias voltages are shown in Table 5.3. The calculated Si; responses from the lumped circuit
model are also shown in Fig. 5.15. When increasing the bias voltage, the MW loss modelled
by Rs is small and remains almost the same. The slight MW loss primarily comes from
the dielectric loss from the embedded p-n junction instead of the conductor loss from

the electrode. When reverse-biased, the resistance and capacitance of the p-n junction
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decrease while C,,q remains almost the same. However, the calculated resistance and
capacitance of the p-n junction are much higher than the simulated results, indicating a
less efficient p-n junction because of the fabrication errors. The discrepancy between the
simulation and calculated results for the p-n junctions can be explained as follows: a) the
asymmetry of the p-n junctions increases the overall capacitance of the SPP structures,
which is also reported in [25]; and b) the boundary between the highly doped and the

lightly doped regions may be blurred, and the extended highly doped region increases

1
27‘(7‘ij

the overall resistance and capacitance. The junction BWs are also calculated with
the simulated p-n junction parameters and demonstrated in Table 5.3. From the calculated
junction BWs and the calculated EO Sg; responses, we determine that the EO BW is limited
by both the optical transient time and the configuration of the p-n junction. Lastly, the
parasitic inductance Lije,q is also higher than the result shown in [205], and results from

the accumulated magnetic field introduced by the extended metal teeth.
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Fig. 5.16 Lumped circuit model to fit the EE S;; response. [1] (© Optica
Publishing Group.)

5.4 Large signal characterization: OOK and PAM modulation
with DSP

Transmission experiments utilizing the modulator are carried out with a DAC, an analog-to-
digital converter (ADC), and basic DSP, which is very similar to [165,205,208]. A schematic
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Table 5.3 Small signal circuit model in Fig. 5.16 for reverse-biased junctions.

. Junction BW

Bias (V) By (Q) Coaa (IF) Liaa (PH) 75 () s OF) /g0 (k) | " qpp
0 4.93 38.62 150.5 9.33 1.8 27.4 9.47
—0.5 4.45 37.66 160 7.86 1.5 27.6 13.50

of the experimental setup is shown in Fig. 5.17. The transmitted data is generated by offline
DSP and uploaded to a DAC which runs at 120 GSamples/s (GSa/s). An RF amplifier
with a 3-dB BW of 44 GHz and 26 dB gain is used to amplify the generated analog signal.
The amplitude of the transmitted signal is adjusted at the DAC end for the measurement
simplicity. A 40 GHz, GSSG RF probe is used to apply the RF signal to the modulator. A
C-band tunable laser is connected to the FAU, interfaced by on-chip vertical GCs, to inject
and collect optical signals to and from the device. The device is biased at the quadrature
point by tuning the optical wavelength. The DC bias is also applied to the modulator
through the GSSG probe. The modulated optical signal is then launched into 2 km of
Corning SMF-28e+- fiber or directly connected to the receiver side for the B2B experiment.
A 35 GHz Picometric photoreceiver composed of a photo-diode and a trans-impedance
amplifier is used at the receiver side to convert the optical signal to the RF domain. The
amplified signal is digitized by a real-time oscilloscope (RTO) with a 33 GHz BW, 8-bit
resolution, and a sampling rate of 80 GSa/s.

The steps of offline DSP on the transmitter and receiver ends are shown in Fig. 5.18.
The symbols are randomly generated for different PAM formats in the transmitter side.
The symbols are then up-sampled to 2 samples per symbol (sps) for raised cosine (RC)
pulse-shaping. The roll-off factor (o € [0,1]) at each symbol rate is chosen empirically to
get the best BER. The samples are then resampled to match the DAC sampling rate for
pre-emphasis function, which compensates for the low pass response of the DAC. Finally,
the samples are clipped and quantized to 8-bit resolution and uploaded to DAC memory
for transmission. On the receiver end, the data captured by the RTO is first re-sampled
to 2 sps [209]. The re-sampled data is then equalized with a finite-impulse-response (FIR)
filter using 21 taps, where the coefficients are calculated from a training sequence. After
the equalizer, the BER is calculated by comparing the transmitted and received binary

streams by mapping both data into binary sequences.
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Fig. 5.17 Schematic of the transmission experiment setup. [1] ((©) Optica
Publishing Group.)
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Fig. 5.18 Transmitter and receiver offline digital signal processing. [1] ((©
Optica Publishing Group.)
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The applied REF driving voltage for the transmission experiment is 4.5 V, for PAM-2
and PAM-4 and 4 V,, for PAM-8. Due to the high linearity requirement of the PAM-8
format, a smaller signal amplitude is used. The eye diagrams of the B2B transmission
for different PAM orders with calculated BERs are shown in Figs. 5.19(a)-5.19(c). For
different PAM orders, the BERs as functions of bitrates at B2B transmission at different
bias voltages are displayed in Figs. 5.20(a)-5.20(c). The pre-FEC KP4 and soft-decision
(SD) BER thresholds are 2.4x10* and 2x1072, respectively [21,210]. When the reverse
bias voltage is increased from 0 V to —0.5 V for all the PAM orders, the performance
improves below specific symbol rates. At lower symbol rates, the performance is limited
by the EO BW of the device. Therefore, with a higher reverse bias voltage, the EO
BW increases and the performance is improved. However, the modulator’s driving swing
limits the performance at higher symbol rates. Therefore, the performance improvement is
negligible beyond the specific symbol rate at —0.5 V bias. In addition, V. also increases
with higher reverse bias voltage. A higher driving voltage is required with higher V.
Consequently, when the bias is increased to —1 V, the performance of all the modulation
formats degrades with the same RF driving voltage. Hence, the reverse bias is set as —0.5 V
for all the signal formats. The maximum measured bitrates with BER below the HD-FEC
BER threshold for PAM-2, 4, and 8 are 70, 106, and 75 Gb/s, respectively. Therefore,
PAM-4 is the optimal modulation format with such a modulator.

For PAM-4 signaling at B2B transmission, the maximum measured symbol rates below
the KP4 and HD BER thresholds are 42 and 53 Gbaud, respectively. We transmitted
PAM-4 signals at those two symbol rates over different distances, and the corresponding
BER is calculated at different received optical powers (ROPs). Because of the insertion loss
introduced by the GCs, the maximum received optical power is limited to -3 dBm. The
minimum ROPs required for 42 and 53 Gbauds PAM-4 signal below the HD-FEC BER
threshold of 3.8x1073 is found to be -6 dBm and -3 dBm, respectively.

5.5 Energy consumption

The energy consumption of a modulator can be divided into three categories: power con-
sumed by the junctions, the terminators, and the biasing circuitry. For lumped modulators
and TWMZMs, most energy is consumed at the p-n junctions and terminators, respec-

tively. Also, since the biasing of the proposed modulator is enabled by tuning the laser
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Fig. 5.19 Processed eye diagrams after receiver equalization at B2B for (a)
PAM-2; (b) PAM-4; (c) PAM-8. [1] ((© Optica Publishing Group.)
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Fig. 5.20 Bit error rate for different bias voltages at B2B transmission for (a)
PAM-2; (b) PAM-4; (c) PAM-8. (d) Receiver sensitivity for PAM-4 signal at
B2B and after 2 km of standard single-mode fiber propagation at two different
symbol rates. [1] ((© Optica Publishing Group.)



5 Compact Mach-Zehnder Modulator with Meandered Phase Shifter 96

wavelength, the power consumed by the biasing circuitry is negligible. The following equa-

tion is applied to calculate the energy consumption per bit £}, for lumped modulators with
PAM-M formats [195]:

M-1 .
Eb Lumped — C—‘/I?p Z(M - Z)( ! )2 (520)
e = A2 log, M 4= M—1

where C' is the capacitance of the p-n junction. For a TWMZM with a 50 €2 terminator,
the dynamic power consumption per bit is calculated with the following expression [195]:
V2

E = ‘mms 5.21
by TWMZM ™ 50" Bitrate (5.21)

where Vs is the root mean square voltage.
To compare the energy consumption per bit for the maximum bit rates utilizing dif-
ferent PAM orders with BERs below the pre-HD-FEC BER threshold, we summarize the

calculated values for various driving voltages in Table 5.4.

Table 5.4 Estimated energy consumption per bit for the junctions and ter-

minator.
PAM-2 PAM-4 PAM-8
Symbol rates (Gbaud) 35 53 25
Bit rates(Gb/s) 70 106 75
Vo (V) 15 15 1
Junction (Fab) (pJ/bit) 759 210 0.86
Junction (Simulation) (pJ/bit) | 1.01 0.28 0.11
Terminator (pJ/bit) 1.45 0.96 1.07

5.6 Conclusion

The design, simulation, and experimental characterization of a SPP-MMZM are presented
in this Chapter. With a 432x260 um? footprint, this compact modulator demonstrates a
small IL of 2.1 dB. The half-wave voltage (V,) and 3-dB EO BW are found to be 6.4 V
and 7.7 GHz at —0.5 V bias, respectively. We conclude that the modulation efficiency and
EO BW could be improved with better fabrication accuracy. We have achieved 53 Gbaud
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PAM-4 transmission (106 Gb/s) over 2 km of SSMF fiber with a calculated BER below the
pre-FEC HD BER threshold of 3.8 x1073. Such a compact modulator with low IL and high

thermal stability is promising for low-cost transceiver design utilizing DWDM application.
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Chapter 6

Conclusion

6.1 Overview

Numerous online communication and commercial activities, including video streaming,
cloud-based storage and services, and machine-to-machine applications, have driven the
rapid development of D-Cs and DCIs. To cope with the exponential increase in inter-
net traffic, high-speed and low-cost transceivers with mass manufacturing capability are of
great interest. Among many other materials, the SiP technology has rapidly matured as
a large-scale PIC solution. The SiP technology can utilize the manufacturing process and
tools used in the traditional and well-developed CMOS industry. The CMOS compatibility
offers a short-cut to high-volume manufacture at low cost and the potential for EO co-
package. Also, the high index contrast of the SiP platform enables tight bends and minor
waveguide spacing, allowing PICs with high integration density. However, the high index
contrast also makes the devices vulnerable to nanometer-scale variations in waveguide core
width or thickness. Therefore, the fabrication process variability significantly impacts the
device performance, reducing the durability and repeatability of the devices fabricated on
this platform. Also, the refractive index of Si is sensitive to temperature change because of
the material thermal property. To actively control the temperature on all the transceivers
employed in the D-Cs will sharply increase the overall cost and complexity. Consequently,
it is preferable to develop SiP devices that are compact in footprint, resistant to fabrication
error and temperature change, and low in optical ILs.

Building on this motivation, we present the three key components used in the transmit-

ters: power splitters, wavelength (de-)MUX, and modulator. We first explored the method
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to realize random SRs for the OACs. Then, a time-efficient simulation method is proposed
to improve the performance of the OACs. The proposed OACs demonstrate superior resis-
tance to temperature variation and fabrication error. Next, we report a CMOS-compactible
and temperature-insensitive wavelength (de-)MUX design on the SOI platform. Despite the
high thermal sensitivity of the Si material, the proposed wavelength (de-)MUX proves ro-
bust stability against temperature change. Finally, we exhibit a compact modulator on the

SiP platform with low optical IL and robustness to thermal and fabrication variations.

6.2 Summary of original contributions

We present in Fig. 6.1 the summary of the original contributions demonstrated in this

thesis. The details of our contributions to each Chapter are given below.

—
#TE—> Modulator | —

#TE# Modulator | —

= Chapter 4
a Temperature-insensitive
' F TE— | Modulator | — wavelength (de-)MUX [2]
% TE— | Modulator | —
|
Chapter 3.1 Chapter 5
Temperature- and Compact, low IL, and
fabrication-insensitive robust to thermal and
OACs with random SRs [4] fabrication variations,
simple in driving and
Chapter 3.2 biasing [1, 5]

Time-efficient method to
simulate OACs [3, 6]

Fig. 6.1 Summary of the original contributions of this thesis.
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Chapter 3

In Section 3.1, the broadband 2x2 OACs with random SRs are experimentally demon-
strated on the SOI platform. The operational principle of the OAC is illustrated first. We
theoretically analyze the sources of losses in each region and clarify how to reduce these
losses. The expression of the IL in the mode-evolution region is also derived. We have
theoretically demonstrated why such devices require long distances to reduce ILs. After
analyzing the basic operating principle of the device, we derived the theoretical expression
between the SR and the output waveguide of the device. We then verify our theory by
comparing the analytical solution, numerical simulation software, and experimental results.
The results obtained from both the analytical and soft solutions of the simulation agree
with the experiment, indicating that our theoretical analysis is correct. Finally, we tested
the device at different temperatures. The device demonstrates good thermal insensitivity
in the temperature range that the experimental equipment can reach.

In Section 3.2, we propose a time-efficient method to improve the performance of the
2x2 OAC. This simulation reduces the simulation time from hours to minutes compared
to the traditional software-based simulation. First, we obtain the expression for the adia-
batic condition in the transmission direction, employing the mode-coupling theory’s matrix
expression. We then express the propagation constants and coupling coefficients in terms
of waveguide width and spacing for the mode-evolution region of the device by first-order
approximation. Substituting the approximate expressions for the waveguide constants into
the previously obtained adiabatic conditions, we obtain the expressions for the adiabatic
conditions with respect to the waveguide widths and spacings. By analyzing the relation-
ship between the first-order derivative of the adiabatic constant and the waveguide width
and spacing, we obtain a series of conditions for reducing the adiabatic constant. With
these conditions, we choose the best waveguide evolution equation. We verified the feasi-
bility of the theory through experiments. At the same time, we have improved the SR of

the device in the 100 nm wavelength range and reduced the device’s size.

Chapter 4

Chapter 4 demonstrates a 1x4 C-band MZI-based wavelength (de-)MUX with superior
thermal stability on the SOI platform. We first design a 2x2 paired-interference-based
MMTI coupler with good thermal stability. Chapter 4 demonstrates a 1by4 C-band MZI-
based wavelength (de-)MUX with superior thermal stability on the SOI platform. We first
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design a paired-interference-based MMI coupler with good thermal stability. Then we bring
the S-parameters of the coupler obtained from the simulation into the transmission matrix
and calculate the transmission spectrum of a conventional MZI-based MUX at different
temperatures. From the calculated transmission spectrum, we can calculate the device’s
TOC. Next, we propose a scheme based on matching the length and width of the waveguide.
By analyzing the FSR of the device, we obtain an expression for the waveguide dimensions
that bring the TOC down to zero. For the parameters we selected, we also considered the
manufacturing error. Our proposed design has a high tolerance for fabrication errors. We
experimentally measured the transmission spectra of the device at different temperatures
and calculated the TOCs. Compared to conventional MZI-based MUXs, our devices exhibit

excellent temperature stability.

Chapter 5

Chapter 5 demonstrates a compact MZM with serpentine phase shifters and simplified
driving and biasing circuitry. We first simulated the electrode characteristics of the modu-
lator by the HFSS solver. Then by Keysight ADS, we fit the S-parameter calculated from
the HF'SS solver into an equivalent circuit. In the equivalent circuit, we include both the
resistance and capacitance values of the p-n junction obtained from the CHARGE solver.
Thus we acquired the EO BW simulation results considering electrodes and p-n junctions.
Next, we consider the effect of optical transit time on the EO BW. We obtain the theoreti-
cal expression for the EO BW in the optical transit time limit by theoretical derivation. We
then plot that theoretical expression using numerical simulation software. By comparison,
we find that the EO BW is mainly limited by the optical transit time for this modula-
tor. This EO co-simulation approach can be used to keep improving the performance of
such devices. Next, we characterize the device’s DC, small-signal, and large-signal perfor-
mance. The insertion loss of the device is as low as 2.1 dB. With a —0.5 V reverse bias, the
modulator demonstrates a V,; and 3-dB BW of 6.4 V and 7.7 GHz. A 53 Gbaud PAM-4
transmission over 2 km SSMF is achieved with a BER below the HD-FEC BER threshold.

6.3 Future work

The work of this thesis can be further extended. Section 6.3.1 presents some possible

short-term improvements. In addition, we introduce some interesting long-term objectives
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in Section 6.3.2.

6.3.1 Short-term objectives

Power splitter

Over the past decades, there have been numerous power splitters designs with superior
performance on the market. What is lacking is a stable and accurate model of device
performance based on a particular process line. An accurate device performance model
enables precise system-level design, which is the path the silicon-optics industry must take

to align with electronic chip design.

Athermal wavelength (de-)MUX

Based on the proposed athermal wavelength (de-)MUX, there is still much room for
improvement: the ILs, XTs, and flat-top response. The ILs of the couplers dominate the
ILs of the wavelength (de-)MUX. The SRs of the couplers also determines the XTs of each
channel. Therefore, we can keep improving the performance by optimizing the couplers
employed in the MUX.

In the meantime, the side-wall roughness should be considered during the simulation to
estimate the phase noise introduced along the delay path more accurately. The phase noise
limits each channel’s XT and breaks the athermal designs’ phase-matching condition.

To realize a flat-top channel response for MZI-based MUXs, researchers often adopt
multiple stages composed of various delay length differences and couplers with different
SRs. The interference and FSR created by these stages should be carefully designed and

matched for athermal operation.

Modulator

For the proposed MMZM, we could keep improving the modulation BW and efficiency.
As pointed out in Chapter 5, the performance of the modulator is limited by the inaccurate
p-n junction masking process. Therefore, we can update the design of the p-n junction by
considering the fabrication limit. Also, we could use the same method to estimate the
EO-BW for different designs in the future.
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In a broader sense, to keep increasing the EO BW of integrated modulators without rais-
ing the cost unreasonably, bonded thin-film lithium niobate modulator on the SiP platform

could be a promising solution.

6.3.2 Long-term objectives

It has been widely accepted that transceivers built on the SiP platform can be used on
D-Cs and DCIs. These transceivers can be used in many other applications, including
cryptography. With the development of online services, information security has become
a critical issue for internet service providers. Cryptography is practicing and studying
techniques for secure communication against adversarial behaviour. Classical cryptography
utilizes multiple disciplines, including information theory, statistics, abstract algebra, and
number theory, to create secure keys with significant computational complexities. However,
with the introduction of supercomputers, which can serve as powerful ciphers, the security
of classical cryptography is compromised. Thus, the idea of quantum cryptography has
drawn significant attention recently. One of the most famous applications of quantum
cryptography is quantum key distribution (QKD). There are two main categories of QKD
systems: discrete variable QKD (DV-QKD) and constant variable (CV-QKD). Compared
to the DV-QKD system, CV-QKD systems do not require single-photon sources and single-
photon detectors, making them capable of being realized on existing telecom infrastructures.

Over the years, chip-level CV-QKD systems have been realized on different platforms,
including indium phosphide and lithium niobate. CV-QKD system-based SiP platform
is still worth exploring. There are three vital devices to realize an integrated CV-QKD
system: modulators, hybrids, and balanced photodetectors (BPDs). Considering that the
current integrated CV-QKD system is not limited by the BW of the modulator, a power-
efficient and compact modulator with high efficiency is sufficient. The function of a hybrid
is to separate the in-phase and quadrature signals of the received signal by adding a specific
phase shift. The separated signal is then sent to BPDs to translate the optical phase and
amplitude information into the electrical domain. Thus, the hybrid with precise phase
response is crucial to the receiver. Also, since high-speed TIA is not available or very

expensive on the market, developing a BPD without a TTA is cost-effective.
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