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Abstract

In recent years, high-speed low-cost modulators have attracted immense research interest to
fulfill the ever-increasing intra-data center traffic. Silicon photonics is a mature platform
compatible to the complementary metal-oxide-semiconductor fabrication processes, and it has a
low cost for large volume integration. Intensity-modulation/direct-detection systems do not need
a local oscillator or complicated digital signal processing (DSP), thus they are favored over
coherent systems for intra-data center applications. Currently, four-level pulse amplitude
modulation (PAM-4) has been accepted for the next generation 400G Ethernet.

In this thesis, two silicon photonic PAM-4 modulators are reported for the next generation
intra-data center optical communication systems. They are the dual microring modulators
(MRMs) assisted Mach-Zehnder interferometer (MZI) and the dual-drive Michelson
interferometric modulator (MIM). Three operating principles of generating PAM-4 optical
signals based on the two proposed modulators are investigated. First, by driving the dual MRMs
with differential 4-level radio-frequency (RF) signals, low-chirp PAM-4 is achieved. Successful
PAM-4 transmission at 92 Gb/s over 1 km of standard single mode fiber (SSMF) and at 40 Gb/s
over 20 km of SSMF without chromatic dispersion compensation are presented. Second, based
on the resonances overlap of the two microrings and modulation of only one MRM, PAM-4 with
large optical modulation amplitudes and extinction ratios are realized. 80 Gb/s PAM-4
transmission over 2 km of SSMF is successfully achieved. Third, dual-drive operation with
independent binary RF signals generates PAM-4 optical signals without implementing digital-
to-analog converter or DSP, which reduces the power consumption in the optical transmission
link. PAM-4 transmission over 2 km of SSMF at 50 Gb/s using the dual MRMs assisted MZI
and at 56 Gb/s using the dual-drive MIM are both presented. All the measured bit error rates of
PAM-4 transmission based on these three operating principles are below the hard-decision

forward-error correction threshold of 3.8 <1073,



R&umeée

Au cours des annees, les modulateurs haut vitesse abas coGt ont suscitéun immense int&é& en
recherche, afin de réondre au trafic toujours croissant dans les centres de données. La
photonique sur silicium est une plateforme mature compatible avec les procé&lé de fabrication
CMOS, ayant de plus un bas coG pour une intération agrand volume. Les systénes a
modulation d'intensité et déection directe n'ont pas besoin d'un oscillateur local ou d'un
traitement de signal numé&ique (DSP) compliqué ils sont donc pré&é& aux systames cohé&ents
pour les applications intra centre de donnés. Actuellement, la modulation de 1’amplitude
d’impulsion &4 niveaux (PAM-4) a &éacceptée pour la prochaine généation d'Ethernet 400G.
Dans cette thése, deux modulateurs PAM-4 sur la plateforme photoniques sur silicium sont
éudie pour la prochaine géné&ation de systémes de communication optique intra centre de
données. lIs sont l'interfé&ométre Mach-Zehnder (MZI) assistépar deux modulateurs en anneaux
(MRMs) et le modulateur interfé&omérique de Michelson (MIM) adouble entramement. Trois
principes de fonctionnement pour la géné&ation de signaux optiques PAM-4 sont éudiés, tous
basés sur les architectures deux modulateurs proposés. Tout d'abord, en modulant les deux
MRMs avec des signaux radio-fré&uence (RF) diffé&entiels &4 niveaux, PAM-4 &bas bruit est
attaint. La transmission PAM-4 &92-Gb/s sur 1 km de fibre monomode standard (SSMF) et a
40-Gb/s sur 20 km de SSMF sans compensation de dispersion chromatique sont pré&sentés avec
succés. Deuxienement, sur la base du chevauchement des ré&onances des deux anneaux et de la
modulation d'un seul MRM, PAM-4 agrande amplitude de modulation optique et arapport
d'extinction devéest r&lise La raussie transmission PAM-4 &80-Gb/s sur 2 km de SSMF est
atteinte. Troisiénement, le fonctionnement &double entramement avec des signaux RF binaires
indéendants est utilisépour géneer des signaux optiques PAM-4 sans recours aun
convertisseur nume&ique-analogique ou DSP, ce qui ré&luit la consommation d'éergie dans le
lien de transmission optique. La transmission PAM-4 sur 2 km de SSMF a50-Gb/s en utilisant

le MZI assistépar deux MRMs et at a56—-Gb/s en utilisant le MIM adouble entramement est



présenté Tous les taux d'erreurs sur les bits mesurés pour la transmission PAM-4 basés sur ces

trois principes de fonctionnement sont infé&ieurs 3.8 <1073,
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Chapter 1
Introduction

1.1 Overview

Supported by data centers with hundreds of servers, high-speed Internet services, such as cloud-
based computing and storage, social networking and online multi-media, are revolutionizing our
daily life. While benefiting from these bandwidth hungry applications, we are witnessing the
rapid growth of data center traffic. According to the forecast by Cisco [1], the annual global data
center IP traffic will increase from 4.7 zettabytes (ZB) in 2015 to 15.3 ZB by the end of 2020.
The intra-data center traffic, such as moving data from a development environment to a
production environment within a data center, or writing data to a storage array, occupies 77% of

the data center traffic by the year of 2020. If taking the rack-local traffic into consideration,

more than 90% of the traffic remains within the data center [1].

Short-reach fiber-optic communication technologies, which support a high transmission speed
and a large bandwidth, is a promising solution to fulfill the demand of the ever-increasing intra-
data center traffic. Moreover, optoelectronic and optical components can potentially solve the
power dissipation and interconnects density problems in the future large-scale information
processing machines [2].

High-speed low-cost modulators, which are the key components for the intra-data center
optical communication links, have attracted immense research interest in recent years. There are
two important aspects regarding modulators: the fabrication platform and the modulation format.
Silicon photonics is a mature platform for developing data center interconnects. It is compatible
to the complimentary metal-oxide-semiconductor (CMOS) fabrication processes. Moreover,

compared to other photonic integration platforms, silicon photonics has a larger wafer size and



a lower substrate cost for large volume integration [3, 4]. Currently, supported by the multi-
project wafer (MPW) runs provided by foundries, such as IME A*STAR and IMEC, silicon
photonics is on the way to be a mature and fabless industry [5]. Recent reports on a variety of
silicon photonic (SiP) devices, such as modulators [6, 7], photodetectors [8, 9] and various
passive devices [10-12], further demonstrate the suitability of silicon photonics for data center
interconnects.

Regarding the modulation format, intensity modulation is favored over coherent modulation.
Figure 1-1 compares a typical intensity-modulation/direct-detection (IM/DD) system [13] with
a typical coherent transmission system [14]. As IM/DD systems do not require a local oscillator
or complicated digital signal processing (DSP), they are more cost-saving and suitable than

coherent transmission systems for intra-data center applications.
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Fig. 1-1. (a) An 84 Gbaud IM/DD transmission system and the DSP applied [13] (©2017 IEEE)
and (b) an 84 Gbaud coherent transmission system and the DSP applied [14] (©2017 IEEE).

For the applications in the 40G and 100G Ethernet, on-off keying (OOK) modulation has been
widely applied [15]. But given the bandwidth requirement for the applications in the next
generation 400G Ethernet, higher order modulation formats are preferred. Among them, four-
level pulse amplitude modulation (PAM-4) is a good choice when considering both the spectral
efficiency and the required signal-to-noise ratio (SNR). Currently, 8\ x 50G PAM-4 over 2 km
of standard single fiber (SSMF) transmission (400GBASE-FR8) has been selected for the next
generation 400G Ethernet [16].

The objective of this thesis is to investigate SiP PAM-4 modulators for the next generation

intra-data center optical communication systems. In this thesis, PAM-4 generation using two



modulator structures are demonstrated targeting intra-data center applications. First, a dual
microring modulators (MRMs) assisted Mach-Zehnder interferometer (MZI) is studied. Three
different operating principles for generating PAM-4 optical signals are investigated, which are
the push-pull operation of dual parallel MRMs, the resonances overlap operation of an MRM
with an microring resonator (MRR), and the dual-drive operation without implementing a digital-
to-analog converter (DAC) or DSP. Second, DAC-less and DSP-free generation of PAM-4
signals using the dual-drive Michelson interferometric modulator (MIM) is presented and

discussed.

1.2 Motivation

The urgent need of high-speed low-cost PAM-4 modulators for intra-data center applications,
and the potential of the silicon photonics technology in building these devices, are the major
motivations of research in this field.

Plenty of SiP modulators using different structures have been reported, such as travelling-
wave Mach-Zehnder modulators (TWMZMs) [6, 7], MRMs [17, 18], lumped MIM [19], Bragg
grating modulator (BGM) [20], GeSi electro-absorption modulators (EAMs) [21, 22], and
silicon-insulator-silicon capacitor (SISCAP) modulator [23]. Figure 1-2 shows the schematics
of each modulator structure. TWMZM is thermally stable and tolerant to fabrication variations,
but it has a large footprint, with a length of typically several millimeters, as shown in Fig. 1-2(a).
In [6, 7], TWMZM-based 112 Gb/s PAM-4 transmissions have been reported. On the other hand,
MRM occupies small footprint as its radius is only tens of micrometers, as shown in Fig. 1-2(b).
Moreover, its natural filtering ability favors it for wavelength-division-multiplexing (WDM)
applications. But it is very sensitive to temperature changes and small variations in the fabrication
process. 64 Gb/s PAM-4 transmission over 5 km of SSMF is demonstrated using a single MRM
in [18]. The dominant source of power consumption in a TWMZM is the termination resistor,
and that in an MRM is the heater for thermally controlling the resonant wavelength. Lumped
MIM can avoid these additional sources of power consumption. As shown in Fig. 1-2(c), its
modulation efficiency is doubled because of the loop mirrors at the end of the structure [19]. But
the electro-optic (EO) bandwidth of the MIM is lower than those of a TWMZM and an MRM.



In addition, the MIM in [19] is designed to operate in a single-drive configuration, therefore only
40 Gb/s OOK modulation results are presented. BGM with a lumped design structure is recently
reported, and it achieves 60 Gb/s PAM-4 [20]. However, as shown in Fig. 1-2 (d), the sidewall

corrugations of the gratings are only tens of nanometers. This makes the operating wavelength

of BGM very sensitive to fabrication variations. GeSi EAM exploits the sub-picosecond

phenomenon Franz—Keldysh effect, and thus it enables high-speed modulation. As a waveguide

modulator, it is only tens of micrometers in length [21, 22]. But since Ge has a strong absorption

in O-band (around 1310 nm) and C-band (around 1550 nm) [24], GeSi EAM operation is limited

to the edge of the C-band and L-band (around 1600 nm). In [22], 100 Gb/s OOK modulation is

demonstrated based on a GeSi EAM. The SISCAP modulator is based on a vertical PN junction,

which consists of a p-type poly-Si layer, a gate-oxide layer and a n-type silicon-on-insulator (SOI)
layer, as shown in Fig. 1-2(f). It achieves a high modulation efficiency because the high charge

density region is largely overlapped with the optical mode. But its optical insertion loss (IL) is

also high due to the optical scattering in the poly-Si layer. Moreover, the fabrication process of

the vertical PN junction is more complicated compared to that of the lateral PN junctions used

in other modulator structures. The pros and cons of each SiP modulator structure are summarized

in Table 1.
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Fig. 1-2. Schematics of (a) TWMZM [6], (b) MRM [18], (c) MIM [19], (d) BGM [20], (e) GeSi
EAM [21] (©2016 IEEE) and (f) SISCAP modulator [23] (©2014 IEEE).
In addition to these structures, SiP modulators based on a combination of an MZI and MRRs
have also been reported to achieve wide operating wavelength range [25], thermal stability [26]
and high linearity [27]. These structures are also used for OOK modulation [28, 29], binary



Table 1. Pros and cons of each SiP modulator structure.

Modulator structure Pros Cons
TWMZM Thermal stable, high fabrication tolerance Large footprint
MRM Compact, natural filtering ability Thermal unstable, fabrication sensitive
MIM Low power consumption, 2xefficiency Limited EO bandwidth
BGM Lumped design Operating A sensitive to fabrication
GeSi EAM Compact, high-speed Operating A in L-band
SISCAP modulator Large modulation efficiency High optical IL, hard fabrication process

phase-shift keying (BPSK) [29], quadrature phase-shift keying (QPSK) [30] and PAM-4 [31].
To the best of our knowledge, the best modulation performance using this structure for IM/DD
is 25 Gb/s PAM-4, and for coherent modulation is 56 Gb/s QPSK.

In recent years, PAM-4 signal generation without implementing DAC or any DSP (e.g. pre-
emphasis, pulse shaping, equalization, etc.) is proposed to further reduce the power consumption
in the optical transmission links. This has been achieved with various SiP modulators, such as
MZI-assisted ring modulator [31], TWMZMs [32-35], cascaded dual MRMs [36], segmented
MRM [37], push-pull segmented SISCAP modulators [38] and dual parallel GeSi EAMs [39]. It
should be noted that though the device in [35] is driven by 4-level radio-frequency (RF) signals,
there is no DAC or DSP applied in the transmission link. The RF signals are obtained by
combining two channels from a pulse pattern generator. In [40], 60 Gb/s PAM-4 optical signals
are generated without the use of a DAC. But DSP including filtering, resampling and equalization
is applied on the receiver side. Therefore, the result presented in [40] is not regarded as a DAC-
less DSP-free PAM-4 signal generation.

In conclusion, high-speed low-cost PAM-4 modulators are key components in the next
generation intra-data center optical transmission links, and silicon photonics offers a promising
platform for developing these devices. Currently, various SiP modulators have been reported for
short-reach IM/DD systems. Based on these two major motivations, this thesis is focused on the
SiP PAM-4 modulators for short-reach optical transmission systems. To be specific, we use three
operating principles on two SiP modulator structures to achieve PAM-4 signals generation and

transmission over distances which are suitable for intra-data center applications.



1.3 Thesis organization

Following this chapter on introduction, the remainder of this thesis is organized as follows:

In Chapter 2, the fundamentals of SiP modulators are presented. First, the basics of designing
SiP modulators, including the plasma dispersion effect, the designs of silicon waveguide, lateral
PN junction and heater, are introduced. Then the SiP modulators, including MRMs, TWMZMs,
and other modulator structures, are reviewed. The focus is on the device structure, modulation
principle and the state of the art for IM/DD applications.

In Chapter 3, the push-pull operation of dual parallel MRMs is demonstrated. Following the
presentation of the device design and the description of the fabrication method, the operating
principle is explained using the system-level simulation and it is further proved by the chirp
measurement. Afterwards, the device is characterized by both direct-current (DC) measurement
to show the modulation efficiency, and by small-signal modulation to show the EO bandwidth.
The experimental results of large-signal modulation based on this operating principle, including
OOK modulation and PAM-4 transmission without any chromatic dispersion (CD) compensation,
are also presented.

In Chapter 4, the resonances overlap operation of an MRM with an MRR is investigated.
After the device design and fabrication being introduced, the operating principle is explained in
two steps. First, by assisting a single MRM in an MZI, the optical modulation amplitude (OMA)
and the static extinction ratio (ER) are both improved compared to those of a single MRM.
Second, by overlapping the resonances of the MRM with an MRR assisted in another arm of the
MZI, these two figure of merits (FOMSs) are further enhanced. The measured DC transmission
spectra are also presented to explain this operating principle experimentally. Afterwards, OOK
modulation and PAM-4 transmission using a single MRM, a single MRM-assisted MZI, and a
MZI assisted by the resonances overlap of an MRM with an MRR are all presented. Their large-
signal modulation results are compared to further prove the advantages of the resonances overlap
operating principle. Other resonances overlap operating principles are also introduced and
analyzed in this chapter.

In Chapter 5, dual-drive operation for DAC-less and DSP-free PAM-4 signal generation is



demonstrated. This operating principle is applied on two modulator strucutures: a ring-assisted
MZI (RAMZI) modulator and an MIM. In Section 5.2, the dual-drive operation of a RAMZI
modulator is presented: the device design and fabrication is shown, and the operating principle
is then presented by system-level simulation; afterwards, the device characterization is reported
with a focus on the bias conditions of the device and the choice of the driving RF signals; then
the PAM-4 experimental results are presented. In Section 5.3, the dual-drive operation of an
MIM s studied: the PN junction designs with asymmetric 4 doping concentrations and
symmetric 6 doping concentrations are compared by simulation; then the design and fabrication
of two MIMs using these two PN junction structures are presented; afterwards, they are
experimentally compared in terms of the modulation efficiencies and the bandwidths; then the
experimental results of PAM-4 transmission are presented for further comparison.

Finally, Chapter 6 summarizes the major works presented in this thesis and proposes several
potential research directions for future work.

1.4 Original contribution

In brief, the major original contributions of this thesis are the three operating principles of
generating PAM-4 optical signals based on the two SiP modulators: the RAMZI modulator and
the dual-drive MIM. They are summarized as follows:

SiP RAMZI modulator

e The low-chirp modulation of the dual MRMs assisted MZI modulator is explained by
the system-level simulation, and characterized by the chirp parameters using 10 Gb/s
OOK transmission over 20 km of SSMF [41]. The measured OOK modulation results
are better than those of a single MRM [42], further proves the low-chirp property of
this operating principle. Without any CD compensation, we demonstrate successful
PAM-4 transmission over 1 km of SSMF at 92 Gb/s with a bit error rate (BER) below
the hard-decision (HD) forward-error correction (FEC) threshold of 3.8 < 107 [41].
The bit rate we achieved is the highest published for the PAM-4 transmission based
on the modulation of SiP MRMs up to date. Moreover, 56 Gb/s PAM-4 transmission



over 10 km of SSMF and at 40 Gb/s over 20 km of SSMF are also presented, with
measured BERs below the HD FEC threshold [41].

We report on the analysis and experimental study of a SiP single MRM-assisted MZI
to prove that its OMA and ER are both enhanced compared to those of a single MRM
with the same design parameters [43]. 76 Gb/s PAM-4 is achieved based on this
structure [43]. Moreover, by assisting the device with a passive MRR on the other
MZI1 arm and overlapping the resonances of the MRM with that of the MRR, the OMA
and ER are further improved [44, 45]. We also present the numerical analysis and
simulation of the resonances overlapping operation principle [45]. Moreover, 2 km of
SSMF transmissions using 56 Gb/s OOK modulation [44, 45] and 80 Gb/s PAM-4 [45]
are demonstrated, with measured BERs below the HD FEC threshold.

We investigate the generation of evenly spaced PAM-4 optical signals by system-level
simulation of the SiP RAMZI modulator. The experimental design method, including
the chosen of the bias conditions and the parameters of the driving RF signals on each
MRM, is also presented using the measured DC transmission when applying voltages
on both MRMs [46]. DAC-less and DSP-free PAM-4 transmission at 40 Gb/s over 5
km of SSMF and at 50 Gb/s over 2 km of SSMF is presented, with estimated BERs
below the HD FEC threshold [46].

SiP dual-drive MIM

We compare the PN junction designs with asymmetric 4 doping concentrations and
symmetric 6 doping concentrations by the simulation of effective index changes,
waveguide losses and junction resistances [47]. We also investigate the measured
modulation efficiencies and the small-signal characterization to show the advantages

of the optimized PN junction design [47].

We demonstrate 56 Gb/s PAM-4 transmission over 2 km of SSMF by driving the
device with two independent binary RF signals, which results in a DAC-less and DSP-

free PAM-4 signal generation with reasonable even spacing [47, 48]. The two devices



with different PN junction designs are also experimentally compared, showing the
dual-drive MIM with symmetric 6 doping concentrations have better PAM-4

transmission performance [47].
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Chapter 2
Fundamentals of SIP Modulators

2.1 Overview

Since the pioneering works of Soref in the late 1980s and early 1990s [49-51], silicon photonics
technology has developed rapidly. The early works are mainly focused on passive devices, such
as silicon optical waveguides [52, 53], direction coupler [54], interferometer [55] and
multiplexer/demultiplexer [56]. In 2004, Intel Cooperation demonstrated the first GHz silicon
photonic modulator [57]. In 2013, the first deletion-mode carrier-plasma modulator fabricated in
a standard 45 nm CMOS platform with no changes in the fabrication process was reported [58].
In recent years, SiP modulators have attracted immense research interest, and their performance
metrics have been tremendously improved. They have also been widely implemented in
commercial products, such as the 100G parallel single-mode fiber 4-lane optical transceiver by
Intel [59], the 100G integrated opto-electronic transceiver by Luxtera [60], the 200G direct detect
optical transceiver by Ranovus [61], and the 200G quad small form-factor pluggable transceiver
by Mellanox [62].

In this chapter, the fundamentals of SiP modulators are reviewed, and it is organized as
follows. In Section 2.2, the modulation basics are introduced. The plasma dispersion effect [50],
which is the most commonly used principle for modulation in silicon, is described in Section
2.2.1. Then the design methods of silicon waveguide, lateral PN junction and heater are presented
in Section 2.2.2, Section 2.2.3 and Section 2.2.4, respectively. Afterwards, Section 2.3 reviews
the different SiP modulators, including MRMs in Section 2.3.1, TWMZMs in Section 2.3.2, and
other modulator structures in Section 2.3.3. The review is focused on the device structure,
modulation principle and the state of the art for IM/DD transmission systems. Finally, this

chapter is concluded in Section 2.4.
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2.2 SiP modulation basics

The plasma dispersion effect [50] is the basic of EO modulation in the PN doped silicon
waveguide. As most of the SiP modulators utilize carrier-depletion in the reverse-biased PN
junctions and they work in C-band [6, 7, 17-20, 28-37, 40-48], this section introduces the
fundamentals of SiP modulation and design methods of PN doped silicon waveguides based on

carrier-depletion modulation at around 1550 nm.

2.2.1 Plasma dispersion effect

When applying electrical currents to the PN doped silicon waveguides, the carrier densities are
changed, and thus the refractive index of the waveguides is changed accordingly [50]. As the
real and imaginary parts of the refractive index are coupled, which is described by the Kramers-
Kronig relation [63], both the effective index and optical absorption of the silicon waveguides
will be changed. This is termed the plasma dispersion effect, and it is applied for carrier-depletion
SiP modulators driven by reverse biased RF signals [6, 7, 17-20, 28-37, 40-48], or carrier-
injection SiP modulators driven by forward biased RF signals [25]. In [64], the effective index
change An and the optical absorption coefficient change Aa (in cm™) in the silicon waveguide at

a wavelength of 1550 nm are evaluated using the following equations:
An =-8.8x10%AN —8.5x10 * AP®® (2.1)

Aa=85x10"°AN+6.0x10"° AP (2.2)

where AN and AP are the carrier densities of electrons and holes in cm3, respectively.

These two equations are straightforward for calculation. If using the same concentrations for
electrons and holes, e.g. AN = AP = 5 x<10%" cm3, the effective index change is An = -1.6 <107
and the optical absorption coefficient change is Ao = 7.55 cm™. The contribution of holes in An
is approximately 75%, but it is only around 40% in Ao.

Based on more recent experimental data, the models at 1550 nm were updated in 2011 as
follows [65]:

AN =-5.40x10"%? AN**" —1,53x107* AP*#%#® (2.3)
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A =8.88x1077 AN +5,84x107° AP'* (2.4)

Similarly, if using AN = AP = 5 x 10" cm™ for calculation based on these two updated
equations, the change in the effective index is An = -1.46 %1073, in which approximately 71% is
from the contribution of holes. The optical absorption coefficient change is Ao = 6.49 cm™, in
which only around 38% comes from the contribution of holes. Figure 2-1 clearly compares the
contributions of electrons and holes to An and Aa, based on Egs. 2.1 — 2.4. Both the two models
conclude that the concentration of holes contributes more to An and has less effect on Aa than

those of electrons.

(@) | (b)
102
=
< 1
w3
—AN, Eq.2.1
—AP, Eq.2.1
4
10 - AN, Eq.2.3)
AP, Eq.2.3
10" 1018 10" 102 10" 10'8 10" 102
Carrier density |cm'3| Carrier density |cm’3|

Fig. 2-1. (a) Effective index changes and (b) optical absorption coefficient changes with carrier
densities in PN doped silicon waveguides.

Therefore, PN junction designs in a zigzag configuration [17] and with an offset [19] have
been reported to make the best advantage of the hole concentrations. Currently, the doping
concentrations typically used in the MPW runs at IME A*STAR, one of the global foundries,
are AN =3 x 107 cm and AP = 5 x 10*” cm™ [66]. As the holes concentration is larger than the
electrons concentration, SiP modulators with symmetric PN junctions are designed and
fabricated at IME, and they can also achieve a high modulation efficiency [6, 7, 32, 33].

When the PN junction is reverse biased, i.e. positive and negative voltages are applied on the
n-type layer (typically implanted with phosphorus) and p-type layer (typically implanted with
boron), respectively, the free carriers will be depleted [67]. On the other hand, carriers are

injected in the waveguide by forward biasing the PN junction, i.e. positive and negative voltages
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are applied on the p-type and n-type layers, respectively [67]. As shown in Fig. 2-1, these two
mechanisms both change the effective indices in the PN doped silicon waveguides, and thus
enable EO modulation. Compared to the SiP modulators working in the forward-biased carrier-
injection mode [25, 68], those working in the reverse-biased carrier-depletion mode has larger
EO bandwidths and they can work at higher modulation speeds [6, 7, 17-20, 28-37, 40-48, 68].
But the reverse-biased SiP modulators need larger driving peak-to-peak voltages than the

forward-biased ones [68].

2.2.2 Silicon waveguide design

Figure 2-2 shows the cross-section of the IME silicon photonics MPW platform [69]. The 2-um
buried oxide (BOX) layer is on a silicon substrate, and the cladding layer is silicon dioxide. There
are three etching heights for the top silicon layers, which are 60-nm shallow etch for the grating
couplers (GCs), 130-nm shallow etch for the rib waveguide and 220-nm full etch for the channel
waveguide. The typical waveguide structure used for designing PN doped phase shifters in the

SiP modulators is a 220-nm rib waveguide on a 90-nm slab, as shown in Fig. 2-2.

Grating Germanium Channel Si modulator
coupler photodetector waveguide or rib waveguide
'y /f 4

- -

Fig. 2-2. Cross-section of the IME silicon photonics MPW platform. [69] (©2013 IEEE)

Figure 2-3 presents the silicon waveguide structure for simulation using Lumerical MODE
Solutions [70] based on the fabrication process shown in Fig. 2-2. The properties of the materials
used in the simulation model are from the optical constants of solids database [71], where the

refractive indices of silicon and silicon dioxide near 1550 nm at room temperature are
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approximately 3.48 and 1.44, respectively. The width of the rib waveguide is 500 nm. It is a
commonly used number determined from the trade-off between supporting only the fundamental
transverse electric (TE) mode [72] and minimizing the optical propagation loss in telecom
wavelengths [73]. The eigenmode solver is used for simulating the mode profiles, effective
indices and group indices in different conditions, e.g. at different wavelengths or with different

bent radius of the waveguides.

SiO, cladding

Eigenmode solver

Fig. 2-3. Silicon waveguide structure for simulation using Lumerical MODE Solutions.

The simulated optical mode at 1550 nm in the straight waveguide is shown in Fig. 2-4(a), and
it is mostly confined in the 500-nm >x220-nm waveguide. The optical modes in bent waveguides
are also investigated, as shown in Figs. 2-4(b) — 2-4(f). When the bent radius R is 3 um, the
optical mode is in the slab waveguide and this is undesirable. With at least 5-um bent radius, the

R=0pm R=3 pm () R=5pm

R=10 pm =20 pm R=40 pm

Fig. 2-4. Simulated optical modes at 1550 nm in the waveguides with a bent radius of (a) 0 pm,
(b) 3 um, (¢) 5 pm, (d) 10 pum, (e) 20 um and (f) 40 pm.
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optical mode is confined in the rib waveguide, which is suitable for optical transmission.

To investigate the propagation losses in the bent waveguides, three-dimensional (3D) finite-
difference time-domain (FDTD) simulation is used in Lumerical FDTD Solutions [74], as shown
in Fig. 2-5. The propagation loss is calculated by the transmitted power of the fundamental mode

over its input power.

Input mode source SiO, cladding 3D FDTD solver

Input power monitor ftput power monitor

Fig. 2-5. Silicon bent waveguide structure for simulation using Lumerical FDTD Solutions.

Figure 2-6 shows the simulated results of a bent 500-nm ><220-nm rib waveguide on a 90-nm
slab. To achieve a low-loss bend, the waveguide bent radius should be at least 5 um. A typical

value used in the device design and fabrication is 10 um.

Loss per bend [dB]
(7]

0 =
10 15 20
Bent waveguide radius|pm]

=
¢

Fig. 2-6. Simulated propagation losses per bend with different bent radius.

Using the method in [73], the effective indices and group indices of the fundamental TE mode
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in the straight rib waveguide at different wavelengths from 1500 nm to 1600 nm are simulated
in Lumerical MODE Solutions. As shown in Fig. 2-7(a), the effective index varies with the
wavelength, so the silicon waveguide is dispersive. The group index ng is a result of this
dispersion, and it can be approximately calculated using the following equation based on its
definition [75]:

dng,
da

Ny =Ny —4 (2.5)

where nesf is the effective index at wavelength L. The group indices shown in Fig. 2-7(b) are
calculated using the simulated effective indices in Fig. 2-7(a) and Eq. 2.5. They can be used in
the electrode design for SiP TWMZMs [6].
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Fig. 2-7. Simulated effective indices and calculated group indices of the fundamental TE mode

in the straight rib waveguide at different wavelengths.

2.2.3 Lateral PN junction design

In most of the SiP modulators reported, reverse-biased lateral PN junctions are used as phase
shifters for modulation via the plasma dispersion effect [6, 7, 17-20, 28-37, 40-48]. Their
geometries are designed to optimize the modulation efficiency, optical waveguide loss and the
3-dB cutoff frequency. As the doping concentrations and the implantation processes in the IME
MPW run are kept confidential within the foundry, constant doping of the values in [66] are used
as an example in this section. There are 6 doping concentrations, which are 5 <107 cm™ for P,

3 %10 cm™ for N, 2 <108 cm™ for P+, 3 <108 cm™ for N+, 1 x10%° cm for P++ and N++.
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In fact, PN junctions with 4 doping concentrations [19] or 6 doping concentrations [6, 7, 32, 33]
can both be fabricated in the MPW runs at IME. Figure 2-8 shows the schematic of a PN junction
with 6 doping concentrations. The optical waveguide is a 500-nm >x220-nm rib on a 90-nm slab,
as analyzed in Section 2.2.2. The geometries to be designed are the widths of each doping
concentration, which are Wp, Wh, Wp+, Wh+, Wp++, Whe+, and the distance between the edge of
the N doping area to the middle of the optical waveguide, which is Wi, offset. Because the doping
concentrations of holes are larger than those of electrons, Wh, oftset IS Set to be zero and a
symmetric PN junction is formed to make the best advantages of the contribution from the hole
concentrations, as analyzed in Section 2.2.2. Wy = W, = 370 nm and Wh+ = Wp+ = 810 nm are
chosen based on those reported in [6, 33] as an example for the PN junction simulation. The other

geometric parameters are Wn++ = Wp++ = 6.42 um.

Si0, Cladding I Wa ot
Wp++ Wp+ R Wn+ R wn++

P:N
P++ P+ N+ N++
——>
BOX w, W,

Fig. 2-8. Schematic of a PN junction with 6 doping concentrations.

Based on the simulation methods in [73], first the carrier distributions in the PN doped rib

waveguide at various reverse bias voltages are simulated using Lumerical DEVICE [76]. Figure

Charge monitor

Doping concentrations

Fig. 2-9. Carrier distribution simulation in lateral PN junction using Lumerical DEVICE.
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2-9 shows the simulation structure, where positive voltages are applied on the N++ doping area
to make the PN junction reverse biased, and a charge monitor saves the carrier distributions. In
the simulation, reverse bias voltages from 0 to 10 V with a step of 0.25 V are applied.

Afterwards, the carrier distributions are imported into Lumerical MODE Solutions for
simulation on the effective indices and propagation losses using the eigenmode solvers. Figure
2-10 shows the simulated results at various reverse bias voltages. The increase of the effective
indices and decrease of losses are because that carriers are more depleted when applying higher
reverse bias voltages. The modulation efficiency is directly related to the effective index change
ANGer, and it is approximate 4.7 <107 at -4 V bias. At the same bias voltage of -4 V, the simulated
propagation loss is 11.78 dB/cm.
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Fig. 2-10. Simulated (a) effective index changes and (b) optical waveguide losses in the lateral
PN junction at various reverse bias voltages.
The junction capacitances are obtained by running two simulations at reverse bias voltages V

and V + AV in Lumerical DEVICE, and then it is calculated using the following equation [73]:

_Q,V+AV)-Q,, (V)

C
P AV

(2.6)

where Cn and Cp are the capacitances due to the electrons (n) and holes (p), respectively, Qn and
Qp are the charges obtained by integration of the carrier density using the charge monitor shown
in Fig. 2-9. As shown in Fig. 2-11(a), the simulated junction capacitance decreases with the

increasing reverse bias voltages due to the depleted electrical charges. It is 0.2 fF/um at -4 V.



19

The junction resistances are also simulated based on the method in [73], which is splitting the
simulation region into the n side and the p side, and then measuring the current of each side in
response to the applied voltage. The simulated results are shown in Fig. 2-11(b). The junction
resistances do not change much with the bias voltages, and it is approximately 0.62 Q-cm under
-4V bias voltage.
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Fig. 2-11. Simulated PN junction (a) capacitances and (b) resistances of the lateral PN junction

at various reverse bias voltages.

If only the PN junction capacitance C; and resistance R; are considered, the 3-dB cutoff
frequency is calculated as [77]:

2.7)

Figure 2-12 shows the 3-dB cutoff frequency at different bias voltages. It is 120 GHz at -4 V.

However, the 3-dB electrical bandwidth of a SiP modulator is always much smaller than the
calculated cut-off frequency using Eq. 2.7. This is because in addition to the junction resistance
and capacitance, there are also other elements in the circuit model of a SiP modulator, such as
the capacitances induced by the metal pads and the resistance of the silicon substrate [17, 19].

It should be noted that the geometric parameters chosen in this section are used as an example
to show how to simulate a PN junction. In the design process of a PN doped phase shifter, the
geometry parameters are optimized to achieve the best modulation efficiency, propagation loss,
junction capacitance and resistance, based on the doping concentrations and fabrication process

of the foundry.
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Fig. 2-12. Simulated 3-dB cutoff frequencies of the PN junction at various bias voltages.

2.2.4 Heater design

The heater for a SiP modulator is used for shifting the transmission spectrum, such as tuning the
resonant wavelength of an MRM [78]. It is designed based on the thermo-optic effect, where the
refractive index of silicon increases with the temperature. When applying a DC voltage on the
heater, the change of temperature induces a refractive index change in the silicon waveguide [79].
The thermo-optic coefficient of silicon at room temperature 295 K is 1.87 <10 K™ [80].
Figure 2-13 shows the cross-section of a typical heater structure [18], where doping
concentrations of N and N++ are applied. The heater is typically tens to hundreds of micrometers

in length. Since the thermo-optic coefficient is in the magnitude of 10, a small DC voltage on

Si0, Cladding

: /
N++ N++

BOX

Fig. 2-13. Cross-section of a heater in SiP modulator design.
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the heater will shift the transmission spectrum of SiP modulators. For example, the thermal
tuning efficiency is 0.2 nm/mW in [78].

2.3 Review on SiP modulators

MRM and TWMZM are two SiP modulator structures that have attracted immense research
interest and have been widely used in commercial products [61, 81]. There are also many other
modulators, such as MIM [19], BGM [20], GeSi EAM [21, 22], SISCAP modulator [23] and
those based on a combination of several different structures [25-39]. In this section, we review
these SiP modulator structures, with a focus on the device structure, operating principle and the
state of the art for IM/DD applications.

2.3.1 MRMs

The schematic structure of an all-pass single SiP MRM [18] is shown in Fig. 2-14(a). The
modulation is via the dispersion plasma effect in the reverse-biased PN junction, and the thermal
tuning is achieved by the thermo-optic effect, as introduced in Sections 2.2.3 and 2.2.4,
respectively. In addition to the PN junction and heater, the radius, and the gap between the
microring waveguide and the bus waveguide are also very important parameters that should be
carefully designed. The model of an all-pass MRR [77] is shown in Fig. 2-14(b). The ring radius
affects the round-trip phase change ¢ and the round-trip loss a. The gap influences the straight-

through coupling coefficient ¢ and the cross-coupling coefficient k, where 6% + 12 = 1.

(@) (b)
waveguide
] slab Ein(t), = —Eoy(?)
d c o(t)

Fig. 2-14. (a) Schematic structure [18] and (b) model [77] (©2015 IEEE) of an all-pass MRR.
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With an input electric field Ein, the output electric field of an all-pass single MRR is [82]:

~A+oe’ ¥
Eout = Ein —A0+e‘j¢ (28)

where A is the round-trip attenuation and A? + a? = 1, which means A = 1 when there is no loss.
The round-trip phase change is defined as [83]:
¢=4x°n R (2.9)
A
in which ne is the effective index of the MRR waveguide, R is the radius and A is the wavelength.

The output power of the MRR is [83]:

P

out

A +0°—2AcCoS¢ E [

= E =
B 1+ A*c? —2AoCos ¢

(2.10)

Figure 2-15 shows the transmission spectrum of an all-pass single MRR with a 40-pm radius.
The round-trip attenuation A is 0.9785, which corresponds to a 10 dB/cm propagation loss. The
straight-through coupling coefficient ¢ is set as 0.9760, and the effective index is 2.5673. The
optical IL is defined as the maximum transmission. The resonant wavelength is where the output
power is at minimum, and in this case ¢ = 2m and m is an integer. The ER is the ratio between

the IL and the transmission at resonance. The free spectral range (FSR) is the difference between

FWHM

-10- | ER

Transmission [dB]
1

FSR

-20 : ‘
1550 1551 1552 1553 1554 1555
Wavelength [nm]

Fig. 2-15. Transmission spectrum of an all-pass MRR.
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the two resonances, and the full-width at half maximum (FWHM) is defined as the optical
bandwidth at -3 dB transmission with respect to the IL. The quality (Q) factor of an MRR is
calculated as the resonant wavelength over the FWHM.

At resonance, the output power is [83]:

2
= B 211)
Based on this equation, there are three coupling conditions defined as follows. When the round-
trip attenuation A is equal to the straight-through coupling coefficient o, Pout becomes zero and
it is called the critical-coupling condition [82]. When A > o, the MRR is over-coupled and when
A < o, it is under-coupled.

Figure 2-16 shows the phase responses of an over-coupled MRM and an under-coupled MRR,
both with R = 40 um, A = 0.9785 and nefs = 2.5673. The straight-through coupling coefficients
for the simulation of the two MRRs are chosen to be 0.9760 and 0.9780, respectively. In the
over-coupled condition, the phase shift across the resonance is 27, but that in the under-coupled

condition is much smaller, which is typically less than ©t [77].
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Fig. 2-16. Phase responses of (a) an over-coupled MRR and (b) an under-coupled MRR.

When applying DC reverse bias voltages on the PN junction of an MRM, nefr changes so the
transmission spectrum shifts. Figure 2-17 shows the measured transmission spectra of an over-
coupled MRM [18] and an under-coupled MRM [84] under various reverse biases. Due to the

carrier-depletion phenomenon, the propagation loss in the waveguide becomes smaller when
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applying higher reverse bias voltages. Therefore, the round-trip loss a is smaller, which means
the IL of the MRM is smaller and the round-trip attenuation A is larger. With the straight-through
coupling coefficient unchanged, the over-coupled MRM is further away from the critical-
coupling condition, but the under-coupled MRM is closer to the critical-coupling condition. As
a result, the ER of the over-coupled MRM becomes smaller with the applied reverse biases, but
that of the under-coupled MRM s larger. As shown in Figs. 2-17(a) and 2-17(b), these

phenomena are obvious.
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Fig. 2-17. Transmission spectra of (a) an over-coupled MRM [18] and (b) an under-coupled
MRM [84] when applying various reverse bias voltages on their PN junctions.

The modulation efficiency of the MRMs is characterized using the resonance shift at a certain
bias voltage. For example, as shown in Fig. 2-17(a), the resonant wavelength shift at -4 V is
approximately 66 pm, so the modulation efficiency is 16.5 pm/V at -4 V. Similarly, the
modulation efficiency of the measured transmission spectra in Fig. 2-17(b) is around 3 pm/V.
The OMA is defined as OMA = Pv1 — Pvo, where Pv1 and Pyvo are the transmitted powers of the
MRM at a certain wavelength under the bias voltages V1 and Vo, respectively.

Another important FOM of SiP modulator is the EO bandwidth. For MRM, it is determined
by the optical bandwidth, which is the FWHM, and the electrical-electrical (EE) bandwidth.
Figure 2-18 presents the small-signal characterization of a SiP MRM [17]. Since the small RF
signals are mostly reflected, the EE S11 magnitudes are large. The electrical bandwidth increases

with the applied reverse bias voltages because of the reduction of the junction capacitance. A
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circuit model of MRM is also shown in the Fig. 2-18(a). In addition to capacitance C; and
resistance R;j of the PN junction, there are also capacitance of the metal pads C,, capacitance Csub
and resistance Rsup Of the silicon substrate. Therefore, the electrical bandwidth is much smaller
than the calculated 3-dB cutoff frequency of the PN junction, as analyzed in Section 2.2.3. As
shown in Fig. 2-18(b), the EO bandwidth of the MRM also depends on the modulation
wavelength. At a wavelength closer to the resonance, light is easier to be trapped and has a longer
photon lifetime [17]. Therefore, at a larger detuning from the resonant wavelength, the EO
bandwidth is higher and an optical peaking effect is also observed in the EO S»; response [85].
However, the OMA at large wavelength detuning from the resonance is smaller than that close
to the resonance, as shown in Fig. 2-17. Therefore, a trade-off between OMA and EO bandwidth
should be considered [86].

@ & 0 _ ®) @ of
g 't i, =T
2 2t 4 » 0
: i g Ol
S = o Measured at 0 V g v =
-4 |-|=Simulated at 0 V (] 2
- 4 Measured at -6 V =
o -5 |=Simulated at -6 V (@] 4
5 0 T w I
o - L
® [ o)
§,zo i 2 6|
= L R S, S L =
g 4Or o 5 E . arlo \ Af=4GH2
«©
T 80 0 5 10 15 20 25 30 35 40
b Rux Cass Frequency (GHz)

Fig. 2-18. (a) EE S11 and (b) EO Sy responses of a SiP MRM [17]. (©2012 IEEE)

Table 2 reviews the state of the art of C-band carrier-depletion SiP MRMs for IM/DD
applications, which are OOK modulation of at least 40 Gb/s [17, 87-89], PAM-4 based on a
single MRM [18, 90, 91] and multiple channels modulation for WDM applications [92]. The Q-
factors, static ERs, modulation efficiencies, peak-to-peak voltages and bit rates are listed as they
the important FOMs for the SiP modulators. The EO bandwidths and the BERSs are not listed
since most of the references in Table 5 do not report on these two FOMs.

In conclusion, there are three aspects of designing a SiP MRM. First, the geometry and doping
of the PN junction are designed to achieve a large modulation efficiency and a high 3-dB cutoff
frequency. These designs also influence the effective index and propagation loss in the MRM

waveguide. Second, the geometric parameters of the ring resonator, such as the radius and the
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Table 2. The state of the art of SiP MRMs for IM/DD applications.

Ref. Q-factor Static ER Modulation efficiency Modulation format Vo Bit rate

[17] ~8,000 11dB 16 pm/V OOK 3V 44 Gb/s
[87] ~4,000 35dB 28 pm/V OOK 2V 40 Gb/s
[88] ~7,000 >30dB / OOK 14V 40 Gb/s
[89] ~20,000 16dB 10 pm/V OOK / 40 Gb/s
[90] ~14,000 ~20dB 13 pm/V PAM-4 1V 24 Ghb/s
[91] ~13,500 ~20dB 10 pm/V PAM-4 2V 20Gb/s
[18] ~18,000  35dB 16 pm/V PAM-4 35V 80 Gb/s
[92] ~5,000 / 25 pm/V 8 channels WDM OOK 4.8V 320 Gb/s

gap from the bus waveguide, are carefully chosen. They affect the coupling condition of the
MRM, which further affects the phase response and the optical bandwidth. Third, the
experimental designs, including selecting the bias wavelength for the trade-off between EO
bandwidth and the OMA, and choosing the peak-to-peak voltage and bias voltage of the RF
signals to achieve a low power consumption, are also very important. In addition, the heater for
thermally tuning the resonant wavelength of the MRM also plays a significant role, especially in
the WDM applications. It occupies most of the power consumption in the modulation of a SiP
MRM [93]. Currently, resonance locking based on monitoring photodetectors (PDs) [94] or a
feed-back digital circuit [95] has been reported.

2.3.2 TWMZMs

Based on the driving configuration, single SiP TWMZMs can be categorized into two types:
single-drive where RF signals are applied to modulate only one of the MZI arms [96], and dual-
drive where both the MZI arms are modulated [97]. Push-pull (PP) operation is a special case. It
can be achieved either by a dual-drive scheme with differential RF signals [98], or by a single-
drive scheme on a TWMZM where the PN junctions on each arm are designed in opposite
direction and connected in series [99]. The latter one is called series push-pull (SPP) operation.
Figure 2-19 shows the schematic layout and PN junction design of a SiP SPP TWMZM [6]. As

shown in Fig. 2-19 (a), the optical waveguide is designed to be an imbalanced MZI. Therefore,
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destructive interference is achieved at a certain wavelength. The FSR is determined by the

imbalance length AL and the group index ng based on the following equation [100]:

12
n gAL

FSR=

(2.12)

The series design by connecting two PN junctions in a back-to-back configuration for achieving
SPP operation, as shown in Fig. 2-19(b), increases the junction capacitance and as a result, the

velocity of the microwave increases [6].

On-chip
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Fig. 2-19. (a) The schematic layout, the T-shaped electrodes extension, and (b) the PN junction
design of a SiP SPP TWMZM [6].

Figure 2-20(a) shows the transmission spectra of the TWMZM [6]. Like SiP MRMs, the IL,
static ER, FSR and FWHM are obtained from the transmission spectrum. When applying reverse
bias voltages, its resonant wavelength is shifted due to the effective index change in the MZI
waveguide. For TWMZMs, resonance shift is not an appropriate FOM to evaluate its modulation
efficiency. Instead, VL, which is the required voltage to achieve a m phase shift for a given

length L, is typically used. It is calculated as [101]:

V”L:% (2.13)
Ap

where Vs is the applied bias voltage, and the phase shift Ap at Viias 1S [101]:
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Ao= 27AA

e — 2.14
FSR (2.14)

in which AA is the resonant wavelength shift at Vpjas.

The VL of the two diodes in the TWMZM [6] are calculated from the measured transmission
spectra in Fig. 2-20(a), and are shown in Fig. 2-20(c). The V; for diode 1 is 7 V, but that for
diode 2 is larger than 10 V. This difference is mainly induced by the variations in the fabrication

processes.
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Fig. 2-20. (a) Measured transmission spectra and (b) calculated VL of the two diodes in the
TWMZM under various reverse bias voltages [6].

Figure 2-21 shows the small-signal EE and EO responses of the TWMZMs [6]. Different
from that of the MRMs, the EE S11 magnitude is lower than -10 dB from DC to 50 GHz, since
the electrical signals are mostly transmitted because of the travelling-wave electrodes. Therefore,
the EE S21 magnitude is large, as shown in Fig. 2-21(b). The 6.4-dB point is beyond 50 GHz at
-4V bias voltage. The 3-dB EO bandwidth is 41 GHz at -4 V, as shown by the EO S21 magnitude
in Fig. 2-20(c). When applying reverse bias voltages on the PN junction, the EE and EO
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Fig. 2-21. (a) EE |Su/, (b) EE |S21| and (c) EO |Sz1] of the TWMZM [6].
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bandwidths both increase as the junction capacitance decreases. If there is no group velocity
mismatch, the EE 6.4-dB bandwidth should be equal to the EO 3-dB bandwidth [66, 102]. In [6],
this mismatch is 13% at -4 V bias, so the two bandwidths are different.

Table 3 reviews the state of the art of C-band carrier-depletion single SiP TWMZMs for
IM/DD applications, including OOK modulation of over 40 Gb/s [66, 97, 103, 104, 105] and
high order modulation formats such as PAM-4 [6, 7, 35] and PAM-8 [6]. It should be noted that
the VL. and the EO bandwidths are those reported in the references, and they are at different

bias voltages but not listed in this table.

Table 3. The state of the art of SiP TWMZMs for IM/DD applications.

Ref.  Length AV EO bandwidth Modulation format ~ Vy Bit rate BER
PAM-2 43V  70Gb/s 157 %103
[6] 4.25mm 3.2V-cm 41 GHz PAM-4 521V 112Gb/s 4.92 x10*
PAM-8 6.73V 112Gb/s 3.16 x103
PAM-2 64 Gb/s  ~4x10*
[71 42mm 3.57V-cm 35 GHz 22V
PAM-4 112 Gb/s 3.7 %1078
[35] 2 mm / 30.2 GHz PAM-4 5V 64 Gb/s 6.6 x10°
[66] 3mm  2.43V-cm 30 GHz OOK 1.6V 40 Gb/s /
[97] / / 55 GHz OOK 532V 70 Gb/s /
[103] 35mm 1.93V-cm 27 GHz OOK 16V  40Gb/s <1 x1072
[104] 0.95mm 2.2V-cm 26 GHz OOK 7V 40 Gb/s /
[105] 3mm  1.85V-cm 37 GHz OOK 35V 50.5Gb/s /

2.3.3 Other modulator structures

Besides MRMs and TWMZMs, there are other modulator structures for IM/DD applications,
such as MIM [19], BGM [20], GeSi EAM [21, 22], and SISCAP modulator [23]. As they are not
directly related to this thesis, the details of device design or operating principle are not presented
in this section. The performances of the SiP modulators based on single SiP modulator structures,
excluding the single MRMs and the single TWMZMs, are concluded in Table 4.

As introduced in Section 1.2, SiP modulators based on a combination of an MZI and MRRs

have also been reported to achieve wide operating wavelength range [25], thermal stability [26]
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and high linearity [27]. These structures are also used for OOK modulation [28, 29], BPSK [29],
QPSK [30] and PAM-4 [31]. Their performances are listed in Table 5.

Table 4. Performances of SiP modulators based on a single structure (excluding single
MRMs and single TWMZMs).

Ref.  Modulator structure EO bandwidth Modulation format ~ Vyp Bit rate BER

[19] MIM 23.2 GHz (-4 V bias) OOK | 40Gbls /
OOK 55Ghb/s  ~2 %10
[20] BGM / 45V
PAM-4 60 Gb/s ~6 %10
[21] GeSi EAM > 50 GHz OOK 15V 56 Gbls /
[22] GeSi EAM / OOK /100 Gb/s /
[23] SISCAP modulator / OOK 1V 40 Gbls /

Table 5. Performances of the SiP modulators based on a combination of MZI and MRR.

Ref. Modulator structure Design Purpose Modulation format  Bit Rate
[25] 10 MRMs on each arm of the balanced MZI Wide operating A range OOK 10 Gb/s
[26] 1 MRM on one arm of the unbalanced MZI Athermal modulation OOK 2 Gbh/s
[27] 1 MRM on each arm of the balanced MZI High linearity / /
[28] 1 MRM on one arm of the balanced MZI OOK modulation OOK 10 Gh/s
Low-chirp OOK modulation OOK 10 Gb/s
[29] 1 MRM on each arm of the balanced MZI
BPSK modulation BPSK 10 Gh/s
[30] 1 MRM oneach arm of the balanced MZI QPSK modulation QPSK 56 Gb/s
[31] MZI-assisted ring modulator PAM-4 PAM-4 25 Gb/s

In addition, DAC-less and DSP-free PAM-4 signals generation based on MZI-assisted ring
modulator [31], TWMZMs [32-35], cascaded dual MRMs [36], segmented MRM [37], push-pull
segmented SISCAP modulators [38] and dual parallel GeSi EAMs [39] have been demonstrated.
Table 6 summarizes their performances, including the peak-to-peak voltages (Vpp), the lengths
of the pseudo-random binary sequence (PRBS), the bit rates, the transmission distances and the
BERs. Moreover, 114 Gb/s DAC-less PAM-8 generation with DSP [106] has also been presented.

In conclusion, SiP modulators based on various structures for IM/DD short reach transmission
systems have been reported, which further proves the capability of silicon photonics in intra-data

center applications.
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Table 6. Performances of DAC-less and DSP-free PAM-4 SiP modulators. [47]

Ref. Modulator structure Vip PRBS Bitrate Transmission BER
[31] MZI-assisted ring modulator 3V,3V 31 25 Gb/s 0 /

[32] Segmented TWMZM 48V,48V 31 100 Gb/s 1 km < 3.8 x10°%
[33] Dual parallel TWMZMs 2V, 4V / 100 Gb/s 2 km <4.4 %103
[34] TWMZM 15V,3V / 50 Gbls 0 2.2 x10°
[35] TWMZM 5V 15 64 Gb/s 0 6.6 x10°
[36] Cascaded dual MRMs 1V,1V 9 30 Gh/s 0 4 %103
[37] Segmented MRM 44V, 44V 15 40 Gbh/s 0 /

[38] Push-pull segmented SISCAP modulators 2V,2V 31 56 Gbh/s 0 /

[39] Dual parallel GeSi EAMs 11V,22V 7 112 Gb/s 2 km 1.4 %103

2.4 Conclusion

In this chapter, the fundamentals of SiP modulators are reviewed. First, the plasma dispersion
effect, which is the basic of SiP modulation, is introduced. Based on it, the design methods of
passive silicon waveguide, lateral PN junction and heater are explained. Then the device structure,
design method, operating principle and FOMs of two typically used SiP modulator structures,
which are the MRMs and the TWMZMs, are elaborated. Then the other modulator structures are

also reviewed in this chapter.
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Chapter 3

Push-pull operation of dual parallel
MRMs

3.1 Overview

As introduced in Section 2.3.1, MRMs are key component among SiP modulators. They are of
immense research interest as they have compact size and intrinsic filtering ability for the
applications in WDM schemes. Currently, SiP MRMs have already been applied in a commercial
product [62]. However, in optical communication links where CD is not negligible, the frequency
chirp of MRMs [107] limits their applications in transmission over long distances, e.g. 10 km or
20 km. There are two typical ways to compensate CD: dispersion compensation fibers (DCFs)
and DSP. However, optical amplification is required in the transmission links where DCFs are
used, as they introduce excess loss [108]. DSP-based CD compensation needs access to the

modulated phase information on the receiver side [109], therefore it cannot be applied in the

IM/DD systems. Recently, SiP MRMs for OOK modulation at 10 Gb/s with low chirp [29, 110]
and negative chirp [111] have been reported.

In this chapter, high-speed low-chirp PAM-4 transmission based on the push-pull operation
of dual parallel MRMs is demonstrated. This chapter is based on the author’s work in [41, 42],
and it is organized as follows. The device structure design, PN junction design and fabrication
method are described in Section 3.2. Then the push-pull operation principle is presented in
Section 3.3, with simulation results shown in Section 3.3.1 and chirp measurement reported in
Section 3.3.2 to prove the advantages of this principle. Afterwards, the device characterization
is demonstrated in Section 3.4, including the measured DC transmission spectra in Section 3.4.1,

as well as the small-signal EE and EO responses in 3.4.2. In Section 3.5, large-signal modulation
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without any method for CD compensation is presented. OOK modulation and comparison to the
performance of a single MRM with the same design parameters are presented in Section 3.5.1.
High-speed low-chirp PAM-4 transmission is shown in Section 3.5.2. Finally, this chapter is

concluded in Section 3.6.

3.2 Device design and fabrication

For push-pull operation to achieve a low-chirp modulation, the dual MRMs are designed in
parallel and assisted in a balanced MZI. Figure 3-1 shows the schematic structure of the device.
The 500-nm % 220-nm silicon waveguide is on a 90-nm thick slab. The MRMs are designed to
be identical. They have the same radius of 20 um and the same gap of 200 nm from the MZI
waveguide. The balanced MZI is 230 pum in length. On one of the MZI arms, a 125-pum heater is
designed for phase tuning to compensate for any fabrication deviations and make the MZI
perfectly balanced. Around 75% of the MRM is doped to form a lateral PN junction for carrier-
depletion modulation, as elaborated in Section 2.2.1 and Section 2.2.3. The remaining 25% is
designed as a heater for resonant wavelength tuning using the thermos-optic effect, as explained
in Section 2.2.4. As shown in Fig. 3-1, light travels through the MZI, while differential RF signals
are applied on the PN junctions of the two MRMs simultaneously. A DC voltage is applied on

the heater of one MRM to tune its resonances closer to that of the other MRM.

RFdata=0,1,2,3 PN junction
- MRM heater
MRM 1 [ 20pm) MZI heater
4 200 nm
*
Optical input DC Voltage Optical output
—_— —_—
L 230 pm
|
|
125 pm
MRM 2

RFdata=3,2,1,0

Fig. 3-1. Schematic layout of the dual parallel MRMs for push-pull operation [41].
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As shown in Fig. 3-2(a), there are four doping concentrations applied in the lateral PN junction,
which are 5 <107 cm= for P, 3 <10 cm™ for N, 1 x10?° ¢cm™ for P++ and N++ [66]. Therefore,
the PN junction is designed to be symmetric for taking the best advantages of the holes, as
analyzed in Section 2.2.3. The light PN doping in the rib waveguide is used for reducing the
optical scattering loss, and the high P++/N++ doping in the slab waveguide is for ohmic contact
with the metal pads. The heater design is shown in Fig. 3-2 (b). Similarly, and the high N++
doping is used for contact with metal pads. The light N doping is applied for thermo-optic tuning
of the waveguide effective index.

(a) 0.5 (b) Bus waveguide
5.44 }*—>L{ 3.44 T 5.44
0.13
il s
0.825 0.2 0.675
1 0.25 5.44 MRM waveguide

Fig. 3-2. (@) PN junction design and (c) heater design of the MRMs.

The device was fabricated at IME A*STAR using a fabrication process described in [112].
The substrate is an 8-inches 220-nm SOl wafer with a 2-um BOX. The 90-nm slab, 130-nm slab,
and 220-nm rib waveguides are formed using three anisotropic etch steps, as shown in Fig. 2-2
and introduced in Section 2.2.2. Boron and phosphorus are implanted in the silicon waveguides.
Afterwards, a rapid thermal anneal of 1030<C for 5 seconds is followed to active the dopants.
Finally, two levels of contact vias and aluminum pads are fabricated.

The micrograph of the fabricated device is shown in Fig. 3-3(a). The total footprint, dominated
by the metal bond pads, is 0.61 mm x<0.61 mm. A DC voltage for tuning the resonances is applied
using a GS probe on the G and DC pads, and the differential RF signals are applied using a
GSGSG probe on the G, RF, G, RF and G pads. The vertical GCs, which are used for optical
input and output, are not shown in the micrograph. It should be noted that as the GC is designed
only for TE polarization, the input light is kept as TE polarized in all the experiments in this
thesis. For comparison, a single MRM with the same design parameters was also fabricated in

the same fabrication run. Its microimage is demonstrated in Fig. 3-3 (b), in which the PN doping
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areas, aluminum layers and the contact vias are clearly shown.
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Fig. 3-3. Micrographs of (a) the dual parallel MRMs for push-pull operation, and (b) a single

MRM with the same design parameters for comparison.

3.3 Operating principle

The push-pull operation is proposed for low-chirp modulation, so that the optical signals can
transmit over a longer distance of SSMF without any CD compensation method. It is desirable
for IM/DD systems where DSP for CD compensation cannot be applied, and for reducing the
optical power consumption without implementing DCFs. In this section, the operating principle
is explained by system-level simulation and then verified by chirp measurement using 10 Gb/s
push-pull OOK modulation of the dual parallel MRMs.

3.3.1 Simulation

As shown in Fig. 3-1, to achieve the push-pull operation of the device, RF data levels 0, 1, 2, 3
and inverted RF data levels 3, 2, 1, 0 are applied on MRM 1 and MRM 2, respectively. To clearly
demonstrate the operating principle, we simulate the power transmission and phase responses of
both the two independent MRMs and the push-pull dual parallel MRMs in Lumerical
Interconnect [113]. In the simulation, we intentionally set the resonant wavelengths of the two
MRMs slightly different. Since there are always deviations between what is designed and what
is really fabricated, the difference in resonant wavelengths is usually observed in the
measurement, even though the two MRMs are designed to be identical. This can also be achieved
by applying a DC voltage on the heater of one MRM in the experiment.
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As shown in Fig. 3-4(a), when any of the four-level differential data is applied, the two MRMs
have almost the same power transmission T at the marked operating wavelength A. However, as
shown in Fig. 3-4(b), their phases ¢ have the same magnitudes but opposite signs. In a word,
Twmrme, i = Tmrmz, i and evrme, i = - eMrMz, i (1 = 1, 2, 3, 4) when applying differential RF signals
on the two MRMs.
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Fig. 3-4. Simulated (a) power transmission and (b) phase responses of the two MRMs.

The power transmission of the dual parallel MRMs in a balanced MZI is characterized by the
following equation:

Ti :Zl /-_I—MRMLi eJ‘PMRMl,u + 'TMRM 2,iel‘/’wwu\n 2ii |2 (l =1’ 2’3’ 4) (31)

Since the two MRMs have the same magnitudes but opposite phases at the operating wavelength
at any applied differential data level i, the device has larger power transmission than any of the
MRMs, and the total phase response should be zero.

This is further proved by the following system-level simulation in Interconnect. As shown in
Fig. 3-5(a), when the four levels of differential RF data applied on the two MRMSs simultaneously,
the device has four levels of power transmission at the operating wavelength A, which are 0.033,
0.173, 0.327 and 0.477, respectively. The reasonable even spacings of these four levels are
desirable for generating PAM-4 optical signals. The simulated phase responses when various
differential RF data levels are applied on the dual MRMs are shown in Fig. 3-5(b). To

quantitatively estimate the chirp performance of a modulator, the chirp parameter, or a parameter
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is defined using the following equation [114]:

 do/dt
di /dt

(3.2)

in which the modulated optical intensity I and the phase ¢ are both functions of the time t. Since

the applied voltage V also varies with time, Eq. 3.2 can be re written into:

de/dV
di /v

a=2I (3.3)

As shown in Fig. 3-5(b), the phases at A are all zero, no matter what RF data value that is applied.
Thus, de/dV in Eq. 3.3 is zero and the simulated a-parameter is also zero. It proves that the
device is capable of zero-chirp modulation. It should be noted that the phase is zero only at the
operating wavelength L. At a high modulation speed, e.g. 80 Gb/s, the single side band is 40 GHz.
It corresponds to a wavelength range of approximately 0.32 nm, and the a-parameter in this range
is not always zero. But compared to the phase response of a single over-coupled MRM, as shown
in Fig. 3-4(b), the phase shown in Fig. 3-5(b) and the related de/dV are much smaller. Therefore,
the push-pull operation of the dual MRMs decreases the chirps in the modulation, even though

the a-parameter is not always zero at a high modulation speed.
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Fig. 3-5. Simulated (a) power transmission and (b) phase responses of the dual parallel MRMs in

the push-pull operation. [41]

As shown in Fig. 3-5(a), the largest transmission is 0.477 in the simulation. It means the

modulation loss, which is defined as the IL at the operating wavelength and the highest level
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after modulation, i.e., ‘11’ for PAM-4, is approximately 3.2 dB. It should be noted the RF data
and the MRM model are used as an example to explain the push-pull operating principle. The
modulation loss can be reduced by applying differential RF signals with larger peak-to-peak
voltages, and tuning the resonant wavelengths of the two MRMs further separated. Theoretically,
the modulation loss can be 0 dB if the resonances of the two MRMs at ‘11’ level are totally
separated. Meanwhile, the phase response at the operating wavelength is always zero, which

guarantees the zero-chirp modulation of the device in the push-pull operation.

3.3.2 Chirp measurement

The chirp performance of the device is characterized by measuring the constellation diagrams
and the chirp parameters of the modulated optical signals by an APEX AP-2443B complex
optical spectrum analyzer (OSA). As a clock input at 10 GHz is necessary for the measurement
using the complex OSA, we use OOK modulation of the device in a push-pull configuration at
10 Gb/s. Figure 3-6 shows the experimental setup. Differential 16-bits PRBS were generated by
an SHF 12103A bit pattern generator (BPG). Afterwards, the RF signals were amplified and
synchronized using a RF delay line. The peak-to-peak voltages of the RF signals were measured
in a 50 Q system, and they were both 1.8 Vpp. Using 65 GHz bias tees, the DC bias voltages of
—2 V were applied on the two MRMs together with the RF signals. A DC voltage of 1.08 V was
applied on the MRM 1 heater to tune its resonance closer to that of the MRM 2. A 14-dBm laser

RF amplifier  RF delay line -2V 108V
data ol | N 1.8 "Ypp._,—_
> L/> }/j | 7 Bias tee '——I i é ? =
ata — A . - |
SIEE i e — )
10 Gb/s RF attenuator 2V
14 dBm
DC -
‘ Laser
EDFA [
—————————— Complex OSA (0)] 0—20 km SSMF

Fig. 3-6. Experimental setup for chirp characterization of the dual parallel MRMs in the push-
pull operation. [41]
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output was coupled in to the chip and modulated by the device. The modulated optical signals
were transmitted over 0 — 20 km of SSMF. Next, they were amplified by an erbium-doped fiber
amplifier (EDFA). Finally, the constellation diagrams and the chirp parameters were obtained by
the complex OSA.

The parameter defined in Egs. 3.2 and 3.3 is widely used for evaluating the chirp of a
modulator [33, 97, 111, 115, 116], but it is constant only in small-signal regime [114]. In large-
signal modulation for optical fiber communications, an effective way to characterize the chirp
parameter is still waiting to be discovered. In [116], several definitions of o parameters are
studied and compared, but no one can accurately evaluate the chirp of the modulators in large-
signal modulation regime. However, the asoy parameter measured by the APEX AP-2443B
complex OSA does not depend on the RF frequency, and thus it can be used to compare the chirp
performances of different modulators [117].

The measured constellation diagrams and the asos% parameters of the dual parallel MRMs
operated in a push-pull 10 Gb/s OOK modulation are shown in Fig. 3-7. The previously reported
a-parameters of push-pull MZMs [33, 97, 115, 116] have magnitudes between 0.5 and 1.0.
Compared to them, the measured chirp parameters of the push-pull dual parallel MRMs from
back-to-back (B2B) to 20 km of SSMF transmission are all much smaller. This proves that the
device in the push-pull operation is capable of low-chirp modulation. As analyzed in Section
3.3.1, at a higher modulation speed, the measured aso% parameters will be larger because the

phases are not always zero in a wide wavelength range.

(a) B2B, 0¢=0.00276 (b) 2km,=0.00461 (c¢) 20 km, 0=0.00966

Fig. 3-7. Measured constellation diagrams and asos parameters using push-pull 10 Gb/s OOK
modulation of the dual parallel MRMs after (b) B2B, (c) 2 km and (d) 20 km of SSMF

transmission. (x axis: real part and y axis: imaginary part of the electric field.) [41]
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3.4 Device characterization

3.4.1 DC measurement

Figure 3-8 shows the measured DC characterization spectra of the device by applying 0 to 10 V
reverse bias voltages on the RF pad of each MRM. The total on-chip IL at a bias voltage of 0 V
is approximately 14.0 dB, including the 11.5-dB measured IL from the GC pair and the 1.3-dB
estimated IL from the routing waveguide. The device has an IL of 1.2 dB, in which around 0.6
dB comes from the two Y-branches [118] in the MZI. The IL becomes smaller with the applied
reverse bias voltages because there is less optical scattering when more carriers are depleted in
the rib waveguide, as analyzed in Section 2.2.3.

Though the two MRM s are designed to be identical, their measured resonant wavelengths are
different due to the fabrication variations. At -4 V bias, the modulation efficiencies of the two
MRMs are both 6.25 pm/V. However, the measured modulation efficiency at -8 V bias becomes
4.375 pm/V, smaller than that at -4 V bias because of the diminishing phase shift effect [19].
When applying higher reverse bias voltages, the ERs become larger. As analyzed in Section 2.3.1,
this phenomenon indicates that the MRM is under-coupled. However, this is not the case for the
MRMs assisted in the MZI, and it will be analyzed in Section 4.3.1. The FWHM of the two
MRMs are both 160 pm at various reverse bias voltages, corresponding to an optical bandwidth
of 20 GHz. The Q-factors are measured to be ~ 9.7k for the two MRMs at -4 V bias.
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Fig. 3-8. Measured DC characterization spectra when applying 0 — 10 V reverse bias voltages on
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the RF pad of (a) MRM 1 and (b) MRM 2, respectively. [41]
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3.4.2 Small-signal characterization

The measured EE Si1 responses and EO Spi responses are shown in Fig. 3-9. The bias
wavelengths are 50 pm and 100 pm away from the resonances of the two MRMs, as marked by
the dots in Fig. 3-8. At different detuned wavelengths for each MRM, the EE Si: responses are
the same, which proves that the detuned wavelength does not influence their electrical responses.
However, the measured 3-dB EE bandwidths of the two MRMs are different. It is 29.9 GHz for
MRM 1, which is 7.7 GHz smaller than that of MRM 2. This difference is also because of the
variations in the fabrication process, such as the misalignment of the pn junction and the
implantation concentrations. Therefore, the two MRMs have different junction capacitances and
resistances, and this further results in the different measured 3-dB EE bandwidths. As shown in
Fig. 3-9(b), the measured EO S»: responses are flat at the 50-pm detuning, but those at 100-pm
detuned wavelengths away from the resonances have peaking at high frequencies. The reason for
this optical peaking effect in the EO responses of the MRMs [85] is analyzed in Section 2.3.1.
The measured 3-dB EO bandwidths of MRM 2 are 16.8 GHz and 23.3 GHz at 50 pm detuning
and 100 pm detuning, respectively. They are larger than those of MRM 1, which are 15.1 GHz
and 21.4 GHz at 50 pm detuning and 100 pm detuning, respectively. Since the two MRMs have
the same FWHM, or equivalently, the same optical bandwidth, the difference in their measured
3-dB EO bandwidths is predominantly due to their different 3-dB EE bandwidths.

7 — , (b)
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Fig. 3-9. Measured (a) EE Si1 responses and (b) EO Sy responses by applying small RF signals
on the two MRMs at 50 pm and 100 pm away from their resonances. [41]
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A widely used formula for calculating the 3-dB EO bandwidth of the MRM is [77, 86, 119]:

on = fopt' fEE /\/ foit + fEZE (3.4)

in which feo, fopt and feg are the EO bandwidth, optical bandwidth and EE bandwidth of the
MRM. However, it is pointed out in [77, 86] that this formula is not accurate because it does not
take the influence of wavelength detuning into consideration. For example, using fopt,1 = 20 GHz
and fopt,2 = 20 GHz measured from the DC transmission spectra in Fig. 3-8, fee1 = 29.9 GHz and
fee,1 = 22.2 GHz obtained from the EE Si1 responses, the calculated EO bandwidths should be
feo,1 = 16.6 GHz and feo2 = 14.8 GHz. These values are close to the measured ones at 50 pm
detuned wavelengths, but those measured at 100 pm detuning are much larger since the optical
peaking effect broadens the EO bandwidth [85]. In addition, the device proposed in this chapter
is not a single MRM, but the dual MRMs parallelly assisted in a balanced MZI. Even though the
small RF signals are only applied on one MRM, the DC transmission spectra and EO responses

of the proposed device are also influenced by the MZI waveguide and the other MRM.

3.5 Large-signal modulation

The large-signal modulation, including the OOK modulation and PAM-4 transmission, is
presented in this section. In the OOK modulation, both the performances of the device and of the
single MRM with the same design parameters are shown for comparison. The advantages of the
push-pull operation are verified by the measured results. In the PAM-4 transmission, high-speed

low-chirp modulation is achieved without any CD compensation method.

3.5.1 OOK modulation

The measurement setup for OOK modulation is shown in Fig. 3-10. The device was tested by
applying differential 2%1-1 PRBS on the two MRMs. The amplified RF signals have measured
peak-to-peak voltage of 1.8 Vpp in a 50 Q system. The -2 V bias voltages were applied on the
two MRMs together with the RF signals by 65 GHz bias tees. The resonances of the two MRMs
were aligned by applying 1.08 V on the heater of MRM 1. A 14-dBm laser input was coupled

into the device. Afterwards, the modulated optical signals were transmitted over 0 — 20 km of
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SSMF. The optical eye diagrams were obtained by a digital communication analyzer (DCA). The
optical module in the DCA had a bandwidth of 65 GHz, but a filter for approximately 43 Gb/s
was turned on. Then a 35 GHz PD with a trans-impedance amplifier (TI1A) was used to convert
the optical signals into electrical signals. The received power was kept at 0.7 dBm. Then the

BERs were measured by an SHF BER tester.
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Fig. 3-10. Experimental setup for OOK modulation of the dual parallel MRMs in the push-pull
operation.

The single MRM with the same design parameters was also tested by applying 23!-1 PRBS
with a 1.8 Vpp and -2 V bias, as shown in Fig. 3-11. All the parameters are chosen to be the same

to those in Fig. 3-10 for a fair comparison.
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Fig. 3-11. Experimental setup for OOK modulation of the single MRM.

The measured 40 Gb/s optical eye diagrams of the single MRM and the dual parallel MRMs

in the push-pull configuration are shown in Fig. 3-12. Compared to the eye diagrams of the single
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MRM, more symmetric and clearer open eye diagrams are achieved by the push-pull device. In
addition, the measured OMAs are 0.64 mW and 1.80 mW in Figs. 3-12(a) and 3-12(b),
respectively. The improvement in the OMA is also an advantage of the push-pull operation, but

at a sacrifice of driving the device with two channels of RF signals.

(a) Single MRM, B2B, 40 Gb/s (b) Push-pull, B2B, 40 Gb/s

(¢) Single MRM, 2 km, 40 Gb/s (d)  Push-pull, 2 km, 40 Gb/s

Fig. 3-12. Measured 40 Gb/s optical eye diagrams of the single MRM and the dual parallel
MRMs in the push-pull configuration. [42]

Figures 3-13(a) and 3-13(b) show the measured BERs of the single MRM and the push-pull
dual parallel MRMs, respectively. Both the HD FEC threshold of 3.8 <107 [120] and KP4 FEC
threshold of 2.2 <10 [121] are listed for evaluation. In the B2B transmission, the dual parallel
MRMs operated in a push-pull configuration have error free operation (0 errors in 3 Thits
transmission) up to 40 Gb/s, and it is 8 Gb/s better than that of the single MRM. The BER of the
push-pull device is still below the HD FEC threshold at 60 Gb/s. As shown in Fig. 3-13(a),
transmission up to 5 km of SSMF using the single MRM is successfully demonstrated. However,
the BERs over 10 km and 20 km of SSMF transmission are hard to obtain. As shown in Fig. 3-
13(b), the dual parallel MRMs driven by push-pull RF signals can transmit optical signals over
20 km of SSMF without using any CD compensation method. The 20 Gb/s optical eye diagram
after transmission over 20 km of SSMF is inserted in Fig. 3-13(b). If considering the KP4 FEC
threshold, which is a BER limit typically used in short-reach transmission systems and a standard
in the next generation 400G Ethernet [16], the push-pull operation of the dual parallel MRMs
can achieve 56 Gb/s in the B2B configuration, 50 Gb/s transmission up to 2 km, 30 Gb/s
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transmission of 10 km and 23 Gb/s transmission of 20 km.

There are two reasons for the better transmission performance using the dual parallel MRMs
and the push-pull operation. One is the low-chirp modulation, as analyzed in Section 3.3, which
enables the modulated optical signals to transmit for a longer distance. The other is the larger
OMA, as shown by the optical eye diagrams in Figs. 3-12(b) and 3-12(d), which helps the device

to achieve a better BER performance.
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Fig. 3-13. Measured BERs of (a) the single MRM and (b) the push-pull dual-parallel (inserted:
20 Gb/s optical eye diagram after 20 km of SSMF transmission). [42]

3.5.2 PAM-4

The experimental setup of PAM-4 transmission by operating the dual parallel MRMs in the
push-pull configuration is illustrated in Fig. 3-14. With the offline DSP, an 8-bit DAC generated
the differential 4-level RF data at 70 GSamples/s. The peak-to-peak voltages of the RF data after
amplification and synchronization were measured to be 1.6 Vpp in a 50 Q system. The
differential RF data and —3 V bias voltages were applied on the two MRMs using the 65 GHz
bias tees. A 1.08 V DC voltage was used to tune the resonance wavelength of MRM 1 closer to
that of MRM 2, and achieve the condition for push-pull operation, as illustrated by the simulated
transmission spectra in Fig. 3-4(a). The laser input at 14 dBm was coupled into the device and
the modulated PAM-4 optical signals were transmitted over 0 — 20 km of SSMF. Then we used
an EDFA to amplify the signals, and a DCA with an optical filter turned to obtain the optical eye
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diagrams. To measure the BERSs, first a 35 GHz PD with a TIA received the signals at a fixed
average power of 0.7 dBm, and then a 62 GHz 8-bit real-time oscilloscope (RTO) working at

160 GSamples/s was used to capture the received data for offline DSP.
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Fig. 3-14. Experimental setup of the PAM-4 transmission using the push-pull operation of the
dual parallel MRMs. [41]

The sequential steps of the offline DSP are depicted in Fig. 3-15. On the transmitter side, first
a pseudo random integer sequence (PRIS) was generated. The length of the PRIS depended on
the selected baud rate. It was 33001 at 28 Gbaud and 65001 at 50 Gbaud. Then for pulse shaping,
a root-raised cosine (RRC) filter with a roll-off factor a. of 0.5 was applied. As the sampling rate
of the DAC is 70 GSamples/s, the sequence was resampled by inserting (70/B — 1) zeros, where
B is the baudrate in Gbaud. A pre-emphasis filter, which was obtained by a least-mean-squares
algorithm using a training sequence [122], was applied afterwards. This filter was used to
compensate only the limitations of the DAC and the RF components, not that of the modulator.
Then the DAC generated the differential RF data based on the digital sequence. On the receiver
side, first the data captured by the RTO were resampled to 2 samples/symbol. Then a RRC filter
with o = 0.5 matched to the filter on the transmitter side was applied. To compensate for the
remaining frequency response degradation, an equalizer, whose coefficients were also obtained
from a training sequence, was used. Finally, by comparing the processed data to the transmitted

PRIS after synchronization data, the BERs were obtained and the eye diagrams were plot.
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Transmitter offline DSP
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Fig. 3-15. Offline DSP for the PAM-4 transmission. [41]

The optical eye diagrams shown in Fig. 3-16 are after B2B transmission and then obtained by
the DCA without applying the offline DSP on the receiver side. Since the clock input in the DCA
should be integer times of the 2.8175 GHz clock frequency into the DAC, the optical eye
diagrams are all at 21.875 Gbaud. They are the PAM-4 eye diagrams by driving the dual parallel
MRMs with the differential RF signals, by driving MRM 1 with the RF signals and by driving
MRM 2 with the inverted RF signals, respectively. In Figs. 3-16(b) and 3-16(c), the PAM-4
levels are not equally spaced because the nonlinearity of the MRMs is not compensated by the
offline DSP. But as shown in Fig. 3-16(a), the push-pull operation results in clearer and more

symmetric eye diagrams.

(a) 43.75 Gb/s, dual MRMs (b) 43.75 Gb/s, MRM 1 (c) 43.75 Gb/s, MRM 2

Fig. 3-16. 43.75 Gb/s PAM-4 optical eye diagrams in B2B configuration obtained by (a) driving
the dual parallel MRMs with the differential RF signals [41], (b) driving MRM 1 with the RF
signals and (c) driving MRM 2 with the inverted RF signals.
The eye diagrams obtained using the offline DSP on the receiver side are shown in Fig. 3-17.

At 80 Gb/s after transmission over 1 km and 2 km of SSMF, at 56 Gb/s after transmission over
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10 km of SSMF, and at 34 Gb/s after transmission over 20 km of SSMF, the eye diagrams are
all clearly open with the BERs below the HD FEC threshold. As shown in Fig. 3-17(a), the BER
of 80 Gb/s 1 km transmission is below the KP4 FEC threshold. The 34 Gb/s eye diagram after
20 km of SSMF transmission has zero error detected using the transmission sequence. Similarly,

the unequal eye openings are because nonlinearity of the modulator is not compensated in the
offline DSP on both transmitter and receiver sides.

(a) 80 Gb/s, 1 km, BER = 1.8e-4 (b) 80 Gb/s, 2 km, BER = 5.8e-4
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Fig. 3-17. PAM-4 optical eye diagrams obtained by offline DSP at (a) 80 Gb/s after 1 km of
SSMF transmission, (b) 80 Gb/s after 2 km of SSMF transmission, (c) at 56 Gb/s after 10 km of
SSMF transmission and (d) at 34 Gb/s after 20 km of SSMF transmission. [41]

Figure 3-18 shows the measured BER results of the push-pull PAM-4 transmission. In
addition to the HD FEC threshold of 3.8 x107* and the KP4 FEC threshold of 2.2 x107*, the
soft-decision (SD) FEC threshold of 2 <1072 is also listed for performance evaluation. The ‘0
Err.” in the figure means that there is no error detected using the transmitted PRIS. Even after 1
km of SSMF transmission, the push-pull operation of the dual parallel MRMs can achieve no
error at 70 Gb/s, and the BER at 92 Gb/s is below the HD FEC threshold. If considering the SD
FEC threshold, the device works at 100 Gb/s. For 2 km of SSMF transmission, at the three
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different FEC thresholds it works at 76 Gb/s, 84 Gb/s and 96 Gb/s, respectively. Even though
the push-pull operation has the advantage of low-chirp modulation, the quality of signals still
degrades when transmitting for a longer fiber distance. For 5 km and 10 km of SSMF
transmission, the bit rates for the BERs below the HD FEC threshold are 64 Gh/s and 56 Gb/s,
respectively. In addition, PAM-4 transmission at 40 Gh/s over 20 km of SSMF with BER lower

than 3.8 <1073 is also successfully demonstrated.
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Fig. 3-18. The measured BERs of PAM-4 transmission using the push-pull dual parallel MRMs
at various bit rates over 0 — 20 km of SSMF. [41]

3.6 Conclusion

In this chapter, we design and experimentally demonstrate the push-pull operation of dual
parallel MRMs for high-speed low-chirp PAM-4 transmission. The operating principle is
elaborated using a system level simulation. Then its main advantage, which is the low-chirp
modulation, is verified by the measured constellation eye diagrams and chirp parameters using
10 Gb/s OOK transmission up to 20 km of SSMF [41]. The device has a modulation efficiency
of 6.25 pm/V at -4 V bias. The measured 3-dB EO bandwidths dependents on the detuned
wavelengths, and at 100 pm detuning they are 23.3 GHz and 21.4 GHz when applying small RF
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signals on the two MRMs, respectively [41].

In the B2B OOK modulation, the device has error free performance at 40 Gb/s, and the BER
at 60 Gb/s is measured to be below the HD FEC threshold [42]. Without any method for CD
compensation, the modulated 23 Gb/s OOK optical signals are transmitted successfully over
SSMF up to 20 km with BERs below the HD FEC threshold of 3.8x107 [42]. Compared to the
single MRM with the same PN junction design and geometric parameters, the dual parallel
MRMs in the push-pull configuration has better OOK modulation and transmission performance.

In the PAM-4 transmission, successful 92 Gb/s over 1 km of SSMF and 40 Gb/s over 20 km
of SSMF are demonstrated, with measured BERs below the HD FEC threshold of 3.8 <1073 [41].
If considering the SD FEC threshold, 100 Gb/s PAM-4 transmission over 1 km of SSMF is
achieved. Compared to the previously published SiP MRM-based PAM-4 results [18, 90, 91],
the work presented in this chapter shows the highest bit rate. It proves that the push-pull operation
of the dual parallel MRMs is a good candidate for the next generation intra-data center optical

transmission links.
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Chapter 4

Resonances overlap operation of an
MRM with an MRR

4.1 Overview

As introduced in Section 1.2 and compared in Table 1, the two widely used SiP modulator
structures, TWMZMs and MRMs, have both pros and cons. TWMZM has the advantages of high
fabrication tolerance and thermal stability, but it is typically a few millimeters in length and thus
it occupies a large area of footprint. MRM is compact and its natural filtering ability is desirable
for the applications in WDM systems, but it has the disadvantages of thermal instability and
fabrication sensitivity. Therefore, SiP modulators based on the combination of MZIs and MRRs
are reported for different purposes [25-31], as summarized in Table 5. However, 50 G class
PAM-4 transmission over short reach distances, which are suitable for the next generation intra-
data center applications, have not been reported based on these modulator structures.

In this chapter, we analyze and experimentally demonstrate an operating principle of
resonances overlap for PAM-4 transmission based on a SiP modulator structure of assisting an
MRM and an MRR in a balanced MZI. This chapter is based on the author’s work in [43-45],
and the operation is elaborated in two steps. First, the advantages of assisting a single MRM in a
balanced MZI are analyzed, by comparing it to a single MRM with the same design parameters.
Second, the device is designed by assisting the balanced MZI with an MRM on one arm and an
MRR on the other arm, and the analysis on the performance enhancement using the resonances
overlap operation is further presented.

This chapter is organized as follows. In Section 4.2, the device structure design and fabrication

are demonstrated. Then the operating principle is explained in Section 4.3, with the single MRM-
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assisted MZI introduced in Section 4.3.1, and the resonances overlap of an MRM with an MRR
elaborated in Section 4.3.2. In these two sections, the measured DC transmission spectra and the
related analysis are also shown to further explain the advantages of this operating principle. In
Section 4.4, the large-signal modulation, including the OOK modulation in Section 4.4.1 and
the PAM-4 results in Section 4.4.2, are presented. In Section 4.5, other resonances overlap

operating principles are also analyzed. Finally, this chapter is concluded in Section 4.6.

4.2 Device design and fabrication

The schematic layouts of the devices demonstrating the resonances overlap operation are
illustrated in Fig. 4-1. The MRM s in these three structures all have the same geometry parameters,
PN junction design and heater design to those shown in Figs. 3-1 and 3-2 of Section 3.2. The
single MRM in Fig. 4-1(a) is designed for a purpose of comparison with other devices, the
structure in Fig. 4-2(b) is designed for analyzing the performance improvement by assisting a
single MRM in a balanced MZI, and the device in Fig. 4-1(c) is to achieve resonances overlap
operation of an MRM with a passive MRR for further enhancing its performance. The RF signals

RF input RF input
(@) : (b) }
}
Ein ER EtZ
Ef" t1  Optical input Optical output
Optical input Optical output Earm
(C) RF input
E,
Optical input T Optical output
DC
Ein Et3
E,

Fig. 4-1. Schematic layouts of (a) a single MRM, (b) a single MRM-assisted MZI, and (c) a

balanced MZI assisted by an MRM and an MRR to achieve resonances overlap.



53

are all applied on the PN junction of the MRM in these three structures. An extra DC voltage is
applied on the MRM heater of the device shown in Fig. 4-1(c) to align the resonances.

Figures 4-2(a) and 4-2(b) show the design layouts of the single MRM and the dual MRMs-
assisted MZI. Obviously, the operation of Fig. 4-1(a) is achieved by applying RF signals on the
single MRM shown in Fig. 4-2(a). Figures 4-1(b) and 4-1(c) are realized by operating the design
in Fig. 4-2(b) in two different ways. By applying a DC voltage on MRM 2, its resonance shifts
to a longer wavelength, and thus the resonances of the two MRMs are clearly separated. In this
case, if applying RF signals on MRM 1 and only focusing on the wavelength range around its
resonance, the device works as the structure shown in Fig. 4-1(b). In this case, MRM 2 are not
modulated and it works as a passive MRR. Since these two MRMs are designed to be identical,
their resonant wavelengths should be the same. However, there are always deviations between
what are fabricated from what are designed. For example, ring radius, gap and the PN doping
concentrations may variate in the fabrication process. As a result, the effective index of the
waveguide, the straight-through coupling coefficient and the round-trip attenuation coefficient
are different from the designed values, then the transmission spectrum of the device changes
accordingly. In the measurement, the transmission spectrum of the device in Fig. 4-2(b) always
has two resonant wavelengths in one FSR, which are the resonances of the two MRMs
respectively. Therefore, a DC voltage is applied on one of the MRMs to overlap their resonances
till the measured transmission spectrum of the whole device has the largest static ER. Then, RF
signals are applied on MRM 1 to achieve the operation of Fig. 4-1(c). Similarly, MRM 2 also
works as a passive MRR without being modulated. The heaters on the MZI arms are used for

B 220 nm Si

90 nm Si
N N

N++
P
2 P++
1 Via 1
Metal 1
£ Via 2

Fig. 4-2. Design layouts of (a) the single MRM and (b) the dual MRMs-assisted MZI.
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compensating any imbalance induced by the fabrication variations. The operating methods will
be further elaborated in Section 4.3.
These two devices were fabricated at IME A*STAR based on the same process described in

Section 3.2. The micrographs are those shown in Fig. 3-3.

4.3 Operating principle

The purpose of overlapping the resonances of the MRM with that of a passive MRR is to achieve
larger ERs and OMAs, which are desirable for PAM-4 transmission with better performances.
In this section, the operating principle is analyzed in two steps. First, compared to that of a single
MRM, the performance of the single MRM-assisted MZI is largely improved. Second, by
assisting the MZI with an MRM on one arm and an MRR on the other arm, the ERs and OMAs
are further enhanced. The advantages of this operating principle are also proved by the measured

transmission spectra and the related analysis on the ERs and OMA:s.

4.3.1 Single MRM-assisted MZI

The transfer function of an all-pass MRR is introduced by Egs. 2.8 and 2.9 in Section 2.3.1. Here,
they are presented again for convenience. As shown in Fig. 4-1(a), with an input electric field
Ein, the output electric field Eu of the single MRM is [82]:

~A+oe
Bo=Bn o7 (4.1)

where A is the round-trip attenuation, c is the straight-through coupling coefficient, and ¢ is the
round-trip phase change defined as [83]:

R
p=4x’n 4, B (4.2)

in which nest is the effective index of the MRM waveguide, R is the radius and A is the wavelength.

For the structure shown in Fig. 4-1(b), the output electric field E is:
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where Anm is the propagation attenuation of the MZI arm, Er and Eam are the electric fields on
the two MZI arms as shown in Fig. 4-1(b), and ¢ is the phase difference between the two MZI
arms induced by the fabrication variations.

In the simulation, we use R =20 um as designed. Based on the designed geometry parameters
and PN junction design, the round-trip attenuation A and the straight-through coupling
coefficient o are simulated using Lumerical FDTD Solutions [74], and the effective index ness is
simulated using Lumerical MODE Solutions [70]. They are and they are A =0.9847, c =0.8661,
and ness = 2.5673. The electric field propagation attenuation of the MZI waveguide Am IS
calculated based on a typically used propagation loss value of 2.4 dB/cm in the silicon waveguide.
Since the length of the MZI arm is 230 pm, Am = 0.9937. We assume there is no fabrication
variation, so the phase difference ¢ in the simulation is set as ¢ = 0.

Figures 4-3(a) and 4-3(b) show the simulated power transmission and phase response of the
single MRM, respectively. Because A = 0.9847 and ¢ = 0.8661, the MRM far away from the
critical coupling condition (A = 6) [82]. Therefore, its static ER of the single MRM is very small,
which is less than 2 dB, as shown in Fig. 4-3(a). The simulated 2n phase change across its
resonance shown in Fig. 4-3(b) also confirms that the single MRM is in the over-coupled
condition (A > o). If using this MRM for PAM-4, the ER between the ‘11” level and the ‘00’
level cannot be larger than the static ER, which is only approximately 1.9 dB. The ERs between

the adjacent levels (e.g. ‘10” and ‘01’ levels) are even smaller than this. This makes the
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Fig. 4-3. Simulated (a) power transmission and (b) phase response of the single MRM. [43]
(©2017 IEEE)
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modulated four power levels hard to be detected, especially in the presence of noise. As a result,
this single MRM achieves poor PAM-4 performance.

Based on Am =0.9937, ¢ = 0, and the other simulation parameters same to those of the single
MRM, the simulated power transmission and phase response of the single MRM-assisted MZI
are shown in Figs. 4-4(a) and 4-4(b), respectively. The static ER of the device is approximately
20 dB, which is more than 18 dB larger than that of the single MRM. This is because of the small
imbalance between the two MZI arms, and the phase change across the resonance of the MRM.
At the output coupler of the interferometer, the response of the MRM and the electric field on
the other arm have constructive (0 phase difference between the two arms), destructive (7 phase
difference) and constructive (2 phase change) interferences across the resonant wavelength. It
is the destructive interference at the resonance that leads to a large static ER. This is good for
PAM-4 because the adjacent levels will have sufficient spacings for detection, even though there
are noise in the transmission links. In addition, if the MRM has a smaller static ER, which means
it has a larger electric field amplitude with a phase of  at the resonance, the single MRM-assisted
MZI will have a larger static ER because of the more destructive interference at the resonant
wavelength. As shown in Fig. 4-4(b), the simulated phase response is approximately 0.67 across

the resonance. It is much smaller than that of the single MRM and leads to a smaller chirp.
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Fig. 4-4. Simulated (a) power transmission and (b) phase response of the single MRM-assisted
MZI. [43] (©2017 IEEE)

Figures 4-5(a) and 4-5(b) present the measured transmission spectra of the two devices under

0 to 8 V reverse bias voltages. It should be noted that Fig. 4-5(b) is measured using the device
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shown in Fig. 4-2(b) by applying a DC voltage on MRM 2 to shift its resonant wavelength far
away from that of the MRM 1. In this case, the bias voltages are applied on the PN junction of
MRM 1, while the other arm works as a waveguide. The two devices have total on-chip ILs of
10.6 dB and 12.5 dB, respectively. The measured IL of the GC pair is 9 dB. This is different to
the value reported in Section 3.4.1 because there are fabrication variations from chip to chip. In
addition, the angles of the fiber array for coupling light in and out are not exactly the same in
different experiments. The routing waveguides also have ILs, which are 0.8 dB for the single
MRM and 1.3 dB for the single MRM-assisted MZI. Therefore, the two devices have the ILs of
0.8 dB and 2.2 dB, respectively. The two Y-branches [118] and the MZI arms both contribute to
the larger IL of the single MRM-assisted MZI.

The measured static ER of the single MRM at 0 V bias is approximately 1.5 dB, as shown in
Fig. 4-5(a). It is smaller than the simulated value, mainly due to the fabrication deviations. When
applying larger reverse bias voltages, its static ERs become smaller, which is a signature of an
over-coupled MRM [77]. As shown in Fig. 4-5(b), the static ER of the single MRM-assisted MZI
is measured to be approximately 20 dB at 0 V bias, and it increases with the applied reverse bias
voltages. This is consistent with our analysis on the simulation results: if the MRM has a smaller
static ER, the single MRM-assisted MZI will have a larger static ER because of the more
destructive interference at the resonant wavelength. Because of the identical PN junctions in

these two devices, the modulation efficiencies are both measured to be 6.25 pm/V at -8 V bias.
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In conclusion, by assisting a single MRM on one arm of a balanced MZl, the static ER of the
device is much larger than that of the single MRM, which is desirable for PAM-4 with adjacent

levels clearly distinguished.

4.3.2 Resonances overlap of an MRM with an MRR

When an electric field Ein is input into the structure shown in Fig. 4-1(c), the transmitted electric

fields on the two MZI arms after the microrings are [82]:

E, —A,+oe

= 4.4
Y2 Ao, rei “4)

E. —-A,+o.e %
=27 (4.5)
2 -A,0,+€
where A1, A2 are the round-trip attenuations of the two microrings, o1, o2 are their straight-
through coupling coefficients, and ¢1, ¢2 are the round-trip phase changes which are expressed

using the following equations [83]:
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in which nesr1, ez are the effective indices of the two microring waveguides, R1, R> are the ring
radii, and A is the wavelength.

The output electric field of the device is:

1

szﬁ

where Am is defined as the electric field propagation loss of the MZI waveguide.

Ay (E +E,) (48)

The analysis methodology in this section is different from that in Section 4.3.1. This is
because the structure in Fig. 4-1(c) is much more complicated than those shown in Figs. 4-1(a)
and 4-1(b). Due to variations in the fabrication process, the device may have more parameters
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different from the designed values. To be specific, in this case, A1, A2, 61, 62, Neff1, Nefr2 aNd even
R1, R2 may all be different from what are designed. Therefore, we first obtain the measured
transmission spectrum of the device, and then based on Egs. 4.6, 4.7 and 4.8, the parameters are
extracted by curve fitting. Afterwards, the DC transmission spectra are simulated using these
parameters. Finally, the measured DC characterization is used for analysis in detail. The device
also works as a single MRM-assisted MZI by applying a DC voltage on MRM 2 to clearly
separate the two resonances. The same analysis methodology is also implemented on this
structure to compare the performances of the device when the resonances are overlapped and
separated.

Figure 4-6(a) shows the experimental setup for measuring the passive transmission spectra of
the device in different conditions. DC 1 and DC 2 are the voltages applied on the heaters of the
MRM and the MRR, respectively. The measured transmission spectra after normalization to the
ILs of the GC pair and routing waveguide are shown in Fig. 4-6(b). The passive curve is obtained
without applying any DC voltage on any heater. Two resonances are observed since there are
fabrication variations. The red curve is the transmission spectrum when applying a 2-V voltage
on the MRM heater. In this case, the resonance of the MRM shifts to a longer wavelength and it
overlaps with that of the MRR. For comparison, a 1.13-V voltage is applied on the heater of the

MRR to make the two resonances clearly separated, as shown by the green curve.
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Fig. 4-6. (a) Experimental setup and (b) measured transmission spectra of the device in different
conditions. [45] (©2017 IEEE)
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Table 7 lists the FOMs of the device in the resonances separated and overlapped conditions.
When the resonances are overlapped, the FWHM is 105 pm wider and the static ER is 15 dB

larger than those when the resonances are separated.

Table 7. FOMs of the device. [45] (©2017 IEEE)

Q-factor FWHM (pm) ER (dB)
Resonances separated 7,220 215 19.5

Resonances overlapped 4,850 320 34.5

The parameters of the device are obtained in two steps. First, based on the designs, the radii
R1 and R; are set to be 20 um, the round-trip attenuation coefficients A1 and A2 are calculated to
be 0.99, corresponding to a 7 dB/cm MRR waveguide loss. Am is set based on a 2.4 dB/cm
propagation loss of the 230-um MZI waveguide, and it is 0.9937. Second, the remaining
parameters of the resonances overlapped and separated conditions are extracted by curve fitting
of the red curve and green curve in Fig. 4-6(b), respectively, and they are listed in Table 8. As
shown in Fig. 4-2(b), the N doped heaters are designed on the coupling region between the
microrings and the MZI arms. As a result, when applying a DC voltage on the heaters, both the
effective indices and the straight-through coupling coefficients will be changed.

Table 8. Extracted parameters of the device in resonances separated and overlapped
conditions by curve fitting.

Neff1 Neff2 o1 G2
Resonances separated  2.520198 2.521469 0.88 0.945
Resonances overlapped 2.520456 2.520769 0.904 0.94

Using the fitted parameters and a modulation efficiency of dnes/dV = 1.5 < 107 /V, the
simulated DC characterization spectra of the device in the two conditions are shown in Fig. 4-7.
In the simulation, various reverse bias voltages from 0 to 8 V are applied on the PN junction of
the MRM, while the MRR works as a passive resonator. When the resonances are overlapped,
the OMA and the ER at the operating wavelength A> under -4 V bias are 81 uW and 13.2 dB,
respectively. For the resonances separated condition, we choose the bias wavelength of A1

because the power transmission is similar to that at A> in the resonances overlapped condition,
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and the OMA and ER at -4 V are 75 uW and 9.4 dB, respectively. The simulated results show

that the OMA and the ER are both improved by overlapping the resonances of the two microrings.
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Fig. 4-7. Simulated DC transmission spectra when the resonances are (a) separated (inset:
zoomed figure) and (b) overlapped. [45] (©2017 IEEE)

Figure 4-8 shows the normalized DC transmission spectra in the resonances separated and
overlapped conditions. They are consistent with the simulated results. At -4 V bias, the OMA
and ER at A1 are 54 pW and 8.1 dB when the resonances are separated. Under the same reverse
bias voltage and at A2, they are increased to 77 pW and 12.9 dB when the resonances are
overlapped. Table 9 summarizes the OMASs and ERs of the device in these two conditions, further

proving that these two FOMs are largely improved by overlapping the resonances.

@ . . . (b)

-5

5/

z
Z

._.
n
T

~
n

Transmission [dB]|
) LooL o o |
=}

N~
n

w

=]

Transmission [dB]

. oo . \
<

&
b
T
&
S

40 23 1ss24 15525 15526 40 | }Lz| | -8V
1552 1552.5 1553 1552 1552.5 1553 1553.5
Wavelength [nm] Wavelength [nm]

Fig. 4-8. Measured DC transmission spectra when the resonances are (a) separated (inset:

zoomed figure) and (b) overlapped. [45] (©2017 IEEE)



62

Table 9. OMAs and ERs of the device. [45] (©2017 IEEE)

2V -4V -6V -8V
Resonances separated 16 54 103 125

OMA (uW)
Resonances overlapped 29 77 128 199

Resonances separated 3.7 81 98 10.6
ER (dB)
Resonances overlapped 8.9 129 15.0 16.8

The main reason for the enhancement in the ERs is the larger static ER of the transmission
spectrum in resonances overlapped condition, which means at 0 V bias, the power transmission
at a wavelength close to the resonance is much smaller than that when the resonances are
separated. For example, the marked power transmission at 0 V shown in Figs. 4-7(a) and 4-7(b)
are approximately -20 dB and -24 dB, respectively. This is the predominant source of the
simulated around 4-dB improvement in the ER. In the measurement, the power transmission
under -4 V bias at A1 in the resonances separated condition is smaller than that at A2 in the
resonances overlapped condition. In the simulation, these two values are almost identical. Since
ER = 10logi0(P-sv/Pov) and ER = P.sv — Pov, the enhancements in the measured ER and OMA
are both larger than the simulated values.

It should be noted there are two reasons may result in instability of the resonances overlap
condition. First, the resonant wavelength of the microrings are sensitive to temperature changes.
To solve this problem, a temperature controlling feedback loop, including a thermal sensor and
a temperature controller, was applied in the experiment setup. Second, the heater may have
degradation when it is biased for a long time or at a high voltage, and it also leads to a result that
the two resonances are not perfectly overlapped. In our experiment, a DC voltage of 2 V was

applied for approximately 6 hours, and in this case the resonances overlap condition was stable.

4.4 Large-signal modulation
4.4.1 OOK modulation

In this section, first we investigate and compare the OOK modulation performances of the single

MRM and the single MRM-assisted MZI. The experimental setup of modulating the single
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MRM is shown in Fig. 4-9(a). The RF signals applied on the MRM were 23!-2 PRBS generated
by an SHF BPG. They were amplified to have a peak-to-peak voltage of 1.8 Vyp, which was
measured in a 50 Q system. Using a bias tee of 65 GHz, a reverse bias voltage of 2.4 V and the
RF signals were applied on the PN junction of the MRM. The optical input was 14 dBm from a
C-band tunable laser. After modulation by the single MRM, the signals were amplified by an
EDFA to 1 dBm. Then an PD with a TIA received the optical signals and converted them into
electrical signals. Finally, a DCA was used to obtain the eye diagrams. The electrical module of
the DCA had a bandwidth of 80 GHz, and no filter was applied in the experiment. For fair
comparison, the parameters for modulating the single MRM-assisted MZI were kept the same to
those for modulating the single MRM. The experimental setup is shown in Fig. 4-9(b). It should
be noted that a DC voltage of 1.13 V was applied on the MRR to shift its resonant wavelength
far away from that of the MRM. In this case, when focusing on the wavelengths around the
resonance of the MRM, the device in Fig. 4-2(b) works as a single MRM-assisted MZI shown in
Fig. 4-1(b), as explained in Section 4.2.

(a) BPG — Electrical
PRBS-31 — Optical
RF amplifier
1.8V
24V BB
| Reverse bias }_’{ Bias tee | DCA
14 dBm 1 1 dBm
| Laser |————{ SingleMRM |——| EDFA |——]  PD+TIA |
b
( ) BPG —— Electrical
PRBS-31 — Optical
RF amplifier
2.4V 1.8V,
| Reverse bias }—'{ Bias tee |

14 dBm l' 1 dBm T
| Laser  |———{ MRM +MRR + MZI |-+ EDFA |——  PD+TIA

DC1=0V
DC2=113V

Fig. 4-9. Experimental setup for OOK modulation using (a) the single MRM and (b) the single
MRM-assisted MZI. [43] (©2017 IEEE)



64

Figure 4-10 shows the received 40 Gb/s eye diagrams modulated. The modulation amplitude
of the single MRM is 118 mV, and it is 221 mV using the single MRM-assisted MZI. As analyzed
by the DC transmission spectra measurement in Section 4.3.1, the modulation efficiency of the
two devices are identical. Therefore, the main reason of the improvement in the OOK modulation
performance is the larger static ER by assisting the single MRM in a MZI.

(a) MRM _ (b) MRM-assisted MZI
+60 mV +105 mV

.."4

, -116 mV

Fig. 4-10. Measured 40 Gb/s OOK eye diagrams modulated by (a) the single MRM and (b) the
single MRM-assisted MZI. [43] (©2017 IEEE)

Then we further investigate the OOK modulation using the resonances overlap operation of
the MRM and the MRR. As shown in Fig. 4-11, the driving RF signals, optical input and received
power in the experimental setup were kept the same to those of the OOK modulation using the
single MRM and the single MRM-assisted MZI shown in Fig. 4-10. However, there are three
differences. First, a DC voltage of 2 V was applied on the heater of the MRM to achieve
resonances overlap with that of the MRR, as shown in Figs. 4-1(c) and 4-6(a). Second, the
modulated optical signals were transmitted over 0 to 2 km of SSMF. Third, a BERT was applied

to measure the BERs for quantitatively evaluate the performance of the operating principle.

| Clock |->| BPG |->| RF Amplifier |—>| RF Attenuators | = Electrical
18V ic:
PP & 24V Optical

Bias Tee

14 dBm ——L— 1dBm
C-band Laser | SiP Chip 0 - 2 km SSMF EDFA
r 3

DC1=2V
DC2=0V

Fig. 4-11. Experimental setup for OOK modulation using the resonances overlap operation of
the MRM with the MRR. [45] (©2017 IEEE)
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The measured BER in the B2B transmission is demonstrated in Fig. 4-12(a), in which both
the HD FEC threshold of 3.8 %107 [120] and the KP4 FEC threshold of 2.2 %10 [121] are
shown for performance evaluation. It achieves error free modulation at 38 Gb/s, and the BER at
56 Gb/s is still below the HD FEC threshold. It means that the device using the resonances
overlap operation can achieve error free (the post-FEC BER below 10° [120]) OOK modulation
at a gross bit rate of 56 Gb/s, or equivalently, at a net bit rate of 50 Gb/s. The measured eye
diagrams at 40 Gb/s and 50 Gb/s are shown in Figs. 4-12(b) and 4-12(c), respectively. They are
both clearly open, and their measured Q-factors are 7.23 and 5.23.
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Fig. 4-12. Measured (a) BERs, eye diagrams at (b) 40 Gb/s and (c) 50 Gb/s of the B2B OOK
modulation using the resonances overlap operation. [45] (©2017 IEEE)

We further investigate the OOK transmission performances over 0 to 2 km of SSMF, and the
measured results are shown in Fig. 4-13. The device using the resonances overlap operation can
transmit 56 Gb/s OOK signals over 2 km of SSMF with a measured BER below the HD FEC
threshold, as shown in Fig. 4-13(a). The 40 Gb/s and 50 Gb/s eye diagrams after 2 km of SSMF

transmission are still clearly open, with measured Q-factors of 6.97 and 4.97, respectively.

4.4.2 PAM-4

The PAM-4 transmission is based on DSP with modifications from that is shown in Fig. 3-15
and described in Section 3.5.2. The experimental setup is illustrated in Fig. 4-14, and the device
shown in Fig. 4-2(b) works as a single MRM-assisted MZI and an MRM with resonances
overlapped with an MRR by applying different DC voltages on the MRR heater and MRM
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Fig. 4-13. Measured OOK (a) BERs, eye diagrams at (b) 40 Gb/s and (c) 50 Gb/s after 2 km of
SSMF transmission using the resonances overlap operation. [45] (©2017 IEEE)
heater, respectively. It should be noted that PAM-4 experiment using the single MRM in Fig. 4-
1(b) was also conducted but it is not successful. This is because the measured static ER of the
MRM is only approximately 1.5 dB, which limits the modulation amplitude and results in a SNR
not enough for PAM-4.

70 GSa/s
| PRIS I-Pl Pulse Shaping_l-bl Resample I-DI Pre-emphasis I-Dl DAC |<—| Clock |
]
i
1 RF Amplifier
: — Offline DSP 3.8 Vpp Resonances overlap
I . - DC1=2V
I = Electrical I DC Bias |—>| Bias Tee | DC2=0V
1 .
1 Optlcal 14 dBm
: C-band Laser SiP Chip
1 DC1=0V
: 0 -2 km SSMF DC2=113V
\ 4 Resonances separate
| Data Synchronization | EDFA (single MRM-assisted MZI)
2.7 dBm

| BER/ Eye Diagrams |
Matched Filter [€==— Resample [¢==— RTO | 160 GSa/s

Fig. 4-14. Experimental setup of PAM-4 transmission using the device as a single MRM-
assisted MZI and an MRM with resonances overlapped with an MRR. [45] (©2017 IEEE)

As shown in Fig. 4-14, the offline DSP generated a four-level PRIS, then used an RRC filter

on it for pulse shaping, resampled it to 70 GSamples/s and applied a pre-emphasis filter on it.
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Similarly, the length of the PRIS depended on the baud rate and the numbers were kept the same
to those listed in Section 3.5.2. Based on the processed digital sequence, the DAC generated the
RF signals. The peak-to-peak voltage was measured to be 3.8 Vpp in a 50 Q system, and the bias
voltage was -7 V. As shown in Fig. 4-6(a), a DC voltage of 2 VV was applied on the MRM heater
to achieve resonances overlap, and a 1.13-V voltage was applied on the MRR heater to make the
device work as a single MRM-assisted MZI. The 14-dBm input laser light was modulated and
afterwards the optical signals were transmitted over SSMF ranging from 0 to 2 km. An EDFA
was applied to amplify the signals to 2.7 dBm. This value was larger than that in the OOK
transmission setup as PAM-4 requires a larger SNR. The optical signals were received and
converted to electrical signals by a PD with a TIA, then were captured by a RTO working at 160
GSamples/s. On the receiver side, the offline DSP resampled the data to 2 samples/symbol,
applied a matched RRC filter and then an equalizer. After comparing the processed data to the
synchronized PRIS on the transmitter side, the BERs were obtained and the eye diagrams were
plotted.

The measured B2B PAM-4 BERs of the device in the resonances separated and overlapped
conditions are shown in Fig. 4-15(a). When the device works as a single MRM-assisted MZI, its
BER is below the HD FEC threshold at 76 Gb/s. While using the resonances overlap operation,

it can achieve 56 Gb/s error free modulation using the transmitted data block, which means the
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Fig. 4-15. Measured B2B PAM-4 (a) BERs when the resonances are separated and overlapped,
eye diagrams at (b) 56 Gb/s and (c) 70 Gb/s after 2 km of SSMF transmission using the
resonances overlap operation. [43, 45] (©2017 IEEE)
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measured BER is lower than 1 <10, This value is approximately 12 Gb/s larger than that of the
single MRM-assisted MZI. 80 Gb/s B2B transmission with the measured BER below the HD
FEC threshold. Figures 4-15(b) and 4-15(c) show the eye diagrams at 56 Gb/s and 70 Gb/s when
the resonances are overlapped, with the four levels clearly distinguished.

Using the resonances overlap operation, the modulated optical signals are further transmitted
over 0 to 2 km of SSMF. The measured BERs are presented in Fig. 4-16(a), showing that the
measured BER at 80 Gb/s even after 2 km of SSMF transmission is still below the HD FEC
threshold. In Figs. 4-16(b) and 4-16(c), the clearly open eye diagrams at 56 Gb/s and 70 Gb/s
after transmission over 2 km of SSMF are demonstrated, respectively.
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Fig. 4-16. Measured PAM-4 (a) BERs, eye diagrams at (b) 56 Gb/s and (c) 70 Gb/s after
transmission over 2 km of SSMF using the resonances overlap operation. [45] (©2017 IEEE)
It should be noted that as the operating wavelength is in the C-band, CD is a problem for a
longer transmission distance. This operating principle can be used in O-band applications, where

the group velocity dispersion is zero at around 1310 nm [123]. In this case, transmission over
longer distances of SSMF are expected.

4.5 Other resonances overlap operation

As shown in Fig. 4-2(b), there are also two heaters in the device design, one on each of the MZI
arms. After fabrication, only one of the heaters is connected to the metal pads. Therefore, in
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addition to applying a DC voltage on the MRM heater to overlap the resonances, applying a DC
voltage on the MZI heater can also achieve resonances overlap. Figure 4-17 shows the measured
DC transmission spectra when applying 3.05 V on the MZI heater and applying reverse bias
voltages on the PN junction of the MRM. At 0 V bias. In this case, the device has only one
resonance, but this is not due to the resonant wavelength shift of the MRM. It is the phase change
on the MZI arm in which the MRM is assisted that results in the overlapped resonances. The
device in this configuration has a 360-pm FWHM, a static ER of 31.7 dB and a Q-factor of 4,300.
The measured OMAs and ERs at different bias voltages at A2, the same bias wavelength to that
shown in Figs. 4-7(b) and 4-8(b), are summarized in Table 10. Compared to the measured values
when the resonances are separated, the OMAs of the device in this configuration are even smaller
though the ERs are slightly enhanced. Therefore, the large signal modulation is not achieved
using this resonance overlap operation. Overall, when the resonances are overlapped by applying
a DC voltage on the MRM heater, which is elaborated in Section 4.3.2, the measured OMAs and

ERs are the largest among all the three configurations.
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Fig. 4-17. Measured DC transmission spectra when applying a 3.05-V DC voltage on the MZI

heater and various reverse bias voltages on the PN junction of the MRM.

Table 10. OMAs and ERs of the device when applying a 3.05-V DC voltage on the MZI
heater to achieve resonances overlap.

2V 4V 8V 8V
OMA (uW) 11 34 56 82
ER (dB) 7.0 11.3 134 14.9
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In the operations introduced in the previous sections, the MRM being modulated has a shorter
resonant wavelength than the one being used as a passive MRR. As shown in Fig. 4-2(b), both
microrings are designed to have PN junctions. Therefore, the microring with a longer resonant
wavelength can also be modulated to work as an MRM, and the other microring can be used as
a passive MRR. Figure 4-18 shows the measured DC transmission spectra when applying reverse
bias voltages on the PN junction of the other microring, who has a longer resonant wavelength.
In Fig. 4-18(a), a 1.13-V DC voltage is applied on the MRM heater so the resonances are
separated. In Fig. 4-18(b), a 2-V DC voltage is applied on the MRR heater and the resonances
are overlapped. In Fig. 4-18(c), a 3.05-V DC voltage is applied on the MZI heater to achieve
resonances overlap. Unlike those in Fig. 4-8(b) and Fig. 4-17, the measured DC transmission
spectra in Figs. 4-18(b) and 4-18(c) have separated resonances when applying higher reverse bias
voltages. Compared to the operation shown in Fig. 4-8(b), the operations shown in Figs. 4-17
and 4-18 do not have better measured OMAs and ERs. Therefore, they are not chosen for large
signal modulation.
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Fig. 4-18. Measured DC transmission spectra by applying bias voltages on the other microring
and DC voltages on (a) The MRM heater, (b) the MRR heater and (c) the MZI heater. [44]
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4.6 Conclusion

In this chapter, the operating principle of overlapping the resonances of an MRM with an MRR
for PAM-4 transmission with better OMAs and ERs is introduced and elaborated. First, both
simulation and measurement prove that by assisting an MRM in one arm of a balanced MZI, the
static ER is largely enhanced by more than 18 dB [43]. Compared to the OOK modulation by the
single MRM, clearer eye diagrams with larger modulating amplitudes are also observed using
the single MRM-assisted MZI [43]. When assisting a passive MRR on the other MZI arm and
applying a DC voltage on the MRM heater to achieve resonances overlap, even better OMASs
and ERs are obtained from the simulated and measured DC transmission spectra. In this
configuration, the device achieves 56 Gb/s OOK transmission and 80 Gb/s PAM-4 transmission
over 2 km of SSMF [45].
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Chapter 5

DAC-less and DSP-free dual-drive
operation

5.1 Overview

As introduced in Chapter 1, PAM-4 short-reach transmission systems are cost-saving candidates
for the next generation intra-data center applications, and they have been demonstrated based on
SiP TWMZMs [6, 7] and MRMs [18, 60]. To further reduce the power consumption, PAM-4
signals generation without the use of DAC or DSP (e.g. pre-emphasis, pulse shaping,
equalization, etc.) in the whole transmission link is favored. It has been achieved using MZI-
assisted ring modulator [31], TWMZMs [32-35], cascaded dual MRMs [36], segmented MRM
[37], push-pull segmented SISCAP modulators [38] and dual parallel GeSi EAMs [39]. Their
performances are summarized in Table 6 in Section 2.3.3.

In this chapter, DAC-less and DSP-free dual-drive operation for PAM-4 signals generation
and short-reach transmission is realized using two SiP modulator structures, a RAMZI modulator
and an MIM. The content in this chapter is based on the author’s work in [46-48]. In the RAMZI
structure, the dual parallel MRMs are both in the over-coupled condition. Moreover, they are
biased at different wavelengths, driven by RF signals with different peak-to-peak voltages and
bias voltages for PAM-4 signals generation with reasonable even spacings. As a result, there are
large phase differences between the modulated ‘0’ and ‘1’ states of each MRM. In this case, the
dual-drive operation using the RAMZI modulator is analyzed based on both the response of each
MRM and the transmission of the whole device. In the dual-drive MIM, the two parallel phase
shifters are designed to be identical and they do not have much phase difference. Therefore, only

the power transmission of the whole device is investigated for PAM-4 signals generation with



73

reasonable even spacings. In addition, MIMs with two different PN junction designs, one has
four asymmetric doping concentrations and the other has six symmetric doping concentrations,
are compared by simulation and measurement.

This chapter is organized as follows. In Section 5.2, the dual-drive operation of a RAMZI
modulator is demonstrated. The device design and fabrication are presented in Section 5.2.1.
Afterwards, the operating principle of PAM-4 signals generation is elaborated using system-level
simulation and numerical analysis in Section 5.2.2. The device characterization, including the
measured modulation efficiencies, the transmission of the whole device and the small-signal S
parameters, is presented in Section 5.2.3. Then the PAM-4 experiment and results are shown in
Section 5.2.4. In Section 5.3, the dual-drive operation of an MIM is demonstrated. The design,
simulation and comparison of two different PN junctions are shown in Section 5.3.1. Following
are the device designs and fabrication methods in Section 5.3.2. The measured DC transmission
spectra for analyzing PAM-4 signals generation are shown in Section 5.3.3, and the small-signal
S parameters of the devices are reported in Section 5.3.4. Then the PAM-4 transmission results

are presented in Section 5.3.5. Finally, this chapter is concluded in Section 5.4.

5.2 Dual-drive operation of a RAMZI modulator

In this section, we present the DAC-less and DSP-free PAM-4 signals generation and short-reach
transmission based on a dual-drive RAMZI modulator. The operating principle is analyzed using
system-level simulation, as well as the numerical analysis of each MRM and the whole device.
PAM-4 optical signals with reasonable even spacings are generated from 15 Gbaud to 25 Gbaud.
40 Gb/s 5 km and 50 Gb/s 2 km PAM-4 short-reach transmissions are demonstrated with the
estimated BERs below the HD FEC threshold.

5.2.1 Device design and fabrication

As shown in Fig. 5-1(a), the RAMZI modulator has the same geometric parameters and identical
PN junction design to those demonstrated in Figs. 3-1 and 3-2, except the radii of the two MRMs
are 40 um. In this design, the straight-through coupling coefficient is simulated to be 0.7443

using Lumerical FDTD Solutions [74], the round-trip attenuation is simulated to be 0.9847 using
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Lumerical MODE Solutions [70] and Lumerical Device [76]. The simulated modulation
efficiencies are 11.3 pm/V at -4.6 V bias and 9.9 pm/V at -7 V bias. The device was fabricated
at IME A*STAR using the same process described in Section 3.2, and the micrograph of the
fabricated device is shown in Fig. 5-2(b). In the dual-drive operation, a DC voltage is applied on
the heater of MRM 1 for aligning the resonances, and two independent binary RF signals are

applied on the two MRMs simultaneously.

@) RF 1 (b)
MRM1 | 40pm_
#4200 nm
t
MRM 2 1
........... 130 nm
- PN
RF 2

Fig. 5-1. (@) Schematic structures of the RAMZI modulator and the PN junction, (b) micrograph
of the fabricated device. [46] (©2017 IEEE)

5.2.2 Operating principle

When applying DC voltages on the PN junctions of the two MRMs simultaneously, i.e. V1 on
MRM 1 and V2 on MRM 2, the transfer function T (V1, V2) of the RAMZI is:

TOLV,) =7 [ ROR™ 4 T )ek o | (5.

in which T1, T2 are the power transmission of the two MRMs, and ¢1, 2 are their phase responses.
These four parameters are all dependent on the applied DC voltages. The factor ¥ is because of
the two 3-dB Y-branches [118] in the device.

To generate PAM-4 optical signals with even spacings, the response of each MRM should be

considered, as shown in Eg. 5.1. Since these two MRMs are both designed to be in the over-
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coupled condition, their phases have 2 change across the resonant wavelengths. In this case,
there are large phase differences between the ‘0’ and ‘1’ states of the modulated binary optical
signals by each MRM. In addition, the phase difference between the two MRMs is also large.
Therefore, the bias wavelengths and the parameters of the driving RF signals on each MRM
should be carefully chosen.

For further explanation on the operating principle, we simulate the power transmission and
phase responses of the two individual MRMs in Lumerical Interconnect [113] using the setup
shown in Fig. 5-2(a). Their effective indices (nefrr = 2.5190, nerrz = 2.5191) and the straight-
through coupling coefficients (o1 = 0.7443, o2 = 0.8943) are intentionally set to be slightly
different to model the deviations in the fabrication process. The round-trip attenuation is set as
the simulated value of 0.9847 for the two MRMs. The applied DC voltages are V11 =-1.85V,
Vi2=-25V on RF pad of MRM 1 and V21 =0V, V22 =-0.65 V on RF pad of MRM 2. These
four voltages correspond to driving RF signals with Vpp1 = 0.65 V, Vhias1 =-2.175V on MRM 1
and Vpp2 = 0.65 V, Vhias2 = -0.325 V on MRM 2. The system-level simulation setup of the RAMZI
is shown in Fig. 5-2(b), in which all the simulation parameters are set to be the same as those in
Fig. 5-2(a).

(b) __ONA

[ oc]
VigorVy, } ._
' ’ —t—MRM 1

3-dB Splitter [ — J_g [— | 3-dB Combiner
| 3-dB Spliter | '~ | 3-4B Combiner

Fig. 5-2. Simulation setups of (a) two individual MRMs and (b) RMAZI modulator. [46] (©2017 IEEE)

The simulated power transmission and phase responses of the two MRMs at different applied
voltages are shown in Fig. 5-3. The bias wavelength A is chosen to generate four power levels
by combining the simulated responses using Eq. 5.1. At A, T1(V11) = 0.8227, T1(V1,2) = 0.8830,
T2(V21) =0.7746, T2(V2,2) = 0.8993, and the phases are ¢p1(V1,1) = - 0.9826m, ¢p1(V1,2) =-0.7952x,
d2(V21) = - 0.4725m, ¢2(V22) = - 0.3410x. Consistent with the analysis, there are large phase
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differences between each state. Based on these simulated values, the calculated four levels of
power transmissions are T (V1,1, V2,1) = 0.3867, T (V12, V21) =0.6330, T (V1,1, V2.2) = 0.2454,
and T (V1,2, V2,2) = 0.5095. The spacings between adjacent levels are 0.1413, 0.1228 and 0.1235,
respectively, which are reasonable for PAM-4 signals generation. It should be noted that the
phase differences between the four output power levels are large, which results in a large

modulation chirp using this operating principle.
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Fig. 5-3. Simulated (a) power transmission and (b) phase responses of the two individual MRMs
when applying different voltages on their RF pads respectively. [46] (©2017 IEEE)

Based on the setup in Fig. 5-2(b), the power transmission of the RAMZI is also simulated and

the results are shown in Fig. 5-4. The four power levels <00’, ‘01°, ‘10’ and ‘11” at the marked

Transmission

0 1 L a_l 1 i
1550.9 1550.95 1551 1551.05 1551.1 1551.15 1551.2
Wavelength [nm]|

Fig. 5-4. Simulated power transmission of the RAMZI when applying voltages on the RF pads
of the two MRMs simultaneously. [46] (©2017 IEEE)
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wavelength A are the same to the calculated values, further proving that the dual-drive operating

principle can achieve PAM-4 signals generation with reasonable even spacings.

5.2.3 Device characterization

Figure 5-5 shows the measured DC transmission spectra by applying reverse bias voltages from
0 to 10 V on the RF pads of the two MRMs respectively. The total on-chip IL is approximately
14.0 dB, and there are two resonant wavelengths apart by 315 pm in the passive transmission
spectrum. The measured modulation efficiencies of the two MRMs under -4 V bias voltage are
7.5 pm/V and 8.75 pm/V, respectively. The differences in the measured resonant wavelengths

and modulation efficiencies are due to the variations in the fabrication process.
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Fig. 5-5. Measured DC transmission spectra by applying reverse bias voltages on the RF pad of
(@ MRM 1 and (b) MRM 2.

In Fig. 5-6, the resonance shifts and modulation efficiencies of the two MRMs are shown.
They are extracted from the measured DC transmission spectra with a 0.25-V step for the applied
bias voltages. For MRM 1, the measured modulation efficiency is 8.2 pm/V at -7 V bias, and it
is 9.6 pm/V at -4.6 V bias for MRM 2. They are both smaller than the simulated values, which
is mainly due to the fabrication deviations.

For PAM-4 signals generation, a DC voltage of 1.95 V is applied on the heater of MRM 1 to
align the two resonances. By applying reverse bias voltages on the RF pads of the two MRMs
simultaneously, the normalized power transmission of the RAMZI at the operating wavelength

A is plotted in Fig. 5-7(a). The marked points are the four levels of power transmission which
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Fig. 5-6. Measured resonance shifts and modulation efficiencies by applying reverse bias
voltages on the RF pad of the two MRMs respectively. [46] (©2017 IEEE)
have reasonable even spacings, and they are located at the voltages required for the PAM-4
generation. Figure 5-7(b) shows the normalized transmission spectra of the RAMZI at these four
combinations of bias voltages. The measured four levels are 0.443, 0.381, 0.325 and 0.273,
corresponding to modulation losses of 3.5 dB, 4.2 dB, 4.9 dB and 5.6 dB. Based on the four
voltages, which are Vi1 =-49V, V12 =-9.1V, Vo1 =-3.0V, V22 =-6.2 V, the driving RF
signals are chosen to have Vpp1 = 4.2 V, Vpiast = -7 V, Vpp2 = 3.2 V, and Vpias2 = -4.6 V.
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Fig. 5-7. Normalized (a) power transmission at A and (b) DC transmission spectra of the RAMZI
with reverse bias voltages applied on the RF pads of the two MRMs simultaneously. [46]
(©2017 IEEE)

The EO S2: magnitudes are measured by biasing the RAMZI at the operating wavelength A
and applying small RF signals with the required bias voltages on the RF pads of the two MRMs
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respectively. As shown in Fig. 5-8, the 3-dB EO bandwidth of MRM 1 at -7 V bias is 13.5 GHz,
and that of MRM 2 at -4.6 V bias is 19.3 GHz. As introduced in Section 2.3.1, a larger wavelength
detuning from the resonance results in a larger EO bandwidth. In the measurement, an optical
peaking effect is also observed when biasing at even larger detuning. These phenomena have
been analyzed thoroughly in [85] and [86], so the measured figures are not shown in this thesis.

S21| [dB]

MRM2-46V
0 10 20 30 40 50
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-20

Fig. 5-8. Measured EQ |Sz| responses of MRM 1 at -7 V bias and MRM 2 at -4.6 V. [46]
(©2017 IEEE)

5.2.4 PAM-4

Based on the experiment setup shown in Fig. 5-9, PAM-4 optical signals generation is achieved
by applying two independent binary RF driving signals on the two MRMs in the RAMZI
simultaneously. The 23!-1 PRBS were generated by two channels of a BPG, and the time delay
was adjusted using the control software of the BPG to correct any path mismatch between these
two independent signals. Then they were amplified to have peak-to-peak voltages of 4.26 Vpp
and 3.19 Vpp, respectively, which were measured in a 50 Q system. They are slightly different
from those chosen based on the measured power transmission of the RAMZI modulator, because
there are RF attenuation in the cables and connectors. The bias voltages of Vbias1 = -7 V and
Vbias2 = -4.6 V, which were also chosen based on the measurement and analysis in Section 5.2.3,
were applied together with the RF signals on the two MRMs using 65-GHz bias tees. Also, a DC
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voltage of 1.95 V was applied on the heater of MRM 1 to align the two resonances for PAM-4
signals generation at the operating wavelength A of 1551.16 nm. The 14-dBm laser input was
coupled in the RAMZI and modulated, then the PAM-4 signals were launched into 0 — 5 km of
SSMF. After being amplified by an EDFA, the average received power was kept at 2.15 dBm. A
35-GHz PD with a T1A received the signals, and a DCA was used to obtain the eye diagrams and
estimate the BERS. In this experiment, there was no filter applied in the electrical module of the
DCA.

-D{ RF Amplifier ]—DI RFAttenuaturs| — Electrical

426V, Optical
A 4

- -7V
Bias Tee DC Supply

195V
DC Supply
14 dBm

BPG Laser SiP Chip 0- 5 km SSMF EDFA
2.15dBm
PD+TIA
- 4.6V
Bias Tee DC Supply
»
319V, DCA

-b{ RF Amplifier ]—PI RF Attenuators |

Fig. 5-9. Experimental setup for PAM-4 generation using the RAMZI modulator.

We first investigate the modulated OOK eye diagrams by turning on one of the driving RF
signals on each of the MRMs at a time. As analyzed in Section 5.2.2, at the same bias wavelength,
the two MRMs have different power transmission and phase responses since their resonant
wavelengths and driving signals are both set to be different in the experiment. Therefore, as
shown in Figs. 5-10(a) and 5-10(b), the modulation amplitudes of the 15 Gbaud eye disarms in
the B2B configuration are 168 mV and 268 mV by the two MRMs, respectively. By turning on
the driving RF signals on both the MRMs, the measured 15 Gbaud PAM-4 eye diagram in B2B
configuration is shown in Fig. 5-10(c). The listed voltages prove that by combining the
modulated signals by the two MRMs, the four levels have reasonable even spacings using the
dual-drive operating principle on the RAMZI modulator. In Figs. 5-10(d), 5-10(e) and 5-10(f),
the measured eye diagrams at 15 Gbaud after 5 km, at 20 Gbaud after 5 km and at 25 Gbaud after
5 km of SSMF transmission are demonstrated. The listed voltages also show that the four levels

of the received signals are almost evenly spaced.
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Fig. 5-10. Measured eye diagrams of (a), (b) 15 Gbaud modulated by MRM 1 and MRM 2 in
B2B configuration, (c) 15 Baud PAM-4 in B2B configuration, (d) 15 Gbaud PAM-4 over 5 km,
(e) 20 Gbaud over 5 km and (f) 25 Gbaud over 2 km of SSMF transmission. [46] (©2017 IEEE)

The BERs of the PAM-4 transmission are estimated using the vertical histograms of the
captured eye diagrams by the DCA, based on the assumption that the noise has a Gaussian
distribution [124]. The estimation method has been theoretically analyzed in [125] and
experimentally applied in [32, 33, 125]. For example, the measured histograms of the 25 Gbaud
eye diagrams after 2 km of SSMF transmission are shown in Fig. 5-11, with the mean values and
standard deviations o of each level listed. The calculated BER is 3.297 <10, which is below
the HD FEC threshold.

(a) V, =162 mV, 0, = 13.9 mV (b)V, =69 mV, 6, = 20.4 mV

(¢) V;=-52 mV, 6, =26.5 mV

Fig. 5-11. Measured histograms of the 25 Gbaud eye diagrams after 2 km transmission.
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Using the method in [32, 33, 125], the estimated BERs are shown in Fig. 5-12. Successful
PAM-4 transmissions at 40 Gh/s over 5 km of SSMF and at 50 Gh/s over 2 km of SSMF are
achieved, with BERs both below the HD FEC threshold.
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Fig. 5-12. Estimated BERs of PAM-4 transmission. [46] (©2017 IEEE)

It should be noted that the PAM-4 performance of the RAMZI modulator can be further
improved by designing the MRMs with larger EO bandwidths and better modulation efficiencies
at the working wavelength and bias voltages. In addition, by applying RF components with
higher bandwidths and reducing the noise in the system, the dual-drive operating principle of the
RAMZI modulator will achieve PAM-4 transmission at a higher bit rate. Implementing DSP also
helps the performance enhancement, but it will increase the power consumption and complexity

in the transmission link.

5.3 Dual-drive operation of an MIM

In this section, a dual-drive MIM is presented for the DAC-less and DSP-free PAM-4 signals
generation and short-reach transmission. Two PN junction designs, one with four asymmetric
doping concentrations and the other with six symmetric doping concentrations, are simulated
and compared. The devices are designed and fabricated with these two PN junction designs.

Then their DC characterizations are analyzed to elaborate on the operating principle for PAM-4
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signals generation with reasonable even spacings. The measured EE and EO responses are also
demonstrated to further characterize the devices. After 2 km of SSMF transmission, 56 Gb/s
PAM-4 is successfully achieved with the measured BER below the HD FEC threshold, and the
BER of 50 Gb/s PAM-4 is below the KP4 FEC threshold.

5.3.1 PN junction design and simulation

The asymmetric PN junction design with 4 doping concentrations, which is the same to that
reported in [19], is shown in Fig. 5-13(a). The 500-nm > 220-nm rib waveguide is laterally PN
doped with a misalignment of 100 nm. The light PN doping concentrations are for reducing the
optical scattering loss in the rib waveguide. The widths of the P doped layer and N doped layer
in the 90-nm slab waveguide are both 1 um. There are also P++ and N++ doped regions with a
width of 6.35 pm, which are designed for ohmic contact with the metal pads. They are both 1 um
away from the edge of the rib waveguide. The simulated peak doping concentrations in [19] are
7.8 <10 cm3 for P, 2.1 <10 cm™ for N, 3.9 <10*° cm™ for P++ and 9.7 x<10%° cm™ for N++.
As analyzed in Section 2.2.1, the change in the concentration of holes contribute more to the
plasma dispersion effect [50]. Therefore, the PN junction is designed with a 100-nm offset to
increase the overlap of the P doping area with the optical mode confide in the rib waveguide.
This asymmetric design is expected to improve the modulation efficiency.

However, as reported in [66], the doping concentrations used in the IME MPW fabrication
runs are 5 <10 cm™ for P, 3 x10%" cm™ for N, 2 %10 cm™ for P+, 3 x10% cm™ for N+, and
1 x10% cm for both P++ and N++. Because the P area has a larger doping concentration than
the N area, PN junction design with an offset is not necessary. As the optical mode is confined
in the middle of the rib waveguide, we redesign the PN junction to be symmetric, as shown in
Fig. 5-13(b). In this case, the carrier depletion region, which is also in the middle of the rib
waveguide, has more overlapping with the optical mode. Therefore, when applying reverse bias
voltages to deplete the carriers, the effective index of the optical mode in the symmetric PN
junction design will change more than that in the asymmetric design. In our design, the lightly
doped P and N regions both have 250-nm widths in the rib waveguide and 120-nm widths in the

slab-waveguide. The 810-mn P+ and N+ regions are designed for decreasing the junction
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resistance, which leads to an enhancement in the EO bandwidth of the device. To keep the total
width of the PN junction the same to that in Fig. 5-12(a), which is 15.2 um, the widths of the

P++ and N++ layers are 6.42 pum.

(@)
SiO, Cladding 500 nm ~2 pm
lpm | [130nm _635pm
350 nm 20 nm
P++ P N N N++
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(b)
Si0, Cladding 500 nm ~2pm
810 nm I 130 nm 6.42 pm
oI ’ 90 nm
P++ P+ N+ N++
BOX 370 nm

Fig. 5-13. Schematics of the PN junction designs with (a) 4 asymmetric doping concentrations

and (b) 6 symmetric doping concentrations. [47]

Based on the doping concentrations in [66], these two PN junction designs are simulated in
Lumerical Device [76] and Lumerical MODE Solutions [70] using the methods described in
Section 2.2.3. One major difference between these two PN junction designs is the asymmetric
lightly PN doped region in the rib waveguide in Fig. 5-13(a) is changed to symmetric design in
Fig. 5-13(b). The other difference is the number of the doping concentration levels, which are 4
in Fig. 5-13(a) and 6 in Fig. 5-13(b). To investigate the specific reasons of the differences in their
performances, the PN junction shown in Fig. 5-14, which has a symmetric design with 4 doping
concentrations, is also simulated using the same method.

Figure 5-15 demonstrates the simulated effective index changes and the propagation losses
when applying reverse bias voltages on the three PN junction designs. As shown in Fig. 5-15(a),
by designing the PN junction with symmetric light doping concentrations in the rib waveguide,
the effective index changes become larger, which results in a better modulation efficiency. As
analyzed, this is because the carrier depletion region of the symmetric PN doping has a larger
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Fig. 5-14. Schematics of the PN junction with 4 symmetric doping concentrations. [47]

overlapping with the optical mode. In addition, implanting two more levels of P+ and N+ in the
slab waveguide does not help in the improvement of the modulation efficiency, as shown by the
blue and green curves in Fig. 5-15(a).

The propagation losses are reduced by designing the PN junction to be symmetric, as shown
by the red and blue curves in Fig. 5-15(b). Since the P doping concentration is larger than the N
doping concentration, decreasing the P region from 350 nm to 250 nm results in less optical
scattering loss. By adding P+ and N+ regions in the slab waveguide, the propagation losses are
larger since there are more carriers in the waveguide. It should be noted that when the applied
reverse bias voltage is smaller than 4 V, the PN junction with symmetric 6 doping concentrations
has larger losses than that with asymmetric 4 doping concentrations as it has more optical
scattering loss. However, beyond 4 V reverse bias voltage, the losses are smaller since the carrier
depletion is more effective in the PN junction with 6 doping concentrations than in that with 4

doping concentrations.
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Fig. 5-15. Simulated (a) effective index changes and (b) losses of the PN junctions. [47]
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The resistances of the three PN junctions at various reverse bias voltages are also simulated
using the method described in Section 2.2.3, and they are summarized in Table 11. Whether the
PN junction is designed to be asymmetric or symmetric does not influence much on the simulated
junction resistances. However, it is obvious that by adding P+ and N+ doping regions, the
junction resistances are decreased by more than 50% compared to those of the PN junctions with
4 doping concentrations. This is beneficial to increase the 3-dB cutoff frequency of the phase

shifter, which as a result helps enhance the EO bandwidth of the device.

Table 11. Simulated resistances (2-cm) of the three PN junctions. [47]

-2V -4V -6V -8V -10V
Asymmetric 4 doping concentrations  1.3542  1.3535 1.3525 1.3510 1.3492
Symmetric 4 doping concentrations  1.3373  1.3364 1.3351 1.3335 1.3316
Symmetric 6 doping concentrations  0.6258  0.6236  0.6211 0.6184  0.6158

It should be noted that introducing the P+/N+ doping regions in the slab waveguide results in
larger propagation losses and smaller PN junction resistances. As shown in Fig. 2-16(a), the
propagation loss increases significantly starting from a P+/N+ region width of approximately
800 nm. However, as shown in Fig. 5-16(b), the PN junction resistance decreases almost linearly
with the P+/N+ region width. A P+/N+ doping region width of 810 nm was used in the MIM
design so that the propagation losses are no more than 2 dB/cm larger than those without applying

P+/N+ doping, meanwhile the PN junction resistance decreases more than 50%.
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Fig. 5-16. Simulated (a) propagation losses at 0 V and -4 V bias voltages, (b) PN junction
resistances at -4 V bias voltage with different widths of the P+/N+ doping regions. [47]
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In conclusion, based on the doping concentrations in [66], we redesign the PN junction in [19]
to be symmetric in the rib waveguide, and add P+/N+ regions in the slab waveguide. The
simulated modulation efficiency is improved and the simulated junction resistance is largely

decreased. They are both good for the device to have better modulation performances.

5.3.2 Device design and fabrication

As shown in Fig. 5-17, light is coupled into the device by a vertical GC and then goes through a
2 %2 3-dB adiabatic coupler [126]. The two arms have an imbalance of approximately 200 pm,
and the PN junctions are designed to be identical in the two 500-um phase shifters. For dual-
drive operation, metallization is applied on both phase shifters for applying independent binary
RF signals. Since there are loop mirrors at the end of the device, light travels back and goes
through the two arms twice. In this case, the modulation efficiency of the device is doubled. After

travelling through the adiabatic coupler again, light is coupled out of the device by a vertical GC.

Imbalance

Ground RT Signal 1 Ground  Loop mirror

2 x 2 3-dB adiabatic coupler

Ground RF Signal 2 Ground

Fig. 5-17. Schematic layout of the dual-drive MIM. [47, 48]
Based on the same structure and geometry parameters, two MIMs are designed with the PN

junctions shown in Figs. 5-13(a) and 5-13(b), respectively. The device with asymmetric 4 doping
concentrations is named as MIM-1, and that with symmetric 6 doping concentrations is named
as MIM-2. They were fabricated in the same MPW run at IME A*STAR. Figure 5-18 presents
the micrographs of the fabricated devices. For each MIM, independent RF signals are applied on
the two GSG pads, and all the ground pads are connected. The footprint of each device, including
the bond pads, is 830 pm x 430 pm.

5.3.3 DC measurement

Figure 5-19 shows the measured DC transmission spectra of MIM-1 by applying reverse bias



88

MIM-1

Imbalance

'

:
I f

2 x 2 3-dB

adiabatic coupler

MIM-2

Imbalance

2 x23-dB
adiabatic coupler

X
RF 1

- 5 }

Loop
mirror

PN doped phase shifter

- =

Loop

mirror

PN doped phase shifter

B e

Fig. 5-18. Micrographs of the fabricated two MIMs. [47]

voltages on the two arms respectively. At 0 V bias, the total on-chip IL is 13.73 dB. Excluding
the 9.85-dB IL of the GC pair and the 1.30-dB IL of the routing waveguide, the IL of MIM-1 is
2.58 dB. The measured FSR is 1.43 nm, corresponding to an imbalance of 400 pum. This is in

good agreement with the design as the imbalance is 200 um and light goes through the phase
shifters twice.
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Fig. 5-19. Measured DC transmission spectra of MIM-1 by applying various reverse bias

voltages on (a) arm-1 and (b) arm-2. [47]
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The measured DC transmission spectra of MIM-2 are shown in Fig. 5-20. At 0 V bias, the
total on-chip IL is 13.78 dB, and the device has an IL of 2.83 dB. It is larger than that of MIM-1
because the there is more optical scattering loss in the PN junctions of MIM-2. The resonant
wavelengths of MIM-2 are also different from those of MIM-1. This is because the effective
indices are different due to the different carrier distributions in the PN junctions. The measured
FSR is 1.44 nm, which also corresponds to an effective imbalance of 400 um, with a group index
slightly smaller than that in MIM-1.
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Fig. 5-20. Measured DC transmission spectra of MIM-2 by applying various reverse bias
voltages on (a) arm-1 and (b) arm-2. [47]

Compared to those in Fig. 5-19, the resonance shifts in Fig. 5-20 are much larger, which is
due to the larger effective index change by designing the PN junction in the rib waveguide to be
symmetric, as shown in Fig. 5-15(a). The phase shifts and VL. are calculated using Egs. 2.13
and 2.14, and are shown in Fig. 5-21. Under -2 V bias, the VL of arm-1 and arm-2 on MIM-1
are 1.6 V-cm and1.4 V-cm, respectively. However, MIM-2 have VL, of 0.9 V-cm and 0.8 V-
cm for the two arms at -2 V bias. Even though the two arms on each MIM are designed to be
identical, the differences in the measurement are mainly due to the variations in the fabrication
process. Due to the diminishing phase shift, the VL. becomes larger when at higher reverse bias
voltages.

Like the operating principle analyzed in Section 5.2.2, PAM-4 signals are generated by
applying independent binary RF signals on both arms of the MIM simultaneously and combining

the optical signals modulated by each phase shifter. To achieve reasonable even spacings
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Fig. 5-21. Calculated (a) phase shifts and (b) VL, of each phase shifter on both MIMs. [47]

between adjacent levels of PAM-4 signals, DC transmission spectra of the device with reverse

bias voltages applied on the RF pads of the two shifters are investigated. Figure 5-22 shows the

measured output power with a 15.5-dBm input power from an external cavity laser (ECL). For

fair comparison, the voltages applied on the two MIMs are the same, and the bias wavelengths

are chosen for them to have similar output powers at their ‘11’ levels. As shown in Fig. 5-21(a),
the four output powers of MIM-1 are 0.328 mW, 0.303 mW, 0.280 mW and 0.257 mW. For
MIM-2, the bias wavelength is chosen to be 1550.9 nm so that the four output power levels are
0.321 mW, 0.258 mW, 0.203 mW and 0.146 mW. Both MIMs can generate PAM-4 signals with
reasonable spacings. But as the phase shifters of MIM-2 have larger modulation efficiencies, the
average spacing is 0.058 mV for MIM-2, which is much larger than the 0.024 mW for MIM-1.
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Fig. 5-22. Measured DC output spectra when applying reverse bias voltages on both phase

shifters of (a) MIM-1 and (b) MIM-2. [47]
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The four voltages listed in Fig. 5-22 are V1,1 =-3.53 V, V12 =-2.12V, V.1 =-2.93 V, and
V>, = -7.85 V. Therefore, the bias voltages and peak-to-peak voltages of the driving RF signals
are chosen to be Vpiast = -2.83 V, Vpp1 = 1.41 V, Vpias2 =-5.39 V and Vpp2 = 4.92 V.

As shown in Figs. 5-19, 5-20 and 5-22, there are ripples in the measured transmission spectra
of the two MIMs. This is because of a small portion of light may reflect back into the device
from the output grating coupler. Together with the 2 % 2 3-dB adiabatic coupler in the MIM
structure, a Fabry-Perot resonator is formed. Therefore, to avoid these ripples and to obtain four
evenly spaced output powers, the two MIMs are biased at the wavelengths where their dynamic
ILs are high, which are approximately 6.7 dB. Using RF signals with higher peak-to-peak

voltages can decrease this loss, but a larger power consumption is needed as a trade-off.

5.3.4 Small-signal characterization

Under 0 V bias voltage at the modulation wavelengths shown in Fig. 5-22, i.e. 1550.57 nm for

MIM-1 and 1550.9 nm for MIM-2, the EE S11 and EO S»: responses of each phase shifter on the

two MIMs were measured Using an Agilent lightwave component analyzer after calibrating the

cables and probes. Figure 5-23 shows the measured results normalized at 1.5 GHz. The 3-dB EE

and EO bandwidths of the two MIMs are listed in Table 12.
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Fig. 5-23. Measured (a) EE S1; magnitudes and (b) EO S»1 magnitudes under 0 V bias. [47]

As PN junction is the only difference in the two designs, the larger EE and EO bandwidths of
the phase shifters on MIM-2 are due to the smaller junction resistances. However, the 3-dB EE
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bandwidths of MIM-2 are not twice of those of MIM-1 even though the PN junction resistances
are reduced by more than 50%. This is because the PN junction capacitance and resistance are
not the only elements in the small signal model of an MIM [19]. There are also other elements
such as the capacitance of the contact pads [19]. Moreover, the measured responses of the phase
shifters on each MIM are not identical. For example, as shown in Fig. 5-23(a), more attenuation
and fluctuation are observed in the EE responses of arm-2 on MIM-2 at the frequencies above
20 GHz. This leads to the fact that its EO responses has larger attenuation at high frequencies, as
shown in Fig. 5-23(b).

To further evaluate the performance of the devices at the operating bias points, their EO
responses at -2.83 V bias for arm-1 and -5.39 V bias for arm-2 are investigated. The EO
bandwidths are all larger than those at 0 V due to the reduction of junction capacitances at higher

reverse bias voltages, as shown in Fig. 6-24 and listed in Table 12.
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Fig. 5-24. Measured EO S,; magnitudes under -2.83 V for arm-1 and -5.39 V for arm-2. [47]

Table 12. Measured 3-dB EE and EO bandwidths. [47]

Device Phase shifter EE bandwidth (GHz) EO bandwidth (GHz)

. \Y
o o 9 : (it(atzoss)V)
MIM-1 : .
6.9 (at0V)
arm-2 7.2
13.1 (at -5.39 V)
MIM-2 12.0 (at-2.83 V)
. \Y
arm-2 9.8 9.3 (at0V)

14.4 (at -5.39 V)
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5.3.5 PAM-4

Figure 5-25 illustrates the experimental-setup for the DAC-less and DSP-free PAM-4 signals
generation and transmission using the dual-drive MIMs. Two 23!-1 PRBS were generated by two
independent channels of a BPG. As the required peak-to-peak voltages are Vpp1 = 1.41 V and
Vpp2 = 4.92 V, 25-GHz RF amplifiers were applied to amplify the RF signals. Using 65-GHz bias
tees, the required bias voltages Vbias1 = -2.83 V and Vypias2 = -5.39 V were combined with the RF
signals, and then they were applied on the phase shifters by two 40-GHz GSG probes. An ECL
at 15.5 dBm was used as light input. The input wavelengths are 1550.57 nm for MIM-1 and
1550.9 nm for MIM-2. After being coupled out from the device, the modulated PAM-4 optical
signals were transmitted in B2B configuration or over 2 km of SSMF. Then they were amplified
by an EDFA to have an average power of 3 dBm. A DCA was used to obtain the eye diagrams
and estimate the BERs based on the same method described in Section 5.2.4. The filter for

approximately 43 Gb/s was turned on in the optical module of the DCA.

PRBS-31 141V, 283V

[BPG Ch. 1 ]—'[ RF amp. 1 ]——[ Bias tee

GSG probe
15.5 dBm
ECL C A

~3 dBm oy
DCA EDFA i 2 km SSMF GSG probe
PRBS-31 4.92 Vpp 539V

(BPG Ch. 2 |——{ RF amp.2 }——{ Biastee

Fig. 5-25. Experimental setup of DAC-less DSP-free PAM-4 using the dual-drive MIM. [47]

First, the performance of MIM-1 is investigated. Same to those presented in Section 5.2.4, the
BERs are estimated using vertical histograms of the captured eye diagrams based on the
assumption that the noise has a Gaussian distribution [124, 125]. As shown in Fig. 5-26, the
estimated BERs from 40 Gb/s to 60 Gb/s are all larger than the KP4 FEC threshold, even in the
B2B transmission. At 50 Gb/s in B2B configuration, and at 40 Gb/s after transmission over 2 km
of SSMF, the estimated BERs are below the HD FEC threshold.
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Fig. 5-26. PAM-4 BERs and eye diagrams of MIM-1. [47]

As shown in Fig. 5-27(a), MIM-2 has clearly open eye diagrams at 40 Gb/s in B2B
configuration and at 50 Gb/s after transmission over 2 km of SSMF. These two eye diagrams are
much better those shown in Fig. 5-26. After 2 km of SSMF transmission, the estimated BER at 50
Gbl/s is below the KP4 FEC threshold, and that at 56 Gb/s is below the HD FEC threshold. The
measured histograms of every level on the 56 Gb/s eye diagram after 2 km of SSMF transmission
are shown in Fig. 5-28. Figures 5-27(b) and 5-27(c) are obtained by turning on only of the RF
signals on the phase shifter at a time, and they are at 28 Gbaud after 2 km of SSMF transmission.
Their OMAs are different, which are 0.68 mW by arm-1 and 1.20 mW by arm-2.
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Fig. 5-27. (a) PAM-4 BERs and eye diagrams of MIM-2, 28-Gbaud eye diagrams by turning on
the RF signals on (a) arm-1 and (b) arm-2 after 2 km of SSMF transmission. [47, 48]
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When combining the binary optical signals modulated by each phase shifter, the device generates
PAM-4 signals with reasonable even spacings. The four power levels of the measured 56 Gb/s
PAM-4 eye diagram after 2 km of SSMF transmission further prove the feasibility of this
operating principle.

=
o
Qs

Fig. 5-28. Measured histograms of the 56 Gb/s eye diagrams after 2 km transmission.

As MIM-2 is designed using the PN junctions with 6 symmetric doping concentrations, it has
better modulation efficiency and slightly larger EO bandwidths. Therefore, the PAM-4

transmission performance of MIM-2 is better than that of MIM-1.

5.4 Conclusion

In this chapter, we present a dual-drive operation of a RAMZI modulator and an MIM for DAC-
less and DSP-free PAM-4 signals generation and short-reach transmission. The operating
principle is elaborated by system-level simulation and the measurement DC transmission spectra.
The bias wavelength and the parameters of the driving RF signals are carefully chosen to achieve
PAM-4 with reasonable even spacings.

The RAMZI modulator achieves PAM-4 transmission at 40 Gb/s over 5 km of SSMF and at
50 Gb/s over 2 km of SSMF, with the estimated BERs below the HD FEC threshold [46]. As the
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two MRMs are designed to be identical but biased differently, the PAM-4 performance of the
RAMZI modulator can be improved by applying better MRM designs in the working conditions.

For the dual-drive MIM, two devices with different PN junction designs are compared. We
show by simulation that the PN junction with symmetric 6 doping concentrations has better
modulation efficiency and smaller junction resistance than that with asymmetric 4 doping
concentrations [47]. These advantages are also confirmed by the measured DC transmission
spectra and small-signal modulation performances of two MIMs. The dual-drive MIM with
symmetric 6 doping concentrations achieves 56 Gb/s PAM-4 transmission over 2 km of SSMF
with estimated BER below the HD FEC threshold [47, 48].
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Chapter 6
Conclusion

6.1 Summary

As the intra-data center traffic is increasing tremendously in recent years, high-speed low-cost
modulators are in urgent need to fulfill this demand, and thus they have attracted immense
research interest. For the fabrication platform of the integrated modulators, silicon photonics
offers a promising solution as it is CMOS-compatible and it has a low substrate cost for large
volume integration. Various SiP devices, such as modulators [6, 7], photodetectors [8, 9] and
passive components [10-12], have been reported, which further prove the suitability of silicon
photonics for the data center interconnects. Regarding the modulation formats, higher order
intensity modulation is favored. Because there is no local oscillator or complicated DSP
implemented in the IM/DD systems, they are cost-saving and thus more suitable than coherent
transmission systems for intra-data center applications. Though OOK has been selected for the
40G and 100G Ethernet applications, but it cannot fulfill the bandwidth requirement for the 400G
Ethernet. PAM-4 is a good choice among all the intensity modulation formats when considering
both the spectral efficiency and the required SNR, and it has been accepted for the next
generation 400G Ethernet. Currently, PAM-4 short-reach transmission based on SiP modulators,
such as TWMZMs [6, 7, 32, 33] and MRMs [18, 90, 91], have been reported.

In this thesis, three operating principles of PAM-4 optical signals generation using two kinds
of SiP modulators are introduced and investigated. It should be noted that all the modulators are
polarization dependent and only TE polarized light in modulated. First, using the push-pull
operation of dual parallel MRMs, low-chirp modulation is realized. Without using any CD
compensation method, PAM-4 transmissions over 1 km of SSMF at 92 Gb/s, over 2 km of SSMF
at 80 Gb/s and over 20 km of SSMF at 40 Gb/s are achieved. Second, by assisting a single MRM
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in a balanced MZI, the static ER is much larger than that of the single MRM. Moreover, by
assisting the other MZI arm with a passive MRR and overlapping the resonances of the MRM
with the MRR, the ERs and OMAs are further enhanced. Based on this operating principle, 80
Gb/s PAM-4 over 2 km of SSMF transmission is successfully demonstrated. Third, the dual-
drive operation is proposed for DAC-less and DSP-free PAM-4 signals generation, which
reduces the power consumption in the transmission link. Using the RAMZI modulator, PAM-4
transmissions at 40 Gb/s over 5 km of SSMF and at 50 Gb/s over 2 km of SSMF are achieved.
Using the MIM, 56 Gb/s PAM-4 transmission over 2 km of SSMF is presented. All the measured
or estimated BERS based on these three operating principles are below the HD FEC threshold of
3.8 <103, To conclude, the PAM-4 transmission performances by applying the three operating
principles on the two SiP modulators are summarized in Table 13. Compared to the performance
of SiP MRMs, TWMZMs and those based on a combination of these two structures, as listed in
Table 2, 3 and 5 respectively, the modulators demonstrated in this thesis are successful in high
speed PAM-4 transmission with compact footprint and novel operating principles.

Table 13. PAM-4 transmission performances by applying the three operating principles on
the two SiP modulators.

Operating principle Advantage SiP modulator Bit rate [Gb/s] Transmission [km]
92 1
Push-pull Low chirp Dual parallel MRMs 80 2
40 20
Resonances overlap Large OMA and ER MRM + MRR + MZI 80 2
40 5
Dual-drive DAC-less, DSP-free and RAMZI modulator - )
low power consumption
MIM 56 2

In Chapter 1, the current challenge on the intra-data center traffic and one of the most
promising solutions, PAM-4 short reach transmission based on SiP modulators, were introduced.
In addition, an overview of various SiP modulator structures was presented to elaborate on the
motivations of this thesis. Afterwards, the thesis organization and the author’s original

contribution were summarized.
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In Chapter 2, the fundamentals of SiP modulators were reviewed. First, the plasma dispersion
effect, which is the basic of modulation in the PN doped silicon waveguides, was presented.
Afterwards, the designs of silicon waveguide, lateral PN junctions and heaters were studied and
analyzed using simulation. Then two widely used SiP modulators, MRMs and TWMZMs, were
reviewed, with a focus on their device structures, modulation principles, design methods and
FOMs. Other modulator structures were also briefly discussed.

In Chapter 3, the push-pull operation of dual parallel MRMs was demonstrated. After the
device design and fabrication method being presented, the operating principle to achieve low-
chirp PAM-4 signals generation was elaborated using both system-level modulation and chirp
measurement. Afterwards, the device characterization was reported, including the measured DC
transmission spectra to show its modulation efficiency, optical bandwidth and other FOMs, as
well as the small-signal modulation to analyze its EE and EO bandwidths. Then the OOK
modulation using the push-pull operation of the dual parallel MRMs was compared with that of
the single MRM, further proving the low-chirp advantage of this operating principle. Finally,
PAM-4 transmission, achieving the highest bit rate compared to the previously published SiP
MRM-based PAM-4 results [18, 90, 91], was presented.

In Chapter 4, the resonances overlap operation of an MRM with an MRR was studied. First,
two device designs were presented for operation in three different configurations. Afterwards,
the operating principle was analyzed in two steps. First, the OMA and ER are improved by
assisting a single MRM in a balanced MZI. Second, these two FOMs are further enhanced by
overlapping the resonances of the MRM with a passive MRR on the other MZI arm. Numerical
analysis, simulation results and measured DC transmission spectra were all demonstrated to
elaborate on the operating principle. In addition, OOK modulation and PAM-4 transmission were
reported and compared to further prove the advantages of the resonances overlap operation. In
addition, other resonances overlap conditions were presented to complete the analysis.

In Chapter 5, the dual-drive operation of a RAMZI modulator and an MIM was demonstrated
for DAC-less and DSP-free PAM-4 signals generation. For the RAMZI modulator, the device
design and fabrication were shown at first. Then the operating principle was explained by system-

level simulations of both the individual MRMs and the whole device. The measured DC
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transmission spectra were presented to show the measured modulation efficiencies and to decide
the parameters of the driving RF signals for PAM-4 signals generation with reasonable even
spacings. The small-signal modulation of the device at the working conditions were also reported.
Afterwards, PAM-4 transmission results were demonstrated and the BER estimation methods
were also elaborated. For the MIM, two PN junction designs, one with asymmetric 4 doping
concentrations and the other with symmetric 6 doping concentrations, were proposed and
compared by simulation. The structure and fabrication of the MIMs designed with these two
different PN junctions were then presented. Their DC characterization, small-signal modulation
and PAM-4 transmission results were reported and compared one by one, showing the device
with symmetric 6 doping concentrations achieved better modulation efficiencies, larger EO
bandwidths and PAM-4 at higher bit rates.

6.2 Future work

As reviewed in Chapter 2, in addition to MRMs, there are various SiP modulators that can
achieve high-speed modulation. Because MRM is very sensitive to temperature change,
modulating MRMs using these operating principles needs a temperature control feedback loop.
This largely increases the power consumption [93]. One future work is that we can replace the
MRMs in the balanced MZI to other modulator structures, such as GeSi EAM, BGM and
TWMZM. For the new structures, the push-pull operation can be applied to achieve low-chirp
modulation, and this has been reported using TWMZMs [33]. The resonances overlap operation
can also be used to obtain better modulation FOMs in the new structures with TWMZM or BGM.
It should be noted that GeSi EAM is not a resonator-based modulator, therefore this operating
principle cannot be applied on it. The dual-drive operation for DAC-less and DSP-free PAM-4
generation has been achieved based on dual parallel TWMZMs [33] and dual parallel GeSi
EAMs [39]. By replacing the MRMs with BGMs, this operating principle is still feasible to
achieve PAM-4 signals generation without the use of DAC or DSP.

PAM-4 transmission of 8\ x50G over 2 km of SSMF (400GBASE-FR8) and 4A x 100G over
500 m of SSMF (400GBASE-DR4) have both been accepted for the next-generation 400G

Ethernet. Therefore, achieving single wavelength 100 Gb/s PAM-4 is also an important future
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work. By polishing the designs of the PN junctions and geometry parameters of the device, the
modulation bit rate of the MRMs or the phase shifters of the MIM will be increased. Then by
applying the three operating principles, the modulation performance can be further improved to
achieve a higher bit rate for PAM-4 transmission.

By using both the TE and transverse magnetic (TM) polarizations, the modulation bit rate can
be further doubled. In this case, polarization independent GCs [127, 128] should be applied and
two groups of modulators should be designed for both in-phase and quadrature modulation [129].
Single wavelength multi-mode modulation implementing several independent modulators [130]
is also practical in increasing the transmission bit rate manyfold.

To realize even higher bit rate, e.g. 400 Gb/s per wavelength, for the next-generation 400G
Ethernet, 800G Ethernet and even 1.6T Ethernet, intensity modulation formats are no longer
suitable because their achievable bit rates are limited by the EO bandwidths of the opto-electronic
devices. Therefore, the modulated spectral efficiency should be improved to achieve a higher bit
rate. One possible solution is to apply even higher order intensity modulation format, such as
eight-level pulse amplitude modulation (PAM-8). But the required SNR will be another
limitation. Therefore, coherent modulation formats are favored in this case [131, 132]. By
modulating the dual parallel MRMs with independent 4-level RF signals and applying a DC
voltage on the MZI heater to achieve a phase difference of n/2 between the two arms, 16-state
quadrature amplitude modulation (16-QAM) can be achieved. In addition, by adding a heater on
one arm of the dual-drive MIM and using the same method, coherent modulation can also be
realized. In addition, advanced detection methods, such as Stokes vector direct detection [133]
and Kramers-Kronig detection [134], can be applied in coherent transmission systems to further
increase the achievable bit rate.

Overall, SiP modulators have attracted immense research interest and developed rapidly in
the past decade. Currently, they have also been applied in mature commercial products [59-62].
We believe in the future, the transmission performances of SiP modulators will be further
improved and they will be more influential in the next-generation high-speed Ethernet

applications.
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