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Abstract

A Si Photonic BiCMOS Coherent
Quadrature Phase Shift Keying Transmitter

based on Ring Modulators

Youngkwan Jo

Dept. of Electrical and Electronic Engineering
The Graduate School

Yonsei University

The rapid growth of data centers, driven by ever-increasing data
traffic demands from various applications, has led to the transition from
electrical interconnects to optical interconnects with the advantages of
the performance, compactness and high data capacities. Silicon
photonics emerges as a promising solution for optical interconnects to
mass-produce photonic integrated circuits (PICs), fully exploiting the

cost-effectiveness and scalability of silicon-on-insulator processes.
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There have been two major trends in modulation formats for optical
transceivers, intensity-modulation direct-detection (IM/DD) and
coherent optical modulation. Coherent modulation offers several
advantages such as reduced receiver sensitivity requirements,
scalability through polarization and higher-order modulation with its
reduced demands for wavelength parallelization. Coherent optical
transceivers are moving to the short-reach data center interconnect
application with decreased complexity from simplified digital-signal
processing (DSP) and receiver architectures.

Integration of efficient optical modulators play a crucial role in
achieving low-power and high-capacity Si photonic optical transceivers,
and for this, depletion-type Si ring modulators (RMs) have shown their
great potentials thanks to small device footprint, large modulation
bandwidth and high energy efficiency for the increasing performance
requirements, as a promising candidate for replacing Si Mach-Zehnder
modulators (MZMs) for various applications. In addition, the Si RM
offers a solution for the transition from pluggable transceivers to co-
packaged optics (CPOs) where compact device size and low power
consumption are essential factors.

The potentials of the RMs for efficient coherent optical transmitters

in high-speed data center interconnect are explored. A Si coherent

X1v



transmitter electronic-photonic integrated circuit (EPIC) based on the
Si RMs is demonstrated for 28-Gbaud quadrature-phase-shift keying
signals within 0.25-um Si photonic BICMOS process, which allows the
co-integration of the photonic devices, high-performance SiGe hetero-
bipolar transistors (HBTs) and CMOS electronic circuits. To realize the
efficient device, the Si RMs are characterized and optimized for the
phase modulation. The performance of the fabricated coherent
transmitter is evaluated and demonstrated with the coherent receiver
EPIC implemented in the same photonic BiICMOS process for the
various measurement configurations such as optical signal sources,
showing the possibilities as a RM-based coherent transmitter EPIC and
a monolithic all-silicon coherent transceiver sub-assembly. In addition,
an analysis to improve performance of coherent modulators/transmitter

based on RMs is investigated.

Keywords: optical interconnect, Si photonics, Si photonic BICMOS
process, monolithic integration, electronic-photonic integrated circuit
(EPIC), coherent optical communications, quadrature phase shift
keying (QPSK) modulators, coherent transmitters, ring modulators

(RMs), modulator driver electronics, coherent receivers.
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1. Introduction

1.1.  Optical Interconnect

Fig. 1-1. World’s biggest data center as of 2023, China Telecom Data

Center Inner Mongolia Information Park [1].

Fig. 1-1 shows the China Telecom Data Center, currently the
world's largest data center located in Inner Mongolia [1]. Over less than
a century, data centers have evolved to the colossal 10,763,910 ft*
China Telecom Data Center with a power consumption of 150 MW.
The reason behind the scaling up of data centers is the explosive
growth in demand for data traffic, driven by various internet-based
applications such as cloud computing, artificial intelligence (Al),
machine learning (ML), social network services (SNS), and multimedia

streaming. Data centers consist of numerous servers, racks, and an



optical switching network, in addition to transceivers composed of
transmitters, receivers, and various sub-blocks, these are designed to

transmit and receive real-time data for various applications.
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Fig. 1-2. Annual growth forecast on global fixed internet and cellular

data volumes (ZB=10'2 GB) [2].

As shown in Fig. 1-2, annual global internet traffic continues to
grow steadily, with the data traffic projected to reach 18.5 zettabytes
(ZB; 1 ZB = 10'2 GB) by 2028, nearly three times the volume of 2022
[2]. To accommodate this explosive annual growth in global data traffic,
data centers have continuously increased their overall throughput with

ever-increasing number of transceivers with higher data capacities.



9,000 terawatt hours (TWh)

—  ENERGY FORECAST 209% o projected” 4

Widely cited forecasts suggest that the total electricity electricityldemand
demand of information and communications technology
(ICT) will accelerate in the 2020s, and that data centres
will take a larger slice.

= M Networks (wireless and wired)
M Production of ICT

Consumer devices (televisions, computers, mobile phones)
M Data centres

2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

Fig. 1-3. Annual energy usage forecast for overall information and

communication technology (ICT) until 2030 [3].

Fig. 1-3 shows an annual energy usage forecast of the information
and communication technology (ICT) field until 2030 [3]. The overall
power consumption in the ICT is expected to surge in the 2020s, with
data centers contributing significantly to both the absolute and
proportional amount of power consumed. This is due to the increasing
number of data centers worldwide and the rising volume of internet
traffic that individual data centers must handle, resulting in a geometric
increase in power consumption. Consequently, minimizing the power
consumption of individual hardware components within data centers

while increasing the data capacity has become a crucial design focus.



This solves not only the performance enhancement of data centers but
also the societal and environmental issues arising from the growing

power demands [4].

[ ocoy |

Long Haul {1000km+) :
Metro (80km}
Within Building (2km)
Within Big Floor (500m)

With Small Floor (100m) (8

Within Rack (3m)
Within System (1m)
Within Card (<1m)

Data Rate

Copper

Fig. 1-4. Electrical (copper) interconnect vs optical interconnect for

distance and data rate [5].

Data center interconnect (DCI) has evolved from copper-based
electrical interconnects, which are currently unable to achieve the high
link performance, compactness, lightweight and high transmission
capacity required for supporting the demands on the internet traffic.
The trend has shifted towards fiber-based optical interconnects, which
can achieve the performance requirements. Fig. 1-4 illustrates the
border between electrical and optical interconnects based on required

data rates and transmission distances [5]. In the past, optical



interconnects had been mainly used for long-haul and metro
transmission over 80 km but have expanded into DC-to-DC
interconnects covering distances of several kilometers, and even intra-

DC rack-to-rack and system-to-system connections within a few meters.



1.2. Silicon Photonics

Filter

Modulator

(Source: intel)

Fig. 1-5. Silicon photonic integrated circuit and its key components [6].

Silicon photonics is a fabrication technology for optical
interconnects such as modulators, photodetectors and filters as photonic
integrated circuits (PICs) on silicon-on-insulator (SOI) substrates [7-9],
as shown in Fig. 1-5. Silicon photonics has evolved based on the mass
producibility and cost-effectiveness of the silicon complementary-
metal-oxide-semiconductor (CMOS) process which has been driven by
the development of the integrated circuits (ICs) industry. It has gained
momentum from various research and development efforts in hyper-
scale DCI [10,11], bio- and chemical-sensors [12,13], light detection

and ranging (LiDAR) [14,15], microwave photonics [16] and newly



emerging quantum computing [17] and neuromorphic photonics [18].
Because of the tremendous cost required for initial development
and maintenance of the fabrication process for Si PICs, a fabless
ecosystem for Si PIC industry has been established, where multiple
users share a 200-mm or 300-mm wafer process run through multiple-
wafer-runs (MPW) to manufacture PICs needed for various
applications [19,20]. Fig. 1-6 presents worldwide manufacturers
offering Si PIC foundry services at prototyping, CMOS pilot and
industrial levels [21]. Table 1-1 shows the process specifications of
representative examples of worldwide Si PIC foundries: THP [22],
IMEC [23], GlobalFoundries (GF) [24] and AMF [21]. Most of these
processes are SOI-based, enabling tight confinement of optical modes
due to the high refractive index contrast between silicon and silicon
oxide. They also provide additional integration of silicon nitride (SiN)
to enhance fabrication tolerance and achieve design diversity and

stability required for various applications.
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Fig. 1-6. Worldwide Si PIC foundries providing open access fabrication

services [21].

Foundries IHP IMEC GF AMF
MPW platform SOl SOl SOl SOI/SiN
Wafer size 200 200 300 200
(mm)
Film thickness 220 (SOIy/
() 220 220 170 400 (SiN)
Process line 248nm 193nm (imlrii‘r‘;im) 214983;‘:; ((Ssi%
Minimum CD 120 (Si)/
(nm) i 130 %0 300 (SiN)
Typical MPW area 10 26.5 25 448
(mm?) ) )

Table 1-1. Process specifications of Si PIC foundries examples [21-24].
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Fig. 1-7. Silicon photonic IC market forecast by applications from 2021
to 2027 [25].

(2) (b)

Fig. 1-8(a) Intel’s silicon photonics optical transceiver product for
400G (4-lane x 100G) data center reach, (400G DR4+ QSFP-DD)
[26], (b) Cisco’s 51.2Tbps (512-lane x 112G) co-packaged optic
(CPO) product (Cisco Silicon One G200) [27].

Fig. 1-7 presents market forecasts for Si photonics by applications

from 2021 to 2027 [25]. The market size is expected to grow at a



compound annual growth rate (CAGR) of 36% from 2021 to 2027. As
shown in the figure, Si photonics is not only significantly contributing
to optical transceivers for DCI, long-haul, and 5G applications but is
also expected to find diverse applications such as photonic processing
and consumer health in the future.

Silicon is a suitable material for telecommunication wavelengths at
1550 nm (C-band) and 1310 nm (O-band). Si photonic ICs can provide
a high-volume production solution for optical transceivers as in Fig. 1-
8(a), which is essential for accelerating high-capacity DCs [26].
Recently, co-packaged optics (CPOs) have become a trend in DCI, as in
Fig. 1-8(b), where optical transceivers composed of transmitters,
receivers and signal processing electronics and switching networks are
co-integrated in a single 2.5D or 3D silicon package [27]. This trend is
because the power consumption and device footprint consumed by all
devices can be dramatically reduced, and higher data capacity required
for DCI networks can be achieved from the integration of required sub-
blocks for transceiver and switch together.

Si photonics has the drawback of requiring hybrid integration with
III-V semiconductors as optical laser sources and suffering from
inefficient direct modulation by electric fields. Among the photonic

components consisting of optical transceiver, passive components such

10



as fiber-to-chip couplers, waveguides, and optical hybrids, as well as
active components like Ge-on-Si photodetectors, are typically provided
to PIC designers as a part of a process design kit (PDK) [24], [21].
However, because Si electro-optical (E/O) modulators based on the
free-carrier effect have various performance metrics such as a driving
voltage, 3-dB bandwidth, Q factor, insertion loss and extinction ratio,
the performance optimization of optical modulators is essential for
efficient implementation of low-power and high-capacity Si photonic

optical transceivers [8], [10].
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1.3. Coherent Optical Modulation

OOK PAM4
Q Q
—o-' $ooe-' .
0 1 0 - 3
(a)
BPSK QPSK 16QAM
Q Q Q
1 0 10
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2 3 15 14 -
(b)

Fig. 1-9. Example constellations of (a) intensity modulation format
such as on-off keying (OOK) and 4-level pulse amplitude modulation
(PAM4), (b) coherent modulation format such as binary phase shift
keying (BPSK), quadrature phase shift keying (QPSK) and quadrature
amplitude modulation (QAM) (I: in-phase, Q: quadrature).

A modulator is a device that converts data into a physical signal,
and it is a key hardware component that determines and influences on

the overall performance of a transmitter or transceiver [8], [10], [21].
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Various optical modulation formats have been developed and
implemented over time to modulate different characteristics of optical
signals such as intensity, phase, polarization and optical mode based on
the type of input data. Fig. 1-9 shows two major streams in digital
modulation formats to achieve higher data capacity in transceivers. Fig.
1-9(a) shows modulation formats that modulate the intensity of optical
signals, such as on-off keying (OOK) and 4-level pulse amplitude
modulation (PAM4) [11], while Fig. 1-9(b) shows coherent modulation
formats that modulate the phase or phase/intensity of optical signals,
including binary phase shift keying (BPSK), quadrature phase shift
keying (QPSK), and quadrature amplitude modulation (QAM) [28].
Fig. 1-10(a) shows conventional receiver architectures for the
intensity modulation (IM) such as OOK and PAM4 which perform
direct detection (DD) by measuring the optical signal's intensity using a
photodiode and a receiver (Rx) front-end electronic integrated circuit
(EIC) composed of trans-impedance amplifiers (TIAs) [29], etc. In
contrast, coherent modulation formats such as QPSK and QAM use
conventional coherent receiver architectures, as in Fig. 1-10(b),
consisting of optical hybrids, photodiodes, and Rx front-end EICs for

in-phase (I) and quadrature (Q) channels [28].
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Fig. 1-10. Conventional receiver architecture for (a) intensity

modulation / direct detection (IM/DD), (b) coherent modulation.

One notable aspect of conventional coherent receivers is the
presence of a local oscillator (LO) for the demodulation. This allows
coherent optical receivers to have a lower sensitivity requirement
compared to direct detection receivers due to the additional signal
power gain from the LO [30]. However, the presence of a free-running
LO introduces signal impairments during transmission such as carrier
phase noise which consequently requires the recovery using digital

signal processing (DSP), and this, in turn, leads to higher power

14



consumption in DSP blocks [31]. On the other hand, DD receivers have
a relatively simpler structure compared to coherent receivers and have
lower power consumption due to their simpler DSP algorithm
requirements [30].

To increase the data capacity of transceivers, in the case of IM/DD
formats, it is necessary to directly scale the bandwidth of individual
components such as modulators, modulator driver electronics, receivers
as well as the entire system, while in the case of the coherent, data
capacity scaling is relatively easy to achieve thanks to higher-order
modulation and polarization multiplexing at the same component
bandwidth, albeit at the cost of optical signal-to-noise ratio (OSNR)

[32].
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Fig. 1-11 illustrates the structures of a commercial IM/DD
transceiver and a coherent transceiver proposed for an 800G solution to
scale the data capacity [33]. The IM/DD transceiver in Fig. 1-11(a) has
been based on a wavelength division multiplexing (WDM) scheme to
increase data aggregate along with the baud rate of the system raised.
The data aggregate has been increased by using one to four or eight
wavelengths. For this, WDM multiplexers (Mux) and demultiplexers
(Demux) have been included as essential components, and each lane
includes lasers, 200-Gbps (100-Gbaud) PAM4 modulators, DD
receivers, driver electronics and trans-impedance amplifiers (TIAs) in
the transceivers. Additionally, the analog-to-digital or digital-to-analog
converters (ADC/DAC), DSP block and serializer/de-serializer
(SerDes) perform specific functions necessary for the operation of the
transceiver. However, increasing the number of wavelengths in IM/DD
transceivers has eventually raised costs for lane-specific components
and pushed wavelength deviations further away from the zero-
dispersion range.

The coherent transceiver in Fig. 1-11(b), on the other hand, uses a
single wavelength to achieve capacity scaling through polarization
multiplexing (X/Y-polarization) and higher-order modulation (16QAM).

The transceiver consists of a coherent 1Q/XY modulator and a coherent

17



receiver, and it also includes sub-blocks such as driver, TIA, DSP, DAC
and ADC. Compared to IM/DD, coherent transceivers have the
advantages of reduced hardware costs for lasers and less concern about

wavelength allocation.

Coherent

1.6T
Moving to shorter

reach as

800G data rates increase

S
o
o
@

400ZR/OpenZR+ in QSFP-DD

Data Rate =)
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100G

Direct Detect (DD)

0.5km 10km 80km 300km 1000km
Reach >
! Intra DC Campus Edge/ZR Metro LH/ULH

Fig. 1-12. Modulation formats for required transmission distances and
data rates. Coherent optical transceiver moving toward short reach as

data rates increase [33].

Fig. 1-12 shows the transition phase of modulation formats
corresponding to distance (reach) and data rate. Currently, IM/DD link
dominates short-reach DCI where the cost and power are inevitable

consideration factors thanks to its advantages of simpler modulator and
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receiver structure and lower DSP power consumption [6], [10,11], [30],
[34]. However, as data rate requirements increase, IM/DD links may
not guarantee the required performance due to such problems as an
optical multipath interference [35] and a SNR limitation [29].
Consequently, coherent links, which have been primarily used for long-
haul (LH) and metro applications where performance and robustness of
hardware take priority over cost, are expected to approach short-reach
DClIs.

Furthermore, DSP functions, which are essential in LH and metro
applications, can be simplified for short-reach DCI because chromatic
dispersion (CD) and polarization mode dispersion (PMD) are less
critical factors in the short-reach transmission. The implementation of
low-power, high-capacity coherent transceivers for short-reach DCI,
referred to as "Coherent-Lite" [30], [33], [36], is expected, leveraging
simplified coherent receivers, e.g., Kramers-Kronig receivers [37] and
Stokes vector receivers [38] or simplified DSP front, e.g., optical
phase-locked loop (OPLL) [39] and all-analog equalization [40]. In
addition, numerous optical transceiver manufacturers attempt to
achieve low-cost, low-power, and high-volume production through
CPO-based coherent optical transceivers and switching networks,

which align with the global trend in optical DCI [41,42].
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1.4. Research Goals

As described above, with the ever-increasing demand for data
traffic, broader and more extensive applications of coherent
transceivers are expected, and high integration density, high
transmission capacity and low power consumption are required for
coherent transmitters and receivers as well. Mach-Zehnder 1Q
modulators, mainly implemented in the conventional coherent
transmitters, have a large device footprint, making them inadequate to
meet the compactness significant for future DCI applications. In this
regard, this study targets to integrate Si photonic coherent 1Q
modulators with Si ring modulators (RMs) based on ring resonators,
offering high compactness, integrity and energy efficiency. Fig. 1-13
illustrates the structure of a coherent transmitter based on a ring-
modulator-assisted Mach-Zehnder interferometer (RaMZI). The optical
input is split into each arm of MZI, and single-quadrature RMs are
integrated into each arm of MZI to operate as I-channel and Q-channel,
respectively. The signals are then combined with a 90-degree phase
shift using the integrated optical hybrid, eventually generating the 1Q

modulated signals.
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Fig. 1-13. Schematic of proposed coherent transmitter based on ring

modulators.

The operation of Si photonic IQ modulators requires driver
electronics capable of providing high driving voltages and data rates.
Through IHP's Si photonic BiCMOS process [22], which allows the co-
integration of high-performance SiGe hetero-bipolar transistors (HBT)
and CMOS electronics as well as photonic integrated circuits as in Fig.
1-14, the Si photonic BICMOS coherent QPSK transmitter based on
RMs is realized as monolithic Si electronic-photonic integrated circuits
(EPICs). For this, the device characteristics of RMs, including insertion
loss, driving voltage, intensity and phase modulation behavior, are

characterized and optimized for the implementation of highly efficient
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and highly compact coherent transmitters. In addition, the performance
of the realized Si photonic BICMOS coherent transmitter is evaluated
with a coherent receiver implemented within same photonic BiICMOS
process for a 28-Gbaud QPSK signal and a single polarization,
confirming the potential of coherent EPIC transceiver sub-assembly for

emerging and increasing applications of coherent optical modulation.

" ‘ 4— Vias
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Fig. 1-14. IHP’s Si photonic BICMOS process: cross-sectional micro
photo of (a) entire process, (b) Ge-on-Si photodiode [22].
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1.5. Outline of the Dissertation

This dissertation is focused on the realization of the monolithic Si
coherent transmitter EPIC with ring modulators (RMs) through the co-
integration of photonic components and driver electronics. The primary
contribution of this research comes from the compact device footprint
and high energy efficiency of RMs. To achieve this, the modulation
characteristics of RMs are comprehensively investigated and optimized
as an individual single-quadrature modulator. Then, descriptions of
entire structure of monolithic coherent transmitter as well as the RM
driver electronics for desired driving voltage and data rate are given.
Furthermore, the performance measurements of the transmitter with the
coherent receiver fabricated within the same photonic BICMOS process
are introduced. To have a better performance of coherent modulator
based on the RM, further investigation on optimization is carried out.

Chapter 2 of the dissertation gives the overview of the Si optical
modulators. Characteristics of various modulators such as Mach-
Zehnder modulators (MZMs), ring modulators (RMs), -electro-
absorption modulators (EAMs), MOS-capacitor-based modulators and
thermal modulators are introduced. Especially, the advantages of RMs

which are essential building blocks of this research to realize the
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coherent transmitter are explained.

Chapter 3 describes the fundamental operation principle of the RMs
based on a round-trip theory (RTT) and a coupled-mode theory (CMT).
In addition, the electrical characteristics of the RMs are introduced. The
modulation linearity of RMs is investigated to verify the CMT-based
time-domain to frequency-domain numerical analysis technique, to
understand the linear operation point (input wavelength and power for
RMs) and to explore the possibility of expanding the RM-based higher-
order coherent modulation format, which requires a high modulation
linearity.

Chapter 4 introduces the device structure and optical and electronic
components of the Si photonic BICMOS coherent transmitter as well as
the optimized results of the RMs for phase modulation. For this, the
modulation frequency responses of the single-quadrature RMs is
characterized based on the CMT-based model described in Chapter 3.
The phase modulation performance optimization of the RMs is given in
terms of dynamic insertion loss, Vz, 3-dB modulation bandwidth and Q
factor. The BICMOS RM driver electronic circuit is explained, and the
post-layout simulated results are given.

Chapter 5 gives the measured results of the fabricated coherent

transmitter EPIC based on the RMs, which is evaluated with the
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coherent receiver EPIC realized within same photonic BiCMOS
process. Due to process variation of the coherent 1Q modulators, the
alignment technique of the resonances of two RMs and the phase
mismatch compensation of Mach-Zehnder interferometer (MZI) are
explained. The receiver EPIC is briefly introduced, and the
measurement setups are described. The measured bit-error rate,
constellation and re-sampled eye diagram are shown, which confirms
the successful operation for 25-Gbaud and 28-Gbaud QPSK signals
based on all-silicon monolithic coherent transceiver sub-assembly
realized with the RMs.

Chapter 6 provides simulation results with a wider model parameter
range and an improved modulation efficiency assumed to achieve
improved coherent modulators/transmitters based on the RMs. With
these, the single RM for single-quadrature modulator is analyzed to
obtain enhanced phase-modulation performance within the trade-off
relationship among their performance metrics, dynamic insertion loss,
Vz, 3-dB modulation bandwidth and Q factor. Then, an exploration of
an alternative driving scheme, such as the push-pull configuration and
architecture, is explained, followed by an analysis of the resulting
performance.

Finally, Chapter 7 concludes the dissertation.
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2. Si Optical Modulators

Optical modulators are devices that convert physical properties of
optical signals, such as intensity and phase, based on given input data.
For example, to put it simply, an optical modulator is a device capable
of converting given bit patterns, typically denoting Os and Is, into
corresponding electric field (E-field) patterns. Criteria for high-
performance modulators include easily distinguishable output signals
according to input data, the ability for fast transmission within a short
data period, low loss of the signal, low power consumption and a small
device footprint [8].

There are two primary methods for optical modulation: direct
modulation of the laser and external modulation through an optical
modulator. Direct modulation with lasers is an inefficient way because
of the performance dependence on the structure of lasers. In addition,
Si's indirect bandgap leads to difficulties in achieving highly efficient
lasers in Si. Therefore, optical modulation in Si PIC often requires
external Si optical modulators [21], [23,24]. Si is transparent at
telecommunication wavelengths of 1550 nm (C-band) and 1310 nm (O-
band) and allows the low-loss implementation of passive components

such as waveguides thanks to the high index contrast with SiO> [7],
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[21-24]. However, pure silicon exhibits relatively weak E-field-based
E/O effects, e.g., Pockels, Kerr, and Franz-Keldysh effects, compared
to compound semiconductor materials such as lithium niobate and I1I-V
materials. Consequently, implementing the modulator based on pure
Si's E/O effects results in highly inefficient modulation characteristics.
To solve this issue, the approach involves implanting impurities
such as boron and phosphorus into Si to form diode structure. These
diodes induce depletion, accumulation or absorption of free carriers,
and finally, the optical absorption and refraction properties are changed
by the free-carrier effects for the given input signal. This approach is
known as a free-carrier-effects-based Si optical modulator.
Representative examples of such optical modulators include Mach-
Zehnder modulators (MZMs), electro-absorption modulators (EAMs)
and ring modulators (RMs). Over time, the performance of these multi-
physics-involved optical modulators has improved by engineering
better utilization of free-carrier effects [8] and optimizing the structures
of the modulators [10,11], [21], [23,24], [31]. To provide a basis for
better understanding of Si photonic coherent transmitters, this chapter
briefly introduces Si optical modulators such as MZM and EAM, as

well as the RM.
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2.1. Si Mach-Zehnder Modulators (MZMys)

Mach-Zehnder modulators (MZMs) are commonly used optical
modulators in various applications of modulators and transmitters.
Many foundries provide Si MZMs as a part of PDKs in Si photonic
MPW services [21,24], also allowing further optimization of Si MZMs
within the design diversity of the process. For fiber-optic
communications, MZMs have been usually implemented using lithium
niobate (LN) materials [43], and MZMs with LN-on-Si for high-speed
and highly linear operation have also been reported [44]. In addition,
there are continuous efforts for MZMs using III-V semiconductors with

improved the E/O effect [45].

€, Eou — i
(Input) (Output)
— R —

Output

Fig. 2-1. Schematic of Mach-Zehnder interferometer (MZI) and its

transmission characteristic.
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Fig. 2-1 shows the structure of the Mach-Zehnder interferometer
(MZI) which is fundamental block of Mach-Zehnder modulators. The
input optical signal is split into two waveguides, each with a length of
L and L», propagating through each arm and then recombined into a
single optical signal. The combined E-field can have a phase difference
due to the different lengths of the two arms, resulting in an interference
pattern in the output optical spectrum as shown in the inset of Fig. 2-1.
Assuming no propagation loss in waveguides, the relationship between

the input and output optical E-fields is given as [46]

Eou 2 / 27[
E_t = T( Xp( ] L[f,upperLl ) + exp(—] 7ne_ﬁ,lowe}’L2)] : (2 1)

In Eq. (2.1), nefupper and negiower represent the effective refractive
indices of the upper and lower arm of the MZI, respectively. L and L»

represent the path lengths of each arm. The transmission (7) of the

MZI's output and input can be calculated from Eq. (2.1) is given as

P 1
T= ;?”’ 5 (1 + cos( A(ne,,L))j (2.2)
Ane_ L neﬁ',upperl’l - neﬁ',lowerLZ . (23)
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The MZI has cosine-dependent transmission in terms of wavelength
for the given value of Ang4l, as in Eq. (2.2). Both the output E-field and
the output power with cosine dependence can be observed in the inset
of Fig. 2-1. The MZMs can modulate optical signals by changing the
Anegl value through E/O effects, either in a single arm or both arms of
the MZI, based on the applied voltage (E-field). LN materials have
significant refractive index change with the applied voltage, which
allows sufficient optical modulation based solely on the Anesl change
which direct modulation of LN material such as Pockels effect provides
[43]. In contrast, pure Si-based MZMs, with its limited change of the
optical properties from the applied E-field, can result in the insufficient

performance from their direct modulation.

Ein Eout
(Input) (Output)
— —

Fig. 2-2. Schematic of Mach-Zehnder modulator (MZM) based on
MZI and p-n diode and its transmission characteristic for different

applied voltages.
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To solve this issue, the carriers are implanted into a single arm (or
both arms) of the MZI, and various types of diodes such as p-n or p-i-n
can be realized. The carrier distribution in the junction is changed as
the voltage (Vix) is applied, and consequently, these free carriers induce
the change in the optical absorption coefficient and refractive index,
known as free-carrier plasma dispersion effects [47]. These types of Si
optical modulators are known as free-carrier-effects-based Si optical
modulators [8], and these modulators based on Aneyl enable relatively

more sufficient modulation than the pure silicon modulators do.

Aa [em™]=8.88x10' AN +5.84x107° AP, (2.4)

—An=5.40x10"2AN""" +1.53x107"AP*®®, (2.5)

Eq. (2.4) and (2.5) respectively represent changes in the optical
absorption coefficient (Ae) in cm™ and refractive index (4n) of bulk Si
in terms of changes in free carrier concentration, AP for free holes and
AN for free electrons both units are given cm™ [47]. As can be seen in
the inset of Fig. 2-2, the MZI experiences the shift of its transmission
characteristics as different voltages applied (Vaign and View), and at the
input optical wavelength (Ain), the optical signal can be modulated,

based on the change of optical properties in Eq. (2.4) and (2.5).
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The performance metrics of MZMs, optical path length difference
(L) and the voltage required to achieve a m-phase shift (Vz), have a
trade-off relationship. In depletion-type MZMs, if L is reduced to
decrease the device footprint, a larger voltage is required to obtain a m-
phase shift, resulting in an increased Vz and the opposite is also true.
The value of VL achievable for Si MZMs in Si photonics depends on
the process conditions of each foundry service which cannot be easily
accessible and controllable. Therefore, to operate the Si MZMs within a
few volts, modulation efficiency must be increased, which requires the
integration of diode regions into a few millimeters, eventually leading
to an entire device footprint of several square millimeters [11], [21],
[24].

Moreover, the voltage applied from the electrode exhibits
microwave electrode characteristics at high frequencies, so careful and
precise radio frequency (RF) design including impedance matching,
group velocity matching, etc., has a great importance. The E/O
modulation characteristics of MZMs is greatly influenced by the
electrical characteristics of traveling-wave electrodes [48,49]. Also, the
modulation linearity of Si MZMs shows lower modulation linearity
performance [50] due to their inherent cosine dependent transmission

and nonlinear diode characteristics for free carrier effects, compared to
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LN-based MZMs.

Si MZIs/MZMs have been frequently used in Si photonic optical
switches, filters, modulators and transmitters. To overcome the
performance limitations of Si MZMs in current Si photonic processes,
the research based on hybrid integration of Si with III-V semiconductor
materials [45] or the material properties engineering such as strain and
stress [51] to enhance the plasma dispersion effect has been reported.

However, due to the device footprint, travelling-wave electrode
characteristics and modulation linearity, the Si MZMs will not be a
suitable solution for future applications, especially in Si photonic
coherent I1Q modulators and CPO-based coherent transceivers, which
are expected to be a big trend for wider and broader transmission

distances of coherent transceivers.
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2.2. Electro-Absorption Modulators (EAMs)

Another approach to optical modulators is electro-absorption
modulators (EAMs) which modulate optical signals by changing the
optical absorption coefficients. EAMs enable low-power, high-speed
optical modulation by inducing significant variations in output optical
power based on the applied voltage. These modulators are being
developed with the Si photonic processes and hybrid integration

approaches.

Electric Field (V/cm)
1.0 1.8e1 3.2e2 5.6e3 1.0e5
-_— — T
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Fig. 2-3. Ge-on-Si electro-absorption modulator (EAM): (a) Ge-on-
Si’s cross-section and doping concentration, (b) E-field distribution at -

2V and (c) absorption coefficient of Ge for different bias voltages [52].
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Fig. 2-3 shows the integrated Ge-on-Si EAMs using the strong
Franz-Keldysh effect within Si photonic platform with a 130-nm
CMOS toolset [52]. Fig. 2-3(a) illustrates the cross-section and doping
concentration of Ge on a 220-nm SOI waveguide and a lateral p-i-n
diode as well. Fig. 2-3(b) shows the distribution of the E-field when -2
V voltage is applied. The reported Ge EAMs, thanks to the significant
change in Ge absorption coefficients around 1610-nm wavelength as
shown in Fig. 2-3(c), demonstrated high energy efficiency of 12.8 {J/bit
with a 2 Vyeak-to-pear driving voltage in 56-Gb/s NRZ-OOK operation,
consuming approximately 1.2 mW. In addition, the sub-picosecond
speed characteristics of the Franz-Keldysh effect resulted in a reported

3-dB E/O modulation bandwidth exceeding 50 GHz.
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Fig. 2-4. Hybrid Si optical EAM based on III-V epitaxy stacks on SOI:
(a) cross-section of proposed structure and (b) normalized transmission

in terms of applied voltages and wavelengths [53].
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Hybrid Si optical EAMs based on the transfer of III-V epitaxy
stacks onto SOI has also been reported [53]. Fig. 2-4(a) shows the
cross-section of InGaAs multiple quantum wells (MQW), which
enables the tuning of the optical absorption coefficient using the
quantum-confined Stark effect (QCSE). Fig. 2-4(b) shows changes in
optical transmission around 1310-nm wavelength based on applied
voltage, influenced by MQW-based QCSE. The 3-dB E/O modulation
bandwidth of EAMs is mainly influenced by microwave electrodes.
Therefore, E/O bandwidth exceeding 67 GHz is achieved by the careful
and precise co-planar waveguide (CPW) design. Successful 50-Gb/s
NRZ-OOK operation with a dynamic extinction ratio of 9.6 dB using a
2.2 Vpeak-to-peak driving voltage has been reported [53].

EAMs have the powerful capability to produce high-performance
optical modulators with some additional fabrication process steps
which lead to additional costs. However, since the EAMs depend on
optical absorption coefficients for their operation, they are not suitable
modulators as a coherent 1Q modulator that requires the sufficient

phase modulation [21].
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2.3.  MOS-Capacitor and Thermal Modulators

There are alternative approaches to optical modulators such as
MOS-capacitor based modulators and thermal modulators.

MOS-capacitor modulators exploits carrier accumulation in a MOS-
capacitor structure for the change of optical properties, replacing the
weak plasma dispersion effect. A MOS-capacitor modulator composed
of p-type poly-Si, gate-oxide and n-type SOI demonstrated 28-Gbps
NRZ-OOK operation with a 1 Vyeak-topear driving voltage, achieving a
9-dB extinction ratio and VL < 0.2 V.em [54]. Furthermore,
InGaAsP/Si hybrid MOS optical modulators by direct wafer bonding
demonstrated successful 53-Gbaud PAM4 operation with a 13.8-dB
outer extinction ratio and 0.047-V.cm VL [55]. However, the MOS-
capacitor-based optical modulators require the additional fabrication
complexity to create a vertical structure consisting of metal-oxide-
semiconductor region for the operation [54,55].

Thermal modulators, on the other hand, utilize the Si's refractive
index change with respect to temperature through a thermo-optic phase
shifter in a standard SOI process. A thermal modulator with a 61.6-um
length phase shifter has been reported with 130 kHz of 3-dB

modulation bandwidth and 24.77 mW of Pz [56]. Thermal modulators
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are not suitable modulator candidate for high-speed optical coherent 1Q
modulators due to the a few microseconds speed of thermo-optic

response [56].
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2.4. Si Ring Modulators

Among Si optical modulators, Si ring modulators (RMs) based on
the ring resonator offer many advantages such as a small device
footprint, large modulation bandwidth for depletion-type and high
energy efficiency. The Si RMs have shown their potential to be
integrated into hyperscale DCI IM/DD transceivers such as 256-Gb/s
PAM4 modulator due to a high modulation bandwidth of the depletion-
type RMs, along with hybrid-integrated I1I-V lasers [57].

Fig. 2-5 shows example device size comparison between Si RMs
and Si MZMs [58]. The Si RMs are micrometer-scale devices
composed of a small resonant cavity and routing waveguide, unlike Si
MZMs with a millimeter-scale long p-n diode region and traveling-
wave electrode. Thanks to small device footprint and high energy
efficiency, the Si RMs are promising solutions for CPO-based
hyperscale DCI due to the required high integration density and low
power consumption [11].

Researches on integrating the RMs as key building blocks for
coherent 1Q modulators were reported a decade ago [59,60]. However,
several limitations such as modulation characteristics dependence on

input wavelength, high driving voltage, modulation nonlinearity,
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optical power handling, thermal sensitivity and fabrication process
variations have been identified.

Efficient implementation of coherent IQ modulators/transmitters
based on the RMs requires accurate analysis and characterization of the
aforementioned phenomena. The modulation characteristics of RMs
depending on the operation wavelength have been modeled using
small-signal and large-signal SPICE equivalent circuits [61,62] and
Verilog-A model [63]. Self-heating effects due to optical power
handling [64,65], and modulation nonlinearity [66] have also been
characterized. Thermal sensitivity of RMs has been solved by real-time
monitor and controller using a monolithically integrated temperature
controller electronics [67,68] and process variations can be predicted
accurately in the design stage through SPICE-based Monte-Carlo

simulation techniques [69].
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Fig. 2-5. Device footprint comparison of Si MZM [58] and Si RM.

41



2.5.  Summary

Si optical modulators are essential devices for the applications of Si
PIC for fiber-optic communication, but the pure Si's weak electro-optic
effects have been overcome by implantation of dopants or hybrid
integration with other semiconductor materials for better modulation
efficiency. The MZMs are commonly used but have large device
footprint or high driving voltages. The EAMs offer low-power, high-
speed modulation by changing optical absorption coefficients, and the
MOS-capacitor and the thermal modulators are also alternative
approaches, but the EAMs and MOS-capacitor modulators cost
additional fabrication steps and the thermal modulators have
insufficient modulation bandwidth.

The Si RMs with their small device footprint and high efficiency
provide a promising solution for coherent IQ modulators. However, the
RMs have several drawbacks such as wavelength-dependent
modulation characteristics, nonlinearity, optical power handling,
thermal sensitivity and fabrication process variations. Accurate analysis
and characterization are crucial for an efficient integration of the RMs
into coherent IQ modulators/transmitters. For this, detailed modeling

and characterization of Si RMs will be discussed.
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3. Characterization of Si Ring Modulators

3.1. Operation Principle: Round-Trip Theory

Ring
Resonator

Fig. 3-1. Structure of ring resonator.

Fig. 3-1 shows the fundamental structure of Si ring resonator (RR)
which is a base structure for the ring modulators (RMs). It consists of a
ring waveguide as a resonant cavity and a bus waveguide as a routing
waveguide for the optical signal. In the figure, a represents the
remaining field ratio after a round trip, and y represents the through
coefficient in the directional coupler region. The field ratio of cross-
coupling between the bus waveguide and the ring waveguide is given
as k, and in the figure, -jx implies a 90-degree (7/2) phase shift for a

cross-coupling. The relation between y and x is given as » + & = 1,
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and Ei, and Eou represent the input and output E-fields, respectively.
For a given waveguide width and height, & is mainly determined by the
propagation loss and bending loss based on the radius of the ring
waveguide, while ¥ and x are mainly determined by the gap between
the ring and bus waveguides.

The transmission characteristics of Si RRs are determined by two
key parameters, « and y and can be explained from the round-trip
theory (RTT) [70]. Eout can be expressed as a sum of (i) the component
passing through the bus waveguide as yFi, and (ii) the component that
is cross-coupled into the ring, travels inside the ring and then cross-
coupled back to the bus waveguide. Because the light traveling in the
ring waveguide keeps circulating before it becomes completely
disappears, the cross-coupled components can be mathematically

expressed as an infinite sum with the passing through components as,

E  =yE, —(ae’)K'E, —(ae )V y’E, —(ae ) y’k’E, —-+
" ) (3.1)

— 2 -1 ,-n¢
- }/Ein —-K za”}/" e’ Eirt
n=1

From Eq. (3.1), the relation between Ei, and Eoue can be expressed as

(3.2)



From Eq. (3.2), transmission (7)), the relation between input and output

optical power, can be expressed as

2

Eout _ az _2a7005(¢)+7/2

| E, | - 2ay cos(@) + (ay)’ ’

T =

(3.3)

where ¢ = 2nnesl/A, and L is the circumference of the ring waveguide
and nep i1s the effective refractive index at the resonance wavelength.
The Si RR shows the resonance behavior when the terms inside the X in
Eq. (3.1) which denote the field traveling inside the ring accumulate
with the in-phase condition (integer multiples of 2r). Due to twice of
cross-coupling, a 180-degree (m) phase shift occurs, resulting in notch
filter characteristics at the resonance wavelength. The resonance

condition can be derived from this in-phase condition as

MA,,, =nyL, (3.4)

where m is an integer denoting the mode number, and A.s is the

resonance wavelength.

45



Off resonance

Intensity
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Fig. 3-2. (a) Transmission spectrum of RR and field distribution at
resonance wavelength and at off-resonance wavelength, (b) broadband

transmission spectrum of RR.

Fig. 3-2(a) presents the transmission spectrum of the RR that can be
calculated using Eq. (3.3). In the inset of the figure, the field profiles at
Ares (resonance) and far point from A.s (off-resonance) are given by
simulation using Ansys Lumerical FDTD. At the resonance, a

significant accumulation of field intensity is observed inside the ring
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due to the in-phase condition, while a small field intensity is observed
at the output because the 180-degree phase shift causes a reduction of
output power. In contrast, at the off resonance, a smaller field intensity
is observed inside the ring, while a larger output field intensity is
observed at the output.

As Eq. (3.4) implies, the Fig. 3-2(b) shows the repetitive resonances
of the Si RRs for the corresponding integer mode number m. The
spacing between these repetitive resonances is referred to as the free-

spectral range (FSR), given as,

FSR = , (3.5)

where ng represents the group index of the RR. Moreover, the quality
factor (Q-factor), which denotes a ratio of energy stored in the ring to
energy loss of the ring due to round trip and cross-coupling and

indicates a sharpness of the notch, is given as follows.

0= zn, L\ ya .
A (1-yx)

res

(3.6)
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Due to the notch filter characteristics resulting from the resonance, the
Si RRs are implemented as filters required in various systems such as
optical receivers [71] and optical WDM receivers [72].

For the modulation operation of Si RMs, dopants are implanted into
the circumference of the ring to form a lateral p-n diode, as shown in
Fig. 3-3(a). By applying a voltage (Vi,) through electrical pads and
interconnects, the carrier concentration changes, inducing the free-
carrier plasma dispersion effect which changes the absorption
coefficient and refractive index of the optical mode, and finally the
output optical power changes corresponding to Vi.. Fig. 3-3(b)
illustrates the structure of the lateral p-n diode implemented in the ring.

All the RMs in this dissertation are fabricated by IHP’s Si
photonics/photonic BICMOS technology. The Si waveguide has a rib
waveguide structure with 500-nm width, 220-nm thickness and 100-nm
slab thickness. Nominal peak carrier concentrations for p-region and n-
region are 7 x 10'7 cm™ and 3 x 10'® cm™, respectively. Silicon oxide
(S10;) lies below the Si waveguide as a 2-um buried oxide (BOX) and
also exists above the Si waveguide, and N+ and P+ dopants and metal
layers are used for ohmic contacts to apply the electrical signal. Unless
specified otherwise, the waveguide geometry such as waveguide width,

thickness and slab thickness and nominal peak carrier concentrations
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are consistent in the latter description about the RMs.

Fig. 3-3(c) and (d) show the p-n diode and optical mode overlap
when the reverse bias voltages, View and Vien, are applied. Optical
mode has been calculated by Ansys Lumerical Finite Differential
Eigenmode solver with the carrier distribution of the p-n diode
calculated from device simulation by Ansys Lumerical CHARGE
solver. When a reverse bias of Vj, is increased from Vipw to Viign, the
depletion width (Wp) of the p-n diode increases. This change of carrier
concentration induces the plasma dispersion effect, changing the
absorption coefficient and refractive index of the overlapped optical
mode, as described in Eq. (2.4) and (2.5). This also means that the
parameters, o and nef, used to describe the Si RR varies, leading to the
red shift of A from Eq. (3.4). Thus, the transmission of the Si RM
moves as voltage applied, allowing the modulation of the optical signal
at the given operation wavelength (4i,), as shown in Fig. 3-3(e). To
describe the Ai, relative to the A, detuning (Do) is defined as how
much the angular frequency of the input light is detuned from the
resonant angular frequency, Do = |@in — @res|. Similarly, a wavelength
detuning is given as Dz = |Ain — Ares].

Besides the lateral p-n diodes, various diode structures such as

lateral p-i-n diodes [73] and L-shaped p-n diodes [74] can be
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implemented in the circumference of the ring. The p-i-n diode,
operating as a carrier injection type in the forward bias region, provides
a greater plasma dispersion effect compared to the reverse-bias
depletion-type p-n diode, resulting in a high modulation depth even
with low driving voltage. However, p-i-n diodes have a smaller
modulation bandwidth due to carrier lifetime limitations, making the
modulator have insufficient bandwidth for high-speed operation.
Furthermore, L-shaped p-n diodes, optimized so that overlap between
carrier concentration change and optical mode is maximized, exhibit
higher modulation efficiency than lateral p-n diodes but introduce
additional fabrication complexity which cannot be easily implemented

in the standard Si PIC foundry.
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Fig. 3-3. (a) A lateral p-n diode in Si ring modulator, (b) cross-section
of the diode. Overlapped optical mode for (¢) View and (d) Viign. (€)

Transmission spectra for different bias voltages.
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3.2. Operation Principle: Coupled-Mode Theory

In the previous chapter, the Si RMs are described by the round-trip
theory (RTT). However, the RTT requires the integral of series term in
Eq. (3.2) with respect to time in order to describe the time-domain
behavior of the RMs, which demands a numerical complexity. To
compactly model the lossy resonant cavity of RMs with a reduced
number of parameters in the time domain, the coupled-mode theory
(CMT) can be used [63], [75]. The time-domain behavior of the RM

can be expressed as follows.

ga(n:uwm “Yay- juE, 0. (3.7)
t T
E,.(1)= E, (1) jua(t). (3.8)

In Eq. (3.7), a(?) represents the energy amplitude traveling in the
ring waveguide, and 7 is the decay time constant of the energy
amplitude. @ 1s calculated as 2mmc/negl, given by Eq (3.4), where ¢
denotes the speed of light in a vacuum. The total decay time constant, 7,

is determined as
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—= (3.9)

where 7; represents the decay time constant for the round-trip loss in the
ring, and 7. represents the decay time constant for the cross-coupling
loss between the ring and bus waveguides. In Eq. (3.7) and (3.8), u is
the mutual coupling coefficient between the ring and bus waveguides,
given as u? =2/z.

Eq. (3.7) implies that the derivative of a(¢) with respect to the time
consists of three components: (i) the resonant component of a(¢) with
Jres, (i1) the decaying component of a(f) due to the round-trip and
cross-coupling loss of the ring with -1/7, and (ii1) the cross-coupled
component of E;, to the ring with - jx. In addition, Eq. (3.8) implies that
Eous consists of two components: (i) the through-coupled component of
Ein and (i1) the cross-coupled component of a(f) with - ju Once the
optical parameters from CMT model are determined, the time-domain
modulation characteristics of the RMs can be described by numerically
solving Eq. (3.7) and (3.8) when the RM is modulated with any kind of
time-domain signal. For example, the time-domain behavioral model
for RMs has been developed in Verilog-A [63], and large-signal
equivalent circuit for RMs has been developed in SPICE [62], to

simulate the time-domain response within standard IC tools.
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With the steady-state assumption, da(t)/dt = jwa(t), the transmission

characteristic of the RM as in Eq. (3.3) is given as,

E 2 ‘j(a)_a)res)-i__l
T=]—-2 = ! f (3.10)

|El’"| jlo-w,)+—+—

z-l e

The CMT parameters, 77 and 7., representing RM's loss due to the
ring waveguide and cross-coupling loss, respectively, have the
following relationship with RTT parameters, « and y which are

discussed in the previous chapter:

2n¢ff'L 2”@.1?']‘

=, T, = —. (3.11)
(I-a)c (=7")e

Using governing equation of CMT, Eq. (3.7) and (3.8), as well as
the refractive index perturbation method due to applied voltage
(dnegldVy), the small-signal electro-optic (E/O) frequency response of

RMs in the s-domain is given as follows [61].
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In Eq. (3.12), A, represents the small-signal E/O response, and V; and
Pou/Pin refer to the voltage applied to the RM's p-n diode and the
optical transmission, respectively. As shown in Eq. (3.12), the RM is a
2-pole, 1-zero system, and the relative positions of the pole and zero
are determined by the values of model parameters 77 and 7., as well as
the value of Dw. This implies that the modulation frequency of the RMs
varies with geometry parameters such as the radius and coupling gap
and operation condition such as input wavelength (4:,) [61,62], and also
suggests opportunities for optimization in terms of the RM's structure

and operational conditions [64], [66].

55



3.3. RMs for phase modulation

To realize coherent 1Q modulators/transmitters based on RMs, the
fundamental operation and characteristics of phase modulated RMs are
introduced. As in Fig. 1-13, the proposed QPSK modulator/transmitter
consists of two single-quadrature RMs into each arm of the RaMZI
structure, so the requirements for the single-quadrature RMs are the
same intensity represented by insertion loss (IL) and a m-phase shift
with a certain value of applied voltage called V.

A single RM exhibits three types of coupling depending on the
coupling strength between the ring waveguide and the bus waveguide
[70]. Fig. 3-4 shows the transmission and phase spectra based on the
types of coupling that RMs can have. In the case of over-coupled RMs
(1> 7. or > y), the RM shows 2n-phase shift around the resonance,
and the required m-phase shift and the same intensity for phase
modulation can be obtained with a certain value of the V. For critical-
coupled RMs (77 = 7. or @ = y), the RM shows more abrupt 2m-phase
shift around the resonance than over-coupled RMs, enabling the m-
phase shift with a lower Vz However, due to a high Q factor of the
critical-coupled RMs, the minimum of transmission is smaller than the

over-coupled RMs, leading to higher IL at the operation point. Under-
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coupled RMs (77 < 7. or a < y), on the other hand, do not have a 27-
phase shift around the resonance. Therefore, the under-coupled RMs
are not appropriate candidates for a single-quadrature RM in the
proposed structure in Fig. 1-13.

Fig. 3-5 illustrates the transmission spectra of the RM when bias
voltages View, Vac and Vign are applied with corresponding resonance
wavelengths, Aiow, Adc and Anign, respectively. Here, Viign — Viow equals to
Vz, and Vg equals to (Viign + View)/2. The RM achieves m-phase
modulation at the wavelength where the two transmissions for Vi, and
Viign intersect, and this wavelength is the operation wavelength (Aix).
When the high-speed modulation signal is applied, the dynamic IL at
Ain can be determined at the intersection wavelength, A;,,. When only
DC electrical signal is applied, the DC IL can be found in the
transmission for V. at Ain.

Due to the nonlinearity of RM model parameters [66], 7, 7. and ney;,
in terms of bias voltage, A, and Aqc are not exactly same. However, the
difference between A, and A4 is extremely small, e.g., with D, being
within a few picometers. This implies that the frequency response of
phase modulated RMs cannot be accurately modeled using Eq. (3.12).
There are two reasons for this: (i) both D and D, have the values close

to zero, resulting in Eq. (3.12) approaching zero, and (i1) Eq. (3.12)
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describes the response of transmitted power for intensity modulated
RMs. As a result, it is necessary to develop and characterize a suitable
model for the frequency response of phase modulated RMs in order to

optimize the device performance of RMs for coherent IQ modulators.
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Fig. 3-5. Transmission spectra of the phase-modulated RM for Vi,

Vae and Viign and operation wavelength (Ain).
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3.4. [Electrical Characteristics of RMs

In addition to the CMT model which characterizes the modulation
properties of RMs such as Eq. (3.7) - (3.12), the entire electro-optic
modulation characteristics are influenced by the electrical components
of metal interconnects and the p-n diode of the RMs. Therefore, it is
crucial to consider the electrical characteristics of RMs for the precise
characterization of RMs in phase modulation applications.

Fig. 3-6(a) depicts the cross-section of the p-n diode composed of
the series resistance for p-region (Rp) and n-region (Ry) and junction
capacitance (Cj). The total series resistance of the diode is given as Ry,
the sum of Rp and Ry. Fig. 3-6(b) shows the equivalent circuit with
lumped RLC elements for electrical part of RMs. In the frequency
range in this research, the electrical components of RMs can be
approximated as lumped electrical RLC elements [61,62]. The
electrical components of RMs also consist of parasitic components due
to the electrical pads and interconnects, but the analysis is primarily
focused on the influence of Ry and C; to account for RM's electrical RC
bandwidth because parasitic components have a negligible impact on
the overall response [62]. Furthermore, C; is a bias-voltage-dependent

parameter, affected by Wp (depletion width) and carrier concentration

59



in the p-n diode, while R; is assumed to be bias-voltage-independent.
The 3-dB RC bandwidth of RM is dominantly determined by both R
and C; values, and due to the bias-voltage dependency of C;, the RC

bandwidth also exhibits bias voltage dependency.

Pad & Interconnect

+
Parasitic from _
Vin Ci AV

(b)

Fig. 3-6. (a) Electrical components of the p-n diode of RM, (b)

equivalent circuit for electrical parts of RM.
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3.5. Modulation Linearity of RMs !

The modulation linearity of the Si RMs is characterized using a
CMT time-domain model [66]. The purposes of this investigation are
(1) to verify the accuracy of the CMT model, (i1) to determine the most
linear operation points of the RMs in terms of input optical wavelength
(4in) and optical power (Pix) and (iii) to explore the potential of
expanding the RM-based higher-order coherent modulation format such

as QAM [59].

3.5.1 Parameter Extraction

Electrical Electrical
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Fig. 3-7. Micro photograph of the RM for the investigation.

1 © 2021 IEEE. Reprinted with permission from “Y. Jo et al, Modulation Linearity

Characterization of Si Ring Modulators, Journal of Lightwave Technology, Dec. 2021”
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Fig. 3-7 presents a microphotograph of the RM, which has been
used for the modulation linearity analysis, with an 8-um radius and a
290-nm coupling gap. The CMT optical parameters described earlier
are obtained from the optical transmission spectra measured at different
reverse bias voltages, by numerically fitting the measured transmission
to the steady-state transmission equation given as Eq. (3.10) using least
root-mean-square fitting. Fig. 3-8(a) shows the measured and fitted
transmission spectra, and Fig. 3-8(b) and (c) show the extracted
parameter values of ney, 77 and z.

Furthermore, the electrical parameters, Ry and C;, are obtained from
the electrical reflection coefficient (S11) measured at different reverse
bias voltages, by fitting the measured Sii1 to the response of the
equivalent circuit shown in Fig. 3-6 using least root-mean-square fitting.
Fig. 3-9(a) and (b) show the measured and fitted magnitude and phase
of Si1 for the RM, respectively. Fig. 3-9(c) shows the bias-voltage-
dependent parameter, C;, with respect to reverse bias voltage. Ry is
assumed to be bias-voltage-independent, and the extracted value of R,
is 240 ohms. The RM has been placed on a temperature-controlled
stage whose temperature is maintained at 25°C for all measurements in

Fig. 3-8 and 3-9.
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3.5.2 Time-Domain to Frequency-Domain Analysis

Fig. 3-10 illustrates the block diagram for the modulation linearity
modeling and simulation of the RM. To consider the influence of the
RM's electrical components, the time-domain transient response
between Vi (t), the applied RF signal to the RM, and V(¢), the applied
RF signal to the p-n diode is calculated from the equivalent circuit in
Fig. 3-6 and the electrical parameters obtained from Fig. 3-9. The
nonlinear capacitance, C;, can be conveniently handled as a piecewise-
linear voltage-controlled capacitor within Cadence Virtuoso. Then, the
time-domain response of the RM, E,.(¢), can be simulated using the
CMT model parameters obtained from Fig. 3-8 and the CMT model
described in Eq. (3.7) and (3.8). By taking the fast Fourier transform
(FFT) of the calculated Eou(f), the modulation linearity in either the
optical domain or electrical domain can be simulated.

For example, the magnitude of the Fourier transform of E,ud?)
represents the optical spectrum of the Si RM as Euu(f). Fig. 3-11(a)
shows the optical spectrum when the Si RM is modulated with 10-GHz
RF signals at -2 Vg bias voltage and a 2-Vyeak-10-peak amplitude. Here, Aix
is 40 pm smaller than A for -2 V. bias voltage, as seen in the inset of

Fig. 3-11(a). The optical spectrum in Fig. 3-11(a) also shows multiple
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sideband peaks such as 1st-order lower sideband (LSB), 2nd-order LSB,
Ist-order upper sideband (USB), and 2nd-order USB, separated by 10
GHz (80 pm) intervals. The background level can be attributed to
truncation error resulting from FFT and simulation time step of Eou (7).

Furthermore, the magnitude of the Fourier transform of |E,u(f)]
represents the electrical RF spectrum of the down-converted output
signal through a photodetector (PD) as Ipp(f). Fig. 3-11(b) shows the
electrical RF spectrum when the Si RM is modulated with two-tone RF
signals at -2 V. bias voltage, with frequencies of 9.9 GHz and 10.1
GHz, both having a 2-Vpeak-t0-peak amplitude. The A, value is the same as
in Fig. 3-11(a). In Fig. 3-11(b), two fundamental tone signals and third-
order intermodulation distortion (IMD?3) signals can be observed at 200
MHz intervals.

The 2nd-order (or higher-order) signals in Fig. 3-11(a) and the
IMD3 signals in Fig. 3-11(b) are a result of the nonlinearity of the Si
RM. By simulating the two-tone RF modulation analysis as in Fig. 3-
11(b) for different RF powers, the performance metric of modulation
linearity [16], [66], known as the spurious-free dynamic range (SFDR),

can be determined.
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Fig. 3-10. Block diagram for modulation linearity characterization of
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Ay = 1543.9 nm
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Fig. 3-11. (a) Simulated optical spectrum of the RM modulated with
one-tone, 10-GHz RF signal and (b) simulated electrical RF spectrum
of the RM modulated with two-tone, 9.9-GHz and 10.1-GHz RF
signals. -2 Vg of bias voltage and 1543.9 nm of A;, are used for both

cases, and the RF signal has 2-Vjear-t0-pear amplitude for both cases.
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3.5.3 Self-Heating Effect
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Fig. 3-12. Normalized transmission spectra measured at 5 different
values of Pi,, 0.025, 0.250, 0.500, 0.750 and 1.000 mW and extracted
value of OAres/ OPin.

The Si RM shows asymmetric shift in transmission spectrum due to
the self-heating effect with different values of P;, [64]. Fig. 3-12 shows
normalized transmission spectra for five different Pi, values, and the
influence of the self-heating effect on transmission spectra is shown.
Ares linearly red shifts as P;, increases with 172 pm/mW of A5/ OPin
which equals to 2.91 x 10% /mW of &ney/OPin. Oney/ OPin has two
contributions: one from the increase due to self-heating and the other

from the decrease due to dispersion. With the known values of

69



dispersion of Si and SiO» as well as the waveguide confinement factor,
the amount of dispersion at the 1.55 um wavelength of the given Si
waveguide is calculated as -1.85 x 10* /mW [76]. From this, the purely
self-heating-induced oney/ P can be decoupled as 4.76 x 10* /mW. As
self-heating effect depends on the RM's Q factor, its influence on the
modulation linearity performance is different in terms of model
parameters as well as device geometry [64]. In addition, the Kerr effect
and two-photon absorption effect in Si at 1.55 um are 3-6 x 107'8 m*W
[77,78] and 0.7 cm/GW [79], respectively, both of which can be

considered negligible within the P;, range of this investigation.

ol A O 4,= 1544.045 nm.

P,=1mW

-20 |

B
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Fig. 3-13. (a) Normalized transmission spectra for 0.025 mW and
1.000 mW of P;,. (b) optical spectrum of the RM for 10-GHz, 2-V)ea-
w-peak RF signal at point A.
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The self-heating effect on RM causes an asymmetric shift in the
transmission spectrum. The wavelength change due to the self-heating
effect (041) at any wavelengths near resonance can be numerically

determined as

‘ 1
L T
oA, = 5’%;7 Z ]

‘j(a)— @,,) +;

, (3.13)

where dney represents the difference in effective index at resonance for
high and low P;, values, and 7, @, and @ are values for low P;, value.
The self-heating effect only affects the steady-state characteristics
of the RM but has no influence on dynamic modulation characteristics
of RMs [66]. Therefore, the modulation linearity analysis with both A,
and P;, considered under the self-heating effect can be performed based
on the calculated modulation characteristics as in Fig. 3.10 with model
parameters at low P;,, which means without the self-heating effect. For
example, the blue curve in Fig. 3-13(a) represents the transmission
spectrum at 1.000 mW of P;,, where point A corresponds to 1544.045
nm of Ai,. By substituting the model parameter values and dne into Eq.

(3.13), the amount of shift due to the self-heating effect can be
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determined as 145 pm, and from this value, the A, without self-heating
effect corresponding to point A is found as point B (1543.9 nm of 4,)
in the red curve of Fig. 3-13(a) which represents the transmission
spectrum at 0.025 mW of Pj,. In other words, the analysis of dynamic
modulation characteristics of the RM at point A can be performed under
the assumption that the calculated modulation characteristics without
self-heating effect at the point B is shifted as much as the amount
determined by Eq. (3.13). Furthermore, it's worth noting that
modulation characteristics at the same normalized transmission points
are identical. Fig. 3-13(b) shows the optical spectrum at point A
obtained through this technique. Except for 145 pm of wavelength
difference determined by Eq. (3.13), the optical spectrum is identical to

that in Fig. 3-11(a) which corresponds to the point B in Fig. 3-13(a).
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3.5.4 Measurement of Modulation Linearity of RMs

(i) 1-tone Test (ii) 2-tone Test

RE Power (—| RF Source 1 I
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Optical Signal
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VOA PC Ein GC GC Eout

(Input) (Output)

Fig. 3-14. Measurement setup for modulation linearity characterization

of RMs.

Fig. 3-14 shows the measurement setup for RM's modulation
linearity analysis. The optical signal is supplied to the RM from the
tunable laser source (TLS), the variable optical attenuator (VOA) and
the polarization controller (PC) through a pair of on-chip grating
couplers (GCs) as an optical I/O. For the 1-tone measurement, the 10-
GHz, 2 Vyeak-to-peak RF signal and the -2 V. bias voltage are supplied to
the device through a bias-T. For the 2-tone measurement, 9.9-GHz and
10.1-GHz RF signals with 2 Vpeak-to-peak are power-combined and

supplied to the device. An optical spectrum analyzer (OSA) is used to
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obtain the optical spectrum as in Fig. 3-11(a), and the photodetector
(PD), the RF amplifier (RF Amp) and the RF spectrum analyzer (RF

SA) are used to obtain the RF spectrum as in Fig. 3-11(b).
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Fig. 3-15. (a) Normalized transmission spectra for 0.025 mW and 0.5
mW of P;,. Measured and simulated optical spectra when the RM is
modulated with 10-GHz, 2Vjeak-t0-peak RF signal for (b) point A, (c)
point B and (d) point C in (a).
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Fig. 3-15(a) shows transmission spectra at 0.025 mW and 0.5 mW
of Pi, values, both of which are from Fig. 3-12, to describe the optical
spectrum in terms of P;, and Ai» when Si RM is modulated with a 10-
GHz, 2 Vyeak-t0-peak RF signal. In cases such as the point A, where 4, is
smaller than A, the LSB has a smaller slope magnitude in the
transmission spectrum than that of the USB, resulting in a smaller peak
optical power value for LSB. In contrast, at the point B, where 4, is
larger than /. the LSB has a larger slope magnitude in the
transmission spectrum than that of the USB, resulting in a larger peak
optical power value for LSB. These opposing behaviors are graphically
represented in the inset of Fig. 3-15(a).

Fig. 3-15(b), (c), and (d) respectively show the measured and
simulated optical spectra for the point A (4, = 1543.895 nm, P;, = 0.025
mW), the point B (4, = 1543.98 nm, P;, = 0.025 mW) and the point C
(Ain = 1543.98 nm, P;; = 0.5 mW), as shown in Fig. 3-15(a). As
explained in the previous chapter, the simulated optical spectrum for
the point C, as shown in Fig. 3-15(d), can be obtained by shifting the
simulated optical spectrum at the point A using Eq. (3.13) and model
parameters measured at low Pi,. The measured ratios of sideband peaks
to the carrier in Fig. 3-15(b), (c¢) and (d) agree well with the simulation

results, verifying the accuracy of the CMT-based numerical analysis of
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the RM's modulation linearity and self-heating effect characterization
technique, regardless of the value of A, and Pi,. Furthermore, the
description in Fig. 3-15(a) regarding the relation of relative slope
magnitudes of the LSB and USB and corresponding peak optical
powers can be observed in Fig. 3-15(b) with USB having a larger peak
optical power at the point A and in Fig. 3-15(c) with LSB having a

larger peak optical power at the point B.
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Fig. 3-16. The measured and simulated peak optical powers of carrier,
1*order and 2"-order sidebands in terms of A, when the RM is
modulated with 10-GHz, 2Vyear-t0-peak RF signal for (a) 0.025 mW and
(b) 0.5 mW of Pi,.

Fig. 3-16(a) and (b) show the measured and simulated peak optical

powers of the carrier, 1st-order and 2nd-order sidebands in terms of A,
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for P;, values of 0.025 mW and 0.5 mW, respectively. It is evident that
RM's modulation linearity is highly sensitive to the values of 4i» and Piy.
The careful selection of these operating points is particularly crucial in
applications involving linear modulation of the Si RMs because of the
trade-off between maximizing the 1st-order signal and minimizing the
2nd-order signal, which makes achieving the optimum for both

challenging, as demonstrated in Fig. 3-16.
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Fig. 3-17. (a) Measured RF spectrum of the RM modulated with 9.9-
GHz, 10.1-GHz and 1.25 Vjeak-to-peax 0f RF signals at 1544.09 nm of A,
and 0.5 mW of P;,. (b) Measured peak RF powers of fundamental and
IMD3 signals with different input RF powers and SFDR value at the
same point in (a). (¢) Measured and simulated SFDR of the RM with
different P;, of RM, 0.100, 0.250 and 0.500 mW.

For the measurement of RF spectrum, a sufficient RF power must

be provided to the RF SA. A large P;, is supplied to the PD to increase
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the output photocurrent, and the photocurrent is amplified through the
RF amplifier to provide the detectable signal power to the RF SA. The
PD and RF amplifier used in this investigation have a responsivity of
0.63 A/W and 1-dB gain compression power larger than 10 dBm,
respectively. The values of Pi, and the RF amplifier gain are carefully
selected to ensure that the PD and the RF amplifier do not affect the
modulation linearity measurement of the RM. Fig. 3-17(a) shows the
RF spectrum when the Si RM is modulated by two-tone RF signals
with 9.9 GHz and 10.1 GHz whose amplitude is 1.25 Vyear-to-peak- Here,
Pj, has a value of 0.5 mW, and 4, is 1544.09 nm, which is 30 pm larger
than A..;. The measured ratio of the fundamental to the IMD3 is 58.51
dB, close to the simulated value of 57.36 dB.

For the characterization of SFDR, the peak RF powers of the
fundamental and IMD3 signals are measured for different RF power
values of two-tone signals. The measured are shown in Fig. 3-17(b),
using the same values of P;, and A, as in Fig. 3-17(a). The SFDR
represents the relative magnitude of the fundamentals, which can be
guaranteed when the IMD3 signals are equal to the noise floor, so the
noise of the entire measurement setup must be characterized. The
contributions to the noise in the radio-over-fiber (RoF) link include

relative intensity noise (RIN), shot noise and thermal noise [80]. First,
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the RIN of the TLS is approximately -140 dB/Hz, and the load
impedances for the PD and the RF amplifier are both 50 ohms. The
bandwidth for noise calculation is assumed to be 1 Hz. In the link
loss/gain calculation, the insertion loss of the Si RM for each i, is
considered, along with the coupling loss due to a pair of GCs and
waveguide loss. With an insertion loss due to waveguides and grating
couplers of 14.4 dB, the optical power of the TLS is controlled with the
VOA to deliver 0.5 mW of P;, to the RM. The insertion loss of the RM
at the same P;, and 4, as in Fig. 3-17(a) is 1.9 dB, resulting in an input
power of -12.1 dBm delivered to the photodetector and leading to 0.039
mA of photocurrent. At this point, the shot noise and RIN noise are
calculated as -182.11 dBm and -181.34 dBm, respectively, which is one
order of magnitude smaller than the thermal noise of -173.85 dBm.
Then, the noise floor is determined as -172.63 dBm, resulting in an
SFDR of 95.39 dB-Hz?3. For cases where A, is closer to s, the total
noise is more dominated by thermal noise due to the increased insertion
loss of the RM [81].

Fig. 3-17(c) presents the measured and simulated SFDR as a
function of 4i, at three different P;, values. Due to the high insertion
loss of the Si RM, the link noise is thermal noise limited, and the

influence of P;, on the noise floor is negligible. Thus, as P;, increases,
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the output power of the RM also increases, resulting in an increase in
the SFDR. The asymmetric shift of the SFDR curve for large Pi, values
is also shown in Fig. 3-17(c). The simulated SFDR curves match well
with the measured SFDR curves, confirming the accuracy of the
characterization techniques proposed in this investigation.

Furthermore, careful selection of 4;, and Pi, is required for a given
Si RM to maximize its SFDR for linear applications. For example, the
proposed coherent IQ modulators based on Si RMs in Fig. 1-13 have an
operation wavelength (4i,) very close to the resonance wavelength as
shown in Fig. 3-5. As observed in the results of Fig. 3-17(c), this near
resonance operation wavelength (A;,) leads to significantly lower SFDR
values, making it challenging to expand to higher-order coherent
modulation formats such as 16 QAM and 64 QAM with the proposed

structure [59].
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3.6. Summary

The fundamental structure and operation principle of depletion-type
Si RMs are described, which covers from the Si RR to the Si RM with
the detailed explanation of modulation through the p-n diode in the
circumference of the RMs. The RTT is used to understand the
transmission characteristics based on their model parameters « and 7,
and the CMT is introduced as a more simple and efficient way to
describe the time-domain behavior and the frequency response of the
RMs based on their model parameters such as 7, 7., and @yes.

The phase modulation characteristics of the Si RMs are explained
in terms of the three different types of coupling (over-coupled, critical-
coupled and under-coupled) of Si RMs, with an emphasis on the
potential use of the Si RMs for coherent IQ modulators/transmitters. In
addition, the operation condition for the phase modulated RMs is
described.

Besides the optical model parameters of the Si RMs, the electrical
components such as R, and C; are introduced, and their influence on the
entire E/O responses is also included in the characterization for the
accuracy of the model.

The modulation linearity of Si RMs is analyzed using CMT-based
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time-domain to frequency-domain numerical analysis. The purpose of
this investigation is to confirm the CMT model’s accuracy, to explore
the linear operation point with respect to 4, and P;, and to figure out
the possibility of the higher-order coherent modulation based on the Si
RMs. For this, the optical and electrical parameters are extracted from
the measured optical transmission spectra and the electrical reflection
coefficients. The self-heating effect on the RM’s transmission
characteristics is introduced. The one-tone RF modulated optical
spectrum and peak optical powers are measured, and the two-tone RF
modulated RF spectrum and peak RF power are also measured, both of
which confirms the validity of the proposed characterization technique
for the modulation linearity of the RMs. The careful selection of P;, and
Ain values is required for linear modulation applications. In addition, the
implementation of the higher-order coherent modulation with suggested
structure of the coherent IQ modulators based on the RMs is
challenging due to near resonance operation properties of the phase

modulated RMs.
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4. Optimization of Coherent Transmitter

EPIC?

4.1. Device Structure
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Fig. 4-1. Schematic of Si coherent transmitter EPIC based on RMs.

Fig. 4-1 shows the schematic of a coherent transmitter EPIC based

on the RMs which can be designed and fabricated using IHP’s Si

2 © 2023 IEEE. Reprinted with permission from “Y. Jo ef al., A Si Photonic BICMOS C
oherent QPSK Transmitter Based on Parallel-Dual Ring Modulators, 2023 IEEE Silicon

Photonics Conference (SiPhotonics), Washington, DC, USA, April 2023, pp. 1-2”
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photonic BICMOS process. It is briefly introduced in Fig. 1-13 and in
[82], but the details of its individual components are provided, and the
optimization results of the device performance are presented.

The photonic components of the coherent transmitter EPIC, a
coherent IQ modulator, are mainly composed of the ring-assisted
Mach-Zehnder interferometers (RaMZI). The input optical signal to the
IQ modulator is split into a 50:50 ratio by a 1 x 2 multimode
interferometer (MMI), with two identical single-quadrature RMs
located in each arm of MZI to independently generate modulation
signals for the I-channel and Q-channel. These independently generated
I- and Q-channel signals are combined through a 2 x 2 MMI with a 90-
degree phase difference to operate as the coherent IQ modulator.

Due to process variations in Si PIC technology [69], there are
possibilities of having mismatch of the photonic components [82].
Firstly, two RMs may have different values of A.s and it causes the
failure of coincidence of the phase modulation operation point (Ain)
described in Fig. 3-5. Secondly, the arm lengths of the MZI may have
different values, and it introduces an unintended additional phase
difference deviating from the desired phase difference, 90 degrees.
Both result in the failure of operation as the coherent 1Q modulators

and make it challenging to generate the correct coherent IQ modulation
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signals. To solve these problems, on-chip thermo-optic components are
integrated. For the resonance mismatch of the RMs, heaters are
integrated into each RM to align the A5 values of the two RMs, and for
the phase mismatch of the MZI, phase shifters are integrated into each
arm of the MZI to compensate the phase difference due to the arm
length difference.

The electronic circuit of the coherent transmitter EPIC is the RM
driver electronics, which is designed to independently supply the
electrical signal with the required voltage (V') for the 180-degree phase
modulation to the two RMs at the target data rate. The I- and Q-channel
RM drivers amplify high-speed input non-return-to-zero (NRZ) signals
to the desired voltage and differentially deliver them to the RMs. These
two channel RM driver electronics also operate independently. The
output voltage of the driver electronics is limited to maximum 6 Vpyea-zo-
peak, diff-

Realizing a high-performance coherent transmitter EPIC based on
RMs requires optimizing the phase modulation performance of the
photonic components, specifically the RMs, as well as the performance

of the RM driver electronic circuits.

86



4.2. Phase Modulation Characteristics of the RMs

The performance metrics of the phase-modulated single-quadrature
RMs include (i) the required voltage (V) for achieving 180-degree
phase modulation, (ii) dynamic insertion loss (IL) at the operation
wavelength (A4in) as explained in Fig. 3-5 and Chapter 3.3, (iii) the 3-dB
modulation bandwidth (BW) required to transmit the high-speed
signals and (iv) Q factor of the RM. It is worth noting that the small-
signal E/O frequency responses in Eq. (3.12) is not proper approach for
the phase-modulated RMs because Do and D, values are close to zero
due to near A.s operation, and it is numerically modeled for the
transmitted intensity of intensity-modulated RMs [61,62].

Thus, the time-domain to frequency-domain numerical analysis
technique based on CMT in Chapter 3.5 is used to build an accurate and
efficient model for the analysis of the phase modulation characteristics
of RMs. RM’s CMT optical model parameters such as 7, z, and ne, as
well as RM's electrical model parameters such as R and C;, depend on
the RM's structure. For instance, the value of 77 depends on the radius
of the RM, and 7z depends on the coupling gap of the RM. Before
analyzing the dependence of the RMs on their structure, an RM with a

16-um radius and a 220-nm structure is considered as a sample of a
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single-quadrature RM, denoted as "16 220." This device is designed
based on a waveguide structure that is 500 nm wide and 220 nm thick,
with a slab thickness of 100 nm as in Fig. 3-3. The nominal peak carrier
concentrations for the p-region and n-region are 7 x 10'7 cm™ and 3 x

10'8 cm3, respectively, as described in Chapter 3.1.
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Fig. 4-2. Measurement and fitting to obtain the model parameters of the
sample RM. Measured and fitted (a) optical transmission spectra, (b)

magnitude and (c) phase of electrical Si; for different bias voltages.
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Bias (V) Ny % (ps) % (ps) R, () G, (fF)
0 2.607275 21.4635 17.5920 34.96
-1 2.607314 22.0344 17.5922 30.58
-2 2.607340 22.4142 17.5924 28.00
-3 2.607366 22.6938 17.5926 105.7 26.21
-4 2.607389 23.0973 17.5927 24.84
-5 2.607412 23.3947 17.5929 23.74
-6 2.607435 23.7619 17.5930 22.81

Table 4-1. Extracted model parameters of the Si RM.

Fig. 4-2(a) shows the measured optical transmission spectra of the
sample RM at different bias voltages. Using Eq. (3.10) and a least mean
square fit, the model parameters, 7, 7, and nef, can be extracted. Fig. 4-
2(b) and (c) respectively show the magnitude and phase of the electrical
reflection coefficient (Si1) at different bias voltages. Using the
equivalent circuit for the electrical parts of RMs and a least mean
square fit, the model parameters, R; and Cj, can be extracted. All the
solid lines in Fig. 4-2 represent the fitting curves required for the model
parameter extraction, and the extracted model parameters for the
sample RM are presented in Table 4-1.

Analysis of the sample RM reveals that V7 of 5.7 V and A, of

1551.01 nm for BPSK modulation. An E/O modulation efficiency of
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the sample RM is analyzed to be 15.1 pm/V of Adres from 0 V to V=V,
and optical loss of the sample RM is analyzed to be 35.86 dB/cm for 0
V and 32.54 dB/cm for Vz V. At this point, the dynamic IL of the RM is

10.0 dB. The “16_220” sample RM has 6,117 of quality (Q) factor.
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Fig. 4-3. (a) Conceptual diagram of coherent modulation and

demodulation, (b) theoretical coherent receiver.

The phase modulation frequency response of the RM can be

characterized by obtaining the time-domain complex signal of the RM

using CMT-based techniques. For this, Fig. 4-3(a) and (b) show a
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conceptual diagram of the coherent modulation and demodulation
processes, and the theoretical coherent receiver architecture,
respectively. With the given model parameters, the time-domain
complex signal, Eou(t), of the RM is numerically calculated for a given
modulation angular frequency, ., and then, the solution is supplied as
the signal input to the theoretical coherent receiver. Additionally, Ei.(?),
which is an optical input signal of the RM, is applied as the local
oscillator (LO) input of the theoretical coherent receiver, using a
homodyne reception scheme. The relations of the input and output
signals for the optical hybrid in the theoretical coherent receiver, as

shown in Fig. 4-3(b), are described as follows [28],

1

E :E(Esig +EL0)7 4.1)
1 .

E, :E(E”g +JE,), 4.2)
1 .

E, ZE(ES[g -JE.0), (4.3)
1

E, = E(Esig _ELO)' (4.4)

After down-converted by balanced photodiodes for each channel,

resulting I- and Q-channel photocurrents (/; and /p) are given as,
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1) = 1,() = 1,(1) = R R.F, c08(0,,, (1) = 0, (1)) , (4.5)

1,(0) = 1() = 1;(1) = R BB, (0, (1) = 0,6 (1)) , (4.6)

where [;, I>, I3 and Iy respectively denote the photocurrents of each
output port of the optical hybrid. R represents the responsivity of the
photodiode, and Ps and Pro represent the optical power of the signal
and LO, respectively. 6, is the phase of the signal, and 6,0 is the phase
of the LO. Considering the relativity of the phase, ;0 is excluded, and
considering the phase noise term, 6,, the complex photocurrent Zcompiex

is given by,

L@ = 1,(0)+ Ly (1) = R PP, exp{ j(6,(1) + 0, (1)}, 4.7)

where 6 refers to the modulated phase of the signal. Furthermore, the
output photocurrents are amplified by the Rx EIC, which typically
consists of TIAs and results in the output signals as voltage signals, V;
and Vp. The time-domain complex signal, lcompiex(f), has a phase
information of the modulated complex signal, and Ecompiex(t), composed

of V7and Vp, is equivalent to the RM's output signal, Eo.(?).
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Ecomplex (t) = I/[ (t) + JVQ (t) . (48)

As discussed in Chapter 3.5, by taking the FFT of the calculated
Ecompiex(t), the complex modulation characteristics of the RM at @, can
be simulated. With model parameters listed in Table 4-1 and the
coherent modulation and demodulation, the complex E/O response of
the sample RM can be determined for the frequency range of interest.
To calculate single frequency point of E/O response as described, it
takes 20 seconds for 100-ns waveform length and 2.5-fs time interval
with AMD Ryzen 9 5900X, 64.0 GB RAM PC. The simulation time
can be further reduced by decreasing the entire waveform length with
smaller frequency resolution. For example, it takes 2 seconds for 10-ns
waveform length and 2.5-fs time interval with 100-MHz frequency
resolution.

However, for the measurement of the complex E/O response of
RMs, it is essential to de-embed the influence of various instrumental
components such as the coherent receiver and RF amplifier. Especially,
unlike the theoretical coherent receiver, real-world coherent receivers
have finite modulation bandwidths and problems including the optical
hybrid’s excess loss and phase mismatch, and Rx EIC’s process

variations leading to I- and Q-channel imbalance. Consequently,
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characterization of the opto-electronic (O/E) response of the coherent
receiver is crucial to obtain a more accurate measurement of the
complex E/O frequency responses of RMs. Coherent receivers require a
different approach unlike direct-detection receivers that can be
measured using light-wave component analyzers (LCAs) and vector
signal analyzers (VSAs). For coherent receivers, it is necessary to
perform heterodyne measurements of the receiver’s O/E response by
supplying different laser sources into the two optical input signals of

the coherent receiver [83].
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Fig. 4-4. (a) Heterodyne measurement setup for O/E responses of
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relation between intermediate frequency (@) and modulation
frequency (wm), (c) difference in signal’s spectra between real signal
and complex signal and (d) the measured normalized magnitude and

phase response of the commercial coherent receiver for de-embedding.
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Fig. 4-4(a) shows the heterodyne measurement setup required for
the coherent receiver. Commercial coherent receiver, Fujitsu FIM24902,
has been used in the experiment, and its datasheet reveals a 3-dB
modulation bandwidth of typically 40 GHz and phase imbalance within
+/- 7.5 degrees. Laser 1, Agilent 81600A, has been used with an output
power of +0 dBm, while Laser 2, Coherent-Solutions LaserMatrlQ-
1004-1-FA, has been used with an output power of +10 dBm.
Polarizations of both laser sources have been controlled to maximize
X-polarization signal while minimizing Y-polarization signal. The
receiver has differential output ports for the I and Q channels, but only
I+ and Q+ channels have been used for the measurements, while the
remaining channels have been terminated.

Fig. 4-4(b) shows a conceptual diagram illustrating the relative
wavelengths of Laser 1 and 2. The wavelength difference of the two
laser sources denoted as an intermediate frequency (@) equals to
having the single-sideband modulation signal supplied to the coherent
receiver with modulation frequency (wn). Fig. 4-4(c) shows the
differences in the spectra between real and complex signals. The
complex signal contains data in the negative frequency domain due to
the presence of both real (I) and imaginary (Q) components. The time-

domain output signal of the coherent receiver, acquired from the RTO,
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is FFT-ed to obtain the O/E response of the coherent receiver. Fig. 4-
4(d) shows the measured normalized magnitude and phase response of
the coherent receiver, and this can be used for de-embedding required
to characterize the complex E/O response of RMs.

In addition to the homodyne reception scheme described in Eq.
(4.5)-(4.8), the heterodyne reception scheme is used for the
measurement of E/O response of the RM. This leads to an additional

ir term of Le.ompiex in Eq. (4.7) as follows.

Icomplex (t) = R V PsPLO eXp {J(wIFt + es (t) + en (t))} ’ (49)

Due to the presence of the intermediate frequency components in the
signal, the carrier frequency offset compensation [84] is included in the

digital signal processing (DSP) algorithms.
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Fig. 4-5 shows the measurement setup for the complex E/O
response of RMs characterization, with dashed insets (i)-(vi) explaining
the optical or electrical spectra at each stage. Firstly, the optical input
signal of the RM at @, in (i) is modulated by the supplied modulated
signal at @, in (i1) and converted to carrier and sideband signals in (iii).
For measurements, RF signals with a 5.7 Vpeak-to-peak Which equals to the
Vz of the sample RM are applied to the RM with a bias voltage of a half
of Vz GCs are used as optical I/Os, and the polarization of both input
and output signals of the RM is controlled to maximize the X-
polarization signal. An EDFA amplifies the RM's output signal, and the
power of the amplified signal is controlled with a VOA for the coherent
receiver’s input signal. The modulated output signal of the RM as well
as the optical signal at wro in (iv) is supplied to the signal port and LO
port, respectively. The value of @w;r is maintained below 300 MHz.

The obtained output signals of the coherent receiver in (v), I+ and
Q+, pass through the off-line digital signal processing (DSP)
algorithms, including carrier frequency offset compensation to remove
the @y component and digital bandpass filtering to reduce out-of-band
noise, resulting in the recovered E-field as in (vi). The recovered E-
field is then analyzed in the frequency domain by taking the FFT, and

during this process, the responses of the RF amplifier, cables, probes
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and the heterodyne-measured O/E frequency response described in Fig.

4-4 have been all de-embedded [82,83].
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Fig. 4-6. Measured and simulated complex E/O frequency response of
the sample RM, “16 2207, (a) normalized magnitude response for

LSB and USB, phase response for (b) LSB and (c) USB.

Fig. 4-6 provides the measured and simulated complex E/O

response of the sample RM, "16 220." The model parameters in Table
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4-1, obtained from Fig. 4-2, are used in the simulation. Although the
measured responses contain a certain amount of error, the overall
measured responses agree well with the simulated, confirming the
validity of the proposed characterization method. A correlation between
the measured and the simulated is calculated as 0.70. The deviation
comes from insufficient de-embedding of the equipment used in the
characterization, composed of reflections of high-speed signals and
randomness of the noise.

An important observation is as follows. As explained in Eq. (3.12),
the small-signal response of the RM has a 2-pole, 1-zero system with

pole (p) and zero (z) values given by,

p=——%jD,, z=-2. (4.10)

The phase modulation of the RM has distinctive characteristics: (i)
Dy 1s very close to 0 and (ii) the RM for phase modulation has an over-
coupling condition (77 > 7.) very close to a critical-coupling condition
(z1 = 7). Due to these phase modulation characteristics and Eq. (3.9),
the positions of the poles and zeros in Eq. (4.10) are very close to each

other. As a result, the frequency response of the RM, which has a 2-
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pole, 1-zero system for intensity modulation, can be approximated as a
1-pole system for phase modulation for the described Ai,.

From Fig. 4-6(a), it can be observed that the measured 3-dB
bandwidth of the E/O magnitude response for "16 220" is 18.5 GHz.
Furthermore, at this 3-dB bandwidth frequency, Fig. 4-6(b) and (c)
show that the phase response experiences an approximately /4
reduction. This suggests phase modulation characteristics consistent
with a 1-pole system, which exhibits a 3-dB attenuation of the
magnitude response and a n/4 reduction in the phase response at the
pole. Therefore, it is evident that characterizing the E/O response of the
phase-modulated RM in terms of the magnitude response alone is

sufficient.
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4.3. Optimization of RMs for Phase Modulation

In addition to the sample RM, "16 220," the single-quadrature RMs
with different model parameters, © and z, have been fabricated and
examined to analyze the performance dependence on the RM structure,
especially on the radius and the coupling gap. Fig. 4-7 presents the
simulated distribution of dynamic IL, V', 3-dB E/O bandwidth and Q
factor with respect to the model parameters, 77 and 7. The figure also
shows the measured results of 5 fabricated sample RMs, represented as
circles located in their measured model parameters and performance
metrics. Similar to "16 220," these sample RMs are labeled with their
respective "radius" and "coupling gap" next to the circles.

Under-coupled RMs (7 < 7.) have been excluded from the design
range since a m-degree phase shift cannot be achieved. In contrast,
critical-coupled RMs (77 = ) have more abrupt 21t phase shift around
the resonance wavelength compared to over-coupled RMs (77 > z.) as in
Fig. 3-4. Due to the abrupt phase shift, the m phase shift can be
achieved with a smaller V= Also, the critical-coupled RMs have higher
Q factor compared to over-coupled RMs, which leads to a sharper
resonance notch in their transmission spectra. Because of this, the

dynamic IL of the critical-coupled RM is higher with Q-factor
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increased, leading to a tight link power budget for a coherent
transmission system. Fig. 4-7(a) and (b) clearly demonstrate that single-
quadrature RMs approaching critical coupling have higher dynamic IL
and smaller V7 while the opposite trend is true for the RMs which are
far from the critical coupling. For example, in Fig. 4-7, “16 240" is
closer to the critical coupling than “16 220”. This leads to higher
insertion loss for “16 240 at the cost of achieving low V7.

Additionally, the 3-dB E/O bandwidth in Fig. 4-7(c) is limited as
the RM model parameters, 77 and 7., become large because 7 and 7.
also mean the time constants. Fig. 4-7(d) shows the values of the Q
factor in terms of 7 and 7., indicating that the RMs have high Q factors
when the RM is designed near the critical coupling. The fabricated
sample RMs have Q factors from 4,800 to 6,500, which are sufficient
values for a few tens of GHz of 3-dB bandwidth.

Furthermore, the design limits shown in Fig. 4-7 indicate the
smallest coupling gap allowed according to the design rule of the Si
photonic BiICMOS process and the maximum peak-to-peak differential
output voltage achievable in BICMOS driver electronics.

The 3-dB electrical bandwidth of RMs does also have the
dependence on the structure, only related to the RM's radius rather than

the coupling gap of the directional coupler because the p-n diode of the
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ring has the design variety only for the radius. Fig. 4-8 presents the 3-
dB electrical bandwidth of RMs with 8, 12, and 16 gm radius at
different reverse bias voltages, calculated based on the measured Si
from the fabricated sample RMs, and the figure reveals that the
fabricated sample RMs have sufficient bandwidth to support the target
baud rate of 28 Gbaud.

In summary, the single-quadrature RMs tend to have either (i) a
large modulation bandwidth, high 7z and low dynamic IL with low Q
factor or (ii) a small modulation bandwidth, low ¥ and high dynamic
IL with high Q factor. The electrical characteristics of single-quadrature
RMs are sufficient for the transmission of 28-Gbaud signal. Based on
these optimization results, the "16 220" RM has been integrated as a
single-quadrature RM for the single-polarization, 28-Gbaud coherent
QPSK transmitter EPIC. Detailed measured and simulated performance
metrics for the decision to select the "16 220" RM are provided in

Table 4-2.
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Insertion Loss (dB) V_(V)
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Fig. 4-7. Performance of single-quadrature RMs in terms of 7; and 7. at
0 V. (a) Dynamic insertion loss in dB, (b) Vz in V, (¢) 3-dB E/O
bandwidth in GHz and (d) Q factor. The circles indicate the measured
result of the fabricated RMs.
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Radius [um] 8 8 12 16 16
Coupling Gap [nm] 250 270 240 220 240
Device 08 250 08 270 12240 16_220 16 240
Measured 7.7 54 6 5.7 28
Va2 (V) -
Simulated 8.09 553 593 5.65 2.25
Dynamic Measured 10.63 11.92 10.63 10.0 15.66
insertion loss
(dB) Simulated 9.7 11.7 10.6 10.1 16.6
3-dB bandwidth Measured 215 195 19.25 18.5 14.75
(GHz) Simulated 2 19.6 18.8 18.2 15.6
Measured 4576 5121 5490 5723 6307
Q factor
Simulated 4802 5384 5684 6117 6469

Table 4-2. Measured and simulated Vz, dynamic insertion loss, 3-dB

E/O bandwidth and Q factor for 5 different single-quadrature RMs.
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4.4. RM Driver Electronic Circuit
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Fig. 4-9. (a) Block diagram of the RM driver electronic circuit, (b)

schematic of driver core.
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Fig. 4-9 shows the schematic of the RM driver electronic circuits
based on BICMOS process. Two sets of drivers are used to amplify the
externally supplied high-speed NRZ data to provide the desired Vz to
the individual RMs. These drivers independently modulate the I- and
Q-channel single-quadrature RMs of the coherent IQ modulator based
on RaMZI. Emitter followers (EF) are integrated to buffer the input
electrical signal for the next stage. The driver core consists of a fully
differential cascode structure, which can deliver a maximum 6 Vyeqk-ro-
peakdiff to the RM without any breakdown of transistors. The bias
voltages for the driver are provided by bias circuits composed of an
operational transconductance amplifier and a replica circuit of the
driver core. External bias voltages are supplied to the RMs from the
output stage of the driver with a capacitive coupling.

Fig. 4-10 presents the post-layout simulated eye diagram for a 28-
Gbps NRZ signal with a 5.7 Vpeak-to-peakaiy using the electrical
parameters obtained from the optimized RM, "16 220", in Chapter 4.3.

Fig. 4-11 shows the fabricated coherent transmitter EPIC based on
RaMZI, with a chip size of 1.36 mm x 0.78 mm (1.06 mm?). The figure
shows the co-integration of photonic components such as two
waveguide paths for the interferometers, MMIs, thermo-optic elements

and the RMs, as well as the electronic circuit for the RM driver.
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Fig. 4-10. Post-layout simulated eye diagram of the RM driver
electronic circuit for 28-Gbps NRZ signal.
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Fig. 4-11. Chip micro photograph of fabricated coherent transmitter

EPIC based on RaMZI.
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4.5. Summary

For the efficient co-integration of photonic components such as
waveguide paths, MMIs, thermo-optic elements and RaMZI as well as
the electronic driver BiCMOS circuit, the overview of the structures
and individual components of the coherent transmitter EPIC based on
the RaMZI are given.

Firstly, the single-quadrature RMs are characterized to achieve the
efficient phase modulation for the coherent IQ modulation. For this, the
CMT-based time-domain to frequency-domain numerical analysis is
carried out with the measured model parameters, and experimentally
verified. The detailed analysis of the complex E/O response of the
single RM is described with the theoretical explanation about the
coherent modulation and demodulation.

Then, the modulation performance of the RMs are optimized with
their performance metrics, dynamic IL, V%, 3-dB modulation bandwidth
and Q factor to investigate the structure dependence on the
performance. The trade-offs between dynamic IL, ¥z, 3-dB modulation
bandwidth and Q factor are explored, providing insights into the design
of coherent IQ modulators for the desired phase modulation

requirements. For this, the fabricated single-quadrature RMs are
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measured and analyzed.

Furthermore, the schematic of the RM driver electronic circuits is
explained, which is co-integrated to independently supply the required
voltage with the desired data rate for phase modulated RMs. Also, the
fabricated coherent transmitter EPIC is shown, demonstrating the co-

integration of photonic and electronic components.
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5. Measurement of the Coherent Transmitter

EPIC with a Receiver EPIC

5.1. Alignments of Photonic Components in

Transmitter EPIC

Fig. 5-1(a) illustrates the structures of the integrated heaters within
the directional coupler, composed of N-type doped Si waveguides with
an N+/N/N+ configuration as well as the phase shifters integrated into a
bottom metal layer located at the top of each arm of the MZI. In Fig. 5-
1(b), a conceptual diagram is provided to describe the compensation
technique for the resonances of the two RMs and the phase mismatch
of the MZI.

Due to process variations, the proposed coherent IQ modulators can
have mismatch in the resonance wavelengths of the two RMs, Ae;
and A2, as well as the phase mismatch (@) of the MZI, which is
required to be precisely 90 degrees. To solve these, the heater
integrated in the RMI1, assumed that its A is on the left side of the
RM2, is operated to make the value of A equal to A.2. Then, the
phase shifter in one of the MZI arms is swept to identify the quadrature

bias point where a 90-degree phase difference is achieved. This
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iterative process determines the biases required for the heater and phase
shifter to ensure that A.s; and A2 match, and ¢ has the desired 90-
degree phase difference. As explained, one of the heaters where the RM
has the shorter resonance wavelength is operated, and one of the phase
shifters is operated.

The measured performances of the thermo-optic components reveal
that, to cover half of the FSR (FSR of 6.24 nm for “16 2207), 45.7 mW
of power is required for the heater. In addition, to compensate for the
21 phase mismatch within the MZI, 57.9 mW of power is required for
the phase shifter. The transmitter EPIC has been placed on a
temperature-controlled stage whose temperature is maintained at 25°C
for all measurements. The heaters and phase shifter locally heat to align
the coherent IQ modulator for operation, and its temperature can reach

up to 65°C without any breakdown of the device [65].

114



@

4 us.;m” I mn}m Nmn}m” I mn}m Nam}m
—
: Ioyusaseud 4
j ")
4 )
’ w.uv. 5 puyu
........ “ o g o
v - v 2 R
—_— n— < 1s1eaH
1 S — i 5 ,
/\ © A -3 f
VAN 3 (9ouRUOSBI-}JO (]
: g je asuodsal [ZIN) . N @ :
' 3 19Y1Yys aseyd ' 1=
LINY — LAY — LAY —
(e)
HIYS .06

layiys

aseyy 19)edH

ndino

xosg xog
wu 0zz H Jmu1
— e
wu 005 deg Bujidnoy
Jeyys eseuyd W LN wu-0zz N
uO}09S-SS01) uO[}09S-SS01D

§24.
oy

oseyd

Kjsuajug

Fig. 5-1. (a) Cross-section diagram for integrated heater and phase

shifter. (b) Conceptual diagram for alignments of the resonance of the

two RMs and the phase of the MZI.
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5.2. A Coherent Receiver EPIC

In Chapter 4, the commercial receiver has been used to characterize
the phase modulation behavior of the RMs. However, the potential as
an monolithic all-silicon transceiver sub-assembly EPIC based on the
RMs is explored through co-measurements of the fabricated transmitter
EPIC in Fig. 4-11 with the coherent receiver EPIC, also realized within
the Si photonic BICMOS process.

Fig. 5-2 presents the chip microphotograph and schematic of the
fabricated Si photonic BICMOS coherent receiver EPIC, with a chip
size of 3.41 mm x 1.61 mm (5.49 mm?) [83,85]. For optical I/O, a pair
GCs is used, along with an additional pair of GCs integrated for
optimized coupling efficiency monitoring. The optical quadrature
hybrid is realized with a 4 x 4 MMI, which has a 189-um length and
10-um width [86]. The MMI's outputs are terminated with four single-
ended Ge photodiodes (two pairs of balanced photodiodes), which are
then connected to the Rx front-end EIC.

The electronic output stage circuit for each channel consists of a
TIA, two stages of variable gain amplifiers (VGA), a 50-ohm output
buffer, a gain control loop and a dc offset cancellation loop, providing

differential outputs for both the I-channel and Q-channel signals. The
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fully differential input transimpedance stage enables compensation for
mismatches arising from the single-ended photodiodes through the dc
offset cancellation loop. The electronic circuit design is based on the
designs of the optical direct-detection receivers in [87] and optical
coherent receivers in [88], both of which are fabricated by IHP’s SiGe
BiCMOS electronic IC process. Previously, the coherent receiver
EPICs with similar design configurations have demonstrated a typical 3
dB O/E bandwidth of around 30 GHz. Further details can be found in

1831, [85], [87,88].
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Fig. 5-2. Chip microphotograph and schematic of Si photonic

BiCMOS coherent receiver EPIC.
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5.3. Measurements of the Coherent Transceiver EPICs

Fig. 5-3(a) and (b) show the measurement setups for the bit-error
rate (BER) of the coherent transceiver EPICs in terms of the received

optical power (ROP) and the optical signal-to-noise ratio (OSNR).
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Fig. 5-3. Measurement setup for bit-error ratio (BER) of the coherent
transceiver in terms of (a) receiver optical power (ROP) and (b) optical

signal-to-noise ratio (OSNR).

An arbitrary waveform generator (AWG, Keysight M8199A, 256

Gsa/s) generates electrical 28-Gbaud QPSK signals, and these signals,

119



filtered with a root-raised cosine filter having a roll-off factor of 1.0,
have amplitudes of 750 mVpeak-topeakairr for the I-channel and 850
MV peak-to-peakdify for the Q-channel. The electrical QPSK signals are fed
to the coherent transmitter EPIC through a pair of GSGSG RF probes
so that the required Vz of 5.7 Vyeak-to-pear 15 delivered to the RMs after
amplified by the driver electronics. The transmitter EPIC chip is
mounted on an FR4 printed circuit board (PCB), which provides the
necessary biases for the BiCMOS RM driver circuits and optical
components as well. The biases for the receiver EPIC are directly
supplied from the DC probes.

For measurements with respect to the ROPs, the output optical
signal of the transmitter EPIC is fed to the receiver EPIC after
amplified by the EDFA and filtered by an optical bandpass filter
(OBPF) whose bandwidth is set to be 0.8 nm. The VOA is used to
control the ROP for the receiver. To examine the possibility of inter-
chip connection of these transmitter EPIC and receiver EPIC, the entire
transceiver EPICs are also tested without the EDFA. For the setup
without the EDFA, the EDFA, OBPF and VOA which are denoted as
“with EDFA only” in the Fig. 5-3(a) are removed.

For measurements with respect to the OSNR, an additional EDFA

and VOA are added to the fiber-optic setup between the transmitter and
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the receiver to adjust the noise levels for different OSNR values. The
receiver is changed to a commercial coherent receiver (Fraunhofer
CRF-70-EH). The measurement setups in Fig. 5-3(b) have different
configurations for the receiver such as the presence of the power supply
for the receiver EPIC and the on-wafer RF probes. The OSA monitors
the spectrum of the QPSK signals from the transmitter and measures
the OSNR, while an optical power meter tracks the split output power
of the transmitter.

The optical signal input for the transmitter and for the receiver are
provided by laser sources. Two types of signal lasers are used to
demonstrate the potential implementation of the coherent transceiver
sub-assembly for high-speed DCI. One is an external cavity laser (ECL,
Agilent 81960A) whose linewidth is 100 kHz, and the other is a C-band
single-mode vertical cavity surface emission laser (VCSEL) supplied
by VERTILAS GmbH., Germany, provided for research purposes.

Fig. 5-4(a) shows a microphotograph of the VCSEL, and the
lensed-fiber setup is used to obtain the output optical signal from the
VCSEL. The VCSEL used in this measurement typically exhibits an
intrinsic linewidth of 6~7 MHz, measured using a delayed self-
heterodyne technique, and 1its power-current-voltage (P-I-V)

characteristics are shown in Fig. 5-4(b). A temperature-controlled probe
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stage 1s additionally used to manage the VCSEL's wavelength. Detailed

information and characterization for the VCSEL can be found in [89].
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Fig. 5-4. (a) Micro photograph of a vertical cavity surface emission
laser (VCSEL), (b) power-current-voltage (P-I-V) curve of the
VCSEL.

The output power and linewidth specifications of the LO have
influences on the entire transceiver link performances such as a
required sensitivity to the receiver and a block length of DSP algorithm
[90]. For the LO laser source, an ECL (Keysight 81608A) whose
linewidth is < 10 kHz is used with an output power of +8 dBm for the
receiver during measurements.

The signal laser source has an optical power of +3 dBm for the case
of ECL and an optical power of +2.1 dBm for the case of VCSEL. For

the case of VCSEL, +2.1 dBm of output optical power is de-embedded
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values, including losses from the lensed-fiber coupling and PC.

The entire insertion loss of the transmitter is 27.8 dB, including a
12.5 dB coupling loss for the pair of GCs on the transmitter side. The
coupling losses for the receiver are 3.8 dB for each GC. Fiber loss
between the VOA output and the receiver input as well as fiber array
loss is de-embedded in the latter description for the ROP. Polarization
for each GC 1is optimized to maximize output power for single
polarization operation.

As described in Chapter 3.5.3, the RMs have a sensitivity to the
input power known as the self-heating effect [64], which results in
difficult power handling. The actual input power to the RMs is
analyzed to be -6.25 dBm because of (i) coupling loss from one GC
(6.25 dB), (i1) temporal 3-dB loss from 1 x 2 MMI at the input side of
the RaMZI although the signal is combined again at the output side of
the RaMZI. With this input power, the RM does not go into a bi-stable
operation region. Even though there exists an asymmetric shift in the
transmission spectrum, it can be recovered by adaptive equalization in
the DSP algorithms.

The receiver's output signals (I+ and Q+) are acquired by RF probes
and the RTO (Tektronix DPO77002SX, 200Gsa/s, 70GHz). The other

output channels (I- and Q-) are terminated with 50-ohm loads. The
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RTO's bandwidth is limited to 32 GHz for 28-Gbaud operation and 28
GHz for 25-Gbaud operation. An off-line DSP is carried out using a
communication analyzer tool (Tektronix OM1106) for the RTO, which
includes clock recovery, root-raised cosine filtering, carrier phase
estimation [91] and least-mean-square adaptive equalization using the
constant modulus algorithm [92].

The coherent transmitter EPIC consumes 986.3 mW of power for
28-Gbaud QPSK operation, including the power consumption of the
heater (6.4 mW) and the phase shifter (11.4 mW) for the coherent 1Q
modulator. Bias voltages for the heater and the phase shifter are
determined as described in Chapter 5.1. The coherent receiver EPIC
consumes 518 mW for 28-Gbaud operation.

Fig. 5-5(a) and (b) respectively show the measured BER as
functions of the ROP and the OSNR for 25-Gbaud and 28-Gbaud
QPSK signals. In Fig. 5-5(a), both the coherent transmitter EPIC and
the receiver EPIC are used in the measurements. The achieved BER
performances are below the forward-error correction (FEC) limit with
3.8 x 10 of BER threshold, demonstrating the successful operation of
the coherent transceiver sub-assembly based on ring modulators within
the photonic BICMOS process for both 25 Gbaud and 28 Gbaud QPSK

operations.
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Fig. 5-5. Measured BER in terms of (a) ROP and (b) OSNR. For ROP
measurements, both transmitter EPIC and receiver EPIC are used. For
OSNR measurements, a commercial receiver is used. The points A, B,

C and D in (a) are example data sets for the next figure.
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The ROP penalty observed between 25-Gbaud and 28-Gbaud
operations, both of which are measured with an ECL, is found to be 2.0
dB. This penalty is primarily due to the bandwidth limitation of the
transmitter EPIC, which is limited by the E/O response of the RM.
Additionally, the measured BER using the C-band single-mode VCSEL
as a signal laser source shows successful 25-Gbaud operation with a
similar penalty to the penalty between 25-Gbaud and 28-Gbaud
operation with the ECL. This is due to the phase noise and wavelength
fluctuation of the VCSEL [89], which is critical to the RM’s stable
operation.

In the figure, the measured BER without the use of the EDFA can
be found, confirming the possibility of inter-chip connection of the
monolithic coherent EPIC transceiver sub-assembly. Although the
transmitter and receiver share the same photonic BiCMOS process
technology, in this research, they are realized in the separate dies,
which requires the use of EDFA due to the tight link power budget
resulting from the coupling loss of GCs and fiber loss. Therefore, if the
transmitter and receiver are co-integrated on a single die, the overall
transceiver performance can be further improved as much as the
improved margin in the link power budget.

In Fig. 5-5(b), the BER performance of the coherent transmitter
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EPIC is evaluated with the commercial coherent receiver in terms of
OSNR in a 0.1 nm noise bandwidth, and theoretical BER values are
also provided. The degradation of the transmitter EPIC is attributed to
the thermal and wavelength sensitivity of the ring modulator, as
described in [59,60].

Fig. 5-6 presents the recovered constellations and both channel’s
eye diagrams for points A, B, C and D of Fig. 5-5(a) as examples. All
the data are color-coded based on their relative bin count, and the eye
diagrams are re-sampled results. Data capacity can be further increased
using 2-D grating couplers [93] for dual-polarizations, as already

demonstrated in the receiver EPIC with the same technology [85].

127



In-Phase (a.u.)
Time (ps)
Time (ps)

(d)

N -~ o ~ (\II o~ o~
(‘n"e) ainjespend
o
3
& @ 7
P 3 G
e 8 E % ~
< = =
o
i=
A\
o
o~ - o - o ' ~ o~
(‘n"e) ainjespenpd
N

0
In-Phase (a.u.)
Time (ps)
Time (ps)

(b)

- h
~ = o < o
('n"e) ainjespenp

N -~ o ~ (\Il o~
(‘n"e) ainjespend

Time (ps)
Time (ps)
(a)

0
In-Phase (a.u.)

N - e = o o : ) ;
('n'B) ainjespend (‘n'e) aseyd-u| ('n"e) ainjespenp

Fig. 5-6. Recovered constellations and eye diagrams for I-channel and
Q-channel for the point (a) A, (b) B, (¢) C and (d) D in Fig. 5-5(a) as
examples. The eye diagrams have been resampled, and the data are

color-coded to their relative bin count.
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5.4. Performance Comparison

There have been many research efforts to integrate the Si RMs into
coherent 1Q modulators/transmitters. Table 5-1 presents reported
coherent IQ modulators based on RMs.

In [59,60], a single-polarization QPSK modulator has been reported
using the RaMZI structure for 28 Gbaud operation. However, it has a
higher ¥z of 6 V and a larger device footprint of 0.625 mm? compared
to the coherent IQ modulator presented in this study. In [94], an ultra-
compact coherent IQ modulator based on a push-pull configuration of a
racetrack-RaMZI has been demonstrated single-polarization, a 124-
Gbaud 4-level amplitude shift keying (ASK) within 0.03 mm?
Nevertheless, the chip size excludes routing optical waveguides, and
the modulator shows a higher 'z of 7.5 V and a higher insertion loss of
approximately 18 dB. Another study, [95], reports a travelling wave
Mach-Zehnder (TWMZ) racetrack ring modulator for 90-Gbaud dual-
polarization (DP) probabilistically shaped (PS) 64-QAM operation.
This modulator utilizes a coupling modulation in the directional coupler
region, and it is hybrid-integrated with SiGe RF driver EIC through
flip-chip ball grid array (BGA). However, due to its large TWMZ

electrode-based design, the modulator occupies a footprint of 0.3 mm?.
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Furthermore, the transmitter in [95] demonstrated a higher Vz of 14 V
and a higher insertion loss of 40.7 dB (including fiber-to-chip coupling
loss). Notably, none of the previous reports provides precise and
efficient characterization of RMs for phase modulation or detailed
insights into design optimization.

Table 5-2 shows the performance comparison between the coherent
transmitter and receiver EPICs in this study and other research
regarding O-band transceiver links for intra-DC applications [96-98].
The transmitter has been realized through a hybrid integration with an
MZM-based coherent IQ modulator and 90-nm BiCMOS driver
electronics. Similarly, the receiver has been developed through a hybrid
integration with a receiver PIC and a receiver EIC, which include an
analog equalization based on an optical Costas phase-locked loop
(PLL), distinct from off-line-DSP-based adaptive equalization. The
demonstrated baud rate is 56-Gbaud DP-QPSK operation for the entire
transceiver link and 64-Gbaud DP-QPSK operation for the transmitter
only. Notably, the transmitter in [96-98] occupies 41.1 mm? due to its
realization via "hybrid integration" and "MZM," while the coherent
transmitter EPIC in this research is significantly smaller, occupying
only 1.06 mm?.

The coherent transmitter EPIC is further compared with a
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commercial coherent 1Q modulator [99]. This commercial modulator,
fabricated using lithium niobate, demonstrates 64-Gbaud DP-QPSK
operation for a 200-Gbps data rate and DP-16QAM operation for a
400-Gbps data rate. While numerous other commercial coherent IQ
modulators exist, the majority are based on lithium niobate, which

results in a larger device footprint.
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Table 5-1. Performance comparison of the RM-based coherent IQ

modulators/transmitters.
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23’ JLT
[96-98]

This Work

Tx EIC: GF 9HP 90nm BiCMOS

Process Rx EIC: GF 8XP 130nm BiCMOS IHP’s Si Photonic BICMOS
PIC: Intel’s Si Photonics
‘Wavelength 1310 nm 1550nm

Modulation Format

Dual-pol. QPSK

Single-pol. QPSK

Transceiver sub-assembly

Architecture w/ analog equalization Transceiver sub-assembly
Debn;::?i;;i:?d Flﬂégfg;i;:ng ésaﬁg;l ud Full transceiver: 28 Gbaud
Driver Integration O{y(ari Q) (M(]l.'lf])li thic)
Device Structure MZM Ring-assisted MZI

Tx: 41.4 mm?(*)

Tx: 1.06 mm?

Chip Size RxEIC: 5.2 mm? .
Rx PIC- N/A Rx: 5.49 mm?
Power Consumption Tx: 1,200 mW Tx: 986.3 mW
Rx: 900mW Rx: 518§ mW
Energy Efficiency 9.5 pl/bit 26.9 pJ/bit

(*) Tx PIC includes semiconductor optical amplifier (SOA)

Table 5-2. Performance comparison of coherent transceiver sub-

assembly.
Coherent IQ Modulator .
Fujitsu FTM7992HM [99] This Work
Process Lithium Niobate IHP’s Si Photonic BICMOS
Wavelength 1550 nm 1550nm

Modulation Format

Dual-pol. QPSK, Dual-pol. xQAM

Single-pol. QPSK

Architecture Modulator Transmitter
Maximum Baud-rate 64 Gbaud 28 Gbaud
Driving Voltage N/A 5T Vpeak-to-peak
Device Structure MZM Ring-assisted MZI
Device Footprint 81.7 x 12.5 x 6.5 mm’? 1.06 mm?
Power Consumption N/A 986.3mW

Table 5-3. Performance comparison of the transmitter EPIC with a

commercial coherent IQ modulator [99].
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5.5. Summary

The detailed information about the measurements of the coherent
transmitter EPIC with the coherent receiver EPIC is given. Due to the
process variation in coherent IQ modulators based on the RaMZI, the
heaters and phase shifters are integrated on the chip. The biases for
these heaters and phase shifter are found by observing the measured
transmission spectra to achieve the coincidence of resonance
wavelengths of the two RMs and the 90-degree phase difference of the
MZI.

To examine the potential of an all-silicon monolithic coherent
transceiver based on EPIC, the fabricated transmitter EPIC is evaluated
with a coherent receiver EPIC which has been realized within same
photonic BiCMOS technology. The receiver EPIC includes optical
components such as 4 x 4 MMI, Ge photodiodes as well as high-speed
BiCMOS receiver front-end electronics such as TIAs, VGAs, output
buffers and dc offset cancellation loops. The coherent transmitter EPIC
consumes 986.3 mW for 28-Gbaud QPSK, while the coherent receiver
EPIC consumes 518 mW for 28-Gbaud operation.

The coherent transceiver EPICs are measured together for 25-

Gbaud and 28-Gbaud QPSK operation. The measured results of BER
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with respect to ROP and OSNR are given, along with the recovered
QPSK constellations and re-sampled eye diagrams. The proposed
coherent transceiver sub-assembly has a potential for further
improvements in integrated photonic BICMOS technology. To assess
the potential for high-speed DCI applications, another type of optical
laser source, VCSEL, is used instead of the ECL for the signal source.
In addition, the transceiver EPIC is measured for the case without using
EDFA, showing the possibility of the inter-chip connection of the entire
transceiver within a single die for the better performance with a more
enough link power budget. The measured BER values are below the
FEC limit, which confirms the successful operation for 25-Gbaud and
28-Gbaud QPSK signals for all the measurement configurations.

The demonstrated device is compared with the previously reported
coherent 1Q modulators/transmitter, coherent transceiver sub-assembly

and commercial coherent modulator.
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6.  Discussion for Further Optimization

6.1. Further Optimization of Single RMs

The trade-offs in the phase modulation performance of single RMs
for the single-quadrature modulators are discussed in Chapter 4.3,
indicating that the RMs can have (i) a large modulation bandwidth,
high V7 and low dynamic IL with a low Q factor, or (ii) a small
modulation bandwidth, low V7 and high dynamic IL with a high Q
factor as in Fig. 4-7. To achieve further optimized performances, such
as low Vz low dynamic IL or a larger modulation bandwidth, an
analysis on the model parameters of single RMs is carried out regarding
their impact on the design trade-offs.

Fig. 6-1 shows the design ranges of model parameters, 77 and z,
based on the structure parameters of RMs such as radius and coupling
gap. To obtain these, the device simulation has been carried out using
Ansys Lumerical DEVICE, MODE and FDTD. The parameter ranges
shown in the design optimization in Chapter 4.3 consider the maximum
output voltage (6 Vyeak-to-peak) of the BICMOS driver electronics as the
design limit. As shown in Fig. 6-1, for the given radius of RM, the

value of 7 is determined, and for the smaller coupling gap design, the
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lower 7. can be obtained. This implies the potential for further RM
optimization towards a larger modulation bandwidth, lower dynamic IL
and lower Q factor, as seen in Fig. 4-7, but at the same time, it also

implies a significantly higher Vzreaching 9 Vyeak-to-peat-

25 r r T T T T 30
—— 6 zam - Simulation
—— 8 pm - Simulation
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20} 16 pam - Simulati
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Radius (um) Coupling Gap (nm)
(a) (b)

Fig. 6-1. Design ranges of the RM’s model parameters: (a) z; vs radius
and (b) 7. vs coupling gap, radius. Colored dots indicate the measured

sample RMs in Chapter 4.3.

Then, the trade-offs in RM model parameters over a wider range
must be explored beyond the limit of the driver electronics' maximum
output peak-to-peak voltage. Fig. 6-2 shows the 3-dB E/O bandwidth,
dynamic insertion loss, and Q factor in terms of the wider range of
RM's model parameters. The data presented in Fig. 6-2 is the simulated

result using the characterization and optimization method demonstrated
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in Chapter 4. "Design limit" denotes the model parameter range
achievable with the 6 Vpeak-ropear limit, emphasized previously. The
results within a wider model parameter range in Fig. 6-2 indicate the
possibility of designing RMs for a larger modulation bandwidth (~ 35
GHz), lower dynamic IL (~ 5 dB) and lower Q factor (~ 3300),
compared to Fig. 4-7.

Particularly, a higher 3-dB bandwidth can be obtained with smaller
values of 7; and 7. at the same driving voltages, as the bandwidth is less
limited with smaller values of these time constants. Similarly, a lower
Q factor is achievable with smaller 7; and 7. values, indicating higher
loss. Decreasing 7. causes the RM to move away from critical coupling,
resulting in a smaller dynamic insertion loss. As illustrated in Fig. 6-1,
smaller values of 7; and 7. are related to smaller radius and coupling gap,
respectively. However, the lines indicating 9- and 12-Vjeak-r0-peak levels

imply a need for significantly higher driving voltages to achieve V7.
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Fig. 6-2. Further optimization of single RM’s performance for wider
ranges of 7 and 7. at 0 V. (a) 3-dB E/O bandwidth in GHz, (b) dynamic
insertion loss in dB and (c) Q factor. The lines in the figure show the

required driving voltages in Vyeak-ro-peak-
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Fig. 6-3. Measured and fitted electro-optic efficiency (Aney vs reverse

bias voltage) of the RMs for 8-, 12- and 16-um radius.

Fig. 6-3 shows the measured and fitted electro-optic (E/O)
efficiency of the fabricated sample RMs, represented as Aney versus the
reverse bias voltage. For instance, 16-um radius RMs have a
corresponding value of 15.1 pm/V for AA./V from 0 V to 6 V. The
free-carrier-based Si optical modulators shows low E/O efficiency for a
high reverse bias due to the p-n diode's nonlinear effect. Thus,
achieving a high Vz, such as 12 Vyeak-to-pear as in Fig. 6-2 or 14 Vyeak-to-
peak 10 [95], would not only be challenging for the devices but also
impose high power consumption burdens on electronic driver ICs or

external electrical amplifiers.

140



V_ (V) for 100% of E/O Efficiency V, (V) for 150% of E/O Efficiency
20— 20—

9.000 0 9.000
19
18
7.000 7.000
.......... 17
—ef eV T — 16
A | e )
S5p 4 T 500 215 5.000
° -
= Sl A s
-------- 13
" 3.000 3.000
12 12
1| 1nE
10 I 1 I 1 I 1 I 1 1.000 0 I 1 L 1 I 1 1 1 1.000
14 15 16 17 18 19 20 21 14 15 16 17 18 19 20 21
7 (ps) 7 (ps)
(a) (b)
V. (V) for 200% of E/O Efficiency
20 — T T T T T 9.000
19
18
17 7.000
— 16
[]
215 5.000
@

3.000

14 15 16 17 18 19 20 21
7 (ps)

1.000

(c)

Fig. 6-4. Required V' for the single RMs when the E/O efficiency is
assumed to be (a) 100%, (b) 150% and (c) 200% of the measured and
fitted results in Fig. 6-3.

Fig. 6-4 shows the simulated V'~ in terms of the wider range of RM's
model parameters, with 150% and 200% of E/O efficiencies assumed,
and it also shows the case of 100% from Fig. 4-7(b) for comparison.

The E/O efficiency curves are derived from Fig. 6-3 for the behavioral
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simulations. The case of E/O efficiency of 200% indicates that a wider
design range of RM model parameters can be covered with lower
driving voltages. For instance, when the 200% of E/O efficiency is
assumed, the 16-um radius RMs can have 30.2 pm/V for a resonance
modulation efficiency which is a similar value of [94] in Table 5-1.
Then, the RMs within the model parameter ranges of 12 Vyeak-to-pear I
Fig. 6-2 can be realized with 6 Vyeak-to-peak, potentially resulting in
higher E/O bandwidth and lower insertion loss than the optimized

results in Chapter 4.
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(Input) Output)

(2) (b) (©

Fig. 6-5. Different and possible designs of the directional coupler for
the RMs, (a) convex to the ring, (b) straight and (c) concave to the

ring.

The improved E/O efficiency of the p-n diode is feasible through
optical mode overlap optimization such as L-shaped junction [74], and

ion implantation engineering for higher carrier concentration. However,
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this has a possibility of changing the optical loss coefficient which
results in change of the RM's model parameters, 77 (¢). Thus, for the
similar desired performance, 7. (») may need potential design
compensation procedures by controlling the coupling gap in directional
coupler design or the waveguide shape of directional couplers such as
straight or concave, convex to the RMs as shown in Fig. 6-5.
Furthermore, the RC bandwidth of RMs can have different aspects due
to the p-n diode optimization unlike discussed in Chapter 3.4 and 4.3,
and in this case, the carrier concentration and physical dimension of the

waveguide slab region can be controlled to prevent a decrease in the

RC bandwidth.
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6.2. Alternatives for Single-Quadrature Modulators

In the previous chapter, the phase-modulation performance of a
single RM has been further optimized by considering a wider range of
model parameters and better E/O efficiency of the p-n diode of RMs.
However, the optimized 3-dB E/O bandwidth remains around 35 GHz
due to the single RM's near-zero detuning operation, as illustrated in
Fig. 3-5, where the bandwidth of RM is highly limited. Achieving a 3-
dB E/O bandwidth exceeding 35 GHz is challenging with near-zero
detuning operation. Therefore, an alternative driving scheme for the
RaMZI is analyzed to enhance the phase modulation performance for a

single-quadrature modulator.

— 0 (Viow)
}hin
I+
Input | 1x2 180° from 2x1 | Output :
MMI Phase Shifter MMI : :
—_1 (Vlow)
—— 0 (Vhign)

7\~in

Fig. 6-6. Push-pull configuration of the RaMZI for a single-quadrature

modulator.
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Fig. 6-7. Operation principle of PP-RaMZI, (a) transmission of I+ and
I- RMs, (b) transmission of the PP-RaMZI (c) phase of I+ and I- RMs
and (d) phase of the PP-RaMZI.
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Fig. 6-6 illustrates a push-pull configuration of RaMZI (PP-RaMZI)
integrating two RMs in each arm of the MZI. The physical structure is
similar to the RM-based coherent 1Q modulators in Fig. 4-1, yet
different in that the upper RM and lower RM represent I+ and I- signals,
respectively. For instance, when the I+ RM is supplied with Vi, for bit
0 and Viygn for bit 1, the inverse signal of them is supplied to the I- RM.
In the PP-RaMZI configuration, a m-phase shift is introduced by the
phase shifter integrated into one of the MZI's arms. Thanks to the -
phase shift originating from the phase shifter, the single-quadrature
modulator gains a degree of freedom (/) among the trade-off relations,
previously represented by Vi, insertion loss, and 3-dB bandwidth.
Additionally, the single RM, operating as a single-quadrature modulator,
suffers from bandwidth limitations due to near-zero detuning operation
as depicted in Fig. 3-5. However, the PP-RaMZI offers the possibility
to choose detuning far from the resonance, enabling a larger
modulation bandwidth.

Fig. 6-7 illustrates the detailed operation principle of the PP-RaMZI.
In Fig. 6-7(a), the transmission spectra for I+ and I- RMs are given.
These RMs operate with a push-pull configuration based on given bit
data. The operation wavelength (4i;) is determined to have a DC

insertion loss of 6 dB, as this point is known to offer optimal high-
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speed modulation characteristics in many previous reports [57,74]. Fig.
6-7(b) illustrates the transmission of the entire PP-RaMZI for 0 and 1
operations. Due to the m-phase shift, the transmission spectra have
different shapes from notch filter characteristics. The figure implies that
insertion loss can have different values in terms of Ai.. Fig. 6-7(c)
illustrates the phase spectra for I+ and I- RMs with the push-pull
operation, and the resulting phase spectra for the PP-RaMZI are shown
in Fig. 6-7(d), confirming the acquisition of the m-phase shift by the
integrated phase shifter.

For a comprehensive analysis, the performance of the PP-RaMZI is
simulated using the model parameters of the "16 220" RM integrated
into the coherent transmitter EPIC in this research. A driving voltage of
2 Vpeak-to-peak 18 supplied to each RM, which is equivalent to a total of 4
Vpeak-to-peak for the PP-RaMZI. The simulated results of the PP-RaMZI,
along with those of the single RM for comparison, are presented in Fig.
6-8. Fig. 6-8(a) shows the transmission spectra of the PP-RaMZI which
has a dynamic insertion loss of 12.0 dB at 4i,. In contrast, the dynamic
insertion loss for the single RM is 10.0 dB where two transmissions
cross. Fig. 6-8(b) shows the phase difference spectra for the PP-RaMZI
and the single RM. The PP-RaMZI's phase difference is flatter than that

of the single RM, owing to the m-phase shift from the phase shifter
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rather than the device itself, enabling more tolerant phase modulation
operation at the input wavelength, 4.

Fig. 6-8(c) presents the simulated E/O responses of the PP-RaMZI
and the single RM. Despite a slight peaking in the response, the PP-
RaMZI shows a larger bandwidth of 28.0 GHz compared to the 18.2
GHz bandwidth of the single "16 220" RM. The bandwidth of RMs
can be further increased by adjusting Ai, to move farther from the
resonance, resulting in a lower DC insertion loss. Fig. 6-8(d) shows the
simulated E/O responses when /4, values for the PP-RaMZI are set to
have DC insertion losses of 3 dB and 6 dB. As a result, the bandwidth
increases to 41.4 GHz for a 3-dB DC insertion loss. However, the
dynamic insertion loss is also increased to 15.4 dB because of
decreased output optical modulation amplitude for A, far from the
resonance. Even though there is more peaking in the response, this
characteristic can be helpful in compensating the potential RC
bandwidth limitation of RM for high-speed operation.

By integrating the PP-RaMZI as a single-quadrature modulator, the
performance such as driving voltages and 3-dB modulation bandwidth
can be improved at the cost of the increased dynaminc insertion loss.
The performance of the PP-RaMZI and single RM is summarized in

Table 6-1.
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Fig. 6-8. Simulated (a) transmission spectra, (b) phase difference
between “bit 1” and “bit 07, and (c) E/O response of the PP-RaMZI
with “16 220” RMs for a single-quadrature modulator. (d) E/O
responses of the PP-RaMZI for A, having a 3-dB and 6-dB DC
insertion loss. The simulated results of “16 220" single RM for the

single-quadrature modulator are also shown for comparison.
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Device

“16_220”

“16_220”

Configuration

Single RM

PP-RaMZI

Ain

@ n-phase shift

@ DC insertion loss

=-6dB

@ DC insertion loss

=-34B

Vpeak—m—peak (V)

5.65

2

2

Dynamic insertion loss

10.1

12.0

15.4

(dB)

3-dB E/O bandwidth
(GHz)

18.2 28.0 41.4

Table 6-1. Simulated performance metrics of the PP-RaMZI and single
RM based on the model parameters of “16 220" RM.

As in Chapter 4.3 and Chapter 6.1, the trade-offs of PP-RaMZI with
RM model parameters are explored. Fig. 6-9 presents the simulated
performance of PP-RaMZI, where each RM is supplied with a 2 Vyeak-r0-
peak driving voltage, assuming 100% of E/O efficiency. The model
parameter ranges are consistent with those shown in Fig. 6-2. Fig. 6-
9(a) and (b) respectively show the 3-dB E/O bandwidth and dynamic
insertion loss when 4;, is set to have a 6-dB DC insertion loss for
individual RMs. Smaller values of 7; and z. allow the RM to have a
higher modulation bandwidth exceeding 35 GHz, albeit at the cost of
increased dynamic loss. To achieve even higher modulation bandwidth,
the value of 4, can be adjusted to have a 3-dB DC insertion loss for the
individual RMs. This results in the 3-dB E/O bandwidth and dynamic

insertion loss shown in Fig. 6-9(c) and (d), respectively. In the figure,
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the PP-RaMZI demonstrates its possibility to have a modulation
bandwidth of over 65 GHz with a corresponding increased dynamic

insertion loss of around 19.0 dB.

3-dB E/O Bandwidth (GHz) Insertion Loss (dB)

45.00 20— 16.00

40.00 15.00

35.00 14.00

Te (PS)
Te (PS)
@

30.00 13.00

25.00 10 12,00

14 15 16 17 18 19 20 21 14 15 16 17 18 19 20 21
7 (ps) 7 (ps)

(@) (b)

3-dB E/O Bandwidth (GHz) Insertion Loss (dB)

"4

65.00 20 — 19.00

60.00

18.00

55.00 17.00

Te (PS)
Te (PS)
&

50.00 16.00

45.00 10
14 15 16 17 18 19 20 21 14 15 16 17 18 19 20 21

7 (ps) 7 (ps)

15.00

() (d)

Fig. 6-9. Optimization of the PP-RaMZI’s performance in terms of
wider ranges of 7; and 7. at 0 V with 2 Vpeak-to-pear driving voltage and
100% of E/O efficiency assumed. (a) 3-dB E/O bandwidth in GHz and
(b) dynamic insertion loss in dB for 4;, at 6-dB DC insertion loss. (c)
3-dB E/O bandwidth in GHz and (d) dynamic insertion loss in dB for
Ain at 3-dB DC insertion loss.
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The increased dynamic insertion loss observed at 3-dB DC insertion
loss comes from the smaller dynamic optical output. To overcome this,
the E/O efficiency is assumed to be 200%. Fig. 6-10 (a) and (b) show
the dynamic insertion loss when 200% E/O efficiency is assumed at 6-
dB and 3-dB DC insertion loss, respectively. Compared to the 100%
E/O efficiency case in Fig. 6-9, the 6-dB margin of dynamic insertion

loss can be achieved with 200% E/O efficiency.

Insertion Loss (dB)

P

Insertion Loss (dB)

10.00 20— 13.00

9.000 12.00

8.000 11.00

Te (PS)
@

Te (PS)
@

7.000 10.00

6.000 9.000

14 15 16 17 18 19 20 21

14 15 16 17 18 19 20 21
7 (ps) 7 (ps)

(a) (b)

Fig. 6-10. Dynamic insertion loss of the PP-RaMZI with 2 Vyeak-to-peak
driving voltage and 200% of E/O efficiency assumed. Dynamic
insertion loss for (a) A, at 6-dB DC insertion loss and (b) 4, at 3-dB

DC insertion loss.

The PP-RaMZI enables higher modulation bandwidths for single-

quadrature modulators with a lower driving voltage of 2 Vyeak-to-peat,
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reducing power consumption of BICMOS driver electronics. Non-zero
detuning, such as 3- and 6-dB DC insertion loss, alleviates bandwidth
limitations resulting from near-zero detuning operation in the case of
single RM for a single-quadarature modulator. Additionally, the
increased dynamic insertion loss can be mitigated with higher E/O
modulation efficiency, providing a 6-dB margin for dynamic insertion
loss with 200% E/O efficiency. Table 6-2 summarizes the optimized
performance of the PP-RaMZI for 2 Vyeak-to-pear driving voltages, having

13.34 ps of 77 and 8.80 ps of z..

Configuration PP-RaMZI
7 (ps) 13.34
7= (ps) 8.80

Vpeak—'ro—peak (V)

2

E/O modulation

100%

200%

efficiency
A @DCIL=-6dB | @DCIL=-3dB | @DCIL=-6dB | @ DCIL=-3 dB
Dynamic insertion loss 15.93 19.39 10.02 13.39
(dB)
3-dB E/O bandwidth
(GHy) 50 74.5 50 74.5

Table 6-2. Optimized performance of PP-RaMZI with 13.34 ps of #

and 8.80 ps of z.
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Fig. 6-11. Schematic of coherent 1Q modulator with two PP-RaMZIs
for I and Q channel.

Fig. 6-11 illustrates the schematic of a coherent IQ modulator with
two PP-RaMZIs, each operating as a single-quadrature modulator for
the I or Q channel. The input optical signal is divided by 1 x 2 MMI
and delivered to each PP-RaMZI. The phase-modulated signals
generated for the I and Q channels are then combined using a 2 x 2
MM]I, introducing a 90° phase shift.

Because it is composed of 4 RMs, 2 sub-MZIs and 1 main-MZI,
compensation for process variations of the RMs and MZIs is essential
and can be achieved using integrated heaters and phase shifters, as
discussed in Chapter 5.1. An automated bias controller can be used to
align the resonances of the RMs and the phase of the MZI. Various bias

controllers for RMs have been demonstrated to stabilize the RM’s
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operation in terms of input wavelength, optical power and temperature
for both coherent transceivers [95] and IM/DD transceivers [100]
applications. Leveraging the BiCMOS electronic process, a built-in
temperature controller for the RMs can be realized within the coherent

transmitter EPIC, as demonstrated previously for NRZ operation [68].
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6.3. Expansion to Quadrature-Amplitude Modulation

To enhance the data capacity of the coherent modulator/transmitter,
further optimizations considering device characteristics and driving
schemes have been analyzed and proposed. Along with the improved
device performance and alternative architectures, expandability towards
higher-order coherent modulation, such as quadrature-amplitude
modulation (QAM), is explored. As depicted in Fig. 6-12, the 16-QAM
signals can be generated by the single-quadrature modulators for each
I/Q channel, producing 4-level amplitude shift keying (ASK) signals,
which are then combined to have 16 symbols with the combination of 4

symbols from each channel.

I-ch 4-ASK Q-ch 4-ASK 16QAM
Q Q Q
3 110
e oloe
2
| | o oloo |
0' '1 '2 '3 1 ] 00
0 o oloe
15 14| -

Fig. 6-12. Composition of 16-QAM signal’s constellation.

For an application of RMs for QAM operation, the constellations of
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coherent IQ modulator based on the RMs are simulated using the model
parameters of "16 220" RMs. Two types of coherent 1Q modulators
were compared: one using a single RM for a single-quadrature
modulator, which has been demonstrated as the coherent transmitter
EPIC in this research (Fig. 4-1) utilizing the RaMZI for IQ modulation,
and the other using the PP-RaMZI for a single-quadrature modulator
analyzed in Chapter 6.2, utilizing two PP-RaMZIs for IQ modulation as
depicted in Fig. 6-11. For the case of PP-RaMZI, 2 Vjeuk-to-pear of
driving voltage is used, and A, is set to have a 6-dB DC insertion loss.
Fig. 6-13 shows the simulated constellations using the RaMZI and
the PP-RaMZI. Fig. 6-13(a) and (b) show the single-quadrature
constellations for the 4-ASK signal with single RM and PP-RaMZI,
respectively. The trajectory of symbols in Fig. 6-13(a) is observed to be
bent, while Fig. 6-13(b) shows a linear trajectory of symbols. The RMs
have the nonlinear modulation characteristics due to the inherent notch
characteristics and the p-n diode, with the highest SFDR values
observed at A, far from the resonance, as discussed in Chapter 3.5.
Moreover, the single RM for single-quadrature operates with near-zero
detuning, resulting in the lowest SFDR values, leading to the bent
trajectory in Fig. 6-13(a). However, in the case of PP-RaMZI, since the

values of A, are distant from the resonances, and the nonlinearities of
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I+ and I- RMs for the PP-RaMZI counterbalance each other, a more
linear trajectory is observed as in Fig. 6-13(b). The 16-QAM
constellations with the single RM and PP-RaMZI are given in Fig. 6-
13(c) and (d), and the 64-QAM constellations with the single RM and
PP-RaMZI are also given in Fig. 6-13(e) and (f), confirming the PP-
RaMZI as a more promising building block for RMs to the coherent IQ

modulator applications with higher-order modulation formats.
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Fig. 6-13. 4-ASK constellation with (a) single RM and (b) PP-RaMZI.
16-QAM constellation with (¢) single RM and (d) PP-RaMZI. 64-
QAM constellation with (e) single RM and (f) PP-RaMZI.
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6.4. Summary

The performance enhancement of coherent 1Q modulators and
transmitters can be achieved through several proposed aspects: (i)
optimizing devices with respect to the model parameters and E/O
efficiency, (i) exploring alternative driving schemes and structures
using two PP-RaMZI for 1Q modulation and (ii1) expanding to higher-
order coherent modulation formats.

A more detailed analysis of the trade-offs related to the single RMs
for single-quadrature modulators is given in terms of modulation
bandwidth, V7, dynamic insertion loss, and Q factor based on a wider
range of model parameters and improved E/O efficiency. By reducing 7
and 7. values, representing smaller radius and coupling gap, improved
RM performance for phase modulation can be achieved.

The alternative driving scheme of RaMZI, referred to as PP-RaMZI,
has been introduced and investigated for single-quadrature operation.
The PP-RaMZI operates with a m-phase shift from the integrated phase
shifter rather than the RM itself, offering increased design flexibility
among the trade-offs. Non-zero detuning alleviates bandwidth
limitations by allowing a wider selection of the operation wavelength,

albeit at the expense of higher dynamic insertion loss. Integration of
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two PP-RaMZI for IQ modulation significantly enhances performance
as a coherent IQ modulator.

The improved coherent IQ modulators enable higher data capacity
through the expansion to higher-order modulations such as 16- and 64-
QAM. To assess their potential, simulated constellations are provided
for 4-ASK, 16-QAM and 64-QAM, comparing the performance
between single RMs and PP-RaMZI operating as a single-quadrature

modulator.
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7. Conclusion

In this dissertation, the coherent transmitter electronic-photonic
integrated circuit fabricated by IHP’s photonic BiICMOS process is
demonstrated. The device is realized with the ring modulators, which
have high-energy efficiency, small device footprint and high
modulation bandwidth. For a realization of an efficient coherent
transmitter, the basic operation principle, the modulation linearity and
the complex electro-optic modulation frequency responses are
characterized and optimized when the ring modulator is phase
modulated. The fabricated coherent transmitter is assessed with the
coherent receiver electronic-photonic integrated circuit realized within
the same photonic BICMOS process. The measured results indicate that
the coherent transmitter operates for 25-Gbaud and 28-Gbaud QPSK
signals, and for the different optical laser sources and the case without
an optical amplification. Based on the verified characterization method,
the performance of the coherent modulator and transmitter is further
optimized through the implementation of various techniques.

As can be seen in this dissertation, the monolithic coherent
transmitter based on the ring modulators provides the high modulation

performance within the compact device size, showing a great potential
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as an all-silicon monolithic coherent transceiver sub-assembly for high-

speed data center applications.
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