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ABSTRACT

The demand for 
exible wideband receivers that can be software-recon�gured

for various bands and communication standards is paramount. However, implementing

frequency-agile radio receivers faces signi�cant challenges due to the limited frequency

selectivity and tuning range of existing RF frontend solutions. Surface acoustic wave

(SAW) �lters, commonly used for o�-chip �ltering, are bulky, expensive, and in
exible.

Researchers have explored alternative o�-chip approaches such as MEMS switches and

dual conversion receiver architectures, but these solutions often result in large size,

weight, power and cost (SWaP-C), which is undesirable for both military and com-

mercial wireless devices. Additionally, other solutions like RF MEMS or LTCC-based

�lters su�er from drawbacks such as large size, high voltage requirements, limited

rejection for strong blockers, and limited tuning range. Active CMOS �lters face lim-

itations in tuning range and linearity, while mixer-�rst architectures using reciprocal

mixing switches in nano-scale CMOS are constrained by losses and limited operating

frequency.

RF photonics, on the other hand, has emerged as a promising solution to over-

come these challenges. It o�ers the advantages of large bandwidth and high tunability

inherent to light. Traditional RF photonic systems have relied on discrete photonic

components made of LiNbO3, which are costly, ine�cient, and power-hungry. In con-

trast, silicon-based RF photonics leverages the mature CMOS processes developed in

the semiconductor industry, enabling the integration of electronics with Photonic In-

tegrated Circuits (PICs) on a large scale. Silicon photonics provides the potential for

revolutionizing 
exible wideband RF receivers by o�ering reliability, low manufacturing

costs, and reduced energy consumption, all within a smaller form factor.
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However, achieving successful integration of Silicon Photonic Integrated Circuits

(PIC) with RF electronics necessitates a cohesive design and veri�cation platform capa-

ble of co-simulating both photonic and electronic circuits. The design tools for photonic

integrated circuits (PICs) have evolved independently from electronic circuit simulation

tools, resulting in a disconnection between these two domains. Bridging this gap is es-

sential to enable e�cient co-simulation of photonic circuits with interfacing electronic

circuits. To address this, current work introduces a complex frequency chirp-based

method for rapid frequency-domain simulation of PICs. The study investigates the

trade-o�s in selecting simulation parameters for achieving desired frequency response

accuracy and simulation time, taking into account factors such as windowing and fre-

quency chirp pro�le. The presented method can result in over 1000� improvement in

simulation time of frequency sweeps of higher-order optical resonant circuits.

In any 
exible RF photonic system, the Electro-Optic (EO) modulator plays

a crucial role as a key component, requiring both recon�gurability and high linearity.

While traditional lithium niobate (LiNbO 3) Mach-Zehnder Modulators (MZMs) have

been widely used due to their superior linearity, silicon-based EO modulators have

not achieved the same level of performance. To address this, the present work fo-

cuses on the experimental demonstration of a Ring Assisted Mach Zehnder Modulator

(RAMZM) fabricated using a silicon photonic foundry process. This RAMZM modula-

tor allows for linearization in the optical domain, and can be recon�gured to linearize

around a user-speci�ed center frequency and bias conditions, even in the presence

of process, voltage, and temperature variations. The developed automatic recon�g-

uration algorithm, enabled by DACs, ADCs, TIAs, and digital con�guration engine,

linearizes the RAMZM modulator to achieve a spurious-free dynamic range (SFDR)

exceeding 113 dB.Hz2=3, assuming a shot-noise limited link. Moreover, a novel biasing

scheme is introduced for RAMZMs, which signi�cantly enhances the modulation slope

e�ciency, resulting in a tone gain of more than 13 dB compared to its standard op-

eration. This recon�gurable electro-optic modulator can be seamlessly integrated into

integrated RF photonic System-on-Chips (SoCs), o�ering the advantages of integration
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and cost-e�ectiveness.

Furthermore, within a 
exible RF photonic frontend, it is crucial for optical

�lters to have high tunability across a broad range of center frequencies and wide

bandwidths. Additionally, these �lters are expected to be frequency agile, meaning

that their tunability and recon�gurability should be rapid and automatic. Therefore,

this work demonstrates a software-con�gurable integrated optical �lter capable of on-

the-
y recon�guration based on user speci�cations (�lter topology, center frequency,

bandwidth, and rejection). The digital con�guration engine automatically recon�gures

the �lter with high �delity even when process and temperature variations are present.

The design is fabricated using AIM Photonics' Active SiP process, and I validated

the recon�guration algorithm for a second-order �lter with 3dB bandwidth of 3 GHz,

2.2 dB insertion loss and> 30 dB out-of-band rejection using only two reference laser

wavelength settings.

Moreover, in high-performance RF photonic systems, the incorporation of ad-

ditional functionalities like optical mixing, true-time delay lines, frequency generation,

and beamforming necessitates the use of dedicated silicon photonic IPs. Designing

these Application-Speci�c Photonic Integrated Circuits (ASPICs) involves complex

and time-consuming design cycles such as simulation, layout, fabrication, packaging,

and testing, which require signi�cant engineering e�ort and incur high costs. To ad-

dress this challenge, the introduction of a general-purpose recon�gurable PIC holds

the potential to revolutionize the �eld of integrated photonics, similar to the impact of

electronic �eld-programmable gate arrays (FPGAs) in the electronics industry. Such a

recon�gurable PIC would enable rapid design exploration and could cut the design cycle

time from months to just a few hours. Therefore, in this work, general-purpose silicon

photonics-enabled optical mesh structures have been designed and fabricated. These

structures are large-scale mesh architecture fabricated using a CMOS-compatible SiP

foundry process interfaced with on-chip monitors and an electronic hardware backend.

A wide range of optical circuits is synthesized automatically within these meshes with

the help of the electronic hardware backend.
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Chapter 1

INTRODUCTION

In recent years, 
exible wideband receivers that can be software-de�ned for

di�erent bands and communication standards [1,2] has become an area of great inter-

est. Further, the availability of license-free bands at mm-wave, and recently cm-wave

frequencies is enabling several Gbps capacity point-to-point wireless links. However,

realization of such frequency-agile radio receivers faces fundamental challenges due to

the limited frequency selectivity and tuning range of existing RF frontend solutions.

Manufacturers typically use surface acoustic wave (SAW) �lters for o�-chip �ltering,

but these �lters are bulky, costly, and in
exible. Researchers have tried several o�-

chip approaches including the MEMS (Micro-Electro-Mechanical Systems) switches

to select between multiple passive �lter banks, and complex dual conversion receiver

architectures with a �xed bandpass �lter [3]. As the Universal Software Radio Pe-

ripheral (USRP) Software-de�ned Radio (DC to 6 GHz) [4] has demonstrated, such

architectural approaches result in large size, weight, and cost (SWaP), which is a criti-

cal concern for military as well as commercial wireless devices. Other solutions include

RF MEMS [5{7] or low-temperature co-�red ceramic (LTCC)-based �lters [8] that use

mechanical or electrostatic tuning of an evanescent mode cavity. These MEMS �lters

are bulky, may require large voltages (> 100V), and are limited by low Q-factors and

thus exhibit limited rejection for strong blockers at nearby frequencies. Further, in-

tegration of widely tunable analog bandpass �lter on a chip is di�cult due to limited

tuning range of an LC-tank and limited linearity of active CMOS �lters. Mixer-�rst

architectures with SAW-less N-path bandpass �lters using reciprocal mixing switches

in nano-scale CMOS have gained attention [9{11]. However, the amount of blocker
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rejection and available bandwidth is limited by losses (< 20 dB) in the switches and

their operation frequency is limited below 2.7 GHz with< 20 MHz bandwidth.

RF photonics, on the other hand, has recently emerged as a promising avenue for

tackling such problems. The advantage of RF photonics is that it o�ers large bandwidth

and high tunability enabled by the fundamental properties of light. However, existing

RF photonic systems have mostly been implemented using bulky & discrete photonic

components realized on LiNbO3 or quartz platforms that are expensive, ine�cient,

and power hungry [12]. Silicon-based RF Photonics, on the other hand, is a disruptive

technology that taps into the exceptional capabilities of light (ultra-wideband optical

signal processing, extremely wide tunability, low-loss data transmission through optical

�bers) while taking full advantage of the already matured CMOS processes developed

in the semiconductor industry [13]. Silicon photonics allows for large-scale integration

of electronics with Photonic Integrated Circuits (PICs). Therefore, RF Photonics

enabled by silicon photonics can revolutionize 
exible wideband RF receivers, with its

reliability, low manufacturing cost, and smaller energy footprint.

1.1 Motivation

The power of silicon photonics, compared to other material platforms like LiNbO3

or InP, stems from its ease of co-integration with CMOS or BiCMOS circuits. Silicon

photonics based integrated RF photonic solution requires interfacing with RF elec-

tronics, which necessitates a common design and veri�cation platform capable of co-

simulating both photonics and electronic circuits. However, the current design tools

for photonic integrated circuits (PICs) have evolved separately from electronic circuit

simulation tools like SPICE and Cadence Spectre, leading to a disconnect between

the two domains. This gap needs to be addressed, where photonic circuits can be

co-simulated e�ciently with the interfacing (Bi)CMOS electronic circuits to enable a

rapid design-to-product cycle.

On the other hand, in any 
exible RF photonic system, an Electro-Optic (EO)

modulator is one of the most important components. These modulators not only
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need to be recon�gurable to operate at the desired center frequencies but also demand

high linearity. Traditionally, highly linear lithium niobate (LiNbO 3) Mach-Zehnder

Modulators (MZMs) have been widely employed in such systems. However, silicon-

based EO modulators do not achieve the same level of performance as their matured

LiNbO3 counterparts, particularly when high linearity is necessary. Consequently,

there is signi�cant research interest in enhancing the linearity of silicon-based EO

modulators.

In addition, within a 
exible RF photonic system, it is crucial for optical �lters to

have high tunability across a broad range of center frequencies (ranging from 1 to 100s of

GHz) and wide bandwidths. These recon�guration capabilities are also highly sought-

after in various applications of optical signal processing, including wavelength division

multiplexing (WDM) [14], optical sensing and spectrometry [15], recon�gurable optical

add/drop multiplexers [16], and quantum-correlated photon generation [17]. Addition-

ally, for the widespread adoption of frequency-agile RF photonic receivers, it is neces-

sary that such tunability is rapid, in-situ and automatic [18]. Moreover, these �lters

should be implemented in a cost-e�ective silicon photonics platform. Consequently, a

solution is required that not only enables the automatic recon�guration of these �lters

but also is implemented in silicon.

Lastly, in high-performance RF photonic systems, additional functionalities such

as optical mixing, true-time delay lines, frequency generation, and beamforming are

required, necessitating dedicated silicon photonic IPs. The design of these Application-

Speci�c photonic integrated circuits (ASPICs) entails lengthy design cycles involving

simulation, layout, fabrication, packaging, and testing, resulting in signi�cant engi-

neering e�ort and cost. Introducing a general-purpose recon�gurable PIC could rev-

olutionize the �eld, just like electronic �eld-programmable gate arrays (FPGAs) did

in the electronics industry. This would enable rapid design exploration and facilitate

the integration of silicon photonic subsystems into large RF photonic systems at a low

cost, o�ering high levels of integration and expediting deployment.
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1.2 Contribution

In light of the aspects outlined in the previous section, this dissertation con-

tributes to the �eld as follows:

ˆ Developed a Verilog-A based compact modeling framework for co-simulating sil-
icon photonic components with electronic circuits. A novel analytical chirped
frequency-sweep based simulation scheme is also developed for rapid frequency
response estimation of optical circuits.

ˆ Experimentally demonstrated automatic optical linearization of an EO modulator
with SFDR > 113dB.Hz2=3 (assuming shot-noise limited link), fabricated in a
silicon photonic foundry process. The linearization algorithm recon�gures the
modulator to its optimum SFDR or other desired regimes regardless of random
phase o�sets and process/temperature variations.

ˆ Experimentally demonstrated a widely tunable (DC - 30GHz) silicon photonic
optical �lter along with its automatic recon�guration algorithm. The algorithm
enables on-the-
y recon�guration of the �lter based on user speci�cations (�lter
topology, center frequency, bandwidth, and rejection).

ˆ Experimentally demonstrated general-purpose silicon photonics-enabled 4x4 and
4x7 optical mesh structures | optical equivalent of electronic �eld-programmable
gate arrays (FPGAs). These large-scale mesh architectures are fabricated in
a CMOS-compatible SiP foundry process and leverages on-chip monitors and
electronic hardware backend for automatic �eld con�guration. A wide range of
optical circuits can be synthesized in these meshes.

1.3 Dissertation Organization

The subsequent chapters of this dissertation are organized as follows:

In Chapter 2, I discuss the fundamentals of silicon photonics, Mach Zehnder,

and ring modulators. I also describe the PIC design 
ow and details of PIC testing.

In Chapter 3, I describe the photonic component modeling framework, a method

for rapid simulation of frequency or wavelength domain response of photonic compo-

nents, trade-o� between simulation time and accuracy. Subsequently, I demonstrate

CMOS photonic application circuits using experimental and simulation results and

present the e�cacy of this rapid simulation methodology.
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In Chapter 4, �rst, I present a method for linearizing the non-linear response of

Mach-Zehnder Modulators (MZM) through the utilization of rings. I, then discuss the

design, fabrication, and packaging processes and experimental results.

In Chapter 5, �rst, I introduce a silicon photonic �lter. Then I cover the design,

fabrication, and packaging aspects of the �lter. Subsequently, I present an algorithm to

enable automatic recon�guration of the �lter. Finally, I show the experimental results.

Chapter 6, delves into the exploration of silicon photonics-based optical mesh

structures. The operating principle of these meshes is discussed, along with the de-

sign, fabrication, testing/packaging processes, and the utilization of electronic hardware

backend. Experimental results are presented to validate the �ndings.

Finally, Chapter 7 serves as the concluding chapter of this dissertation, summa-

rizing my work conducted at the University of Delaware. Additionally, a pathway for

future research is outlined, highlighting the potential for enhancing device performance.
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Chapter 2

SILICON PHTOTNIC INTEGRATED CIRCUIT FUNDAMENTALS

This chapter provides an overview of the fundamentals of silicon photonics and

describes methods of achieving phase shifting in silicon. It also explores the basic

working principles of Mach-Zehnder and ring modulators. Finally, it covers the design


ow and testing procedures for photonic integrated circuits (PICs).

2.1 Silicon Photonics Overview

The semiconductor industry owes much of its success to the exceptional prop-

erties of Silicon. Silicon's remarkable mechanical and thermal properties, high etch-

ing selectivity, and the availability of low-cost puri�cation processes have led to a

multibillion-dollar industry where groundbreaking innovations are taking place on a

regular basis. Today, transistors are smaller and faster than ever, thanks to the ma-

tured semiconductor processes.

Interestingly, the same processes initially developed for electronic devices can be

leveraged to fabricate devices capable of manipulating light. Silicon Photonic devices

fully capitalize on the matured Complementary Metal-Oxide-Semiconductor (CMOS)

technology, eliminating the need for billion-dollar investments in research and devel-

opment. Presently, signi�cant e�orts are focused on optimizing the performance of

essential building blocks within Silicon Photonic Integrated Circuits, such as Waveg-

uides (WG), Directional Couplers, Ring-resonators, Modulators, Photodetectors, and

Lasers (as illustrated in Fig. 2.1). In this work, the goal is to use these Silicon Photonic

(SiP) components to build large-scale Photonic Integrated Circuits (PICs).
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Figure 2.1: Cross-section showing the layers in a typical silicon photonic fabrication
process [19{21].

2.2 Phase Tuning in Silicon

2.2.1 Depletion-mode Phase Modulator

High-speed phase modulators in silicon are typically realized using a rib waveg-

uide which is doped to createpn-junctions as shown in Fig. 2.1. An additional etch

level is required for such waveguides. At least three doping regions are used to create

the phase modulator: low-doped n/p regions where overlap with the optical mode oc-

curs, n+/p+ in the intermediate region to reduce loss due to absorption of light from

dopants and n++/p++ for making ohmic contacts with the n and p electrodes. By

applying a reverse bias across the pn junction, optical phase modulation is achieved.

This phase modulation can be explained by the plasma dispersion e�ect which at 1550

nm wavelength is described by Soref's equation [22]:

� n(x; y) = � 5:1 � 10� 22� N 1:011
e (x; y) � 1:53� 10� 18� N 0:838

h (x; y)

� � (x; y) = � 8:88� 10� 21� N 1:167
e (x; y) � 5:84� 10� 20� N 1:109

h (x; y)
(2.1)

Here, � n(x; y) is the change in the real part of the e�ective index and �� (x; y)

is the change in loss. �Ne(x; y) and � Nh(x; y) are the spatial distribution of free
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electrons and holes, respectively.

2.2.2 Thermal Phase Shifter

Index ne in silicon is dependent upon temperature and the thermal phase shifters

exploit this property. The devices are realized using localized Joule heating in waveg-

uides. This is accomplished through a variety of schemes such as lightly doped waveg-

uides, tungsten or any other form of resistors. The resultant phase shift for a phase

shifter of length L at wavelength � can be described by-

� � (T) �
2�L

�
�

dn
dT

� (T � T0) (2.2)

where dn
dT � 1:86� 10� 4K � 1 is the thermo-optic coe�cient for silicon and T0 =

300K [23].

2.3 Mach Zehnder Modulator

The Mach-Zehnder modulator (MZM) shown in Fig. 2.2 is a crucial component

in modern optical communication systems, playing a pivotal role in transmitting and

modulating optical signals. It operates based on the principle of interference.

Figure 2.2: A Mach Zehnder Modulator with its arms loaded with phase shifting
elements.

The MZM consists of a waveguide that splits the incoming optical signal into

two paths, each path is called the arm of the modulator. These arms are loaded with ei-

ther thermo-optic phase shifters or depletion-mode phase modulators. After the phase

modulation, the two arms of the MZM combine, and their optical �elds interfere with
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each other. The interference causes the output optical signal to experience construc-

tive or destructive interference, depending on the relative phase of the two arms. By

controlling the voltage applied to the arms, the phase di�erence between them can be

adjusted, allowing for precise modulation of the output optical signal.

To demonstrate the working principle of MZMs, the testing of an MZM loaded

with depletion mode phase modulators (similar to Fig. 2.2) is conducted. The unbal-

anced MZM were fabricated in AIM photonics active SiP process with the �L = 110um

and 1000um long depletion mode phase modulator on each arm. The die photo is shown

in Fig. 2.8(c). The experimental procedure began by recording the wavelength response

of MZM at zero bias. Subsequently, reverse biases were applied to one of the arms of

the modulator, and the corresponding transmission response was captured. The re-

sults shown in Fig. 2.3 clearly demonstrate that altering the reverse biases induces a

noticeable redshift in the transmission response.

(a) (b)

Figure 2.3: (a) Transmission response in the Bar and Cross ports of the MZM. (b)
MZM response at di�erent reverse biases.

2.4 Ring Modulators

A ring modulator is essentially a resonant structure, such as a ring or racetrack,

coupled to a single or dual waveguide (or bus) and loaded with high-speed phase

modulator as shown in Fig. 2.4.

Ring modulators operate based on the principle of optical interference within a

ring resonator structure. When light is coupled into the ring resonator, it circulates
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Figure 2.4: Ring Modulator with its Electrical and Optical I/O.

around the loop, interacting with the phase modulator placed on the waveguide. The

optical path length is determined by the ring's physical dimensions and the refractive

index of the material. As the light circulates inside the ring and coupled out to the

bus waveguide, it undergoes constructive or destructive interference. The interference

within the ring resonator results in the formation of resonances at speci�c wavelengths

[24] with Lorentzian characteristics. Fig. 2.5 shows the spectral response of a disk

modulator, which has very similar Lorentzian characteristics of ring modulators. As

can be seen, there are resonances and they tend to shift in the presence of reverse

biases.

2.5 PIC Design Flow

Now, I discuss the typical design 
ow of a Photonic Integrated Circuit (PIC).

The design process begins with a simulation tool such as Lumerical Interconnect [25].

The PIC design is then translated to Cadence schematics employing the Verilog-A

based RF Photonic design kit developed in this work. This allows us to simulate

photonic ICs with the interfacing electronic circuits in the same platform. The advan-

tage of such co-design environment is that it allows the designer to simulate complex

Electronic-Photonic hybrid systems and perform pre-silicon validation before the chips
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Figure 2.5: Resonance shift of a resonant modulator in the presence of reverse bias.

are sent out for fabrication. Several design iterations are necessary to meet the required

speci�cations.

Once the design is ready, a Python-based layout generator (IPKISS) from Luceda

[26] is used to create parameterized layout of photonic components. This step has sig-

ni�cantly reduced the lead time to design custom photonic components. The design

rule checks (DRC) are performed in Calibre (Mentor Graphics), similar to standard

CMOS electronic circuits. The schematics of the complete PIC design 
ow is shown in

Fig. 2.6.

Using this design 
ow, several chips have been fabricated. One such chip fabri-

cated in IMEC iSiPP50G process is shown in Fig. 2.7.

2.6 PIC Testing

PIC testing presents unique challenges as it requires the interface of both electri-

cal and optical signals with the chip. In this work, the testing methodologies primarily

involved the utilization of grating couplers. For electrical interfaces, RF/DC probes

are used. In scenarios where a signi�cant number of electrical I/Os were required, wire-

bonds were employed. Fig. 2.8 illustrates a typical testing setup for PICs, showcasing

the use of a �ber array and probes to establish the necessary connections.
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Figure 2.6: A functional Photonic Integrated Circuit Design Flow.

Figure 2.7: (a) Layout of a custom ring modulator generated using IPKISS. (b) A chip
fabricated in IMEC iSiPP50G process using the design 
ow described in this work.

2.7 Conclusion

This chapter provides an overview of the fundamentals of silicon photonics,

focusing on various methods to achieve phase shifting in silicon. It delves into the basics

of both Mach-Zehnder modulators and ring modulators, highlighting their operation

principles. Furthermore, the chapter delves into the design 
ow of photonic integrated
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Figure 2.8: (a)-(b) PIC testing with �ber arrays aligned with the on-chip grating
couplers. Here, electrical stimuli are provided with RF and DC probes from the east
and south sides of the chip, respectively. (c) Micrograph of a die fabricated in AIM
photonics active Silicon photonic process containing MZMs, Ring resonators, Disk
modulators, and Traveling wave electrodes.

circuits (PICs) and outlines the key steps involved. Additionally, the chapter addresses

the testing procedures used to assess the performance and functionality of these PICs.
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Chapter 3

PHOTONIC INTEGRATED CIRCUIT SIMULATION USING
VERILOG-A COMPACT MODELS

Silicon-based electronic-photonic integration o�ers several opportunities for in-

tegrated circuits (IC) designers to innovate systems architectures that leverage the

advantages of optical-domain signal processing and low-loss transmission in optical

�bers. However, photonic integrated circuit (PIC) design tools have evolved from the

numerical Maxwell �eld solvers and are partially disjointed from the electronic cir-

cuit simulation tools such as SPICE and Cadence Spectre. Thus there is a gap that

needs to be �lled by the IC community where they can instantiate photonic building

blocks to form PICs and perform co-simulation with interfacing (Bi)CMOS electronic

circuits. In recent works, Verilog-A compact models have been developed for photonic

device building blocks that enable transient simulations of hybrid electronic-photonic

components such as lasers, modulators, and detectors. However, frequency sweeps of

radio-frequency (RF) photonic �lters remain unwieldy due to the long simulation times

of stepped frequency transient simulations. Therefore, in this chapter, a complex fre-

quency chirp-based method for rapid frequency-domain simulation of PICs has been

introduced.

This chapter is organized as follows: First, I describe the photonic component

modeling framework used in this work. Next, I introduce a method for rapid simula-

tion of frequency or wavelength domain response of photonic components that o�ers

signi�cant advantages over the previous methods. Trade-o� between simulation time

and accuracy are investigated. Subsequently, I demonstrate CMOS photonic applica-

tion circuits using experimental and simulation results, and present the e�cacy of this

rapid simulation methodology followed by the conclusion.
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3.1 Introduction

Silicon-based electronic-photonic integration is a promising platform for pursu-

ing advances in integrated circuits (IC) in the post-Moore's Law scaling era. As the

complementary metal oxide semiconductor (CMOS) technology matures, IC advances

are expected from the heterogeneous integration of novel devices such as the silicon-

based photonics with standard Bi(CMOS). The large instantaneous bandwidth of inte-

grated photonic devices allows enormous data transmission capacity reaching Terabit-

s/s and the optical interconnects realized through on-chip and on-board waveguides and

the optical �bers enable low-loss long-distance transmission at such speeds [27]. Silicon-

on-insulator (SOI)-based photonics integrated circuits (PICs) are increasingly being

used in data center interconnects to achieve higher data rates approaching 100Gbp-

s/wavelength with reduced link energy consumption, compact size, and dramatically

lower cost compared to discrete optics or III-V PICs [19]. The increased availability of

multi-project wafer (MPW) services such as IME [28], IMEC [20,29] and AIM Photon-

ics [30] are ushering in the Moore's Law equivalent of photonic ICs (where the number

of components on a PIC double every two years [31]) by providing fabless PIC fabri-

cation with a design 
ow similar to the standard CMOS electronic ICs. Furthermore,

there is a growing interest in RF photonic ICs where the wide tunability and high

selectivity of optical �lters promise 
exible RF front-ends [32, 33] and high dynamic

range radio-on-�ber links for the next-generation wireless infrastructure [34,35].

An ecosystem of design automation tools has recently emerged to support the

growing demand for PIC design. However, these tools have taken a route where Finite-

Di�erence Time-Domain (FDTD) numerical solvers for Maxwell's equations [36,37] and

mode solvers �lled the short-term need for device-level simulations. More recently, com-

ponent and system-level simulators such as Lumerical's Interconnect [25] have emerged

along with the wide selection of process design kits (PDKs) and simulation interfaces

with electronic design automation (EDA) tools including Cadence Virtuoso and Men-

tor Graphics Pyxis. A major limitation of these simulators is that they idealize the

electronic circuit blocks and their interaction with the photonic devices. For example,
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the bandwidth limitation is modeled by an ideal �lter instead of capturing the nonlin-

ear transient response when a modulator is driven by a transistor-level circuit. These

limit the accuracy of hybrid electronic-photonic circuits, especially at high speeds and

fail to predict important artifacts. Thus, it is imperative for analog IC designers to

entirely perform pre-silicon validation of photonic components along with circuits in

an electronic EDA environment [38,39].

The IC community has made progress with compact modeling of photonic com-

ponents using portable Verilog-A code [40,41]. These compact photonic device models

abstract but relevant optical as well as electrical characteristics for simulation using

standard circuit simulators, such as Spectre [42]. It is expected that the compact

models allow reasonably accurate estimation of frequency response as well as transient

behavior with minimum simulation time and memory usage. Matrix transfer-based

methods have been employed with Lumerical Interconnect and Matlab to evaluate

spectral response of photonic components [18,43]. However, these models assume lin-

earized steady-state device behavior and thus fail to accurately capture transient e�ects

such as the photon lifetime in a ring modulator. Moreover, the speci�cs of analytic

modeling technique for SOI waveguides, described later in Section 3.2.2, necessitates

time-domain (or transient) analysis.

Current method of estimating spectral response of PICs employ stepped-frequency

transient analysis (SFTA). In this method, the frequency is stepped in small increments,

and for each frequency data point, a transient simulation is performed to obtain the

steady-state magnitude and phase response of the PIC [43{45]. These simulations can

be excruciatingly slow as the circuit simulator has to obtain steady-state transient

response for each of the small frequency increments. Moreover, for simulating PICs

with higher frequency selectivity, the simulation time and accuracy trade-o�s become

unwieldy.

Therefore, here, I describe a comprehensive approach to design and compact

modeling of silicon PICs from the perspective of an electronic IC designer and present
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a rapid simulation method to determine frequency response by employing complex-

valued frequency chirp stimulus.

3.2 Photonic Compact Modeling

3.2.1 Baseband Equivalent Modeling

Silicon photonics operates in the mid- and long-wave infrared regions with

telecommunications applications being concentrated around the 1330nm and 1550nm

laser wavelengths. The latter wavelength translates into! R = 2� � 193 THz center

frequency. However, since the signal is obtained by modulating the laser and is lim-

ited by the electrical bandwidth of the photonic devices (typically< 50GHz), only the

bandpass spectrum around! R is of interest. Thus, similar to carrier-modulated com-

munication systems, only the complex baseband equivalent signal and �lter response

are employed [43, 44]. Here,~E(t) is the analytic �eld which is in turn related to the

complex baseband �eldEbb(t) by

~E(t) = ej! R tEbb(t) (3.1)

Similar notations are developed for the baseband equivalent of the RF photonic �lters:

~h(t) = ej! R thbb(t); ~H (j! ) = Hbb(j (! � ! R)) (3.2)

Here, hbb(t) is the complex baseband equivalent impulse response of the optical �lter,

h(t), with respect to the laser carrier frequency.Hbb(j! ) and H (j! ) are their respective

Fourier transforms [46]. Note that these are the baseband equivalent with respect to the

laser frequency (! R) and not any RF carrier frequency. The input-output relationships

are now given as [46]

Eout;bb(t) =
1
2

hbb(t) � E in;bb(t) (3.3)

Representing the optical signals and �lters using their complex baseband signi�cantly

relaxes the transient time steps in simulation, i.e. from 1fs to 10 ps range, which

would otherwise be prohibitive to simulate. Also, from now onwards in this paper,
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only the baseband equivalent models are used and the subscriptbbis dropped in the

notations.

Since Verilog-A doesn't natively handle complex arithmetic, real and imaginary

signals and �lter coe�cients are represented as an optical busE[0 : 1]. The Cartesian

�eld is given by E[0] + jE [1] and polar by E[0]\ (E[1]). Without loss of generality, I

use electric �eld magnitude and phase as two Verilog-A `natures' to represent light in

an optical bus. To further simplify the modeling, I only model electric �eld in forward

direction so the backscattering e�ect is ignored. Therefore, the directional blocks need

to be carefully connected with each other. Also, Cartesian to polar interconversion,

addition and multiplication library blocks are utilized [43,45].

3.2.2 Single-mode Waveguides

Single-mode waveguides are the fundamental building blocks in silicon-based

PICs where foundry MPWs o�er a single SOI and one or more silicon nitride routing

levels. A strip waveguide (essentially an optical equivalent of wire) is geometrically

de�ned by its width while its height is �xed by the wafer or process (220nm for SOI),

while a rib waveguide (used for creating pn junctions with metal contacts) has an

additional etch level [27]. Silicon waveguides are dispersive, i.e. their e�ective index,

ne (a complex quantity) is wavelength (or frequency) dependent. In the compact model

�rst-order dispersive e�ects are captured by the group index. Also, only the real part

of ne varies strongly with wavelength [47, 48] which is curve-�tted using the foundry-

provided data.

We have the wave vector given as-

� (� ) =
2� � n(� )

�
=

! � n(! )
c

(3.4)

wheren , < (ne) is the real part of the e�ective index. The wave vector can be

expanded around the reference frequency,! R , as [43,44]

� (! ) = � (! R) +
@�
@!

�
�
�
�
! R

� ! + : : : = � (! R) +
ng� !

c
(3.5)
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whereng is the group index:

ng = n(! R) +
! R

c
�

dn
d!

�
�
�
�
! R

= n(� R) � � R �
dn
d�

�
�
�
�
� R

(3.6)

The imaginary component ofne represents the waveguide loss and is approxi-

mated by a constant, i.e. the �eld-loss coe�cient, � A = = (ne). The optical loss in a

waveguide is typically expressed indB=cm. The �elds in the waveguide can be shown

to be related by the following equation [43]

Eout (t) = e�
�

� A + j� (! R )
�

L � E in

�
t �

ng � L
c

�
(3.7)

whereL is the waveguide length, andE in (t) and Eout (t) are the input and output

baseband equivalent electric �elds. In Eq. 3.7, the �rst product term represents initial

phase at the reference frequency and the second term is the delay due to the group

index, ng. Eq. 3.7 is implemented using the absdelay statement in Verilog-A (see

Appendix A).

The absdelay operator re
ects the waveguide delay in a transient simulation

but is replaced by a unity multiplier if Spectre `ac' simulations are performed. Conse-

quently, transient simulations are needed to determine the frequency response of the

circuit at hand.

3.2.3 Continuous-wave Laser Source

In this model, reference wavelength (or frequency) of the continuous-wave (CW)

laser is considered its \DC" operating point and the source generates monochromatic

light at a frequency o�set, � ! = 2� � f . In this baseband equivalent CW laser model,

only the frequency o�set is used as a sweep parameter which in turn in
uences the

phase of the source electric �eld. Therefore, the laser electric �eld magnitude and

phase can be expressed by the phasor [43,45]:

Eout = Eamp \ (� 0 + 2�
Z t

0
� f � d� ) (3.8)
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Here, � 0 is the initial phase. Eamp is set using a voltage source andEout is

evaluated by employing time integral operator in Verilog-A. Therefore, the CW laser

source in simulations is a sinusoidally varying complex �eld at the o�set frequency.

Note that in Eq. 3.7, the group index is constant and thus the delay is also constant.

However, since in the laser model the phase output is time integral of frequency o�set,

the constant delay results in di�erent phase shifts at di�erent frequency o�sets.

3.2.4 Passive Photonic Building Blocks

3.2.4.1 Grating Coupler

Light is coupled between an optical �ber and the PIC either using a grating

coupler (GC) or an edge coupler [27]. Grating couplers allow simpli�ed chip testing

and coupling to �ber arrays. GCs can be either single polarization or polarization

splitting type. The GC is designed for a coupling angle from the vertical plane, say

8� � 22� , and characterized by its loss pro�le [49]

Loss = � Losspeak �
� � � � peak

� � 3dB =2
p

3

� 2
(3.9)

with parameters peak loss (Losspeak), peak wavelength (� peak), and 3dB band-

width ( � � 3dB ). The typical measured loss is around 4-5 dB per coupling and depends

upon the �ber tilt angle and spacing.

3.2.4.2 Waveguide Couplers

When two waveguides are brought in close proximity, the optical power is trans-

ferred back and forth between the waveguides along the direction of propagation. This

is analyzed using coupled-mode theory and essentially realizes a directional coupler

by appropriately sizing the coupling length and the gap [27]. In my unidirectional

coupler model, the input and output are complex �elds. The compact model allows

wavelength independent (i.e. point coupler) as well as wavelength-dependent coupling

with associated delay and optical loss. Here,K p = � 2 is the power coupling coe�cient

which is an input parameter to the model, where�e � j �
2 = � j� is the amount of �eld
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cross-coupling andt =
p

1 � � p is the �eld through-coupling. For a lossless coupler,

the �eld coupling coe�cients satisfy the condition, � 2 + t2 = 1. With this notation,

the resulting �eld coupling matrix is described as:

2

4
Eo1

Eo2

3

5 =

2

4
t � j�

� j� t

3

5

2

4
E i 1

E i 2

3

5 (3.10)

In practice, the coupling matrix is wavelength dependent and the coupler loss

includes the loss-dependent on the coupler length,L c, and the bend loss. This data is

either simulated using a mode solver or provided by the foundry.

3.2.4.3 Splitters and Combiners

Splitters and combiners are inverse of each other and are employed to build

Mach Zehnder interferometric structures which �nd applications in optical modulators

and �lters. Y-branch and multi-mode interference (MMI) based splitters and couplers

are available in the foundry PDKs. A 2� 1 MMI or Y-branch splits/combines optical

power at ks = 0:5 ratio [27]. The splitter compact model implements the following

governing equation

2

4
Eo1(t)

Eo2(t)

3

5 =

2

4
p

� sks
p

� s(1 � ks)

3

5 E in (t � td) (3.11)

where� s and td are the loss and delay associated with the splitter (coupler).

3.2.5 Active Photonic Building Blocks

As described before, active silicon photonics is build around the plasma disper-

sion e�ect which at 1550 nm wavelength is described by Soref's equation [22]:

� n(x; y) = � 5:1 � 10� 22� N 1:011
e (x; y) � 1:53� 10� 18� N 0:838

h (x; y)

� � (x; y) = � 8:88� 10� 21� N 1:167
e (x; y) � 5:84� 10� 20� N 1:109

h (x; y)
(3.12)

Here, � n(x; y) is the change in the real part of the e�ective index and �� (x; y) is

the change in loss. �Ne(x; y) and � Nh(x; y) are the spatial distribution of free electrons
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and holes respectively. The change in e�ective index, �n(V), and loss, � � (V), as a

function of voltage is obtained by numerically solving the overlap integral with the

waveguide optical mode pro�le [50]. Optical phase shift can either be created thermally

(due to thermal carrier generation) or electrically. The resultant phase shift for a phase

shifter of length L at wavelength � can be described by

� � (V; � ) =
2�L

�

�
� n(V) +

dn
dT

� (T � T0)
�

(3.13)

where dn
dT � 1:86� 10� 4K � 1 is the thermo-optic coe�cient for silicon and T0 =

300K [23].

3.2.5.1 Thermal Phase Shifters

Thermal phase shifters allow tuning of passive optical elements with a small

footprint. Doped waveguides or tungsten resistors are employed for Joule heating

of the waveguide sections. Sincene is dependent upon temperature, which in turn

depends upon the voltage (or current) applied across the heater, an optical phase

shift is produced [21]. Since thermal modeling is computationally intensive, empirical

curve-�tted models are used to relate the phase shift to the electrical stimulus. The

I-V characteristics of the doped heater is given by [51,52]

I =
V
R0

�
2

p
1 + K v � V

(3.14)

where R0 and K v are �tted parameters. The optical phase shift as a function

of the applied voltage, � � (V), is implemented in Verilog-A as a polynomial �tted to

the measured data.
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3.2.5.2 High-speed Phase Modulators

High-speed phase modulators are constructed using the free carrier dispersion

e�ect, which is realized using depletion-mode pn-junction or accumulation-mode metal-

oxide-semiconductor (MOS) capacitor built around the rib waveguide. Intensity modu-

lators are constructed from the phase modulators using either Mach Zehnder or micror-

ing modulator con�guration that trade-o� size, power and capacitance with robustness

to process, voltage and temperature (PVT) variations [27]. The depletion-mode phase

shifter is modeled using a polynomial �t of optical phase shift �� (V), loss � (V), and

junction capacitanceCj (V) as function of applied voltage. Also, the �nite electri-

cal bandwidth is modeled using an RC network based on experimental data from the

foundry. A detailed treatment of compact modeling active phase shifters is provided

in literature (including authors' prior work) [38,39,53,54].

3.2.5.3 Detector

Since silicon is transparent to infrared, germanium (Ge) waveguide photode-

tectors are included in the PIC MPW platforms [20, 30]. The compact model for

photocurrent is described by

i pd = I dark +
� � jE in j2

1 + s�
(3.15)

where � is the responsitivity, I dark is the dark current, and � is the optical

response time-constant.

3.3 Rapid Simulation of Photonic Components

When simulating Mach Zehnder modulators, the ability to perform transient

simulations is su�cient to verify circuit functionality by just observing the eye diagrams

[38, 39]. However, design of RF photonic �lters requires frequency (or wavelength)-

domain analysis. Therefore, to obtain the frequency response of a PIC, prior work

employed stepped-frequency transient simulations [43, 44]. SFTA method can be ex-

tremely slow, especially when the typical range of frequency sweep is 50 GHz or more
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to capture the Free Spectral Range (FSR) of ring resonators or �lters. The frequency

resolution should also be kept su�ciently high, so that the high-Q resonances of such

components can be captured with reasonable accuracy. This necessitates simulation

techniques for rapid frequency sweep without signi�cant loss in accuracy.

3.3.1 Broadband Analytic Chirp Excitation

Instead of exciting the system with a frequency tone, a broadband source such as

a frequency chirp can be applied to estimate its frequency response in a single transient

simulation. A variety of chirps have been used in engineering disciplines to estimate

frequency response of a wide range of systems with non-linear dynamics [55{58]. In

our context, an analytic chirp signal is de�ned as

Ech(t) = Ea(t) � ej' (t ) (3.16)

In a strict de�nition, the amplitude evolution, Ea(t), should be much slower

than the phase oscillations,' (t), and is expressed by the conditions [59]

� 1 =
�
�
�

_Ea(t)
Ea(t) _' (t)

�
�
� � 1; � 2 =

�
�
�

•' (t)
_' 2(t)

�
�
� � 1 (3.17)

For a simple chirp laser source,Ea(t) = Eamp is a constant �eld magnitude.

The phase evolution depends upon the instantaneous frequency, which is swept from a

start o�set frequency, f 1, to the stop frequency,f 2, over the chirp duration, T, and is

expressed as [58]

' (t) = 2 �
�

f 1 � t +
g � tm+1

m + 1

�
(3.18)

whereg is a normalizing constant. Form = 1, the output is a linear chirp and

non-linear for m > 1. The frequency can also evolve exponentially (i.e.f = f 1bt ) or

logarithmically (for hyperbolic chirps). For an exponential chirp,' (t) = 2 �f 1( bt � 1
ln (b) ),

whereb is the exponential increase rate [60].
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In my compact modeling environment, the laser source model in Eq. 3.8 is

modi�ed to include a chirped phase. The baseband equivalent linear chirp source is

now given by

Eout = Eamp \
�

2�
Z t

0
(f 1 + g � � )d�

�
(3.19)

whereg = f 2 � f 1
T = � F

T , � F being the chirp bandwidth.

The baseband equivalent frequency response of the circuit or device under test

(DUT) is estimated as

H [k] =
X out [k]
X ch[k]

(3.20)

where X ch are the NF F T -point fast Fourier transform (FFT) of the complex

input chirp and X out is the FFT of the complex output of the DUT. Fig. 3.1 outlines

the steps of estimating frequency response of a PIC using chirp signal. In order to

satisfy the Nyquist sampling criterion for the entire chirp signal, a sampling rate of

f s � 2f 2 is required.

Figure 3.1: Estimation of frequency response of PIC using the proposed analytic Fre-
quency Chirp Method (FCM).

Fig. 3.2 illustrates the linear chirp from f 1 = 10 GHz to f 2 = 60 GHz with

T = 100 ns generated using the Verilog-A source module. The spectrogram in Fig. 3.2

(top) shows a linear increase in frequency. Fig. 3.2 (bottom) illustrates the normalized
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FFT magnitude response of the complex chirp. The chirp's FFT response exhibits

ripples near the edges of desired frequency range (i.e. nearf 1 and f 2). The ripples

in the complex chirp source appear in the simulated PIC frequency response,H (k),

leading to undesirable artifacts and inaccuracies and thus must be minimized.

Figure 3.2: (top) Spectrograph of a linear chirp source with �F = 50GHz, T =
100ns. (bottom) Normalized FFT magnitude response of the analytic Chirp source
with T� F = 100; 500; 1000, and 5000. The inset shows the Fresnel ripples at the right
edge of the spectrum (50 to 60 GHz).

3.3.2 Time-Bandwidth Product and Fresnel Ripples

In order to understand the source of ripples in the spectrum, Fourier integral of

the chirp waveform is considered. Analytical expressions for the linear chirp, essentially
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a broadband frequency modulation (FM) signal, can be expressed in the form of Fresnel

integrals [60,61]:

jX ch(f )j =

r
T

2� F

h
(C(x1) + C(x2))2 + ( S(x1) + S(x2))2

i 1
2

(3.21)

\ X ch(f ) = tan � 1
� S(x1) + S(x2)

C(x1) + C(x2)

�
� 2� (f � f 0)2 T

2� F
(3.22)

where, S(x) =
Rx

0 sin( �y 2

2 )dy and C(x) =
Rx

0 cos( �y 2

2 )dy are Fresnel integrals,

and f 0 = f 1+ f 2
2 is the center frequency. The Fresnel argumentsx1 and x2 are given by

x1 =

r
T � � F

2
(1 + r ); x2 =

r
T � � F

2
(1 � r ) (3.23)

where r = 2( f � f 0
� F ) is the scaled frequency. The �rst term in Eq. 3.22 approxi-

mates to a residual phase of�4 over a large frequency range of interest while the second

term is the quadratic phase.

From Eqs. 3.21 - 3.23, the chirp spectra is a function of the time-bandwidth

product, T � � F , and independent of center frequency and bandwidth. A lower value

of time-bandwidth product results in larger Fresnel ripples in the magnitude spectrum

[60]. As illustrated in Fig. 3.2 (bottom), with the increase inT � � F from 10 to 500,

the chirp magnitude spectrum gets closer to the ideal rectangular response with 
at

magnitude and the ripples get less pronounced in the frequency range of interest i.e.

betweenf 1 to f 2. Also, with a larger value of theT � � F , phase stays closer to�4 in

the frequency range of interest [60,61].

3.3.3 Simulation Parameter Selection

For rapid simulation of spectral response of the DUT, the time-bandwidth prod-

uct plays a critical role. For lower ripple in the passband, aT � � F � 500 can be

employed which e�ectively pushes the ripples to the edge of the spectrum. This sets

the chirp length, T, for a given chirp bandwidth (� F ). To illustrate the signi�cance

of T � � F , the spectral response of a ring resonator with a circumference of 8mm is
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shown in Fig. 3.3 for the input chirps seen in Fig. 3.2. Here, it is evident that a larger

T � � F reduces Fresnel ripples in the frequency range of interest.

Figure 3.3: Spectral response of a DUT (Ring Resonator) underT� F = 100; 500; 1000
and 5000. The inset illustrates the DUT response at the edge of the Chirp spectrum
(47 to 59 GHz) for better visualization.

The duration of the analytic FCM transient simulation is set by the maximum

time-step (tstep) set by the Nyquist sampling rate, i.e.tstep � 1
2f 2

. However, in practice,

a sampling frequency of several multiples of the Nyquist rate is used to obtain the

necessary FFT resolution,f res = � F
NF F T

, with NF F T = T
tstep

. Another less obvious

consideration is the fact that the chirp excitation should be slower than the temporal

dynamics of the DUT. This is particularly relevant for high-Q optical resonators where

longer photon lifetime determines the settling time. Thus, the chirp rate should be

much less than the circuit bandwidth, i.e.T � 10
f 3dB

) and can be manually �ne-tuned

to improve simulation results. Due to this reason fast single-cycle chirps, known as the

Titlets [58], are not suitable for frequency domain analysis.

Several categories of chirp pro�les were introduced in Section 3.3.1 where the

frequency changes in quadratic (m = 2) or exponential fashion. Therefore, for the same

sampling rate, the DUT will experience larger frequency steps as the chirp frequency
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approachesf 2. In this study, these non-linear chirps didn't provide any signi�cant

advantages over the linear chirps for the same simulation parameters.

3.3.4 Windowing

Based on the discussion in Sections 3.3.2 and 3.3.3, the Fresnel ripples can be

pushed to the edge of the desired spectrum by using a large time-bandwidth product.

However, these ripples, seen in Fig. 3.3, still distort the magnitude spectrum at the

edges. This is especially important in simulations where the full FSR for a �lter is

simulated and the �lter passband is placed close to the frequency edges of the chirp

excitation. This is illustrated in Fig. 3.3 where the spectral response of the drop port of

the optical ring resonator su�ers from the obtrusive Fresnel ripples near the passband

edge. The impact of Fresnel ripples can be further mitigated by employing a suitable

windowing function such as Tukey, Hann, Blackman-Harris, etc., in the time domain.

The idea is to retain the broadband spectral characteristics of the complex chirp while

smoothening the temporal discontinuities at the edges. However, the condition in Eq.

3.17 should be satis�ed where the relative change,
_Ea (t )

Ea (t ) , in the output chirp amplitude

should be small during a pseudo-period2�
j _' (t )j , which again sets a limit on the chirp

time, T.

The cosine-tapered function, better known as the Tukey window, is given by

X [n] =

( 1
2 [1 + cos(� ( 2n

�N � 1))] 0 � n < �N
2

1 �N
2 � n � N (1 � �

2 )
1
2 [1 + cos(� ( 2n

�N � 2
� + 1))] N (1 � �

2 ) < n � N

(3.24)

where,N and � are the total number of samples and cosine factor, respectively.

A representative Verilog-A code description of the chirp laser with Tukey window has

been shown in Listing A.2 in Appendix A.

Fig. 3.4 presents comparison of spectrum of linear chirp laser modi�ed with

Rectangular, Hanning, and Tukey window functions and their e�ectiveness in sup-

pressing ripples. The chirp laser with non-rectangular window functions lead to excel-

lent ripple suppression, even with very low time-bandwidth product. Excellent ripple
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suppression can easily be obtained withT � � F as low as 50. Due to the signi�cant

reduction in ripples, smoothly varying windows are the best candidates for optical �l-

ters with high-Q resonant structures. Thus, the subsequent simulations in this study

are performed using a complex chirp stimulus with Tukey window and with� = 0:3

cosine factor. Its important to note the 
at amplitude spectrum of the complex chirp

signal is not necessary since the output spectrum will be normalized by the input chirp

spectrum to obtain the frequency response.

Figure 3.4: Normalized FFT magnitude response of linear chirp source windowed
with Rectangular, Hanning and Tukey functions. Here, the linear chirp source
� F = 50GHz.

3.4 RF Photonic Application Circuits

Spectral response of several photonic application circuits have been simulated &

veri�ed with an industry-standard PIC simulator and with experimental measurements.

The simulations were performed using Cadence Virtuoso IC6.1.7 running on CentOS

Linux 6.9 on a Dell PowerEdge T430 Server with Dual Intel Xeon E5-2623v4 CPUs

operating at 2.6 GHz and 16GB DRAM.
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3.4.1 CROW Filter

Coupled Resonator Optical Waveguide (CROW) �lters are widely used in wave-

length division multiplexing (WDM) and Ampli�ed Spontaneous Emission (ASE) �l-

ters [62]. As the name suggests, CROW �lters are realized by coupling bus waveguides

with multiple cascaded optical cavities (microrings) as shown in Fig. 3.5. In this study,

a CROW �lter of third order was designed and simulated with the design parameters

summarized in Table 3.1.

Figure 3.5: (a) Third-order CROW �lter topology, (b) Cadence schematic of the
CROW.

Table 3.1: CROW Filter Design Parameters

Design Parameter Value
Ring Circumference (all 3) 500 � m

Coupling coe�cients: [� 1 � 2 � 3 � 4] [0.1 0.08 0.08 0.1]

This CROW �lter is then simulated in my compact modeling framework and

analytic FCM. The same �lter is also simulated in Lumerical Interconnect - an industry

standard photonic integrated circuit simulation tool [25] and with a foundry PDK from

IMEC [20]. Excellent match between the two spectral responses, evaluated in two

di�erent simulation platforms, is observed (as shown in Fig. 3.6). This con�rms the
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accuracy of the compact Verilog-A models of our photonic library components. The

same CROW �lter is also simulated in Cadence Virtuoso platform employing the SFTA

method and the results are compared in Table 3.3.

Figure 3.6: Estimation of Spectral response of a CROW �lter utilizing Lumerical
Interconnect and analytic

FCM. Here, linear chirp source �F = 400GHz and FSR = 141.8GHz.

The spectral response estimation with a frequency resolution of 1 GHz took 837s

to execute on our computing platform. In comparison, analytic FCM withT � � F =

1600 took only 2.79s for the same frequency resolution and accuracy, which resulted in

a 300� improvement.

3.4.2 APF-based Higher-Order Filters

Here, a PIC with much higher level of complexity is demonstrated. As shown

in Fig. 3.7, an optical �lters based on IIR �lters are usually implemented using ring

resonators coupled with the arms of a Mach Zehnder interferometer. To design the

�lter, all pass decomposition method described in [63] is employed that synthesizes a

discrete-time In�nite Impulse Response (IIR) �lter into an analog passive ring based

structure. First, the �lter speci�cations are translated to a Chebyshev Type-II IIR �lter

characteristic polynomial. Afterward, all pass decomposition method is employed to
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estimate the analog optical �lter design parameters, i.e. the coupling coe�cients (� j ),

and phase shifts (� and � j ) [18, 64, 65]. A sixth-order APF-based �lter speci�cations

and design parameters are summarised in Table 3.2.

Figure 3.7: (a) Topology of a sixth-order APF-based �lter (b) Cadence schematic of
the APF-based Filter.

The spectral response of the �lter is then estimated using both Lumerical In-

terconnect and my simulation framework, utilizing SiP foundry-provided data. Again,

an excellent match between the two spectral responses is observed in Fig. 3.8. The

analytic FCM method, with T � � F = 320, took 3.76s to estimate the spectral response

compared to 1247.7s taken by SFTA, resulting in 331.8� speed up in simulation time.

3.4.3 On-chip Dual-Bus Ring Resonator

Here, several PIC components on a fabricated chip (IME's SiP MPW with

248nm DUV lithography [66]) were studied (refer to Fig. 3.9). The components selected
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Table 3.2: APF-based Filter Speci�cations and Design Parameters

APF-based Filter Speci�cations Value
Filter Order 6

Bandwidth, BW 6.5 GHz
Stopband Attenuation 60 dB

Stopband Edge Frequency f c� 8 GHz
Design Parameter Value

Ring Circumference (all 6) 500 � m
Coupling coe�cients: [� 1 � 2 � 3] [0.0712 0.3066 0.2056]

Mach Zehnder Arm Phase Shift,� -1.5723 rad
[� 1 � 2 � 3] [0.1624 0.0579 -0.1356] rad

Figure 3.8: Estimation of Spectral response of a sixth-order APF-based �lter utilizing
Lumerical Interconnect and analytic FCM. Here, the linear chirp source �F = 320GHz
and FSR = 141.8GHz

for this study are a Dual-Bus Ring Resonator (DUT 1) and Vernier Rings (DUT 2) as

shown in Fig. 3.9.

The PIC characterization process involves coupling light from a tunable laser

source (Keysight 81940A) into the SOI waveguide via on-chip grating couplers. The

through and drop port optical signals of the PICs are then coupled into a single-mode

polarization maintaining �ber (PMF) array through on-chip grating couplers placed at
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Figure 3.9: Photonic Chip fabricated using IME Silicon Photonic process. It contains
several microring-based photonic �lters including ring resonator (DUT 1) and Vernier
Ring �lter (DUT 2).

127�m pitch and terminated at a high-speed optical detector (Keysight N7744A). The

spectral responses of the PICs are then obtained by sweeping the laser wavelength.

The fabricated dual bus ring resonator shown in Fig. 3.9 has a radius of 6.786

� m and ring-to-bus gap of 200nm. The measured and simulated (using FCM) spectral

responses are presented in Fig. 3.10. Again, excellent match is observed between the

measured response and FCM simulation. The slight inconsistency can be attributed to

fabrication variation and ring losses. It is important to note that the grating coupler

and optical routing loss has been de-embedded from the measured ring response. For

this ring resonator, SFTA simulation took 3645s to estimate the response with a fre-

quency resolution of 1.1 GHz while my FCM (withT � � F = 2200) was signi�cantly

faster (6.45s) for the same level of accuracy.

3.4.4 On-chip Vernier Ring Filter

The fabricated Vernier Ring �lter (DUT2) shown in Fig. 3.9 consists of two

rings coupled through a bus (middle) and two outer buses facilitating through and drop

ports. The radius of the two rings are 10 and 11� m. Each ring is separated from the

busses by 200 nm. Moreover, the middle bus is optically terminated in order to reduce

re
ections. Again, the measured result, presented in Fig. 3.11, conforms the FCM
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