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Abstract

In response to the continuous growth in the demand for higher speed and volume of

data transmission, optical networks are evolving to become more elastic to maximize

spectrum utility. This in turn is driving the development of flexible optical devices

and circuits that can be reconfigured to adapt to fast changes in network conditions.

Over the past decade, silicon photonics has gained widespread industry acceptance as

a platform for photonic integrated circuits for optical communication, due to its low

cost, potential for dense integration and compatibility with the CMOS fabrication

process. In spite of its promising benefits, several important challenges remain in

the development of flexible silicon photonic circuits, namely, broadband wavelength

tunability, fast reconfigurability, and scalability.

This thesis addresses these issues through the development of flexible and scalable

silicon photonic components for elastic optical networks, including a widely tunable

reconfigurable optical add-drop multiplexing (ROADM) circuit, a universal variable

bandwidth optical filter, and a fast wavelength selection circuit. The ROADM circuit

can provide wavelength reconfigurability over more than 4 Tb/s data transmission

bandwidth. The variable bandwidth filter is based on a novel microring-loaded Mach-

Zehnder interferometer that can provide insertion loss-free bandwidth tuning by only

tuning the microring resonant frequencies. The wavelength selection circuit combines

the wide band tunability of thermo-optic microring filters with fast switching by free

carrier injection to achieve best-case wavelength selection time of a few nanoseconds

over a 32 nm wavelength range.

As silicon photonic circuits grow in functionality and complexity, it also becomes
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necessary to monitor their performance and optical signal quality throughout the

system. To address this issue, we proposed and investigated two novel methods for

on-chip optical monitoring. The first method is the use of on-chip thermistors for

tracking the center wavelength and bandwidth of microring add/drop filters. The

second method is the use of silicon photodetectors based on two-photon absorption

for on-chip signal detection. These devices and methods can be seamlessly integrated

into silicon photonic circuits for real-time monitoring of their performance.
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Chapter 1

Introduction

1.1 State of the Art in Optical Interconnection

Technology

Over the past decade, data communication networks have experienced explosive

growth in bandwidth demand, driven by emerging technologies such as 5G networks,

cloud computing, artificial intelligence, autonomous vehicles, Internet of things (IoT),

etc. [1]. Optical communication is playing an increasingly dominant role in deliver-

ing the technological solutions to these bandwidth requirements, via the development

of flexible Wavelength Division Multiplexing (WDM) networks and optical intercon-

nect technologies. In particular, fully reconfigurable optical networks can maximize

network speed and efficiency by dynamically allocating resources (channels and band-

widths) on demand. In data link applications, for example, between servers, optical

interconnects can provide orders of magnitude higher data transmission capacity than

electrical cables. Fig. 1.1 briefly illustrates the road map of the optical interconnect

technology, indicating a vast demand for dense integration, footprint miniaturization

and channel scalability in optical networks to reduce cost and increase bandwidth

capability.

Thus, traditional fibre-based optical devices are being supplemented by photonic

integrated circuits (PICs) on a chip where optical signals are processed and trans-

ported in tiny optical waveguides. Although there is a wide range of materials that

1



Figure 1.1: A road map of optical interconnection technology, reproduced from [2]

can be used to build PICs such as doped glasses, III-V semiconductors, silicon ni-

trides, polymers and Lithium Niobate [3], silicon has emerged as the most promising

candidate owing to its compatibility with existing CMOS process that is widely used

in the electronics industry. Silicon also has low optical absorption and relatively high

refractive index (n = 3.45 at telecommunication wavelengths), which allows low-loss

waveguides with strong light confinement to be realized. Such strong confinement

allows compact photonic devices with tight bending radii to be fabricated, resulting

in a high degree of miniaturization and integration density [4]. Because of these ad-

vantages, silicon-on-insulator (SOI), which was first studied in the mid-1980s, quickly
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became commercially available in the 1990s [5] and has now gained wide industry

acceptance as a cost-effective material platform for building PICs for passive optical

networks (PONs) in optical communication and interconnect applications. We show

in Figs. 1.2 various silicon photonic devices used in optical signal processing and

interconnect applications. For example, Khandokar et al. [6] and Vermeulen et al. [7]

reported solution to chip-fibre coupling based on butt-coupling and grating-coupling

techniques. Zhou et al. [8] experimentally demonstrated an all-silicon modulator that

is working at 85 Gbaud, showing the potential in Tb/s applications [9]. In terms of

optical interconnects, Zhou et al. [10][11] experimentally demonstrated a fast opti-

cal switch based on free-carrier injection technology and a 16 × 16 switch network

based on thermal-optic effect for large-scale optical interconnect applications. Fur-

thermore, Gehl et al. [12] and Ong et al. [13] investigated silicon photonic filters

based on arrayed-waveguide-grating (AWG) and microring resonator (MRR) config-

urations used for multiplexing/demultiplexing optical signals. For signal detection,

Li et al. [14] and Goykhman et al. [15] have realized all-silicon based photodetection

with 40 GHz bandwidth. Besides, Lu [16] reported a broadband silicon photonic

directional coupler for applications that are polarization sensitive.

1.2 Wavelength Division Multiplexing Technology

in Optical Interconnection

In order to maximize the utility of the optical bandwidth, there exists a variety of

different multiplexing mechanisms such as space (SDM), time (TDM), code (CDM),

and Wavelength (WDM). Among these multiplexing techniques, WDM has huge ad-

vantages in cooperating with the tunable wavelength light source, which allows WDM

technology to work with bandwidths of more than 25THz. Furthermore, WDM can

transmit multiple signal streams with different wavelengths onto the same optical fiber

or waveguide, which dramatically simplifies the complexity of the physical circuit lay-

out, thus reduce the cost of deployment. In addition, since fewer optical components
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Figure 1.2: Examples of silicon photonic devices for signal processing and optical
interconnect applications. (a) and (b): chip-fibre coupling with grating-coupling and
butt-coupling configurations, reproduced from [7]; (c) and (d): a high baud all-silicon
photonic modulator, reproduced from [8]; (e): a broadband silicon thermal-optic
2 × 2 switch for optical mode switching, reproduced from [11]; (f): a broadband
silicon polarization beam splitter, reproduced from [16]; (g) a thermally tunable silicon
photonic filter based on microring (MR) waveguide, reproduced from [13]; (h): a 40
Gb/s all-silicon photodetector, reproduced from [14].

are used, the cost of debugging, recovering, and repairing is also significantly reduced.

Wavelength division multiplexing is the technology of transmitting multiple wave-

lengths on a single medium path (optical fibers, waveguides etc.). Each wavelength

transmitted through the medium is modulated by the data stream within its band-

width. Such technology could dramatically expand the current capacity of the in-

terconnect infrastructure for supporting higher data rates. In recent years, silicon

photonic WDM has gained increasing popularity for optical interconnects due to its

4



Figure 1.3: Schematic diagram of a WDM system.

low insertion loss, good compatibility to complementary metal-oxide-semiconductor

(CMOS) fabrication process. The first WDM system was demonstrated in 1980s,

where only two standard operational wavelengths of 1310nm and 1550nm were im-

plemented. As the wavelength division multiplexing devices developed to have higher

wavelength resolutions, coarse WDM (CWDM) technology was standardized in 2002

with its channel grid using the wavelength range from 1270nm to 1610nm. However,

because wavelength output from the laser source is susceptible to temperature where

∼ 0.1 nm/ C◦ fluctuation is estimated at room temperature, the channel grid for

the CWDM is still as large as 20 nm, which causes serious waste in channel space.

For long-distance transmission, in addition, the commonly used erbium-doped fiber

amplifiers (EDFA) in WDM systems don’t have enough optical gain outside of the

gain bandwidth around 1550nm. Therefore, a dense WDM (DWDM) system was

developed with the operation bandwidth in optical C-band and L-band (1525nm to

1610nm) for much tighter channel spacing (e.g., 50GHz). In general, the main ob-

jective of DWDM is to increase the network capacity by minimizing the wavelength

spacing; whereas CWDM aims to reduce the cost where the wavelength spacing is

sufficiently high to permit the transmitters to be more accurately controlled. [17].

A typical WDM system is shown in Fig. 1.3, the data streams from each ter-

5



minal (e.g., storage, synchronous Digital Hierarchy) are multiplexed at a different

wavelength and combined to the single optical fiber, and then demultiplexed and

assigned to the destination terminals. In order to adapt the WDM system into dif-

ferent wavelength grid standards (e.g., ITU grids), reconfigurable optical add-drop

filters, tunable modulators and photodetectors are needed, which are also known as

“wavelength-tunable” devices that enable wavelength reconfigurability of the device

in WDM, thus maximizing the utilization of the network capacity [18]. However, due

to the temperature-sensitive nature of the silicon material, relatively big bandgap

energy, and fabrication constraints, challenges remain in many aspects. In particu-

lar, we summarize some of the challenges of Si-based WDM systems which will be

addressed in this thesis:

• Requirement of sharp frequency transitions between adjacent channels and low

channel crosstalk, which are necessary for guaranteeing signals are correctly

(de)multiplexed with no distortion and loss.

• Requirement of precise wavelength reconfiguration to achieve flexibility without

sacrificing system performance.

• Requirement of fast wavelength selection for data transmission with no observ-

able latency (e.g., a few nanoseconds), which is necessary to avoid the massive

usage of memory cache in optical networks.

• Requirement of flexible filter bandwidth to accommodate dynamic data trans-

mission rates for elastic optical networks.

• Requirement of all-silicon photodetection with high responsivity, for monitoring

wavelength/ optical power performance in large-scale Si PICs.
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1.3 Research Objectives

This research aims to develop silicon photonic components for flexible WDM systems

to address the above challenges. Specifically, the thesis consists of 4 main parts: (I)

development of a high-order continuously reconfigurable optical add-drop multiplexer

(ROADM) with precise temperature tracking, (II) development of a fast wavelength

selection (WS) circuit for low-latency data transmission, (III) development of vari-

able bandwidth (VBW) ROADM for elastic optical networks, (IV) investigation of

responsivity enhancement in all-silicon photodetectors. The specific goals for each of

these parts are as follows:

Development of high-order continuously tunable photonic filter with precise tem-

perature tracking

• Design and implement a 4th-order photonic filter with wide tunability and high

out-of-band rejection.

• Investigate the feasibility of tracking filter center wavelength using on-chip ther-

mistors

• Develop filter optimization algorithm to automatically tune filter center wave-

length and maximize the transmission.

Development of a fast wavelength selector circuit for optical transceivers

• Design and implement a scalable silicon photonic circuit architecture for fast

wavelength selection from a comb of input wavelengths

• Investigate the feasibility of achieving nanosecond wavelength selection time

over a broad wavelength range.

Development of VBW photonic filter for elastic optical network applications

• Develop a universal architecture for high-order bandwidth-tunable filters
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• Investigate the feasibility of bandwidth tuning by resonance frequency detunings

without degrading filter spectral performance

• Design and experimentally demonstrate a 4th-order VBW filter

Investigation of responsivity enhancement in all-silicon photodetectors for on-chip

optical monitoring

• Design and implement pin junction silicon microring PDs based on two-photon

absorption with resonance-enhanced responsivity

• Investigate methods for enhancing small signal responsivity of silicon microring

PDs based on two-photon absorption

• Explore avalanche mechanism in silicon microring PDs to achieve high respon-

sivity.

1.4 Organization of the Thesis

The rest of the thesis is organized as follows. In Chapter 2, the theory of high-order

microring filters and mechanisms for tuning silicon photonic devices will be reviewed.

In Chapter 3, we report the design, implementation and experimental performance of

a 4th-order continuous tunable optical filters based on coupled microring resonators.

In Chapter 4, we will demonstrate a fast wavelength selection circuit with best-case

wavelength selection time of a few nanoseconds. In Chapter 5, we develop a uni-

versal VB filter configuration based on a Mach-Zehnder interferometer loaded with

microring resonators. We theoretically prove that the filter bandwidth can be varied

without sacrificing insertion loss. We also experimentally demonstrate a 4th-order

VB filter based on this configuration in silicon photonics. In Chapter 6, we will de-

velop all-silicon MR PDs embedded with pn junctions and explore ways to enhance

their responsivities. Chapter 7 will provide a summary of the research and main

achievements, as well as future research directions.
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Chapter 2

Microring Resonator Circuit
Architectures for Flexible WDM
Systems

Due to its versatility, MRRs have become an increasingly important element in flex-

ible and reconfigurable photonic integrated circuits, especially in silicon photonics

technology. This chapter will describe the mathematical model used to design and

analyze MR circuits and review important MR circuit architectures that will be used

to construct flexible WDM transceivers. We will also discuss two common mechanisms

used to change the refractive index in a silicon waveguide, namely, the thermo-optic

effect and free-carrier dispersion. These two mechanisms will be used to achieve the

reconfiguration of our WDM circuits throughout this thesis.

2.1 Microring Resonator: Device Structure and

Model

Among many wavelength-selective integrated optics devices such as Arrayed Waveg-

uide Gratings (AWGs), Mach-Zehnder interferometers (MZIs), Distributed Bragg

gratings (DBRs), and Fabry-Perot (FPs) cavities, MRRs have seen widespread us-

age in many applications due to their compact structure, ease of fabrication, low loss.

They can also be tuned over a wide range of wavelengths and form high-order transfer
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functions to meet target specifications by coupling multiple MRs together.

Figure 2.1: Schematics of (a) an APMR configuration with radius R, bus-to-ring
coupling κ, and (b) an ADMR configuration with radius R, input coupling coefficient
κ1 and output coupling coefficient κ2.

Figs. 2.1(a) and (b) show basic MR structures coupled to one and two bus waveg-

uides. An MR coupled to a single bus waveguide (Fig. 2.1(a)) is commonly known as

the all-pass microring resonator (APMR) configuration, which is often used to make

transmitters/receivers [19][20][21][22], notch filters [23][24][25], and optical switches

[26][27][28][29]. On the other hand, an MR coupled to two bus waveguides is referred

to as the add-drop microring resonator (ADMR) configuration, which is useful for

wavelength multiplexing and demultiplexing applications[30][31]. In both configura-

tions, optical power from a bus waveguide is transferred to and from the MR by

evanescent wave coupling through a coupling gap between the bus waveguide and the

MR waveguide. The coupling strength per unit length depends on the separation

distance between the two waveguides and can be computed from

kc =
π∆n

λ0
, (2.1)

where ∆n is the effective index difference between the first and second-order modes of

the coupler and λ0 is the operating wavelength. The total field coupling between the
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two waveguides is then given by κ = sin(kcL), where L is the interaction (coupling)

length between the two waveguides.

Light coupled from the bus waveguide into the microring circulates around the

microring and interferes with itself after every round-trip. Resonance occurs when

light accumulates a round-trip phase equal to an integer multiple of 2π, which results

in constructive self-interference and strong buildup of light intensity in the microring.

The condition for resonance can also be expressed as

mλ/neff = 2πR (2.2)

where λ is the resonant wavelength, neff is the effective index of the microring waveg-

uide, R is the microring radius, and m is an integer representing the resonance mode

number.

In an ADMR, light from the input waveguide is partially coupled into the MR

via field coupling coefficient κ1 and is partially transmitted to the through port.

The fraction of light coupled into the microring circulates around the resonator and

partially couples out to the output waveguide via the coupling coefficient κ2. The

output light is transmitted to the drop port of the ADMR. The transfer function at

the drop port is given by

Hd(φrt) = −
κ1κ2
√
αrte

−jφrt/2

1− τ1τ2αrte−jφrt
, (2.3)

and the transfer function at the through port is

Ht(φrt) =
τ1 − τ2αrte−jφrt
1− τ1τ2αrte−jφrt

. (2.4)

In the above expressions, φrt = e−j2πβR is the round-trip phase where β is the

propagation constant of the microring waveguide, αrt = e−απR is the round-trip field

attenuation in the microring where the loss constant α represents the total loss caused

by absorption, bending and roughness scattering. The field coupling and transmission

coefficients of the input and output coupling junctions satisfy the relation τ(1,2)
2 +
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Figure 2.2: (a) Spectral response and field enhancement of an APMR, and (b) spectral
responses at the drop port and through port of an ADMR. In both configurations, a
single MR with radius of 20 µm is assumed, with effective index neff = 2.5, group
index ng = 4.3, and 5% round-trip propagation loss(αrt = 0.95). The transmission
coefficient τ is varied from 0.91 to 0.99 and the coupling is lossless (αc = 1). For the
ADMR configuration, symmetrical coupling is assumed with κ1 = κ2 = κ =

√
1− τ 2.

IL: insertion loss, ER: extinction ratio.

κ(1,2)
2 = 1. For the APMR configuration, there is no drop port (κ2 = 0 and τ2 = 1),

thus the transfer function at the through port is given by Eq. (2.4) with τ2 = 1.

Fig. 2.2(a) shows the spectral responses of an APMR for different values of the

transmission coefficient τ from 0.91 to 0.99 (black traces). The MR is assumed to
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have a radius R of 20 µm, effective index neff = 2.5, and round-trip attenuation

factor αrt = 0.95. It can be seen that the spectral responses exhibit transmission dips

at the resonant wavelength λ = 1550 nm. In particular, when τ = αrt in Eq. (2.4)

the MR is said to be critically coupled as all input light is destructively interfered by

the light coupled out from the microring, resulting in zero power being transmitted at

the output port. For other values of τ , the MR is said to be under coupled if τ > αrt

and over coupled if τ < αrt. The field enhancement in an APMR is defined as the

ratio between field amplitude in microring and input field amplitude:

FE =
−jκ

1− ταrte−jφrt
. (2.5)

The blue traces in Fig. 2.2(a) show the spectral responses of the APMR for the

different values of τ . It can be seen that the maximum field enhancement FEmax

occurs at the resonant wavelength, and it has the highest value for critical coupling

case. The resonance field enhancement is significant for many nonlinear applications

that require high power, such as all-optical switch/tuning and bistable devices, which

will be discussed in Chapter 6.

For an ADMR configuration, the spectral responses at the drop port (red traces)

and through port (black traces) are plotted in Fig. 2.2(b). We assume the input and

output coupling coefficients to be the same so that τ1 = τ2 = τ . We observe that

at the resonant wavelengths, power transmission is maximum at the drop port and

minimum at the through port. The ADMR can thus be used to filter out a wavelength

from an input WDM spectrum and ”drop” it at the drop port, while allowing the

rest of the spectrum to bypass to the through port. The 3dB bandwidth (in terms of

wavelength) of the resonance spectrum of the ADMR is given by

∆λBW =
2π2ngR

√
τ1τ2αrt

λ(1− τ1τ2αrt)
, (2.6)

where ng is the group index of the optical mode in the MR waveguide. In general,

the bandwidth is inversely proportional to the coupling coefficient. The quality factor
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(Q-factor) of the resonator is given by

Q =
λm

∆λBW
, (2.7)

where λm is the wavelength of resonance mode m. The wavelength range between

two adjacent resonance peaks is called the free spectral range (FSR) of the MR and

can be computed from:

∆λFSR =
λ2

2πngR
(2.8)

The above expression shows that the FSR is inversely proportional to the microring

radius.

2.2 High-Order Microring Filter Architectures

High-order filters are required in practice, especially for applications where the chan-

nel spacing is tight, spectral responses with high extinction ratio and sharp roll-off

(i.e., ”box-like” response) are preferred to maximize the spectral utilization. High-

order filter transfer functions can be achieved by coupling multiple microring res-

onators together to form a microring network, such as parallel cascaded ADMRs

[32][33], 2D network of coupled microring resonators [34], and APMRs assisted MZI

structures [35]. In the following, we will review two important microring filter archi-

tectures that will be used in this thesis: the serially-coupled microring (CMRs) filter

and cascaded microring filters.

2.2.1 Serially-Coupled Microring Filters

The serial microring coupling configuration is the most widely used architecture to

construct high order filters [36]. Fig. 2.3 shows a schematic diagram of an N th-order

filter consisting of N serially-coupled microring resonators. We denote the energy

coupling coefficient between adjacent resonators as µi, i = 1...N − 1 and the energy

coupling coefficient to the input and output bus waveguides µ0 and µN , respectively.
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Figure 2.3: Schematic of a serially coupled microring filter consisting of N microring
resonators.

The energy coupling coefficients can be related to the field coupling coefficients κi by

µi =
κiνg
2πR

, 1<i<N, (2.9)

and

µi = κi

√
νg

2πR
, i = 0, N, (2.10)

where νg is the group velocity in the microrings and R is their radius. For an input

signal sin at frequency ω applied to the input waveguide, the energy amplitude ai in

the ith microring can be obtained by solving the matrix equation

Ka = s, (2.11)

where a = [a1, a2, ..., aN ]T is the array of energy amplitudes, s = [−jµ0sin, 0..., 0]T is

the input excitation vector, and K is a symmetric coupling matrix [36][37]:

s+ γ0 jµ1

jµ1 s jµ2

. . .

jµN−2 s jµN−1

jµN−1 s+ γN


(2.12)
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In the above matrix, γ0 = µ2
0/2 and γN = µ2

N/2 are amplitude decay rates due to

coupling from microrings 1 and N to the input and output bus waveguides, respec-

tively, and s = j(∆ω − δωi) + γi is the complex frequency, where ∆ω = ω − ω0 is

the frequency detune from the center frequency ω0 of the filter, δωi = ωi − ω0 is the

deviation in the resonant frequency of microring i from ω0, and γi = ανg/2 is the

amplitude decay rate due to intrinsic loss. By solving for the energy amplitude aN

in microring N , we obtain an expression for the transfer function at the drop port,

Hd = −jµNaN/sin, which can be expressed in closed-form as

Hd(s) =
(−j)N+1(µ1µ2...µN)

CN(s)
, (2.13)

where CN is the N th-continuant of the matrix K given by the recursive formula:

Ck = KN−k+1,N−k+1Ck−1 + µ2
N−k+1Ck−2, (2.14)

with C0 = 1 and C1 = KN,N . The transfer function at the through port is given by

Ht = 1− jµ0a1/sin, which can be expressed as:

Ht(s) = 1− µ2
0

s+ γ0 +
µ21

s+
µ22

s+...
µ2
N−1
s+γN

. (2.15)

Given a desired filter bandwidth, the coupling coefficients for the Butterworth and

Chebyshev filter designs[38] can be computed from

µ2
0 = µ2

N =
c0∆ωBW/2

sin(π/(2N))
, (2.16)

µ2
k =

(ck∆ωBW/4)2

sin[(2k − 1)π/(2N)]sin[(2k + 1)π/(2N)]
, (2.17)

where ∆ωBW is the filter bandwidth. For Butterworth filters, it is the 3 dB bandwidth.

For Chebyshev filters, it is the ripple bandwidth where the ripple is defined as the

oscillation of the transfer function |Hd(jω)|2 between 1 and 1/(1+ε2) in the passband.

In the above expressions, ck = 1 for Butterworth filters and

c2k = sin2kπ

N
+ sinh2[

1

2N
ln(

√
1 + ε2 + 1√
1 + ε2 − 1

)] (2.18)
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for Chebyshev filters with a ripple parameter ε. Fig. 2.4 shows the drop port and

through port spectral responses of Butterworth microring filters of order N = 1 to

8 for a fixed 30 GHz bandwidth. It can be seen that a ”box-like” filter response is

approached as the filter order increases.

Figure 2.4: Theoretical spectral responses of Butterworth microring filters of orders
N=1 to 8. The drop port spectra and through port spectra are plotted in solid and
dash lines, respectively.

2.2.2 Cascaded MR Filters

Another way to increase the order of a MR filter response is by cascading multiple

filter stages together. The transfer function of the composite response is simply the

product of the transfer functions of the N cascading stages: Htotal(s) = H1(s) ∗

H2(s) ∗ ... ∗HN(s) =
∏N

i=1Hi(s). Besides, it is possible to design the stages to have

different FSRs so that the Vernier effect expands the effective FSR of the composite

filter response. Such expansion significantly extends the tuning range of a microring

filter without reducing the microring radius and incurring excessive bending loss. As

an example, Fig. 2.5 (a) shows a schematic diagram of a 2nd-order Vernier cascaded

microring (VCMR) filter in which the FSRs of the two microrings, FSR1 and FSR2,

satisfy the relation
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Figure 2.5: (a) Schematic diagram of a 2nd-order VCMR filter consisting of two single
MR filters. (b) Spectral response of each MR stage. (c) Cascaded spectral response
of the VCMR filter. Inset plot shows a zoomed-in view of a passband.

FSR1 ×m = FSR2 × n = FSReff , (2.19)

where m and n are integers and FSReff is the effective FSR. Fig. 2.5(b) shows the

spectral responses of MR 1 with radius R1 = 20 µm and FSR1 = 5.15 nm and MR 2
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with radius R2 = 26.7 µm and FSR2 = 3.95 nm. The ratio FSR1/FSR2 = m/n =

3/4. Fig. 2.5(c) shows the spectral response of the two cascaded microrings, which

has an expanded effective FSR of FSReff = 15.35 nm. The overlapping of the two

MR spectra also produces spurious peaks in the stop band, which are kept below 23

dB in this example. A close-up plot of the passband of the VCMR filter is shown in

the inset of Fig. 2.5(c), which shows a 2nd-order flat-top filter response.

2.3 Wavelength Tuning and Reconfigurability

In an integrated optical circuit, reconfigurability is typically achieved by tuning the

phase of a certain component, e.g., to tune the resonant wavelength of a microring

resonator or to tune the power transmission of an MZI switch on and off. Typically,

phase tuning is achieved by changing the effective refractive index neff of a waveguide

section of length L via the relation ∆φ = ∆neff (2π/λ)L. There are three main

mechanisms that are widely used to vary the effective index of a waveguide: (i) the

thermal-optic effect [39][40][41], (ii) free-carrier dispersion effect [42][27][43][44], and

(iii) the electro-optic effect [45][46]. Our work will focus on the thermal-optic effect

and free-carrier dispersion effect since these two mechanisms are available for silicon

material.

2.3.1 Thermal-Optic Tuning

The thermal-optic effect describes the change in the refractive index of a material as

a function of the temperature. The temperature dependence of the refractive index

can be expressed in the general form:

n(T ) = n(T0) + αT (T − T0), (2.20)

where αT = dn/dT is the thermo-optic coefficient and T0 is a reference temperature.

For silicon, αsi = 1.86 × 10−4 K−1 [47] at room temperature. Since the resonance
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wavelength of a microring resonator is given by λ = neff (2πR/m) (m being an inte-

ger), the change in the resonance wavelength due to a change in the effective index

is thus:

∆λ = (∆nneff/nneff )λ. (2.21)

For a microring resonator with circumference L = 60µm and effective index neff =

2.5, the FSR is 15 nm. In order to tune a resonant wavelength (around λ = 1.5µm)

of the microring across one FSR, we need to change the effective index by ∆neff =

(FSR/λ)nneff = (15nm/1500nm)2.5 = 0.025, which requires a temperature rise in

the waveguide core of about 134 ◦C.

Thermal tuning of silicon photonic devices is usually achieved by fabricating micro-

heater made of a thin layer of resistive metal on top of the silicon waveguide [48], as

shown in Fig. 2.6(a). Usually, the heater is at least 2 µm above the waveguide to

prevent light absorption in the metal. Air trenches can be etched into the top cladding

material (e.g., SiO2) to minimize thermal crosstalk. A major disadvantage of this

heater arrangement is the low tuning efficiency (∼100 mW for 1 FSR tuning range)

since the heat spreads out and only a small portion is used to raise the temperature

of the silicon waveguide. In addition, the thermal time constant is long (a few tens

of microseconds) which limits the tuning speed.

The heater response time can be improved by using a transverse junction heater,

as shown in Fig. 2.6(b) [49], in which the silicon waveguide itself serves as the

heating element. In this design, the silicon ridge waveguide is lightly doped in the

core region and heavily doped in two side slabs, thus acting as a resistive element.

Metal wires with low resistance are directly connected to the heavily doped silicon

slab regions to form ohmic contacts. As the voltage is applied across the waveguide

core, the waveguide itself heats up, resulting in high tuning efficiency (a few mW for

1 FSR tuning range) and relatively short thermal time constant (sub-microseconds

to a few microseconds). However, a disadvantage of this heater design is that doping

significantly increases the insertion loss of the silicon waveguide. Such loss is especially
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detrimental to the performance of silicon microring resonators in terms of reduced

Q factors. Also, it is challenging to minimize thermal crosstalk if adjacent devices

are close to each other on the same silicon slab (as is the case in coupled microring

resonators).

Figure 2.6: Examples of heater implementation for thermal tuning: (a) top metal
heaters [50], and (b) transverse junction heaters [51] that directly inject current across
the silicon waveguide core.

2.3.2 Free Carrier Dispersion

Another way to change the effective index of a silicon waveguide is by changing the

free carrier density in the silicon waveguide. For light around 1.55 µm wavelength,

changes in the free electron density ∆Ne and hole density ∆Nh will induce changes

in the refractive index ∆n and absorption (or loss) ∆α in the material given by the

empirical formulas [52][53]:

∆n = ∆ne + ∆nh = −[8.8× 10−22∆Ne + 8.5× 10−18∆N0.8
h ], (2.22)

∆α = ∆αe + ∆αh = 8.5× 10−18∆Ne + 6.0× 10−18∆Nh, (2.23)

where ∆ne and ∆nh are the index changes resulting from changes in the electron

and hole density, respectively. Likewise, ∆αe and ∆αh are the changes in absorption

resulting from changes in the electron and hole density. In the above formulas ∆Ne

and ∆Nh are in units of cm−3. In practice, the free electron and hole density are varied

by injecting carriers into pn junctions, such as shown in Figs. 2.7, under forward bias
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Figure 2.7: Examples of pn junctions embedded in silicon waveguide for free carrier
injection: (a) the vertical pn junction configuration, (b) the transverse pn junction
configuration [54]

voltages. It is relatively easy to produce changes in ∆Ne and ∆Nh at a level of

∼ 1017cm−3. The corresponding changes in the index ∆n and absorption ∆α are

calculated to be 1.12 × 10−3 and 7.25 cm−1, respectively. Compared to the thermo-

optic effect (which is almost lossless), free carriers provide an order of magnitude

smaller index change with non-negligible excess loss in the waveguide. The main

advantage of the free carrier dispersion effect is the short response time, which is

determined by the free-carrier lifetime in the junction. Reported works [27][43][44]

showed average response time in the tens of picoseconds to nanoseconds, which is at

least 3 - 4 orders of magnitude faster than thermal tuning. Free carrier dispersion

is typically employed to realize fast switches and high-speed modulators. An MZI

switch based on free carrier injection in a pin junction will be demonstrated as part

of a fast wavelength selection circuit in Chapter 4[55].

2.4 Summary

In this chapter, we reviewed the basic properties of microring resonators and how they

are used to construct high-order optical filters. We also discussed two widely used

mechanisms for tuning the refractive index of silicon, namely the thermo-optic effect

and free-carrier dispersion. The microring resonators are used as the main building

blocks for realizing reconfigurable silicon photonic WDM circuits in the rest of the
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thesis.

23



Chapter 3

Broadband Tunable
Multiplexer/Demultiplexer with
Precise Temperature Tracking

Although Silicon-on-Insulator has gained widespread industry acceptance as a cost-

effective and CMOS compatible material platform for photonic integrated circuits

(PICs), the technology does possess several challenges that still need to be addressed.

One long-standing issue is the fairly limited refractive index tuning range that can

be achieved in the silicon material for applications such as broadband-tunable filters.

Tunable silicon photonic filters typically rely on the thermooptic effect, which pro-

vides the largest index tuning range among the various tuning mechanisms available

[47][56][57]. For example, tunable silicon microring filter of various orders have been

reported with tuning range over the full free spectral range (FSR) of the microring

resonators [58][59][60][61]. However, since the FSR of a microring resonator scales

inversely with the microring radius, bending loss typically limits the FSR of these

filters to less than about 20 nm. Recently, a 3rd-order filter was reported with a

tuning range of 32 nm using compact Si microrings with 2.5 µm radius [62]; however,

both the insertion loss and heating power required to tune the device over one FSR

were quite high, which could be partially due to the small microring size employed.

One well-know scheme to overcome the FSR limitation and achieve wider tuning

range is to employ the Vernier effect, which was discussed in Chapter 2. However, to
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date very few high-order Vernier microring filters have been demonstrated in SOI and

all have relied on the serial microring coupling configuration [63][64]. For example,

Jayatilleka et.al.[63] reported a 2nd-order Vernier microring filter with an effective

FSR of 36 nm and 15 dB stopband rejection. The same group later reported a 4th-

order Vernier microring filter with an effective FSR of 37.2 nm and 3-dB bandwidth

of 32 GHz, with a variation of 7 GHz (or 20% of the bandwidth) due to tuning [64],

and the variation in the center wavelength due to tuning was not reported. Due to

the close proximity of the heaters in the serial coupling configuration, severe thermal

crosstalk occurs when one set of microrings need to be tuned over a large wavelength

range. The problem is exacerbated in high-order Vernier filter devices since the two

sets of microrings with different FSRs are tuned by very different amounts, and thus

can have vastly different temperatures depending on the target filter wavelength. This

thermal crosstalk can lead to resonance misalignment and variations in the coupling

coefficients, which cause distortion in the filter shapes, high spurious peaks, and

variations in bandwidth and insertion loss.

In this chapter, we propose and demonstrate an alternative high-order Vernier mi-

croring filter design based on a cascade of two separate microring stages with different

FSRs. The Vernier scheme was briefly described in Chapter 2. Here, we aim to re-

alize a 4th-order VCMR filter in which each stage is a 2nd-order double-microring

(DMR) flat-top filter consisting of two coupled microring resonators. The spectra of

the two stages are overlapped to yield a 4th-order flattop filter response. By keep-

ing the two stages sufficiently far apart, thermal crosstalk between the stages can

be minimized which simplifies the tuning process and improves wavelength tuning

accuracy. In addition, by taking into account the thermal crosstalk between the two

microrings in each stage, each DMR filter stage can be tuned across its FSR with a

high degree of tuning accuracy and repeatability [62]. This allows us to separately

calibrate and optimize each DMR filter stage and tune the VCMR filter to any spec-

ified center wavelength without further optimization of the overall spectral response.
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Measurements showed that our VCMR filter has a tuning range of 32.1 nm, with a

wavelength tuning accuracy of ±14.9 pm and 3-dB bandwidth variation of ±6.5 %.

The wavelength tuning accuracy of our filter is the highest to date among previous

demonstration in silicon MR based filters [65][66][67]. In addition, using integrated

on-chip thermistors placed near the microrings, we could monitor the local temper-

atures of the microring resonators and show that a temperature tracking accuracy

of±0.1°C can be achieved over the full tuning range. The ability to track the local

temperatures of the microrings provides a mechanism for monitoring the center wave-

length of the filter. It also provides an indirect mechanism for monitoring the spectral

performance of the device in applications where optical spectral scanning of the filter

is not available during the device operation.

The rest of this chapter is organized as follows. In Section 3.1, we report the design,

implementation and tuning performance of a 2nd-order DMR filter. This DMR filter

stage is used to construct a VCMR filter with wide tuning range in Section 3.2. The

chapter is summarized in Section 3.3.

3.1 Design and Performance of A Double-Microring

Filter

3.1.1 DMR Filter Design and Fabrication

Fig. 3.1(a) shows a schematic diagram of a DMR filter consisting of two coupled

microring resonators. We chose the double microring design rather than a higher-order

filter design since it is easier to tune the device and quantify the thermal crosstalks.

We realized the DMR filter on an SOI platform consisting of a 220 nm thick Si layer

lying on a 2 µm thick SiO2 buffer layer. The silicon waveguides were designed for TE

polarization and had a nominal width of 500 nm with a 2 µm thick SiO2 overcladding

layer. We designed the DMR filter to be the first stage of a VCMR filter (to be

described in Section 3.3), with an FSR of 7.8 nm, 3-dB bandwidth of 25 GHz, in-
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Figure 3.1: (a) Schematic of a double-microring filter with bus-to-ring coupling cou-
pling coefficient κ1 (coupling gap g1) and ring-to-ring coupling coefficient κ2 (coupling
gap g2). (b) Optical microscope image of the fabricated device (with g1 = 150 nm
and g2 = 300 nm). (c) Simulated spectral responses of the DMR filter. (d) Cross-
sectional view of the microring waveguide showing the Al thermistor, Si waveguide
and the TiW heater

band ripple of less than 1 dB and maximized skirt roll-off. To obtain an FSR of 7.8

nm for the TE mode, we set the radius of the two microring resonators to be 11.27

µm. The transfer functions of the DMR filter at the through port (Ht) and drop port

(Hd) are given by:

Ht(z) =
τ1 − τ2(1 + τ 21)z

−1 + τ1z
−2

1− 2τ1τ2z−1 + τ 21z
−2 (3.1)

Hd(z) =
jκ21κ2z

−1

1− 2τ1τ2z−1 + τ 21z
−2 (3.2)
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where κ1 is the bus-to-ring coupling coefficient, κ2 is the ring-to-ring coupling co-

efficient, τ1,2 =
√

1− κ21,2 and z−1 = e−jφrt is the roundtrip phase delay variable,

with φrt being the roundtrip phase of the microrings. To achieve the specified filter

passband characteristics, we used a 2nd-order Chebyshev filter design [38], with field

coupling values κ1 = 0.3 and κ2 = 0.06. These coupling values correspond to bus-

to-ring coupling gap g1 = 150 nm and ring-to-ring coupling gap g2 = 300 nm. Fig.

3.1(c) shows the computed spectral responses of the designed filter.

To tune the resonance wavelengths of the microring resonators, symmetric micro-

heaters were fabricated over the microrings, as shown by the optical microscope image

in Fig. 3.1(b). The heaters were made of a TiW alloy. The heaters were made of a

TiW alloy (10 % Ti and 90 % W) with 175 nm thickness and 4 µm width, covering

an arc length of 240◦ around each microring. Fabrication constraints [68] required

a minimum separation of 10 µm between the two heaters, so that the ring-to-ring

coupling region was not covered by the heaters. The contact leads of the heaters were

made of Al, with a thickness of 500 nm and a width of 15 µm. To monitor the tem-

peratures of the microring waveguides, we also fabricated symmetric thermistors out

of the same Al metal traces next to the heaters. The thermistor covers a 180◦C arc

around each heater, with its width narrowed down to 4 µm to increase the thermistor

resistance. Due to fabrication constraints, the separation between the thermistor and

the heater had to be kept at least 4 µm. A side view of the locations of heater and

thermistor are shown in Figs. 3.1 and (d). The DMR filter was fabricated through

the Applied Nanotools Nano-SOI fabrication service [68], which employed electron

beam lithography to define the waveguide and microring structures. An image of a

fabricated device is shown in Fig. 3.1(b).

3.1.2 Thermal Analysis of DMR Filter

In the operation of the VCMR filter, each filter stage needs to be tuned over its

full FSR. For our microring and heater design, we found experimentally that it took
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Figure 3.2: (a) Temperature distribution over a cross-section of the heater and mi-
croring waveguide. (b) Temperature distribution in the plane of the silicon waveguide
when 80-mW heater power is applied to microring 1.

about 80 mW of power to tune each microring over its FSR, which corresponds to

a maximum temperature rise of about 135◦ C. To evaluate the effect of such large

temperature change on the filter performance, we performed thermal simulations of

the DMR device to determine how much the coupling coefficients and hence, the

spectral characteristics of the filter, change due to heating. We applied power to one

heater and performed 3D simulation of the temperature distribution over the device

structure. The thermal simulation was performed by solving the steady-state heat

diffusion equation using the Lumerical software, which is based on the Finite Element
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method. The simulated structure included the Si substrate, with the bottom Si surface

held at 300 K, and the metal strips for the heater (TiW) and the thermistor (Al). The

chip was capped with a 300 nm-thick SiO2 protection layer, with convective boundary

condition applied to the top SiO2 surface to account for heat transfer from the chip

to air. Thermal insulating boundary condition was applied to the four sidewalls of

the simulation domain, which were placed sufficiently far from the microring device

so that they did not affect the simulated temperature profile of the device.

Fig. 3.2(a) shows the cross-sectional temperature distribution when 20mW is ap-

plied to the TiW heater. 80mW heating power is the power to tune the microring

filter over 1 FSR. We find that the heater temperature is 570K, the average tempera-

ture in the silicon waveguide is 430 K, while the average temperature of the thermistor

is 345 K. Fig. 3.2(b) shows a sample temperature distribution in the plane of the

silicon waveguide obtained for 80 mW of power applied to heater 1. We observe that

while the bus-to-ring coupling junction directly below the heater experiences a large

temperature rise, the temperature change over the ring-to-ring coupling junction is

much less. From the changes in the waveguide temperatures, we computed the new

waveguide modes and effective indices, which were then used to calculate the coupling

coefficients of the bus-to-ring and ring-to-ring coupling junctions. Fig. 3.3(a) plots

these coupling coefficients and the corresponding temperature changes as functions

of the applied heater power. Over the range of heater power required to tune the

microrings by one FSR (0 - 80 mW), we find that the bus-to-ring and ring-to-ring

coupling coefficients change by 5.6 % and 0.59 %, respectively. The much smaller

variation in the ring-to-ring coupling is due to the fact that the heater does not cover

the coupling junction between the two microrings. To evaluate the impact of these

coupling variations on the filter performance, we plotted in Fig. 3.3(b) the spectral

response of the DMR filter over this heater power range. We observe that the device

maintains its filter shape across the tuning range, with the 3-dB bandwidth remaining

relatively unchanged while the in-band ripple increases slightly from 0.45 dB to 0.75
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Figure 3.3: (a) Plot of the bus-to-ring and ring-to-ring coupling coefficients and the
temperature changes of the corresponding coupling junctions vs. the heater power.
(b) Simulated spectral responses of the filter at different heater powers over one FSR
of tuning range.

dB (in the experiment the filter shape can be further optimized to reduce this ripple).

These simulation results show that the DMR filter design is robust to temperature

tuning across its FSR.

3.1.3 Tuning Performance of the DMR Filter

We measured the spectral response of the DMR filter using continuous-wave (CW)

light from a tunable laser over the 1480 nm - 1630 nm wavelength range. The laser

light was adjusted to TE polarization using a polarization controller and butt-coupled

to the input waveguide of the DMR via a lensed fiber. The transmitted light in
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the output waveguide was collected using another lensed fiber and detected with a

photodetector and power meter. To control and tune the microring resonances, each

heater was probed by a Tungsten tip mounted on a Signatone S-725 high precised

positioner. The other end of the probe was connected to a microcontroller that was

used to control the applied DC voltage and measure the current through the heater.

All measurements were performed with the chip at room temperature.

We first determined the tuning efficiency and thermal crosstalks of the device by

measuring the resonant wavelength shifts of the microrings due to the power applied

to each heater. The resonance shift of each individual microring was determined

by measuring the wavelength of the resonance peak of that microring at the output

port when it was sufficiently detuned from the other. Fig. 3.4 plots the resonant

wavelength shift due to heating of the same microring (same-ring heating) and the

resonance shift due to heating of the other microring (thermal crosstalk) as functions

of each heater power. We observe that the resonant wavelength shifts due to same-ring

heating and thermal crosstalk both exhibit linear dependence on the heater power.

From the linear best fit lines of the shifts due to same-ring heating, we obtain a tuning

rate of t11 = 78.34 pm/mW for microring 1 and t22 = 99.25 pm/mW for microrign 2.

These values are lower than previously reported for single silicon microring resonators

(e.g., 296 pm/mW in [60], 133 pm/mW in [69]), which can be attributed to the

different design, dimensions and location of our heaters, and the fact that our heaters

covered only a 240 ◦ arc instead of the full microring circumference. From Fig. 3.4

we also note that each microring experienced significant thermal crosstalk due to the

other heater. The rate of resonance change of microring 1 due to heater 2 is t12 =

5.13 pm/mW and that of microring 2 due to heater 1 is t21 = 4.58 pm/mW. These

crosstalks will be taken into account to generate tuning curves for the DMR filter as

described below.

The tuning curves of the DMR filter were generated by determining the heater

powers required to tune the microrings to a set of wavelengths about 50 GHz apart
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Figure 3.4: Plots of the resonant wavelength shifts due to same-ring heating and
thermal crosstalk vs. the power in (a) heater 1 and (b) heater 2. The R2 values are
the correlations of the linear fits.

over one FSR (1531 - 1539 nm). Starting from an initial resonance detuning of

0.6 nm between the two microrings (caused by fabrication variations), we brought

the two resonances into alignment and optimized the filter shape by scanning the

resonant wavelength of each microring over the passband to minimize the ripple.

The optimized spectra at the drop port and through port are shown in Fig. 3.5(b).

Once the optimum heater powers P1(λ1) and P2(λ2) for the first wavelength setpoint

(λ1 = 1531.296 nm) were obtained, we then calculated the heater powers for the

other wavelength setpoints using the linear relationships in Fig 3.4. In particular,

the powers P1(λi) and P1(λi) of heaters 1 and 2 required to tune the filter to center
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Figure 3.5: a) Calculated (dashed lines) and optimized (solid lines) tuning curves
of the DMR filter showing linear relationships between the center wavelength of the
filter passband and the heater powers. The R2 values are the correlations of the best
fit curves for optimized tuning. (b) Optimized spectral responses at the drop port and
through port for center wavelength λ1 = 1531.296 nm. (c) Optimized filter spectra
at the wavelength setpoints over one FSR.

wavelength λi are found by solving the equations:

λi − λ1 = t11[P1(λi)− P1(λ1)] + t12[P2(λi)− P2(λ1)] (3.3)

λi − λ2 = t21[P1(λi)− P1(λ2)] + t22[P2(λi)− P2(λ2)] (3.4)
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where the tuning rates t11, t12, t21, t22 are give above. The plots of the calculated

center wavelength vs. power for each heaters are shown by the dashed lines in Fig.

3.5(a). To validate these tuning curves, we applied the predicted heater powers to

tune the filter to each wavelength setpoint. At each wavelength, the filter spectral

response obtained was very close to the optimized filter shape at the initial setpoint

λ1. To ensure that the filter response was optimum, we further adjusted the current

through each heater to minimize the in-band ripple. Fig. 3.5(c) shows the optimized

filter spectra, which have a maximum ripple of 0.7 dB and average 3-dB and 10-dB

bandwidths of 27.5 ± 0.6 GHz and 75 ± 2GHz, respectively. The average insertion

loss across all the spectra is 2.5 ± 0.2 dB. By fitting the measured spectra with

a 2nd-order filter transfer function, we determined the coupling coefficients of the

device to be κ1 = 0.29 (± 2.5%), κ2 = 0.065 (± 2.5%), and κ3 = 0.30 (± 2.5%),

where κ3 is the bus-to-ring coupling at the output. In Fig. 3.5(a) we also plotted

the optimized tuning curves (solid lines) for comparison with the calculated tuning

curves. It can be seen that the two sets of tuning curves are very close to each other,

both showing strongly correlated linear relationships between the heater powers and

the center wavelength. The close agreement between the optimized and calculated

tuning curves also implies that changes in the coupling coefficients due to heating

did not cause significant distortion to the filter shape, as confirmed by the thermal

simulations results in Fig. 3.3(b).

The optimized tuning curves can be used to determine the heater powers required

to tune the filter center wavelength to any arbitrary value. To estimate the tuning

wavelength accuracy, we calculated the standard deviation between the center wave-

lengths of the data points of the optimized spectra in Fig. 3.5(a) and those values

predicted by the best fit lines. We obtained a wavelength uncertainty of ± 27 pm (or

± 3.4 GHz), which is about three times the specified wavelength stability of our laser

(± 10 pm). We also note that this value is comparable to the wavelength accuracy

of some commercial tunable filter (e.g., [70]) and can be further improved with more

35



precise control of the powers applied to the heaters.

In the continuous tuning operation of the filter, given a desired center wavelength

of the passband, we determine the required power for each heater from the tuning

curves and apply the corresponding current to each heater. We also note that the

resistances of the heaters remained fairly constant over the full FSR tuning range,

with the measured values of 91.7 ± 0.9 Ω for heater 1 and 105.1 ± 0.9 Ω for heater

2. To determine the wavelength tuning accuracy and filter spectral characteristics

at arbitrary wavelengths, we tuned the device to six randomly chosen wavelengths

in the 1531– 1539 nm range. Fig. 3.6 shows the filter spectra obtained, which are

very close to the optimized filter shapes, with the minimum and maximum ripples of

0.58 dB and 0.74 dB, respectively. The standard deviation in the center wavelength

detuning is ± 22 pm, with the minimum and maximum deviations of 4 pm and 37 pm,

respectively. These wavelength deviations are consistent with our estimated tuning

Figure 3.6: Tuned filter spectra at six arbitrarily chosen center wavelengths, with
minimum and maximum ripples of 0.58 dB and 0.74 dB, respectively, and standard
deviations in the center wavelength detuning of ± 22 pm.

wavelength accuracy of ± 27 pm. These results demonstrate that the filter can be

continuously tuned with good wavelength accuracy and spectral performance over the

FSR of the device.
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3.1.4 Performance of Thermistors for Temperature Tracking

To evaluate the performance of the thermistors, we first obtained the response of each

individual thermistor to heating power from each heater. Fig. 3.7 (a) and (b) plot the

changes in the thermistor resistance due to same-ring heating and thermal crosstalk

as functions of the power in heaters 1 and 2, respectively. We observe strong linear

correlations between the thermistor resistance and the heater powers, which validate

the effectiveness of the thermistor in tracking both the same-ring heating effect and

thermal crosstalk. In particular, we found that thermal crosstalk contributes to about

34% of the total resistance change compared to same-ring heating.

To determine the actually temperatures sensed by the thermistors, we calibrated

these resistance by heating the entire chip on a hot plate and measured the change

in the thermistor resistance as a function of the temperature. Fig. 3.8 shows the

change in the resistance of the thermistor arc segment surrounding each microring

as a function of the known temperature. By fitting the data with the linear relation

∆R=α∆T, we extracted the thermal coefficient α of the thermistor to be 10.35mΩ/K

for thermistor 1 and 8.923 mΩ/K for thermistor 2. These values were then used to

determined the temperature of the thermistors at different heater powers. Specifically,

suppose the heater powers required to tune the filter to a particular wavelength are

P1 and P2, the total resistance changes of the thermistors are give by:

∆R1 = r11P1 + r12P2 (3.5)

∆R2 = r21P1 + r22P2 (3.6)

where r11 = 3.415, r12 = 1.404, r21 = 1.183, r22 = 2.793, all in units of mΩ/mW.

The temperature changes sensed by the thermistors are then calculated from ∆T1 =

∆R1/α1 and ∆T2 = ∆R2/α2.

Fig. 3.9 plots the total changes in the thermistor resistance and the corresponding

temperature changes as functions of the filter center wavelength. We again observe
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Figure 3.7: Changes in the thermistor resistances due to same-ring heating and ther-
mal crosstalk as functions of the power in (a) heater 1 and (b) heater 2.

strong linear relationships between the thermistor resistances and the tuned wave-

length. These relationships allows us to predict the expected thermistor resistance

values and the corresponding temperature changes of the microrings at any center

wavelength. in particular, from our simulation, we found that the maximum temper-

ature change in the microring is 2.8 times as that in the thermistor due to the closer

proximity of the microring to the heater. Thus, over the entire FSR tuning range, we

can expect the temperatures of the microring to rise by about 120 ◦C. We can also

estimate the precision of the thermistors in sensing the temperatures by computing

the standard deviation between the data points in Fig. 3.9 and the best fit curves.
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Figure 3.8: Change in the thermistor resistance as a function of the thermistor tem-
perature.

We obtain a value of ± 0.1 ◦C for both thermistors, which translates to a center

wavelength tracking resolution of ±20 pm. This precision is adequate for tracking

the center wavelength variations of the DMR filter, given that the tuning accuracy

(resolution) of the ±27 pm.

Figure 3.9: Changes in the thermistor resistances and the corresponding thermistor
temperatures as functions of the filter center wavelength.
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3.2 A Vernier Cascaded Microring Filter

3.2.1 Design and Implementation of VCMR Filter

In this section, we demonstrate the use of the Vernier effect to expand the effective

tuning range of a filter by cascading two DMR filter stages of slightly different FSRs.

Fig. 3.10(a) shows a schematic of a 4th-order VCMR filter, which is designed to have

a tuning range of 32 nm over the optical C-band. Each DMR filter stage is designed

to have a flat-top passband with a 3-dB bandwidth of 33 GHz, so that the cascaded

spectrum will have a bandwidth of 25 GHz. To achieve this 2nd-order Butterworth

filter response, the bus-to-ring and ring-to-ring coupling coefficients of both DMR

stages are chosen to be κ1 = 0.38 and κ2 = 0.07. The filter tuning range is defined

by the effective FSR of the VCMR, which is achieved by requiring the FSRs of the

two stages to satisfy N1 × FSR1 = N2 × FSR2 = 32 nm. Choosing N1 = 4 and N2

= 5, we obtain the corresponding FSRs of the two DMR stages to be FSR1 = 8 nm

and FSR2 = 6.4 nm. Figs. 3.11(a) and (b) show the simulated spectra of each stage,

H1(λ) and H2(λ), and the cascaded filter response, HV CMR(λ) = H1(λ)H2(λ). The

plots show that the VCMR filter has a cascaded bandwidth of 25 GHz for an effective

FSR of 32 nm with spurious peaks remaining below -40 dB over its entire FSR.

Figure 3.10: (a) Schematic of a 4th-order Vernier cascaded microring filter. Optical
microscope images of (b) the first DMR filter stage and (c) the entire cascaded filter.
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We implemented the VCMR filter on an SOI substrate with a 220 nm thick silicon

layer on a 2 µm thick buffer oxide layer. The silicon waveguides had a nominal width

of 450 nm for TE-mode operation and an oxide overcladding of 2 µm thickness. To

obtain FSR1 = 8 nm and FSR2 = 6.4 nm, the microring radii of the two stages are

set at R1 = 11.27 µm and R2 14.13 µm, respectively. The bus-to-ring and ring-to-ring

coupling gaps of each stage were set to be g1 = 125 nm and g2 = 300 nm.

Figure 3.11: (a) Spectral responses of individual DMR filter stages and cascaded filter
with overlapping passbands centered at zero wavelength detune. (b) Close-up view
of passbands of DMR stages and cascaded filter.

The heaters and thermistors are designed in the same way to the DMR filters

reported in the last section. The average resistance of the heaters is measured to
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be 108 Ω in the first stage and 125 Ω in the second stage. Thermistors made of Al

were also placed around the heaters, with an average resistance of 6.5 Ω in the first

stage and 6.8 Ω in the second stage, respectively. In the tuning operation of the

VCMR filter, the two stages can be heated to very different temperatures, depending

on the set wavelength. To minimize thermal crosstalk between the two DMR filters,

the two stages were separated by 600 µm. The device was fabricated using Applied

Nanotools’ NanoSOI process. Figs. 3.10(b) and 3.10(c) show optical microscope

images of a fabricated DMR filter stage and the cascaded filter.

3.2.2 Calibration and Tuning of DMR Filter Stages

We first calibrated each filter stage by adjusting the currents through the heaters

to optimize the spectral response of the DMR filter to obtain flat-top passband with

minimum ripple. The calibration process is similar to the process described in Section

3.2.3 except here we employed a dual-wavelength optimization method, which pro-

vides more symmetric filter response with smaller in-band ripple and more accurate

center wavelength than previous methods employing just one wavelength [61]. The

method requires two laser sources with the wavelengths set to approximately coincide

with the 3-dB wavelengths on the left and right sides of the filter spectrum. The

average of the two wavelengths then defines the center wavelength of the passband.

By scanning the heater powers to maximize the total transmitted power at the two

wavelengths, the optimized spectral response of the filter could be obtained. The

method works best when the two wavelengths are set close to the 3-dB points of the

passband where the total transmitted power is the most sensitive to heater powers.

To demonstrate the optimization procedure, we show in Fig. 3.12(a) the unop-

timized filter response (yellow curve) of the first DMR stage around the 1558 nm

wavelength. In the dual-wavelength optimization, we set the wavelengths of the two

lasers to 1558.37 nm and 1558.63 nm, which correspond to a center wavelength of

1558.50 nm and an estimated 3-dB bandwidth of 0.26 nm or 33 GHz. The optimized
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Figure 3.12: (a) Unoptimized spectrum (yellow) of the first DMR filter stage and
optimized spectra obtained using the dual-wavelength (blue) and single-wavelength
(red) optimization methods. The dashed lines indicate the center wavelength of the
respective spectrum. (b) Tuning curves for Heaters 1 & 2 in Stage 1 and Heaters 3
& 4 in Stage 2 of the VCMR filter.

spectrum is shown by the blue curve in the plot, which shows a flat-top passband

with a ripple of 0.17 dB and center wavelength detuned from the target wavelength

by 7 pm. For comparison, we also performed the spectrum optimization using only a

single laser set at the target center wavelength of 1558.50 nm. The spectrum obtained

is shown by the red curve in Fig. 3.12(a), which has a slightly worse ripple of 0.20 dB,

and much larger center wavelength detune of 33 pm. In general, we found that dual-

wavelength optimization yields more symmetric and flatter spectral response than the
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Figure 3.13: Passband characteristics of individual DMR filter stages and of the 4th-
order VCMR filter at 1577.5 nm center wavelength.

single-wavelength method, especially for filters with large ripples in the passband.

We repeated the above calibration and optimization process for various center

wavelengths across the FSR of each DMR stage to generate a tuning curve for that

stage. Fig. 3.12(b) plots the relationships between the center wavelength of the

optimized spectrum of each stage and the powers applied to the heaters to tune to

that wavelength. The strong linear correlations between the heater powers and center

wavelength allow each filter stage to be accurately tuned to any arbitrary wavelength

within its FSR. From the plots, we determine the average tuning rates be 80.6 pm/mW

for stage 1 and 83.4 pm/mW for stage 2.

3.2.3 Performance of VCMR filter

In the operation of the VCMR filter, given a desired center wavelength of the pass-

band, we use the tuning curves in Fig. 3.12(b) to determine the required power for

each heater to tune the filter stages to the desired wavelength. As an example, Fig.

3.13 shows the spectral responses of the individual DMR stages and the composite
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Figure 3.14: Measured spectra of (a) individual DMR stages and (b) cascaded filter.
Plots in (b) show the filter spectrum tuned to various wavelengths across the 32.1 nm
effective FSR of the VCMR filter.

spectrum of the cascaded filter tuned to 1577.5 nm wavelength. Each DMR filter

stage has a 3-dB passband of 33.75 GHz, yielding a cascaded flat-top passband of

23.8 GHz, which is slightly smaller than the designed 25 GHz. The cascaded spec-

trum also shows sharp roll-offs characteristic of a 4th-order filter response, providing

40 dB isolation at ±50 GHz from the center frequency. The insertion loss was 1.05

dB for each DMR stage and 2.1 dB for the VCMR filter.
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Figure 3.15: (a) Plot of VCMR filter spectra tuned to various different center wave-
lengths across its FSR. The dotted vertical lines near the center indicate the center
wavelengths of the tuned spectra. (b) Plots of variations in the center wavelength
detune (red dots) and 3 dB bandwidth (blue dots) of VCMR filter spectra tuned to
different center wavelengths.

Figs. 3.14(a) and (b) show the spectral scans of the DMR stages and cascaded filter

over 40 nm wavelength range. The FSRs of the two stages are 7.8 nm and 6.4 nm,

which are close to the designed values. The cascaded spectrum has an effective FSR

of 32.1 nm, with out-of-band rejection level of at least -35 dB. In Fig. 3.14(b) we also

show the spectral responses of the VCMR filter tuned to various center wavelengths,

demonstrating that the filter can be tuned across its 32-nm FSR.
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In Fig. 3.15(a) we plot the spectral responses of the VCMR filter tuned to various

wavelengths as functions of the detuning from the set wavelengths. The deviations

in the tuned filter center wavelength from the set wavelength are also plotted in Fig.

3.15(b) along with the 3 dB bandwidths. We find that the average 3 dB bandwidth is

0.208 nm (or 26 GHz) with a standard deviation of ±13.6 pm. The average wavelength

detuning is 2.3 pm (0.3 GHz) from the target wavelength. The wavelength tuning

accuracy, as given by the standard deviation in the center wavelength detuning, is

±14.9 pm (or ±1.86 GHz). We note that this tuning accuracy, which is achieved over

the entire 32 nm tuning range, is better than both previously reported silicon micror-

ing filters [61] and some commercial tunable filters [70]. The main factor which limits

the wavelength tuning accuracy is the uncertainty in controlling the heater current,

which results in an uncertainty of ±0.1 mW in the heater power. This uncertainty

affects both the accuracy of the tuning curves used to calculate the heater powers

required to tune the filter to the desired center wavelength, as well as the accuracy

in setting these powers. A second, less significant source of tuning uncertainty is

the fluctuation in the ambient temperature of the chip. For the detailed optimization

procedure such as how we optimized heater current change, and the optimized optical

power, we have attached the plots of each heater current sweep in Appendix I at the

end of the thesis.

3.3 Summary

In this chapter, we first demonstrated continuous tuning of a silicon DMR filter over

the full 7.8-nm FSR of the resonators, achieving a tuning wavelength accuracy of ±27

pm. We also performed rigorous analysis to quantify the effects of thermal crosstalk

on the device tuning characteristics. We demonstrated the feasibility of using on-

chip thermistors to monitor the temperature stability of the microrings, achieving a

temperature precision of ±0.1 °C and a corresponding wavelength tracking accuracy
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of ±20 pm. We then cascaded two DMR filter stages with different FSRs to form

a VCMR with a broad wavelength tuning range of 32.7 nm. The cascaded spectral

responses also exhibit sharp skirt roll-off and out-of-band rejection level better than

35 dB over the full tuning range, thus providing better adjacent channel isolation

for wavelength multiplexing/demultiplexing applications.We noted that filter spectral

roll-off can be further sharpen by direct coupling 4 MRs to form a directly-coupled

Vernier microring (DC-VMR) filter. In the next chapter, we will introduce a DC-VMR

filter as a part of the fast wavelength selection circuit.
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Chapter 4

Fast Wavelength Selector for
High-Speed Optical Networks

Communication networks are experiencing rapid development toward high speed,

high capacity, and low latency [71]. As a key platform for cloud computing and

other emerging web applications, data centers (DCs) are facing tremendous challenges

to meet the demand for increased transmission bandwidth and reduced end-to-end

latency. Since data transmission configurations (e.g., routing path and wavelength

channel) are usually fixed regardless of user dynamics (e.g., large and continuous

flow and discrete small packets), conventional inter-DC data transfers suffer from

both low wavelength resource utilization and heavy congestion [72]. Recently, optical

network architectures based on flexible traffic scheduling methods, traffic monitoring

and wavelength reconfiguration have been shown to mitigate traffic congestion and

avoid massive cache employment [73][74][75][76].

A major feature distinguishing reconfigurable optical networks is whether they are

based on circuit or packet switching. Circuit-based schemes mainly target DC net-

works (DCNs) in which long-term large and continuous data transfers are considered.

For this reason, they are usually based on micro-electro-mechanical systems (MEMS)

for large port counts, which have long reconfiguration times (in the orders of a few

milliseconds). This delay is the period during which data packets cannot be trans-

mitted and need to be held in cache, which increases traffic flow congestion. On the
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other hand, packet-based optical networks fit better in bursty traffics, which rely on

the fast path routing and wavelength setting[77]. Such a fast wavelength routing de-

mand motivates the development of fast wavelength selectors (WS), which can pick

a single wavelength out from a wavelength comb source to a specific port for data

transmission [78].

Recently, an InP WS circuit using arrayed waveguide gratings (AWGs) and semi-

conductor optical amplifiers (SOAs) was demonstrated in [78], which could provide

wavelength selection from a fixed wavelength comb in a few nanoseconds. Aalto et

al. [79] also reported an integrated WS circuit using the AWGs-SOAs configuration

on SOI with nanosecond selection time. Since AWGs have a fixed number of output

channels at predetermined wavelengths, these WS circuits are not easily scalable and

reconfigurable for various channel grid configurations. They also have large footprints;

for example, the WSs reported in [78][79] occupied a chip area of 8mm × 6mm but

could accommodate only 19 wavelengths. In addition, the AWGs-SOAs design is not

a fully integrated solution since the SOAs and AWGs must be realized on different

materials platforms and need to be aligned and chip-bonded, which could result in

excessive loss and lower yield and less reliability [79][80].

In this chapter, we propose and demonstrate a fast and compact WS circuit mono-

lithically integrated on an SOI chip. As demonstrated in the previous chapter, broad-

band wavelength tuning can be achieved in silicon photonic MRR filters using the

thermo-optic effect, especially when combined with the Vernier scheme. However, due

to its slow response time, thermal tuning cannot perform fast wavelength switching in

the sub-microsecond time scale, which is required in optical networks for low latency.

Faster tuning can be achieved using free carrier (FC) injection in pn junctions, which

are widely used for switching and modulation [81][82]. However, since the refractive

index change due to FC dispersion (FCD) is small(∼ 10−3 for carrier injection and

∼ 10−4 for carrier depletion) [83][84][85][86] compared to the thermo-optic effect, only

a limited wavelength tuning range can be achieved using the FC dispersion effect. To
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overcome the shortcomings of both thermo-optic effect and FCD, we combine the

broadband tunability of thermo-optic VMR filters with the fast switching capability

of pin-junction Mach-Zehnder switch (MZS) to achieve fast and broadband wave-

length selection over a 32 nm bandwidth. Under best-case operating conditions, our

WS circuit can reduce the wavelength selection time from tens of µs to a few ns.

Such a WS circuit could provide a cost-effective solution for fast wavelength selection

in high-speed optical networks.

The rest of this chapter is organized as follows. Section 4.1 presents the design

and fabrication of the fast WS circuit. As the first part of the WS circuit, we will

characterize the 4th DC-VMR filter for broadband tunability in Section 4.2. This

will be followed by an investigation of the pin MZS performance in Section 4.3. In

Section 4.4, we demonstrate the wavelength selection operation of the WS circuit.

The chapter is summarized in Section 4.5.

4.1 Fast Wavelength Selector Circuit Architecture

Fig. 4.1(a) shows a schematic diagram of the WS circuit architecture. At the input

of the circuit, a 3dB coupler is used to split a comb of input wavelengths into two

equal streams. A thermo-optical tunable MRR filter is used to drop a wavelength of

interest from each stream, the pair of dropped wavelengths are then fed to a fast pin

MZS, which is used to switch the selected wavelength to the output port (port 1 or

2). In the operation of the WS circuit, supposed that the MZS is initially set to select

the dropped wavelength (λ1) from the top MRR filter to Drop port 1. This leaves

the bottom MRR filter free to be tuned to the next target wavelength (λ2). When

the bottom MRR filter is pretuned to λ2, the MZS can be switched to select this

wavelength when needed. This wavelength switching time is only limited by the pin

junction response time. In this way, we can overcome the slow thermal tuning time

of the MRR filter and reduce the effective wavelength selection time to nanoseconds.
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Figure 4.1: (a) Schematic diagram of the wavelength selector circuit and (b) micro-
scope image of fabricated circuit. (c) Schematic of the DC-VMR filter and (d) image
of a fabricated device. (e) Cross-sectional view of a waveguide arm of the Mach-
Zehnder switch showing the embedded pin junction. (f) and (g) Close-up images of
the pin junction waveguide of the MZS and the taper transition between the slab pin
waveguide and passive strip waveguide.

In the implementation of the WS circuit, we develop the directly coupled Vernier

microring (DC-VMR) filter configuration (to be characterized in section 4.3). A

schematic of the DC-VMR filter is shown in Fig. 4.1(c), in which the radii of the

first two microrings are slightly different from the radii of the last two microrings

to achieve the Vernier effect. To compare the performance of the VCMR filter to a

DC-VMR filter, we plot in Figs. 4.2(a) and (b) the passband response and whole

spectral response of a 4th order VCMR and 4th DC-VMR filter designed for the 3-dB

bandwidth of 25 GHz and FSR of 32 nm. From the plots we see that the DC-VMR

filter has a sharper skirt roll-off (e.g., an extra 17 dB drop-off at 50 GHz) and higher

out-of-band rejection (e.g., an extra 8 dB of spurious peak suppression over the full

52



FSR) than the VCMR filter. A disadvantage of the DC-VMR, however, is that it

suffers from larger thermal crosstalk due to the proximity of all four microrings thus

the filter optimization and tuning processes are more challenging. We designed the

Figure 4.2: Comparison of simulated spectral responses of 4th-order VCMR filter and
DC-VMR filter with the same bandwidth: (a) passband response, and (b) response
over full FSR.

DC-VMR filter to have a 3-dB bandwidth of 25 GHz, 32 nm FSR and 45 dB out-

band rejection for the TE polarization. The device was fabricated using the Advanced

Micro Foundry [87] on an SOI chip consisting of a 220-nm thick Si layer laying on

a 3-µm thick SiO2 overcladding layer. The silicon waveguides had a nominal width

of 500nm. The coupling gaps were g1 = g5 = 200nm, g2 = g3 = 400nm, and

g3 = 450nm, corresponds to coupling coefficients of κ1 = κ5 = 0.40, κ2 = κ4 = 0.08,

and κ3 = 0.04. The microring radii are 11.27 µm for the first two microrings and
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14.14 µm for the last two microrings. At the input and output ports of the filter, the

bus waveguides were tapered down to a tip width of 200 nm to achieve efficient light

coupling via lensed fibers.

To optimize the spectral response and tune the DC-VMR filter, we used micro-

heaters made of TiN with 120 nm thickness, 2 µm width, placed 2 µm above the

silicon waveguides. As depicted in Fig. 4.1(d), the heater is folded over each half of

the microring (with a minimum bending radius of 2.5 µm) to increase the effective

length and thus enhance the tuning efficiency. The nominal heater resistance is 120

± 1.3 Ω. Heater trenches in the oxide cladding were also designed near the coupling

junctions to reduce thermal crosstalk between the microrings. To achieve fast and

efficient switching, we used an MZS with both arms embedded with 200 µm-long pin

junctions operated in the carrier injection mode. Fig. 4.1(e) shows a cross-section of

an MZS arm showing a pin junction embedded in the SOI rib waveguide. The rib

waveguide is designed for TE polarization and has thickness H = 220 nm, rib width

W = 500 nm, and slab thickness T = 90 nm. The doping levels are 2 × 1020cm−3

for the p+ region and 5 × 1020cm−3 for the n+ region. The doping process flow uses

phosphorus and boron implantation to form the n and p regions. The intrinsic region

width S is set at 1.7 µm to minimize FC absorption (FCA) in the waveguide core.

The electrical contacts are separated by D = 4 µm to avoid the inference of optical

mode, a top view image of the location of pin junction waveguides in carrier injection

mode to waveguides is shown in Fig. 4.1(f). A 15 µm slab waveguide taper is used

to reduce the mode propagation loss from the strip waveguides of the VCM filter and

the rib waveguides of the MZS, a close-up image of the slab waveguide taper is shown

in Fig. 4.1(e). The process uses the deep ultraviolet (DUV) lithography to define the

silicon device pattern. A microscope image of a fabricated WS circuit is shown in

Fig. 4.1 (b), which occupies an area of 500 µm × 700 µm = 0.35 mm2.

Fig. 4.3 shows the simulated spectra of the WS circuit. Suppose the upper filter

and the bottom filter initially are tuned to wavelength λ1= 1553 nm and λ2= 1550
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Figure 4.3: Output spectra of the WS circuit showing wavelength switching between
λ1 = 1553nm from input port 1 and λ2 = 1550nm from input port 2: (a) when
MZS is set in the “cross” state, and (b) when MZS is set in the ”bar” state. In each
figure, solid lines are the output port spectra of the WS circuit, the dash lines are
the spectral responses of the MZS. Inset plots show the 1 dB bandwidth of the MZS
spectra centered over the selected wavelength.

nm, respectively. The MZS initially is in the cross-state (e.g., turn on the cross path

to transmit optical power but turn off bar path) so that λ1 is transmitted to output

port 2 of the MZS and λ2 is transmitted to output port 1. As shown in Fig. 4.3(a).

Since we set the maximally rejected wavelength in the bar-state spectrum at λ2, we

can, in principle, kill the bar power entirely at this wavelength. Thus, the spectrum of

the port 2 has an isolated peak at λ1 with > 50 dB rejection on another wavelength.

However, the port 1 spectrum has a ∼ 30 dB side peak at the λ2, which is mainly

caused by the less rejection of the bar-state at this wavelength. Similarly, suppose

the WS circuit needs to select a new wavelength of λ2 to output port 2. We can

switch the MZS to the bar state (e.g., turn on the bar path to transmit optical power
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but turn off the cross path). As shown in Fig. 4.3(b), by setting the maximally

rejected wavelength in the cross-state spectrum at λ1, the spectrum pf port 2 has

an isolated peak at λ2 with > 50 dB rejection on another wavelength. In principle,

this wavelength selection process can be seamless ( a few ns) if the bottom filter is

pretuned to the target wavelength in advance, and we only need to switch the MZS.

We plot inset each figure a bigger picture for the MZS spectra. From both insets, we

see the 1-dB bandwidths are more than 60 nm centered at the maximally rejected

wavelength. This wide bandwidth allows us to select the output wavelength from one

filter with less than 1dB insertion loss while suppressing any undesired wavelength

from the other filter within ±30 nm apart from the selected wavelength.

4.2 Performance of 4th-order DC-VMR Filter

To characterize the performance of the DC-VMR filter, we first performed optimiza-

tion of the filter spectrum by applying currents to the heaters to obtain a flat-top pass-

band response at a target center wavelength. We employed both the single-wavelength

method and the dual-wavelength method (described in Section 3.3.2) to optimize the

filter passband. Fig. 4.4 shows the as-fabricated filter spectrum (black trace) and

the optimized filter responses obtained by the single-wavelength method (red trace)

and the dual-wavelength method (blue trace). For the single-wavelength method, the

target wavelength was set to be 1555 nm which is also the center wavelength of the

spectrum. For the dual-wavelength method, two wavelengths were set to be 0.2 nm

(25 GHz) apart on each side of the center wavelength. From the spectra performance

we note the optimized spectrum by dual-wavelength has 4.5 dB in-band ripple, which

is still relatively large in comparison to the VCMR filter response, which was most

likely caused by fabrication errors in the coupling gaps and could not be reduced by

only adjusting the resonant frequencies of the microrings alone. Nonetheless, it is

still much better than the optimized spectrum obtained from the single-wavelength
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Figure 4.4: (a) Spectral optimization of the DC-VMR filter using the single-
wavelength method (red trace) and the dual-wavelength method (blue trace).

method. The optimized spectrum has a 4.5 dB ripple bandwidth of 22 GHz and more

than 55 dB out-of-band rejection. There is also a 2.9 dB extra insertion loss in the

single-wavelength spectrum comparing to the dual-wavelength spectrum. We also

determined the center wavelengths of the optimized filter spectra, which are taken to

be the center wavelength of the 30-dB bandwidth. We obtained a center frequency

detuning of 0.6 GHz for the dual-wavelength method and 3.1 GHz for the single-

wavelength method. It can be seen that the dual-wavelength method outperforms

the single-wavelength method in both center wavelength and bandwidth, especially

when the optimized spectrum is still rippled. We attribute this difference between

two methods to that the single-wavelength method could randomly recognize any of

the local peaks as the center of the spectrum and converge the heater power control

algorithm to this wavelength without evaluating the spectra performance at another

wavelength. On the other hand, the dual-wavelength method needs to maximize the

sum of side-band optical power, which does not rely on any local peaks.

Fig. 4.5(a) shows the filter spectra tuned to various wavelengths over the 32.7 nm

effective FSR. We observe that the spurious peaks are suppressed below -46 dB over
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Figure 4.5: (a) Spectra of the DC-VMR filter tuned over the full 32.7 nm effective
FSR (tuning range). (b) Thermal tuning curves of the 4 metal heaters over the tuning
range in (a).

this wavelength range, which is ∼ 10 dB comparing to VCMR reported in Chapter

3. The insertion loss remains relatively constant at 5.5 dB over the tuning range.

Again, this value is higher than the insertion loss of the VCMR filter because of the

large ripples in the passband of the DC-VMR filter caused by errors in the coupling

coefficients-coupling gap implementation. Fig. 4.5(b) illustrates the powers required

in 4 heaters to tune the DC-VMR filter to various wavelengths over the FSR. Again we

observe that the power of each heater follows a fairly linear trend so that we can use

these curves to tune the filter to an arbitrary wavelength by interpolating the tuning

curves. The average tuning rate of the microrings is 115.3 pm/mW, which is about 40

% higher than the DMR and VCMR filters reported in previous works[88][89][90][82].
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We attribute this improvement in the tuning efficiency to our folded heater design

patterns. For the detailed optimization procedure, such as how we optimized heater

current, and the optimized optical power, we have attached the plots of each heater

current sweep in Appendix I at the end of the thesis.

4.3 Performance of pin MZS

MZSs are usually optimized to provide maximum extinction at some fixed center

wavelength. In this case, the extinction bandwidth (e.g., 20 dB bandwidth) is limited

by the dispersion of the differential phase between the two MZS arms. For our switch,

since we can vary the phases of both arms of the MZS, we can dynamically tune the

transmission spectra to provide maximum extinction at the selected wavelength. Fig.

4.6(a) shows the voltage responses at the two output ports of the MZS to bias voltage

on the top arm. We observe that the device is initially in the bar state at 1558 nm

wavelength, with a maximum extinction of 36 dB, as the spectra shown in Fig. 4.6(b).

When we swept the bias current in the top arm of the MZS, the transmitted powers

at the bar and cross ports at the 1558 nm wavelength follow the curves shown in Fig.

4.6(a). The device can be switched to the cross-state by applying 4.22 mA (at 1.06 V)

to the top arm, as the spectra shown in Fig. 4.6(c), exhibiting a maximum extinction

of 30 dB at 1558 nm. For both the bar port and cross port spectral responses, the

measured 1-dB transmission bandwidth is more than 60 nm, which is fairly consistent

with the simulation results.

In the operation of the WS circuit, since the two inputs to the MZS consists

of only two narrow-linewidth wavelengths, we can effectively realize the broadband

wavelength selection/suppression by tuning the minimum transmission of the MZS

to the wavelength to be rejected. This can be achieved by varying the bias current to

either the top arm or bottom arm. Figs. 4.7(a) and (b) show the transmission spectra

at the cross port and bar port, respectively, of the switch for different bias current on
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Figure 4.6: (a) DC voltage response of the MZS at 1558nm wavelength. (b) Measured
spectra of the cross and bar states of MZS when bias current is 0 mA (c) Measured
spectra of the cross and bar states of MZS when bias current is 4.22 mA .

the top and bottom arms. As seen in Fig. 4.7(a), the bar-state spectra is red-shifted

when the bottom arm is biased and blue-shifted when the top arm is biased (here

we show only the rejected port spectra to better illustrate the exact wavelengths

with maximum extinction ratio). Due to the dispersion effect in input and output

direction coupler, the extinction of the MZS spectra over the tuning range shows a

varied transmission minimum dip. However, the extinction ratio is kept below 25

dB over the wavelength range 1505 - 1612 nm, yielding an effective 25-dB extinction

bandwidth of more than 100 nm. For the cross-state spectra (where we only show ”off”

port spectra) in Fig. 4.7(b), we observe that the spectrum is blue-shifted with the

increasing bias on the top arm and red-shifted with the increasing bias on the bottom

arm. The maximum extinction ratio below -25 dB over the wavelength range 1520 -

1580 nm, yielding a smaller 25-dB rejection bandwidth of 60 nm. The unoptimized
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Figure 4.7: (a) Transmission spectra at the cross port of the MZS in the bar state
when various bias current is applied to the top MZI arm (red lines) and to the bottom
MZI arm (blue lines). (b) Transmission spectra at the bar port in the cross state with
various bias current applied to the top MZI arm (red lines) and bottom MZI arm (blue
lines).

design of 3-dB coupler mainly causes the difference in bandwidth measured in the bar

state and cross-state. In addition, we note in Fig. 4.7(b), among all spectra under the

bottom arm bias current, the spectrum for the maximum rejection has its minimum

transmission power at 1536 nm, which is 12 nm blue-shifted from 1558nm. Similarly,

among all spectra under top arm bias current, the spectrum for the maximum rejection

has its minimum transmission power at 1566 nm, which is 8 nm red-shifted by 8 nm.

This shift in minimum transmission can be mainly caused by the FCA in the MZS

arms when the bias current is applied. More specifically, when FC is injected into the

biased arm, the FCA reduces the power in this arm and thus changes the overall MZS

spectra, which shows in the MZS spectrum, a shifted maximum rejection wavelength
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Figure 4.8: (a) Plot of the wavelength of maximum rejection as function of the applied
bias current for the bar state (solid line) and cross state (dashed line). (b) Insertion
losses of the MZS as functions of the bias current applied to the top and bottom arms.
(c) I-V plot of the pin junction in each MZI arm.

(for the maximum rejection).

The maximum rejection wavelength tuning curves of the MZS are shown in Fig.

4.8(a), which plots the wavelengths of maximum bar-port rejection (circles) and cross-

port rejection (stars) as functions of the bias current on the top (red curves) or

bottom arm (blue curves) over the 25 dB rejection bandwidth, which is the operating

bandwidth of the MZS. Fig. 4.8(b) plots the excessive insertion loss caused by FCA

as a function of the bias current on each arm. It can be seen that the insertion loss

is less than 0.7 dB over the entire operating bandwidth. Fig. 4.8(c) shows the I-V

characteristics of the pin junctions in the top and bottom arms of the MZS. Thus

we calculated the maximum electrical power required to perform switching to be 4.94
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mW, which is the maximum power needed to obtain a π-phase shift between the two

MZS arms within the operation wavelength range.

4.4 Performance of WS Circuit

To demonstrate the wavelength selection operation, we applied to the input of the WS

circuit a signal consisting of two wavelengths, λ1=1570.3nm, λ2=1572.2nm, which are

within the 25 dB switching bandwidth. VMR filter 1 (top filter) was initially tuned to

the center wavelength λ1 while VMR 2 filter (bottom filter) was tuned to the center

wavelength λ2. The MZS was initially biased on the top arm with 0.175mA current

to set it in the bar state, which transmitted wavelength λ1 to output port 1. The

initial spectrum measured at output port 1 is shown by the red curve in Fig. 4.9,

from which we see wavelength λ2 is suppressed by 29.3 dB compared to the selected

wavelength λ1. We then switched the MZS to select λ2 by applying a 2.96mA bias

current to the bottom arm. The output spectrum is shown by the black curve in Fig.

4.9, which shows that wavelength λ1 is now suppressed by 28.9 dB relative to λ2.

For both cases, the wavelength isolation is limited by the extinction ratio of the MZS

rather than the VMR filters (which had an out-of-band rejection ratio of 46 dB over

32.7 nm FSR). The insertion loss of the entire WS circuit is estimated to be 5.2 dB.

In this example, the power required to select λ1 to port 1 is PVMR + PMZS = 142.16

+ 0.14 = 142.3 mW, and a total power of 199.12 +2.82 = 201.94mW is required to

select λ2 at port 1. We note the VMR filter stage dissipates the most power, and the

power consumption from the MZS could be ignored in most cases.

Next, we determined the wavelength selection time by measuring the thermal tun-

ing time of the VMR filters, the switching time of the MZS and overall circuit fre-

quency response. The measurement setup is shown in Fig. 4.10. A single-wavelength

optical signal at 1560 nm from a tunable laser is adjusted to TE polarization and

coupled to the WS circuit. Square-wave switching signals at the frequency of 1 kHz

were generated and synchronized by a function generator and applied to the VMR
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Figure 4.9: Measure spectral response at the output port 1 of the WS circuit for
wavelength selection between two wavelengths λ1 = 1570.3nm and λ2 = 1572.2nm.

filter stage. The amplitude of the square waves for all 4 heaters are 6 V, 5.34 V, 8.82

V, and 6.45 V to thermally tune the VMR filter to the wavelength λ1 to drop the

input wavelength while the other filter was tuned away from the wavelength. The

dropped wavelength from filter 1 was then periodically switched to output ports 1 and

2 of the MZS using another 0.92 V square switching signal generated from another

function generator. The transmitted optical power at port 1 (Bar port) of the MZS

was detected by a high-speed photodetector and displayed on the oscilloscope. Figs.

4.11(a) and (b) show the oscilloscope traces of the VMR filter and MZS when each

section works individually. From the trace in Fig. 4.11(a) we obtained the rise and

fall times of the VMR filter to be 16 µs and 19 µs, respectively. From the trace in

Fig. 4.11(b), we obtained 3.0 ns for both the rise and fall times of the MZS. We

note that our equipment limits the switching time obtained for the MZS since the

function generator produces a square waveform with a minimum rise/fall time of 3.0

ns. To further explore the WS circuit’s wavelength selection time limit, we replace

the square function generator for the MZS by a high-speed arbitrary signal genera-

tor, which outputs sinusoidal-wave up to 10 GHz. As demonstrated in Fig. 4.11(c),

the WS circuit’s time spectral response has an envelope at the frequency of 1 kHz,
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Figure 4.10: Experimental setup for measuring the time response of the WS circuit.

which is determined by the VMR filter controlled by the function generator. When

the amplitude of the envelope is high, indicating the wavelength λ1 = 1560 nm is

dropped from the filter 1 and fed to the MZS, then the fast switching is performed

by the MZS controlled by the arbitrary signal generator. Fig. 4.11(d) shows the WS

circuit’s frequency response at port 1 corresponds to the time spectrum shown in Fig.

4.11(c) under different MZS switching frequency. Results show that the output 3-dB

bandwidth of the WS circuit is measured to be 300 MHz, representing an estimated

switching time response of 1.5 ns of the MZS.

Under real operating conditions, the wavelength selection time is strongly depen-

dent on the data transmission interval (T ). The best case scenario is when the data

transmission interval is longer than the thermal tuning time of the VMR filters. In this

case, we can pretune the ”free” VMR filter to the next wavelength without disturbing

the data transmission on the currently selected wavelength. The next wavelength can

then be selected by simply toggling the MZS switch, so the wavelength selection time

is very fast (ns time scale). The worst case scenario occurs when the data transmis-

sion interval is shorter than the thermal tuning time. In this case, a new wavelength

cannot be selected until one of the VMR filters is tuned to the desired wavelength.

The wavelength selection time is thus limited by the thermal tuning time of the VMR
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Figure 4.11: Time responses of (a) the 4th-order DC-VMR filter with thermal tuning,
(b) the MZS with free carrier injection, (c) the WS circuit at port 1 when the filter 1
is tuned on-and-off resonance wavelength of 1560 nm periodically at 1kHz frequency,
and filter 2 is tuned off resonance. MZS is switched on-and-off to pick the optical
power between filter 1 filter 2 periodically at 100 kHz frequency. (d) Frequency
response of the WS circuit when the MZS is modulated by the signal generator at
various frequencies, showing a 3dB-bandwidth of 300MHz.

filters (µs time scale).

For data transmissions in WDM-PON systems, we define an update cycle as the

time to complete traffic monitoring, demand estimation, and wavelength path setup.

Current systems have update cycles varying from a few to hundreds of ms depending

on the scale of the network [91][92][93]. These cycles are long enough for our VMR

filters to be thermally tuned to the appropriate wavelengths as determined from

traffic analysis results (e.g., the output port, output wavelength, output time slot)

in every cycle. When needed, these wavelengths can be selected by the MZS within

a few ns. Figs. 4.12(a) and (b) show the worst-case and best-case time responses,

respectively, of the WS circuit as it switches from wavelength λ1 (output of filter 1,

shown in black) to wavelength λ2 (output of filter 2, shown in red) to port 1. In case

(a) where wavelength λ2 is not preselected by filter 2, when the WS circuit changes

the wavelength selection from λ1 to λ2, MZS quickly switches off the optical power

input from the filter 1 at λ1. However, the wavelength λ2 will not be ready for pick

up until the filter 2 is thermally tuned to λ2. Thus, the total response time of the
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Figure 4.12: Comparison of the dead time in the operation of the WS circuit: (a)
”worst case” when thermal tuning of the filter is needed, (b) ”best case” when only
the fast MZS switching is required.

wavelength selection is about 20 µs. This time interval represents a dead time during

which no data or packet can be transmitted. In case (b) where filter 2 is pretuned

to wavelength λ2, as the inset plot of Fig. 4.13(b) indicates, it takes only 3 ns to do

the wavelength switch between λ1 to λ2, thus the dead time is much shorter, which

significantly reduces the dead time and relief the load of cache memory.
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4.5 Summary

In this chapter, we demonstrated a compact all-silicon photonic circuit for fast wave-

length selection from a comb of laser wavelengths. The circuit incorporates a fast

pin MZS with broadband tunable VMR filters, achieving a best-case wavelength se-

lection time of 3 ns over 32.7 nm of wavelength channels. The WS circuit design is

scalable to an arbitrary number of output wavelength channels by cascading more

VMRs/MZS stages. For example, we have also realized an 8-channel WS consisting

of a cascade of 8 pairs of VMR filters and 8 MZS’s. Our silicon photonic circuit

provides a novel compact solution for wavelength selection in high speed, low-latency

optical networks.
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Chapter 5

Variable Bandwidth Tunable
Filters for Elastic Optical Networks

To meet the demand for increased data transmission volume and speed, optical net-

works are evolving towards becoming more ”elastic” to achieve more efficient optical

spectral utility. In WDM networks, the optical spectrum is divided into either a fixed

wavelength grid or a flexible grid (ITU-T G.694.1). The fixed wavelength standard

specifies the center wavelength spacing as 12.5 GHz, 25 GHz, 50 GHz or 100 GHz.

Elastic optical networks (EONs) [94] adopt a flexible grid, which allows the center

wavelength to be set at any multiple of 6.25 GHz starting from 193.1 THz, with

variable transmission bandwidth set at any multiple of 6.25 GHz. Thus, an essential

requirement of EONs is to change the channel transmission wavelength and bandwidth

on demand dynamically. Toward this goal, there have recently been some efforts in

developing CMR based ROADMs which are tunable in bandwidth [13][95][95][96].

The most straightforward approach for tuning a filter bandwidth is by cascading

two fixed-bandwidth filter stages to form a VCMR filter, and varying the frequency

detunes between the center wavelengths of the two stages [82][13][95]. The advantages

of this scheme are that we only need two wavelength-tunable filters, such as the MRR

filters demonstrated in Chapter 3. The bandwidth of the cascaded filter can be varied

by merely tuning the center wavelengths of the individual filters. The disadvantage,

however, is that the filter passband becomes severely distorted as the bandwidth is
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Figure 5.1: Simulated output spectral responses of a cascade of two 4th-order filters,
each with 25 GHz 3-dB bandwidth, for various frequency detunings between the two
stages.

varied, leading to high insertion loss. To demonstrate this, we show in Fig. 5.1 the

spectral responses of two cascaded 4th-order MRR filters for various detunes ∆f in

the center frequencies of the two stages. As the frequency detune increases, the 3dB

bandwidth decreases, but the passband shape becomes more pointy and eventually

splits into two peaks. The insertion loss also increases significantly with increasing

frequency detune.

In principle, to change the bandwidth of a coupled-cavity filter, we need to change

the coupling coefficients between the cavities. There have been several VBW filter

designs based on this approach. For example, Chen [97] reported a bandwidth tun-

able single-MRR filter which uses an interferometer structure to tune the coupling

coefficient between the MRR and the input waveguide. The device only provides a

first-order filter response and requires a separate heater (control) to tune the filter

wavelength and another heater to optimize the bandwidth. Recently, Poulopoulos

[98] demonstrated a second-order MRR filter which employs 6 heaters to tune the

three couplings and 2 additional heaters to tune the two MRR resonances, for a total
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of 8 heaters altogether. The authors reported a tunable bandwidth of 12 GHz-116

GHz, although the filter shape became more pointy and skewed as the bandwidth

was increased. Ding [95] and Dai [96] reported similar VBW MRR filter designs by

combining two filters in parallel. However, their devices suffered from high insertion

loss and high control complexity (in terms of the required number of heaters). To

date, all the VBW filter designs reported have been limited to first or second-order

spectral responses, and most need additional controls to tune the bandwidths.

In this chapter, we propose a universal architecture for a variable bandwidth

(VBW) photonic filter with arbitrary (even) order. The design uses a Mach-Zehnder

interferometer loaded with N MRRs on each arm to construct a filter of order 2N ,

which we refer to as the MZI-MRR filter design. The center wavelength and band-

width of the filter can be tuned by tuning only the MRR resonances without varying

the coupling coefficients so that the filter does not require additional heaters (controls)

bandwidth tuning. In particular, we show that by tuning only the MRR resonances,

the ideal movement trajectory of the poles of the filter can be approximated along

the imaginary axis (to be discussed in Section 5.2) while the zeros are still located on

the imaginary axis so that the bandwidth of the filter can be tuned without causing

insertion loss within a specified maximum ripple tolerance in the passband. The filter

characteristics such as insertion loss, in-band ripple and out-band rejection level can

thus be maintained over a wide bandwidth tuning range.

The rest of this chapter is organized as follows. In Section 5.1 we investigate

the theoretical requirement for tuning a high-order filter bandwidth in terms of the

movement of its poles and zeros. In Section 5.2, we investigate the bandwidth tuning

performance of the MZI-MRR filter by approximating its poles’ movement to the

ideal pole trajectory of a VB filter. Section 5.3 presents the implementation and

experimental characterization of a 4th-order VBW filter. The chapter is summarized

in Section 5.4.
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5.1 Ideal Pole and Zero Movements of a Band-

width Tunable Filter

To understand the design requirements of a VB filter, we determine the ideal move-

ments of poles and zeros of a filter when its bandwidth is varied. Suppose we have a

filter with transfer function:

H(s) =
P (s)

Q(s)
. (5.1)

Tuning the filter bandwidth is equivalent to scaling the frequency axis by

s′ = s/a, (5.2)

where a is a bandwidth scaling factor. If p is a pole the transfer function, then the

polynomial Q(s) contains a factor of the form:

Qp(s) =s− p (5.3)

The pole of the new transfer function after bandwidth tuning is given by the factor

Qp(s
′) = Qp(s/a) =s/a− p = (1/a)(s− ap) = (1/a)(s− p′) (5.4)

Thus the new pole is now given by

p′ = ap =a×Re(p) + ja× Im(p) (5.5)

As we increase the bandwidth (increasing a), the new pole p′ follows a trajectory

defined by a straight line through the origin in the complex plane. By the same

analysis, the movements of the zeros also follow straight lines through the origin in

the complex plane. As an example, we show in Fig. 5.2(a) the spectral responses of

a 2nd-order filter with varying bandwidths. Fig. 5.2(b) shows its pole locations as

the bandwidth is increased, which follow straight lines through the origin. Thus to

tune a filer bandwidth, we need to change both the real and imaginary parts of each

pole (and zero) by the same amount. For a coupled microring filter, this generally

requires changing both the coupling coefficients and the resonant frequencies of the
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MRRs, which would require separate controls for both parameters. However, over

a limited bandwidth tuning range, it is possible to approximate the ideal pole/zero

movements by just the movements of the imaginary parts of the poles and zeros. The

effect of this approximation is that we introduce ripples and even insertion loss in the

passband. However, as we show in the next section, the MZI-MRR filter architecture

allows for bandwidth tuning over a certain range without incurring extra insertion

loss.

Figure 5.2: (a) Spectral responses of a 2nd-order Butterworth filter with different
bandwidths. (b) Pole locations corresponding to the spectra in (a).

5.2 The MZI-MRR Bandwidth Tunable Filter Ar-

chitecture

The MZI-MRR architecture is also known as the sum-difference filter architecture. It

can be used to realize general filter transfer functions with 2N poles and 2(N − 1)

zeros[35], where N is the number of MRRs in each arm of the MZI. Although the

theory and design methodology as a general filter are well developed[99][100][101],

the bandwidth tunability has been neither analyzed nor experimentally demonstrated
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before. Our objective here is to show that the MZI-MRR configuration can also be

used to realize VBW filters by tuning only the MRR resonance frequencies without

causing extra insertion loss.

Figure 5.3: Schematic diagram of the MZI-MRR filter of order 2N .

Fig. 5.3 shows a schematic diagram of an MZI-MRR filter of order 2N . The in-

put optical signal is split into two equal parts, each then fed into an all-pass (AP)

network in each arm of the MZI. Each AP network consists of a cascade of N MRRs

of same radius R in the all-pass configuration, with the kth microring having a fre-

quency detune ∆ωk and coupled to the MZI waveguide with coupling coefficient µk.

The transfer functions of the two AP networks are designed to be complex conju-

gates of each other, which we denote Hap and H∗ap for the top and bottom networks,

respectively. A phase shifter is placed on the bottom arm to introduce π/2 phase dif-

ference between the two arms. The outputs of the two AP networks are recombined

at the output 3dB coupler to give the sum (through) and difference (drop) transfer

functions:

H+ =
1

2
(Hap +H∗ap), (5.6)

H− =
1

2
(Hap −H∗ap), (5.7)

Since each AP network consists of a cascade of APMRs, its total transfer function is

just the product of the transfer functions of the N APMRs. Specifically, the transfer

function Ak(s) in the complex frequency domain of the kth MRR in each MZI arm
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has the general form

Ak(s) =
s− j∆ωk − µ2

k/2

s− j∆ωk + µ2
k/2

=
s+ p∗k
s− pk

(5.8)

Thus the APMR has a pole at pk and a zero at −p∗k, with the real part determined

by the coupling coefficient µk and the imaginary part determined by the frequency

detune ∆ωk:

p = −µ2/2 + j∆ω, (5.9)

z = −p∗. (5.10)

The transfer function of the cascaded array of N microrings in the top MZI arm is

thus

Hap(s) =
N∏
k=1

s+ p∗k
s− pk

. (5.11)

The above expression shows that the poles and zeros of the AP network are simply

those of the N microrings. Since the transfer function of the bottom AP network is

the complex conjugate of Hap, its poles and zeros must be the complex conjugates of

the corresponding poles and zeros of the top network. Therefore the N microrings

in the bottom MZI arm must have identical coupling coefficients but opposite (neg-

ative) frequency detunes as those in the top arm. We also see that the poles of the

sum/difference transfer functions of the filter are comprised of the poles of the two

AP networks. Thus, we can directly move the poles of the MZI-MRR filter by moving

the poles of the individual MRRs. In particular, we can vary the imaginary parts of

the filter poles by simply varying the resonant frequencies of the MRRs. This allows

us to approximate the ideal pole movement of the VB filter. In the next section,

we will show that there is a range of bandwidth tuning, called the insertion loss-free

(IL-free) tuning range, which does not cause insertion loss in the filter passband.
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5.2.1 Insertion Loss-Free Bandwidth Tuning Range in MZI-
MRR Filters

For a filter to have zero insertion loss, there must be at least one frequency in the

passband where the power transmission is 1. To demonstrate that there exists an IL-

free range of frequency detunes of an MZI-MRR filter, we will consider specific cases

of a 2nd-order and a 4th-order filter. For a 2nd-order MZI-MRR filter, each MZI arm

is coupled to only 1 MRR with coupling coefficient µ and frequency detune ±∆ω.

The transfer functions at the difference (transmission) port and sum (reflection) port

are given by:

H− =
−jµ2∆ω

(s− j∆ω − µ2/2)(s− j∆ω + µ2/2)
, (5.12)

H+ =
s2 − (µ2/2)2 + ∆ω2

(s− j∆ω − µ2/2)(s− j∆ω + µ2/2)
. (5.13)

The condition that there is no insertion loss in the passband implies that the zeros of

the reflection spectrum (H−) must be located on the imaginary axis. From the above

expressions, we obtain the zeros of reflection spectrum (H+) as

z = ±j
√

∆ω2 − (µ2/2)2 (5.14)

Thus, for frequency detunes ∆ω ≥ µ2/2, the zeros remain on the imaginary axis

of s-plane and there is no insertion loss in the passband. The spectral response is

maximally flat at ∆ω = µ2/2. As the detune ∆ω increases, ripple starts to appear in

the passband, but the peak transmission is always 1. The bandwidth tuning range in

this case is limited by the maximum tolerable ripple in the passband. In contrast, we

note that for a 2nd-order serially-coupled filter, the through port (reflection) transfer

function in the presence of symmetric frequency detuning ±δω in the two MRRs is

given by:

Ht =
s2 + (δω + jµ2

0/2)2 + µ2
1

(s2 + µ2
0/2 + j

√
µ2
1 + δω2)(s2 + µ2

0/2− j
√
µ2
1 + δω2)

, (5.15)
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where µ0, µ1, and δω are the bus-to-ring coupling coefficient and ring-to-ring coupling

coefficient, respectively. The zeros are given by:

s = ±j
√

(δω + µ2
0/2)2 + µ2

1, (5.16)

which will never be pure imaginary for δω 6= 0, implying the insertion loss will occur

for any amount of frequency detune. For the serially coupled microring filter archi-

tecture, IL-free bandwidth tuning can only be achieved if we vary both the frequency

detunes and the coupling coefficients, whereas in the MZI-MRR architecture, we can

vary the bandwidth by only detuning the MRR resonances.

For a 4th order MZI-MRR architecture, each arm now has 2 MRRs with two poles

and two zeros. The transfer function of the AP network on the upper arm is:

Hap =
(s+ p∗1)(s+ p∗2)

(s− p1)(s− p2)
. (5.17)

and the transfer function at the sum port is:

H+ =
(s2 − p∗12)(s2 − p∗22) + (s2 − p12)(s2 − p22)

(s− p1)(s− p2)(s− p∗1)(s− p∗2)
. (5.18)

The zeros of the sum port are obtained by solving the equation:

s4 − (p1
2 + p∗1

2 + p2
2 + p∗2

2)s2 + (p∗1
2p∗2

2 + p1
2p2

2) = 0. (5.19)

By substituting the expressions for the poles and zeros in Eq. 5.9 and 5.10 into Eq.

5.19, we have

s4 − γ1s2 + γ2b = 0, (5.20)

where

γ1 = (µ2
1/2)2 − (∆ω1)

2 + (µ2
2/2)2 − (∆ω2)

2, (5.21)

γ2 = η1∆ω
2
1 + η2∆ω

2
1 + η3, (5.22)

and

η1 = ∆ω2
2 − µ4

2/4, (5.23)

η2 = −∆ω2µ
2
1µ

2
2, (5.24)

η3 = −η1µ4
1/4. (5.25)
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Figure 5.4: Plot of the IL-free region of a 4th-order MZI-MRR filter as functions of
the phase detunes φ1 and φ2 of the 2 MRRs on the top MZI arm.

The criterion for both zeros to be imaginary is expressed as a relative condition on

the frequency detunes ∆ω1 and ∆ω2 of the two MRRs:
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4
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4
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for γ1 ≥ 0 and

∆ω2 ≤
∆ω1µ

2
1µ

2
2 −

√
∆ω2

1µ
4
1µ

4
2 + (∆ω2

1 − µ4
1/4)2µ4

2

2(∆ω2
1 − µ4

1/4)
, (5.27)

or

∆ω2 ≥
∆ω1µ

2
1µ

2
2 +

√
∆ω2

1µ
4
1µ

4
2 + (∆ω2

1 − µ4
1/4)2µ4

2

2(∆ω2
1 − µ4

1/4)
, (5.28)

for γ1 ≤ 0.

We have visualized in Fig. 5.4 the plot of the IL-free domain as functions of the

normalized phase detunes φ1 = 2π∆ω1/∆ωFSR and φ2 = 2π∆ω2/∆ωFSR on each

arm. The bandwidth tuning of the MZI-MRR filter can then be realized by simply

detuning the phase of each MRs in the insertion-loss free region in Fig. 5.4. We also
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note that when the condition ∆ω1 = 0 is set for MR1 on each arm, the criteria in

Eq. 5.26-5.28 can be reduced to:

∆ω2 ≥ µ2
2/2, (5.29)

which is the result of Eq. 5.14, implying that a 4th-order MZI-MRR filter response is

degraded to a 2nd-order MZI-MRR filter response after aligning two conjugate MRs

on each arm. Therefore, a 2N th-order MZI-MRR filter with coupling coefficients of

µ1 ... µN and frequency detunes ∆ω1 ... ∆ωN , can realize any even number order

filter response with variable bandwidth and no insertion loss for an order number n

= 2,4,6,...,2N.

5.2.2 Bandwidth Tuning Performance of a 4th-order MZI-
MRR Filter

In this section, we present the design of a practical 4th-order MZI-MRR filter and

analyze its bandwidth tuning performance. For more rigorous analysis, we will per-

form the analysis using the power coupling model of the MRRs. We design a 4th-

order MZI-MRR VBW filter with an FSR of 1 THz, a normalized 3dB bandwidth

of ∆λBW/∆λFSR = 0.07, in-band ripple of 0.3 dB. The filter is designed using the

method of the delay-line circuit with ring waveguides [102], from which we obtain

field coupling coefficients κ1 = 0.5 for MRRs 1 and 3 and κ2 = 0.3 for MRRs 2 and

4. The phase detunes are φ1 = ± 0.13 rad for MRRs 1 and 3, φ2 = ± 0.30 rad for

MRRs 4 and 2. The transfer function of the kth APMR on each arm in the z domain

is:

Aap,k(z) =
τk − αrtz−1

1− τkαrtz−1
=
p∗kz − 1

z − pk
e−jφk (5.30)

where z−1=αrte
−j(φrt+φk) is the roundtrip delay variable, φrt = 2πβR is the roundtrip

phase of the MRR and R is the radius of MRs, φk is the phase detune of the kth

MR, αrt = eπαR is the roundtrip amplitude attenuation factor, α is the propagation

loss in the microring waveguide, and τk =
√

1− κ2k is the transmission coefficient of
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Figure 5.5: Comparison of the ideal spectral responses of (a) a 4th-order serially-
coupled microring (CMR) filter and (b) a 4th-order MZI-MRR filter. Both filter
spectra have 25 GHz ripple bandwidth and no insertion loss. (c) and (d) The cor-
responding pole-zero diagrams of the transmission spectra (blue curves) in (a) and
(b).
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the kth coupling junction. The transfer function of microring k thus has a pole pk =

τke
−jφk and a zero at 1/p∗k, with the magnitude of the pole equal to the transmission

coefficient τk and its phase equal to the phase detune φk of the microring.The transfer

function of the cascaded array of N MRs in the top MZI arm is thus

Aap(z) =
N∏
k=1

p∗kz − 1

z − pk
e−jφk . (5.31)

The transfer function of the bottom APMRs is just the complex conjugate of A(z).

Fig. 5.5(b) shows the spectral response of the 4th-order MZI-MRR filter with nominal

design parameters. As a comparison, we plot in Fig. 5.5(a) the spectral response of a

4th-order CMR filter with the same bandwidth and inband ripple. The corresponding

pole-zero diagrams for the CMR and MZI-MRR filters are displayed in Figs. 5.5(c)

and (d).

In Fig. 5.6(b) we show the bandwidth variation of the 4th-order MZI-MRR filter

corresponds to the poles trajectories shown in Fig. 5.6(c). As a comparison, Fig.

5.6(a) shows 4th-order CMR filter responses bandwidth equal to the bandwidth tuning

range shown in Fig. 5.6(b), inset plots in Figs. 5.6(a) and (b) show the details of

inband ripple for different bandwidth in both filters. Fig. 5.6(c) shows the poles

movement of the CMR filter (in black) and MZI-MRR filter (in red). We note that

poles of MZI-MRR filter only move along the imaginary axis, indicating the coupling

coefficients are not changed. This fixed coupling coefficients with variable phase

detunes lead to the increased inband ripple we observed in the inset plots of Fig.

5.6(b). In contrast, as both imaginary and real parts of poles are scaled, the poles

plotted in black in Fig. 5.6(c) can maintain the fixed inband ripple, as shown inset

plots of Fig. 5.6(a). The transformed pole trajectories in the inverse-z plane for both

filters are displayed in Fig. 5.6(d), which is more accurate when it reflects the poles’

real trajectory for broad bandwidth spectra. We note poles of the MZI-MRR filter

rotate around the origin point with fixed radii, implying fixed coupling coefficients

and variable phase detunes.
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Figure 5.6: (a) Spectral responses of an ideal 4th-order filter with normalized band-
width varied from 0.02 to 0.12. Inset plots show the details of inband ripples. (b)
Spectral responses of a 4th-order MZI-MRR filter with bandwidth tuned from 0.02 to
0.12 by varying the MRR resonant frequencies. Comparison of the pole movements
of the ideal CMR filter (black crosses) and MZI-MRR filter (red crosses) in (c) the
s-plane and (d) the z-plane, the dash-line represents the unit circle in the z plane.

Therefore, it is possible to estimate the bandwidth tuning range of an MZI-MRR

filter by setting a maximum inband ripple tolerance factor εm. Assuming the coupling

coefficients κ1 = 0.5 and κ2 = 0.3, Figs. 5.7 show the variations of normalized ripple

bandwidth, which is defined as the bandwidth to FSR ratio, for a certain εm in dB
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scale, as functions of the normalized phase detune φ1 and φ2. In particular, (a) and

(b) plot the normalized bandwidth and corresponding inband ripple contour for εm

= 1 dB. The simulation result indicates the normalized bandwidth tuning range is

from 0.01 to 0.12. Similarly, (c) and (d) show the normalized bandwidth tuning range

and inband ripple contour for the case where εm = 2 dB. We estimate the bandwidth

tuning range is from 0.01 to 0.16.

Since all MRs are asynchronously detuned in a MZI-MRR filter, the spectral op-

timization is more challenging than in conventional CMR filters where the resonant

frequencies of all the MRRs are aligned. In the next section, we report and experimen-

tally demonstrate the MZI-MRR VBW filter with dynamic in-resonator photodetector

for asynchronous phase control in the bandwidth tuning process.

5.3 Demonstration of a 4th-Order MZI-MRR VBW

Filter

5.3.1 Design and Implementation of the MZI-MRR Filter

We realized the 4th-order MZI-MRR filter design in the previous section as shown

in Fig. 5.8(a). Both the input splitter and output combiner of the MZI were im-

plemented using Y-branch structures. Each MZI arm consisted of two identical race

track (RT) resonators, each having 10 µm radius and 2-µm long straight sections to

provide sufficiently strong coupling to the MZI waveguide. The coupling gaps be-

tween the two RT resonators and the MZI waveguide were designed to be 236 nm and

298nm, respectively, to obtain corresponding coupling coefficients of 0.5 and 0.3. The

RT resonators had an FSR of 1 THz (8 nm) and were thermo-optically tuned using

TiN microheaters placed on top. To minimize thermal crosstalk between heaters, the

two RT resonators on each MZI arm were placed 100 µm apart. The MZI arms had

an equal length of 400 µm, with microheaters covering a 200 µm length on each arm

to control the phase. The device is fabricated on an SOI platform through Advanced
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Figure 5.7: Contour plots of (a) the normalized ripple bandwidth and (b) the ripple
variations for εm = 1 dB, as functions of the normalized frequency detunes φ1 and
φ2. (c) and (d) are the ripple bandwidth and ripple variations contour plots for εm =
2 dB. Both bandwidth plots are in the unit of 1/FSR, both ripple variation plots are
in the unit of dB.

Micro Foundry (AMF) in Singapore, where the waveguide structure was implemented

using rib waveguides with 500 nm rib width and 90 nm slab thickness. The input and

output rib waveguides of the MZI were tapered to 500 nm wide stripe waveguides by

a 20 µm slab taper. The stripe waveguides were then extended to the edges of the

chip, where they were further tapered down to 200 nm width for edge coupling with
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lensed fibers. An image of a fabricated device shown in Fig. 5.8(b), with a close-up

view of one of the RTs shown in Fig. 5.8(d).

Figure 5.8: (a) Schematic of the 4th-order MZI-MRR filter design. (b) Microscope
image of a fabricated device. (c) Schematic of the racetrack waveguide showing the
embedded pin junction for resonance tracking. (d) Close-up view of an APMR on
top arm.

For this device, we also embedded a pin junction in each RT to detect the photocur-

rent generated in the resonator. Such a current allows us to monitor the resonance

frequency of each resonator during the filter tuning process. A cross-section view of

the pin junction embedded in the RT rib waveguide is shown in Fig. 5.8(c). A reverse

bias voltage is applied across each pin junction using separate electrodes from those

for thermal tuning. Fig. 5.8(c) also shows the electric field distribution of the funda-

mental TE mode in the rib waveguide. It can be seen that the separation of doping

areas and metal electrodes are large enough that the optical mode in the waveguide

is well confined.
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Figure 5.9: (a) Photocurrent spectra of RT 1 at different heater powers (similar
spectra are obtained for the other RTs). (b) Wavelength tuning curves for RTs as
determined from the wavelengths of the peak photocurrents in (a).

5.3.2 Performance of the MZI-MRR Filter

We first determined the thermal tuning curve of each RT resonator by measuring its

resonance spectra at different applied heater powers. The resonance spectrum of the

RT was obtained by sweeping the wavelength of an input TE-polarized CW laser and

measuring the photocurrent generated in the pin junction of the RT. The reversed

bias voltage applied across the pin junction was 15 V, and the input optical power
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was set to be 100 µW to avoid thermo-optic nonlinearity in the resonator (this effect

will be discussed in Chapter 6). Fig. 5.9(a) shows the photocurrent spectra of RT 1

measured for different heater powers, with similar spectra obtained for the other RTs.

By determining the resonance wavelength shift versus the applied heater power, we

generated the thermal tuning curves for each RT resonator, which are plotted in Fig.

5.9(b). The slopes of the linear best fit lines give the thermal tuning rates of the RTs,

which are in the range of 60 - 70 pm/mW, as indicated in the plot. Since the RTs are

placed far apart, there is negligible thermal crosstalk between them. These tuning

curves will be used to tune the center wavelength and bandwidth of the MZI-MRR

filter.

Figure 5.10: Measured spectrum (black dash trace) of the MZI-MRR filter optimized
for 50 GHz bandwidth centered at 1551 nm. Red dash trace is the fitting curve
performed to extract the coupling parameters and phase detunes of the device.

We next performed wavelength and bandwidth tuning of the filter by optimizing

the transmission spectral response to obtain a 50 GHz bandwidth centered at 1551

nm wavelength. First, we used the bandwidth tuning map (e.g., Fig. 5.7 (a) and (c))

to determine the phase detunes of the four RT resonators, which would yield the 50

GHz bandwidth. These values for RT resonators [1, 2, 3, 4] were determined to be [-

0.065, 0.15, 0.065, -0.15] rad, which, given a resonator FSR of 8.1 nm FSR, correspond

to resonance wavelength detunes of [-0.084, 0.193, 0.084 -0.193] nm from the center
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Figure 5.11: (a) Tuning map for the 3-dB bandwidth as functions of the phase detunes
of RTs 1 and 2 for maximum 3 dB ripple, based on the coupling coefficients calculated
from the measured spectrum in Fig. 5.10. Plots are in the unit of 1/FSR. (b)
Measured filter spectra tuned to different bandwidths from 0.15 nm to 0.6 nm, each
spectrum is normalized to the maximum power collected from all spectra.

wavelength of 1551 nm. Since the initial resonance wavelengths of the four RTs were

[1550.01, 1550.88, 1550.87, 1550.32] nm, we calculated the heat powers required to

tune the four resonators to be [13.30, 4.44, 8.21, 20.54] mW. We also optimized the

phase shifter of the top MZI arm by applying 48.4 mW to the heater to maximize

the in-band transmission and minimize the out-of-band transmission power.

The optimized filter response is shown by the black dash line in Fig. 5.10. We

obtained a 3dB bandwidth of 0.39 nm or 48.7 GHz, which are fairly consistent with the
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designed values. The in-band ripple was measured to be 1.9 dB. We also performed

curve fitting to the spectra (shown by the red dash line), which yielded coupling

coefficients of [0.40, 0.25, 0.40, 0.25] for the 4 RTs, which are all smaller than the

designed values. The insertion loss is estimated to be 2 dB, and fitted phase detunes

of 4 RTs are [-0.074 0.167 0.095, -0.156]. We note the detunes are all larger than

designed values, indicating that the smaller coupling coefficients require larger detunes

to realize a designed bandwidth. We also note that the out-of-band rejection level is

a little over 30 dB, which is limited mainly by the TM polarization noise from the

input laser. Such noise could be further suppressed by having a polarization beam

splitter (PBS) [103] at the input port to filter out the TM polarization.

The bandwidth of the filter could be varied by repeating the above optimization

process for the desired 3dB bandwidth. Fig. 5.11(a) shows the estimated bandwidth

variation based on the calibrated coupling coefficients. For a εm = 3 dB, a maximum

of bandwidth tuning range is 0.01 to 0.12, which is 0.09 - 0.97 nm for our device. Fig.

5.11(b) shows the optimized filter spectra for various bandwidth settings between 0.15

nm and 0.6 nm, corresponding to a 4-fold increase in the minimum bandwidth setting.

We observe that the inband ripple increases as the bandwidth increases, but the roll-

off slope remains relatively unchanged over the entire bandwidth tuning range. We

note that for small bandwidth settings, the wavelength detunes of the 4 RTs are very

close to 0 from the center wavelength, which requires more precise thermal control to

achieve narrow passbands. Accurate thermal tuning is also necessary to equalize the

in-band ripples and obtain more symmetric spectral responses. We expect that with

more precise heater control, the spectral performance could be further improved, and

the bandwidth tuning range could be further extended.
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5.4 Summary

In this chapter, we proposed a new universal VBW filter based on the MZI-MRR

architecture. The most distinct advantage of the proposed filter architecture is that

it can be used to realize any (even) filter order. The bandwidth can be varied by

simply tuning the microring resonances. We also mathematically proved that the

insertion loss does not increase during bandwidth tuning. We also experimentally

demonstrated a 4th-order MZI-MRR silicon photonic filter with bandwidth tunable

from 0.15 nm to 0.6 nm with a maximum inband ripple of 3 dB. The RT resonators

were tuned using microheaters, while their resonance frequencies could be tracked

through the built-in pin junctions operated in reverse bias. We note that the MZI-

MRR spectral performance depends critically on the accuracy of resonance detunes by

the heaters. Thus future work should focus on improving the heater control stability

and thermal tuning process to enhance the filter spectral response and maximize the

bandwidth tuning range.
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Chapter 6

Enhanced Responsivity in
All-Silicon Photodetection for
Optical Monitoring

As photonic integrated circuits increase in complexity [104][105], it becomes critical

to monitor the optical signals at various nodes in the circuit, which ensures robust

network operation [106]. Active optical power monitoring typically requires the de-

tection of the optical signals using on-chip integrated photodiodes (PDs). However,

since silicon has a bandgap energy corresponding to 1.1 µphm wavelength, Si PDs

based on single-photon absorption have very low detection efficiency in the telecom-

munication wavelength window (1.5 - 1.6 µm). Thus, high-efficiency silicon-based

PDs typically require Ge or Ge on silicon (GeSi) [107][108], all of which require a

different material (Ge) or additional processing steps (hybrid integration of different

materials) to fabricate. It is also possible to fabricate III-V semiconductor PDs (such

as InGaAs [109][110] and InGaAsP [111][112]) on silicon but the large lattice mis-

match (8.1% between III-V material and Si) significantly lowers the yield and quality

of the devices. On the other hand, Si PDs based on two-photon absorption (TPA) do

not require extra fabrication steps beyond the standard CMOS process and are thus

more cost-effective to incorporate into Si PICs. However, due to the small TPA coef-

ficient of Si around 1550nm wavelength, these devices have much lower responsivity

than Ge based PDs, limiting their application. For this reason, very little work on
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TPA-based Si PDs has been reported. Liang et al.[113] reported a straight waveguide

Si photodetector with an estimated responsivity of only 1.8 mA/W for a input of 60

µW optical power at 1.5 µm wavelength. By incorporating Si PDs into a microdisk

resonators, Chen et al. [114] was able to enhance the responsivity through optical

resonance and achieved a value of 10 mA/W at 100µW continuous-wave (CW) opti-

cal power. The same group also demonstrated Si PD based on TPA in a microring

resonator, although the reported responsivity was much lower, at 0.25 mA/W for 120

µW input optical power [115]. By comparison, the responsivities of Ge based PDs are

around 1A/W [116], which is two orders of magnitude higher than values achieved so

far for Si PDs based on TPA.

This chapter investigates all-silicon photodetection based on TPA and avalanche

effects and explores ways to achieve high responsivity in TPA-based Si PDs. We

first investigate Si microring pin photodetectors (MR PDs), whose responsivity is

enhanced by optical resonance. In particular, we propose two methods for further

enhancing the responsivity. In the first scheme, we explore the bistability behavior

of the MR PD to obtain a photocurrent response curve with a steep slope, which

provides gain to the small-signal responsivity (SSR). We obtained an SSR as large as

180 mA/W, representing almost 10 times enhancement over direct detection of the

optical signal by the same MR PD. In the second scheme, by exploiting the fact that

the responsivity of a TPA PD increases with optical power, we can achieve large SSR

by applying an optical bias to the MR PD. Using this scheme with the optical bias and

signal tuned to two adjacent microring resonances, we could achieve an SSR of 141

mA/W. Both schemes can thus provide at least an order of magnitude improvement

in the responsivity of small-signal detection compared to values previously reported

for microdisk and microring Si PDs based on TPA [114] [115]. Besides, we also explore

the avalanche mechanism in a p+pn+ junction, which enables the further responsivity

enhancement to > 1A/W at only 100 µW input optical power. Such a responsivity is

comparable to the responsivities of commercial GeSi PDs. The device and techniques
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presented in this chapter have potential applications not only for wavelength channel

monitoring but also amplitude demodulation, heterodyne detection and correlation

measurements.

The rest of this chapter is organized as follows. Section 6.1 investigates the design,

implementation, and experimental results of Si pin MR PD. Section 6.2 presents the

performance and characteristics of Si p+pn+ MR PD under the avalanche condition.

The chapter is summarized in Section 6.3.

6.1 Silicon Microring pin Photodetectors

Fig. 6.1(a) shows a schematic of a Si microring pin PD, which consists of a 20 µm-

radius microring resonator evanescently coupled to a straight rib waveguide through

a gap of 300nm. The microring waveguide is also a rib waveguide with an embedded

pin junction, whose cross-section is shown in Fig. 6.1(b). The device is implemented

on an SOI substrate consisting of a 220 nm-thick Si layer on a 2 µm-think SiO2 layer.

The rib waveguide is designed for TE polarization operation, with a core width of

500nm, rib height of 130nm and slab thickness of 90nm. The pin junction consists

of a 1.7 µm-wide intrinsic region (1010 cm−3 p-type concentration) centered over the

rib waveguide core. The p and n type regions have doping concentrations of 2×1020

cm−3 and 5×1020 cm−3, respectively. Contacts made to p and n regions are separated

by 5 µm. An image of the fabricated device is shown in Fig. 6.1(c). At the edge

of the chip, the straight waveguide is tapered to a width of 200nm for butt-coupling

with lensed fiber.

Fig. 6.2(a) shows the measured TE transmission spectrum of the microring res-

onator at zero bias voltage around the 1545.3nm resonance wavelength. The spectrum

has a 3-dB bandwidth of 56 pm and a free spectral range (∆λFSR) of 5.3 nm. By

performing curve fitting to the measured spectrum, we extracted the power cou-

pling coefficient and linear propagation loss of the microring to be κ2 = 6.5 % and
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Figure 6.1: (a) Schematic of the Si microring photodetector. (b) Cross-section of the
pin junction rib waveguide on a Silicon-on-Insulator substrate. (c) Microscope image
of a fabricated device.

αL = 4.1 dB/cm, respectively. These values correspond to a Q-factor of 3.26× 105

and maximum intensity enhancement of 43 times at the resonance. We also note

that the microring is over-coupled. Ideally, to achieve maximum responsivity, it is

preferable to operate the MR PD under critical coupling condition where the inten-

sity enhancement is the highest. However, due to free carrier absorption (FCA), the

loss in the microring increases with input optical power. To compensate for this

power-dependent increase in loss, we designed the microring resonator to be initially

over-coupled so that the resonator became closer to critical coupling when an input

optical power was applied. For the pin junction embedded in the microring, the dark

i-v characteristic with no input light is shown in Fig. 6.2(b), from which we obtain a

dark current of 100 pA at 0 V bias 138 pA at -15 V reverse bias for the PD.

6.1.1 Response of pin MR PD to Single-Wavelength Input

We first characterized the response of the PD to a single CW laser light input tuned to

the 1545.3 nm resonance of the microring. Fig. 6.3(a) and (b) show the transmitted

optical spectra for different input optical powers P in at bias voltage of -15 V and 0
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Figure 6.2: (a) Measured transmission spectrum of the MR PD around the 1545.3
nm resonance wavelength at 0 V bias. (b) Dark I-V curve of the PD.

V, respectively. In both plots we observe significant skewing of the resonance spectra

at high input powers which is indicative of bistable behavior. This is predominantly

caused by two opposing nonlinear effects arising from the TPA-generated free carrier

density: a negative change in the refractive index of the silicon core due to free

carrier dispersion (FCD) and a positive change in the index due to the thermo-optic

effect accompanying free carrier absorption (FCA). The net red shift observed in the

resonance spectra indicates that the latter is the dominant effect. We also note that

for the spectra at -15 V bias, the minimum power transmission Tmin does not change

appreciably with the input power below 1 mW, indicating that FCA does not have a

significant impact on the spectral response at lower powers. On the other hand, the

transmission spectra at 0 V bias show a steadily decreasing Tmin with increasing input

power. Since the microring resonator is initially over-coupled, a deeper extinction in

the resonance spectrum implies an increase in loss due to FCA, which is caused by

a larger FC density in the waveguide at 0 V bias compared to -15 V bias for similar

input power. This is expected since the steady-state FC density is proportional to

the FC lifetime in the waveguide, and the effect of the reverse bias is to reduce the

FC lifetime in the waveguide leading to smaller FC density at -15 V bias.

Since the photocurrent depends on the power in the microring, we need a nonlinear

model to accurately predict the power in the microring for a given input power and

wavelength. To accomplish this , we model the net phase shift in the microring due
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Figure 6.3: Power transmission spectra of the MR PD for different input powers Pin
at (a) -15 V reverse bias and (b) 0 V bias. Insets show the measured (solid curves)
and computed spectra (dashed curves) at Pin = 900 µW for (a) and Pin = 893 µW
for (b).

to both FCD and FCA-induced thermo-optic effects using the empirical relation:

∆φNL = CφPr
ηφ(λ) (6.1)

where Pr is the power in the microring, Cφ is the effective nonlinear phase coefficient,

and ηφ indicates the power-law dependence. We also account for the nonlinear loss
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in the microring due to TPA and FCA using a similar relation:

αNL = CαPr
ηα(λ) (6.2)

where Cα and ηα are parameters to be determined. The power in the microring in

the presence of nonlinear phase shift and nonlinear loss is given by:

Pr(λ) =
Pr,max

1 + F sin2[(∆φL + ∆φNL)/2]
= goptPin (6.3)

where

Pr,max =
κ2

(1− ταrt)2
Pin (6.4)

is the peak of the power spectrum in the microring. In the above expression, τ =√
(1− κ2) is the transmission coefficient of the coupling junction, ∆φL = −2π∆λ/∆λFSR

is the linear phase detune from a resonance, αrt = exp[−(αL + αNL)πR] is the

roundtrip field attenuation, F = 4ταrt/(1 − ταrt)2 is the contrast factor of the res-

onator, and gopt is the intensity enhancement factor or optical gain of the microring.

At the output of the MR PD, the optical power transmission is given by:

Pout

Pin

=
Tmin + F sin2[(∆φL + φNL)/2]

1 + F sin2[(∆φL + φNL)/2]
(6.5)

where the minimum power transmission Tmin is:

Tmin =
(τ − αrt)2

(1− αrt)2
(6.6)

Assuming that the transmission coefficient τ remains unchanged with input power,

we can calculate αrt, and hence the nonlinear loss coefficient αNL, directly from the

measured Tmin for each input power using (6.6) as:

αrt =
τ +
√
Tmin

1 + τ
√
Tmin

(6.7)

From Eq.(6.3) we also see that the minimum power transmission occurs at the linear

phase detune ∆φL,min = −φNL. The corresponding power in the microring obtained
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from Eq.(6.5) is P = Pr,max. By relating the linear phase detune to the shift in the

resonance wavelength, we obtain:

∆λL,min =
∆λFSR

2π
CφP

ηφ
r,max (6.8)

The above relationship allows us to determine the nonlinear phase coefficient Cφ and

the exponent ηφ by simply measuring the change in the resonance wavelength (where

the minimum dip occurs in the spectrum) as a function of Pr,max, which can be

calculated from the input power using Eq. (6.6)

In Fig. 6.4(a) we plot the nonlinear loss coefficient αNL calculated from Tmin of each

spectrum in Fig. 6.3 as a function of Pr,max. We see that at 0V bias, the nonlinear loss

closely follows a quadratic dependence on the power in the microring. This nonlinear

behavior is expected since the FCA-induced loss varies linearly as the steady-state FC

density Nfc, which in turn depends quadratically on the optical power. On the other

hand, the loss coefficient at -15 V bias remains close to zero until Pr,max ≈ 40 mW

(corresponding to Pin ≈ 1 mW), beyond which αNL begins to rise with the optical

power. This behavior suggests that at high reverse bias voltages, FCA is negligible

for input power < 1 mW since free carriers are swept away from the waveguide core

by the applied DC field. In Table 6.1 we summarize the model fitting parameters Cα

and ηα for the nonlinear loss at 0 V and -15 V bias voltage. The units of Pr and αNL

in the model Eq. (6.4) have been assumed to be mW and µm−1, respectively.

Bias C
(∗)
α η

(∗)
α Cφ ηφ γph µph

0 V 1.614e−4 2 1.016e−4 1.345 5.8949e−8 1.9678

15 V 1.702e−4 2 2.986e−6 1.731 7.0594e−8 1.9495

Table 6.1: Extracted nonlinear model parameters of MR PD. (*) Cα and ηα for -15
V bias voltages are valid for input power greater than 1 mW.

To determine nonlinear dispersion in the MR PD, we show in Fig. 6.4(b) the

logarithmic plots of ∆φL,min vs. Pr,max for 0 V and -15 V bias voltage. We observe

that both plots exhibit linear relationships, which allow us to perform linear curve
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Figure 6.4: Plots of (a) nonlinear loss coefficient in the microring and (b) shift in
the resonant wavelength of the microring transmission spectra as functions of the
maximum power in the microring at 0 V and -15 V reverse bias voltage.
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fits to extract the values for Cφ and ηφ. The results are also shown in Table 6.1, with

the units of Pr and φNL in Eq. (6.3) assumed to be mW and radian, respectively. We

note that the exponent ηφ in our empirical model in Eq. (6.3) is in general not an

integer since the net nonlinear phase shift is due to a combination of FCD and FCA-

induced thermo-optic effects, each of which has a different power-law dependence on

the optical power. Also, the wavelength shift ∆λL,min and exponent ηφ at -15 V

bias are higher than the values for 0 V bias, implying that the FCA-induced thermo-

optic effect has a larger impact on the nonlinear phase shift at high reverse bias.

This thermo-optic effect is itself due to joule heating associated with the diffusion

current and the drift current through the pin junction. As the reverse bias voltage

is increased, the drift current also increases, which causes more joule heating and

hence the larger phase shift observed at -15 V bias compared to 0 V bias. Using the

extracted nonlinear model parameters and the microring parameters, we computed

the transmission spectra at various input powers using Eq. (6.7). The results for P in

= 900 µW at -15 V bias and P in = 893 µW at 0 V bias are shown in the insets in

Fig. 6.3(a) and (b), respectively. Good agreement between the computed spectra

and measured spectra can be seen, which confirms the validity of our MR PD model.

We also note that while both nonlinear dispersive and absorptive effects are present

in the MR PD, the bistability behavior observed is predominantly of the dispersive

nature, since non-saturable absorption of the type described by Eq. (6.5) by itself

does not result in absorptive bistable behavior [117].

The nonlinear microring model allows us to accurately determine the optical power

spectrum in the microring, which is then used to predict the photocurrent generated

by TPA. In particular, the dependence of the photocurrent Iph on the optical power

P r in the microring can be modeled by the equation:

Iph(λ) = γphPr
µph(λ) (6.9)

where µph ≈ 2 indicates the power-law dependence. The coefficient γph can be related
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Figure 6.5: Photocurrent spectra of the MR PD for different input powers Pin at (a)
-15 V reverse bias and (b) 0 V bias. Insets show the measured (solid curves) and
computed spectra (dashed curves) at Pin = 900 µW for (a) and Pin = 893 µW for
(b).
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to the TPA coefficient βTPA as follows. The FC generation rate, dNfc/dt, due to TPA

is given by [118]:

dNfc

dt
=
βTPA
2~ω

(
Pr
Aeff

)2 (6.10)

where ~ is the reduced Planck’s constant, ω is the light frequency and Aeff is the

effective overlap area between the microring waveguide mode and the intrinsic region

of the pin junction. If we approximate the photocurrent from the FC generation rate

as:

Iph ≈ eAeffL
dNfc

dt
(6.11)

where e is the elementary charge and L is the microring circumference, then combining

Eqs. (6.10) and (6.11) gives:

γph =
eβTPA
2~ω

L

Aeff
(6.12)

Figs. 6.5(a) and (b) show the photocurrent spectra measured for different input

powers P in at -15 V and 0 V bias voltage, respectively. We note that the peak

photocurrent, I ph,max, in each spectrum occurs at the corresponding peak power in the

microring, P r,max, and the relationship between them can be modeled by Eq. (6.11).

Indeed, as shown by the logarithmic plots of I ph,max vs. P r,max in Fig. 6.6(a) for both

-15 V and 0 V bias voltages, strong linear correlations are observed for both sets of

data, which allow us to perform linear curve fit to extract the parameters γph and µph.

The results are shown in Table 6.1, where the units of I ph and P r in Eq. (6.11) are

assumed to be A and mW, respectively. We note that the value of the exponent µph

is very close to but slightly less than the ideal quadratic dependence characteristic

of the TPA process. This small discrepancy could be due to uncertainty in the

experimental determination of the nonlinear roundtrip loss, which is used to calculate

P r,max in Eq. (6.6). Using Eq. (6.14) and the experimentally determined values for

γph, we calculated the value for the TPA coefficient to be βTPA = 4.6 cm/GW, which

is within the same order of magnitude as values reported in the literature (≈ 1.1

cm/GW) [119]. We also observe from Fig. 6.6(a) that the relationship between the
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Figure 6.6: (a) Plots of the peak photocurrents of the MR PD as functions of the peak
optical power in the microring at -15 V reverse bias voltage and 0 V bias voltage. (b)
Plots of the peak photocurrent and responsivity of the MR PD as functions of the
input optical power at -15 V and 0 V bias voltage.

photocurrent and optical power in the microring is not strongly influenced by the bias

voltage since the rate of TPA-induced electron-hole pair generation does not depend

on the bias voltage. To validate our photocurrent response model, we computed the
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photocurrent from the optical power spectrum in the microring using the extracted

parameters γph and µph. The results for input power P in = 900 µW at -15 V bias

and P in = 893 µW at 0V bias are plotted in the insets in Figs. 6.5(a) and (b) along

with the measured photocurrent spectra. Again, good agreement between our model

and measurement can be seen.

In Fig. 6.6(b), we plot the peak photocurrent and the corresponding responsivity

of the MR PD (defined as Rsb = Iph/Pin) as functions of the input optical power

for both bias voltages. We observe that the peak photocurrents and responsivities

are nearly the same for both bias voltages at low input power. However, at high

input powers, the photocurrent and responsivity at 0 V bias exhibit slight saturation

behavior, which limits further improvement in the responsivity at higher powers. This

saturation behavior may be caused by Auger recombination, which has the effect of

reducing the effective FC lifetime and hence the FC density in the waveguide at high

power. Because of the nonlinear dependence of the TPA-generated photocurrent on

the optical power, the responsivity of the PD varies with the optical power. At low

optical powers, the responsivity is close to zero, which renders the PD impractical for

detecting small optical signals. However, much higher responsivity can be obtained if

we operate the device at high input optical powers. For example, at 1.34 mW input

power and -15 V bias, the responsivity increases to 154 mA/W, which corresponds

to a TPA quantum efficiency of about 25 %. Such high responsivity performance has

not been reported to date for Si PDs based on TPA.

It should be noted that the responsivity curves in Fig. 6.6(b) assume that for each

input power level at a given wavelength, the resonance spectrum of the MR PD is

tuned (i.e., by varying the linear phase detune ∆φL to compensate for the nonlinear

resonance wavelength shift) to give the maximum photocurrent. In a practical appli-

cation, a more realistic detection measurement is that the linear phase detune ∆φL

is set at a fixed value and the photocurrent is detected as a function of the input

power. The responsivity curve in this case takes on the bistability behavior of the
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Figure 6.7: (a) Plots of the photocurrent vs. the input optical power at different
wavelength detunings ∆λfrom the linear resonance and -15 V reverse bias voltage.
(b) Photocurrent (solid curve) and differential responsivity (dashed curve) at 0.1 nm
wavelength detuning and -15 V reverse bias voltage.

nonlinear resonator as shown in Fig. 6.7(a) for different wavelength detunings ∆λ

from the linear resonance at -15 V bias voltage. We observe that for large wavelength

detunings ∆λ, the photocurrent response curve exhibits a sharp jump between two

bistable levels, forming a hysteresis loop as the input power is ramped up and then

down. This bistability behavior may be used for binary amplitude demodulation. As
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the wavelength detuning is decreased, the hysteresis disappears and is replaced by a

single photocurrent response curve with a steep slope. This region can provide large

differential responsivity which may be useful for detecting small AC modulations of

an optical beam. For example, the photocurrent and small-signal responsivity Rss

= dI ph/dP in at 0.1 nm wavelength detuning (λ = 1545.4 nm) are plotted as func-

tions of the input optical power in Fig. 6.7(b), from which we observe a steep rise in

the photocurrent around 165 µW input power. The SSR at this point peaks at 182

mA/W. By comparison, the photocurrent obtained from direct detection by the MR

PD of an input CW signal of 165 µW power is only 3.4 µW, giving a responsivity

of only 20 mA/W, or 9 times less than the SSR achieved with the bistability curve.

This example illustrates how the responsivity of the MR PD can be enhanced by

exploiting the nonlinear bistability nature of the device. It is also possible to design

the microring resonator to provide even steeper slope and hence higher differential

responsivity around the input power level of interest.

6.1.2 Response of pin MR PD to Two-Wavelength Inputs

In this section we investigate the use of a second input CW light at a different wave-

length to increase the responsivity of the MR PD to small optical signals. The tech-

nique is called optical biasing, in which a high-power CW optical beam (the optical

bias) at a different resonant wavelength is injected into the microring to move the de-

tection point of a signal beam up the responsivity curve in Fig 6.6(b). The absorption

of a photon at the signal wavelength and a photon at the bias wavelength provides

the energy needed to create an electron-hole pair to generate the photocurrent. The

technique may be used to perform heterodyne detection or correlation between two

signals of different wavelengths.

From Eq. (6.11) we can express the photocurrent as a function of the input power

as:

Iph = γphgoptP
2
in (6.13)
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where gopt is the optical gain factor define in Eq. (6.3) and we have set the exponent

µph to 2. For an optical input consisting of a bias beam with power P b and a signal

beam with power P s at two different wavelengths, the total average input power is

P b + P s. Assuming that P b � P s, the total photocurrent can be approximated as:

Iph = γphgopt(Pb + Ps)
2 ≈ γphgopt(P

2
b + 2PbPs) (6.14)

Thus, the photocurrent is the sum of a current due to the bias beam, Ib = γphgoptPb
2,

and a small-signal current due to the signal beam, Is = 2γphgoptPbPs. The responsivity

associated with the signal beam detection is:

Rss =
Is
Ps

= 2γphgoptPb = 2Rsb (6.15)

where Rsb = Ib/Pb is the single-beam responsivity. Thus, the SSR is enhanced by two

times with respect to the single-beam responsivity and is independent of the signal

power. However, we note that Eq. (6.17) is only valid for small signal powers since

it ignores the nonlinear phase shift caused by large signal powers.

To demonstrate the two-wavelength photodetection scheme, we used a CW bias

beam tuned to the 1545.3 nm resonance and a CW signal beam tuned to the next

resonance around 1550.5 nm of the microring. The polarization of each beam was

individually adjusted to TE. The two beams were combined via a 3-dB coupler and

coupled to the input waveguide of the MR PD. The power of the optical bias was set

at 1 mW and, in order to compensate for the nonlinear phase shift, the wavelength of

the bias beam was slightly blue detuned from the linear resonance of the microring.

The bias photocurrent I b was measured to be 70.9 µA at 0 V bias and 70.3 µA at

-15 V bias, both corresponding to a single-beam responsivity of 75 mA/W. With the

signal power set in the 10- 100 µW range, we then scanned its wavelength across

the microring resonance around 1550.5 nm. The small-signal photocurrent I s was

obtained by subtracting the total detected photocurrent by the bias current I b.

Figs. 6.8(a) and (b) show the total photocurrent spectra measured for different

optical signal powers at -15 V bias and 0 V bias, respectively. For comparison, we
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Figure 6.8: Plots of the total photocurrent spectra at different signal powers for (a)
- 15 V bias and 1 mW optical bias, (b) 0 V bias and 1 mW optical bias, (c) 0 V bias
and 0 mW optical bias. Dashed lines indicate the center wavelengths of the spectra
at 10 µW signal power.
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also show in Fig. 6.8(c) the photocurrent spectra obtained at 0 V bias and without

any applied optical bias power (P b = 0 mW). We observe that the spectra in all three

cases remain fairly symmetric, although the applied optical bias caused the spectra to

be slightly red shifted and their bandwidths slightly broadened compared to the case

with no optical bias. In addition, there is a small red shift in the current spectra with

increasing signal power at the resonance wavelength. To compare the responsivity

Figure 6.9: Plots of the small-signal photocurrent vs. the signal power for differ-
ent optical bias powers and electrical bias voltages. The filled circles represent the
peak values of the photocurrent spectra whereas the unfilled circles represent the
photocurrent at a fixed wavelength indicated by the dashed lines in Fig. 6.8(a) and
(b).

performance of the three cases, we plotted in Fig. 6.9 the peak photocurrent vs.

the signal power, as well as the photocurrent detected at a fixed signal wavelength

indicated by the dashed lines in Fig. 6.8. These wavelengths correspond to the peak

of the photocurrent spectra at small signal power (10 µW - 90 µW) in each case. We

observe that the relationships between the peak photocurrent and the signal power are

fairly linear, from which we obtain small-signal responsivities of 92 mA/W and 141

mA/W for 1 mW optical bias at -15 V bias and 0 V bias, respectively. For comparison,
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the estimated responsivity for the case of neither optical bias nor reversed bias is only

18 mA/W. These results demonstrate the potential of significantly enhancing the

responsivity of small signal detection by optical biasing. However, due to the small

nonlinear red-shift in the resonance spectrum with increasing signal power, the small-

signal photocurrent shows saturation behavior for input signal powers above 40 µW,

which limits the linear dynamic range of the detector.

We note that with an optical bias applied, the small-signal responsivity at 0 V bias

(Rss = 141 mA/W) is roughly twice that of the single-beam responsivity at the bias

point (R = 75 mA/W). This is consistent with our model prediction in Eq. (6.17).

On the other hand, the small-signal responsivity at -15 V bias (Rss = 92 mA/W) is

only slightly higher than the single-beam responsivity (R = 75 mA/W). The lower

small-signal responsivity at -15 V bias can be explained by the fact that the signal

power causes a larger nonlinear shift in the optical power spectra than at 0 V. This

shift has the effect of reducing the optical power in the microring, resulting in smaller

change in the photocurrent for the same increment in the signal power.

6.2 Silicon Microring p+pn+ Avalanche Photode-

tectors

In this section, we investigate the operation of an MR PD under avalanche condi-

tion as a way to further enhance the responsivity of all-Si based PDs. The aim is to

achieve responsivity of TPA-based photodetection above 1 A/W, which is comparable

to the performance of Ge and Ge-Si PDs. In recent years, all-silicon avalanche photo-

diodes (APDs) have gained much attention due to their large ionization coefficients

and ease of integration with CMOS electronics. Common APDs [120][14][121][122]

use pn junctions in different geometries (e.g., zigzag [14], interleaved [121], and asym-

metric [122]) and centered on the waveguide core region to maximize absorption of

the incoming photons. However, a main concern of the pn junction is the trade-off
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between the signal-to-noise ratio (SNR) and the avalanche gain, where a high gain

is obtained at close to the breakdown voltage, but a tremendous amount of noise

current is also triggered. Here we propose to separate the absorption region and the

multiplication region (SAM) design[123], which will contribute to reducing the dark

current noise while still maintaining a high avalanche gain. Our Si APD consists of

a p+pn+ junction embedded in an MR, where the pn+ junction is formed to further

enhance the responsivity by avalanche. Measurement results show a responsivity as

large as 1.25 A/W was obtained at 2.87mW input power at 15 V reverse bias voltage.

In addition, due to the large thermo-optic nonlinearity in the MR APD, we first ob-

served a thermo-optic resonance shift of ≥ 1 FSR by simply tuning the input optical

power. Finally, the time response of the bistability switching of p+pn+ MR APD is

measured at the level of nanoseconds.

6.2.1 Design of Silicon Microring Avalanche Photodetector

Our p+pn+ MR APD has a similar geometry to the pin MR PD described in the

last section (Fig. 6.1), except the central region is replaced by a lightly p-doped

region. The p-region is 1.7 µm wide and centered over the rib waveguide core, with

a doping concentration of 3 × 1017cm−3. The p+ and n+ regions are heavily doped

with doping concentrations of 2 × 1020cm−3 and 5 × 1020cm−3, respectively. Fig.

6.10(a) shows the measured TE transmission spectrum of the MR APD at 0 V bias

around the 1522.5 nm resonance. The spectrum has a 3-dB bandwidth of 105 pm

(or 13 GHz) and an FSR of 4.89 nm. By performing curve fitting to the measured

spectrum, we extracted the power coupling coefficient and linear propagation loss of

the microring to be κ2 = 6.9 % and αL = 3.03 dB/cm. This propagation loss is

much higher than the pin MR PD and can be attributed to the increased FCA in the

p-doped region of the waveguide core. At 0 V bias, the microring has a Q-factor of

14,500 and intensity enhancement of 11.8 times at resonance. Fig. 6.10(b) shows the

dark current vs. the reverse bias voltage of the p+pn+ junction embedded in the MR
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Figure 6.10: (a) Measured transmission spectrum of the MR APD around the 1522.35
nm resonance wavelength at 0 V bias. (b) Dark current of p+pn+ junction in MR
APD as function of the reverse bias voltage.

APD. We observe that the dark current remains low (∼ 80 pA) until 15.5 V, when it

increases significantly, indicating the onset of impact ionization. Thus, we define the

avalanche-mode operation of our p+pn+ MR APD to be around 15 V. We estimate

the depletion width from the formula

Wd =

√
2εV

q
(

1

Na

+
1

Nd

), (6.16)

where ε = 1.03 × 10−12 F/cm is the permittivity of silicon, V is the bias voltage on

the junction, q = 1.602 × 10−19 C is the electron charge, and Na and Nd are the

acceptor and donor doping concentrations in cm−3. For one-side abrupt pn+ junction

with Na = 3× 1017 cm−3 and Nd = 5× 1020 cm−3, the depletion width is 266 nm at
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a reverse bias voltage of 15 V, which is near the breakdown voltage of the junction.

Thus, the edge of the depletion region at reverse bias voltages up to breakdown

will remain in the slab region of the rib waveguide. Our APD thus has the SAM

configuration. The photo-generated free-electrons diffuse across the p-doped region

to reach the depletion region at the pn+ junction, where they are accelerated by the

high electric field to ionize more electrons and contribute to the output current. The

SAM structure helps suppress current noise as random free carriers generated in the

absorption region are not accelerated[123].

6.2.2 Responsivity of the MR APD

Figure 6.11: Optical transmission spectra of the p+pn+ MR APD for various input
optical powers at (a) -15 V bias voltage, and (b) 0 V bias voltage. Inset plots show the
measured (red dash curves) and computed spectra (black solid curves) at Pin = 1.38
mW input power.
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We first characterized the response of the p+pn+ MR APD to TE-polarized CW

laser light tuned to the 1517.5 nm resonance. Figs. 6.11(a) and (b) show the transmit-

ted optical spectra of the device for different input optical powers Pin at bias voltages

of -15 V and 0 V, respectively. In Fig. 6.11(a), we observe substantial resonance

shifts and very strong skewing of the resonance spectra even at very low input powers

(e.g., at Pin<100 µW ). The resonance shift and the degree of skewing are much more

pronounced than observed in Fig. 6.11(b) for 0 V bias voltage at comparable input

optical powers.

Figure 6.12: Plots of (a) the nonlinear loss coefficient in the MR APD for -15 V and
0 V bias voltages, and (b) nonlinear resonance shift for -15 V and 0 V bias voltages,
as functions of the maximum power in the microring.

Due to the doping in waveguide core, photon absorption is contributed not only by

the quadratic TPA effect but also largely by the linear defect-state absorption (DSA)
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effect. To determine the dependence of the nonlinear phase shift and nonlinear loss

on the optical power in the MR, we again assume the models given by Eqs. (6.1)

and (6.2). In Figs. 6.12 (a) and (b) we plotted the nonlinear loss coefficient αNL

and the resonant wavelength detunes ∆λ vs. the peak power in the MR. By fitting

the data with Eqs. (6.1) and (6.2), we extracted the parameters Cφ, ηφ, Cα, and

ηα for 0 and -15V bias voltages and the results are summarized in Table 6.2. We

found the nonlinear behaviors of the p+pn+ MR APD are similar to the pin MR

PD at 0 V except that the nonlinear loss coefficient ηα is reduced from 2 to 1.331,

indicating that the linear dependence of defect-state absorption (DSA) from the p-

doping dominates over the quadratic dependence of TPA. However, the nonlinear loss

is close to 0 and independent of the optical power at -15 V bias. We attribute the

different loss behavior by the different absorption mechanisms at 0 V and -15 V bias

voltages. Specifically, the loss at 0 V bias voltage is dominated by TPA and DSA, but

the loss at -15 V bias voltage is more pronounced by avalanche induced FCA, which

does not depend on the optical power. On the other hand, the nonlinear phase has

a similar dependence on the optical power at both bias voltages, with the exponent

factor ηφ close to 1. Again, the net nonlinear phase shift is due to a combination

of FCD and joule heating from the generated photocurrent, but predominated by

joule heating as the net red-shift is observed. Using the extracted nonlinear model

parameters along with the microring parameters, we computed the optical spectrum

for 1.4 mW input optical power for both bias voltage and plotted them the result

inset Figs. 6.11(a) and (b), good agreement between the measured spectra (dash

lines) and the computed spectra (solid lines) can be observed.

Figs. 6.13(a) and (b) show the measured photocurrent spectra corresponding to

the optical spectra in Figs. 6.11 at -15 V and 0 V bias, respectively. We define

the avalanche gain by comparing the maximum photocurrent of -15 V bias voltage

spectrum to that obtained for 0V bias voltage with the same input optical power.
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Bias Cα ηα Cφ ηφ γph µph

0 V 4.37e7−3 1.331 2.461e−2 1.135 7.171e−4 1.602

15 V -* -* 0.4475 1.054 0.1616 1.159

Table 6.2: Extracted nonlinear model parameters of MR APD. (*) Cα and ηα are not
valid for -15 V bias voltage.

Using Miller’s formula [124]

M = (1− (V/Vb)
n)−1, (6.17)

where M is the avalanche gain factor, V is the applied voltage in Volt, Vb is the

Figure 6.13: Photocurrent spectra for various input optical powers for (a) -15 V bias
voltage and (b) 0 V bias voltage. Inset plot shows the measured (red dash curve) and
computed (black solid curve) photocurrent spectra at Pin = 1.38 mW input power.

avalanche breakdown voltage, and exponent factor n is a constant that is 1.5–4 for
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silicon [120]. After fitting the experimental data at different optical power, the fitted

value of Vb = 15.3V and n= 1.85 is obtained. The calculated Vb is fairly consistent

with the breakdown voltage observed in Fig. 6.10(b). For plots in Figs. 6.13(a),

we observe that for a fixed input optical power, the photocurrent increases fairly

linearly as the wavelength is swept across the MR resonance. This linear dependence

is a manifestation of the MR’s bistability effect in the presence of strong thermo-

optic nonlinearity. In particular, we observe that at high input powers at -15 V bias

voltage, the linear increase in the photocurrent extends over more than one FSR of

the MR, which implies that the nonlinear phase shift in the MR exceeds 2π. To

the best of our knowledge, there has not been any report of nonlinear effect in a

microring resonator strong enough to induce a nonlinear wavelength shift exceeding

the resonator’s FSR. In Fig. 6.14(a) we plot in logarithm the peak photocurrent

Iph,max vs the peak power in the MR, Pr,max, for both -15 V and 0V bias voltages.

Similar to Fig. 6.6 for the pin MR PD, strong linear correlations are observed for

both sets of data, which allows us to perform a linear curve fit based on Eq. (6.9) to

extract the parameters γph and µph. The results are shown in Table 6.2. We note that

the exponent factor µph of the p+pn+ MR APD is significantly less than 2 at both bias

voltages. In particular, the photocurrent-optical power relationship is almost linear

(e.g., µph = 1.159) at -15 V bias, suggesting that the DSA induced photocurrent out-

scales the TPA induced photocurrent to be the main avalanche source current. Using

the extracted parameters together with the microring parameters, we computed the

photocurrent spectra for input optical power P = 1.38 mW for both bias voltage (i.e.

same conditions as the spectra inset Figs. 6.11) and plotted the results inset Figs.

6.13(a) and (b). Close agreement between the computed and measured spectra can

be seen, indicating the validity and accuracy of our photodetector model. To further

explore the competition of TPA-induce photocurrent and DSA-induced photocurrent,
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we adopt a second-order polynomial model [122]

Iph = γph,NLP
2
r,max + γph,LP r,max (6.18)

where γph,NL and γph,L represent the current-dependence coefficient of the TPA and

DSA. The quadratic exponent factor is assumed as the coefficient µph we extracted for

pin MR PD is very close to 2. By fitting the polynomial modal with our experiment

data, we extract the values of [γph,NL, γph,L] to be [9.69e-5, 1.64e-3] and [7.25e-3,

1.66e-1] for 0V and -15V bias voltages, respectively. From both bias voltage we note

that the linear component γph,L is significantly larger than the nonlinear component

γph,NL, indicating that the photocurrent from TPA (∝ P 2
r,max )negligible, the most

of free-carrier generation is sourced by DSA and multiplied by the high electric field

afterwards.

From the photocurrent plots in Fig. 6.14(a), we compute the responsivity of the

MR APD as R = Iph,max/Pr,max and plotted the results as a function of the input

optical power in Fig. 6.14(b) for both 0 V and -15 V bias. Compared to the pin

MR PD, the responsivity of the p+pn+ MR APD at -15 V bias voltage is ∼ 10 times

higher than at comparable optical powers. In particular, responsivity values above 1

A/W can be achieved for optical powers above ∼ 1 mW, reaching a value of 1.25 A/W

at 2.87 mW optical power. This is comparable to the performance of Ge based PDs

and, to our knowledge, such high responsivities have not been observed in all-silicon

PDs before.

6.2.3 Bistability Behaviour of p+pn+ MR APD

The large photocurrent leads to strong thermo-optic nonlinearity in the MR APD

through joule heating. This strong nonlinearity allows us to observe bistable be-

haviour at very low optical powers (< 0.1 mW) comparing to previously reported

work [125][21][126][127]. In Fig. 6.15, we plot the photocurrent at -15 V bias voltage

as a function of the input optical power at three fixed resonant wavelength detun-
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Figure 6.14: Plots of (a) the peak photocurrent of the MR APD as functions of the
peak optical power in the microring for -15 V and 0 V bias voltages, (b) responsivities
as functions of the input optical power at resonance for -15 V and 0 V bias voltages.

ings ∆λ. We observe that for a smaller resonant wavelength detune, lower optical

power is required to observe bistability. However, a sharper jump in the photocurrent

occurs between two bistable photocurrent levels for larger resonance detune. Such

a huge bistable photocurrent behavior may be used for binary amplitude detection.

For example, at the linear resonance detune of ∆λ = 0.3 nm, the threshold optical

input power for the photocurrent response to a binary ”1” and ”0” are 0.25mW and

0.21mW, respectively. The binary photocurrent output for ”1” and ”0” are 0.15 µA

and 197 µA, which has more than 3 orders of magnitude extinction. Comparing to

the pin MR PD, p+pn+ MR APD provide a much larger photocurrent value (e.g., 10

times larger) at a comparable optical power input (e.g., 0.1 mW). The large photocur-
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Figure 6.15: Bistable curves of the photocurrent vs. input optical power for different
wavelength detunings ∆λ from the linear resonance. All photocurrents are measured
at -15 V bias voltage.

rent allows the signal to be directly measured with no need to be amplified, which

could effectively reduce the detection noise.

Figure 6.16: (a) Time trace of the photocurrent (converted to voltage) of the p+pn+

MR APD for an input optical pulse train. (b) and (c) plot the rise edge and fall edge
measured in (a).
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We also measured the time response of the MR APD to an amplitude modulated

optical signal. A CW optical power at ∼ 1 nm detune from the linear resonance

wavelength is modulated by a high-speed optical modulator which is electrically driven

by a 1 MHz square wave from an arbitrary function generator. The MR APD is biased

by -15 V bias voltage. The bistable photocurrent was measured by a high-speed

current probe, which was fed to a trans-impedance amplifier (TIA) to convert the

photocurrent into a voltage signal. The voltage was finally captured and displayed on

an oscilloscope, which is shown in Fig. 6.16 (a). Figs. 6.16(b) and (c) show close-up

views of the time response rise and fall edges, where we obtained 14 ns for both rise

time and fall time for the MR APD. It should be mentioned that the rise/fall time of

our p+pn+ MR APD is mainly limited by the performance of our function generator,

which has a rise/fall time around 10 ns. To the best of our knowledge, such a fast

thermal-bistable switching time response has not been experimentally demonstrated.

6.3 Summary

In this chapter we investigated different ways to enhance the responsivity in all-silicon

MR PDs. In the first part, we investigated two approaches for enhancing the SSR

of a silicon pin MR PD for detecting small optical signals in the telecommunication

wavelength range. The first approach exploits the bistability effect in the nonlinear

MR to achieve a photocurrent response curve with a steep slope. The second approach

employs an optical bias at a different resonant wavelength to enhance the signal

responsivity. We achieved SSRs in the range of 100 – 200 mA/W in both approaches,

which represent enhancement factors of almost 10 times over direct detection of small

optical signals by the same MR PD. In the second part, we further enhanced the

MR PD’s responsivity by exploiting the avalanche mechanism in a p+pn+ junction

biased near avalanche breakdown voltage. A record responsivity of more than 1 A/W

was achieved for optical powers ≥ 1mW, which is comparable to commercial Ge/GeSi
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PDs. Due to the large photocurrent generated, the MR APD exhibited strong thermo-

optic nonlinearity at an ultra low optical power of ≤ 0.1 mW, enabling the wavelength

tuning of more than 1 FSR by just simply applying different optical power into MR

PDs. We also note that the responsivity of the MR PDs can be further increased

by minimizing loss in the microring to achieve higher intensity enhancement in the

resonator, and by optimizing the junction and SOI rib waveguide to maximize the

overlap between the optical mode and the absorption region to increase the quantum

efficiency.

The MR PD devices and detection methods presented may have potential appli-

cations such as optical power monitoring, amplitude demodulation, and heterodyne

detection. For example, the narrow linewidth of the microring resonance can be tuned

to a channel in a WDM communication system to couple a small fraction of the power

for detection while allowing the rest of the signal to pass through with only a small

loss. Furthermore, the large difference between the bistable photocurrent levels (e.g.,

≥ 1 mA) in p+pm+ MR APD can also be used for binary detection [128] with a detec-

tion time response of ∼ 10 ns. Moreover, by scanning the microring resonance, e.g.

with a microheater, the device can serve as a spectrometer to measure the spectral

response of channel bandwidth.
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Chapter 7

Conclusion and Future Research
Directions

7.1 Summary of Research Contributions

Silicon photonics has become the most promising material platform for integrated

photonic circuits owing to its high refractive index, low loss, cost-effective fabrication,

and compatibility with CMOS integrated circuits. However, several challenges remain

which limit the performance of silicon PICs. These include the limited refractive index

tuning range from both thermo-optic and FC dispersion effects, and slow thermo-

optic response time. On the detection side, the large bandgap of Si (relative to

telecommunication wavelengths) prevents efficient PDs based on silicon to be realized

in a cost effective manner.

As the demand in data bandwidth continues to grow, silicon PICs for WDM net-

works and optical interconnects must evolve towards being more flexible to allow for

better utilization of network resources. In particular, the operation wavelength needs

to be reconfigurable to any arbitrary wavelength grid along with flexible bandwidth

settings. Furthermore, the reconfiguration must be fast to avoid network latency

and massive cache usage. In this thesis, we have addressed several of these issues

by developing flexible and scalable Si PICs that allow for fast adaptations to new

network settings, including widely tunable ROADMs, variable bandwidth add/drop

filters, and fast wavelength selection for data transmission. In addition, we also in-
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vestigated novel methods for real time on-chip monitoring of data signals and device

performance, namely, by using on-chip thermistors for temperature tracking and all-

silicon PDs based on TPA. Specific key contributions of this thesis are summarized

as follows:

1. Demonstrated continuous tuning of 4th-order VCMR optical filter with the ±15

pm of center wavelength tuning accuracy, which is the most accurate to date

among microring-based photonic filters. On-chip integrated thermistors were

also designed and implemented to indirectly track the microring temperatures

and monitor the filter performance.

2. Demonstrated a scalable architecture of a fast WS circuit on SOI using thermo-

optically tunable 4th-order DC-VMR filters and pin MZ switch. The circuit

could select a single wavelength from a wavelength comb with ≥ 25 dB rejection

on other wavelength over 32.7 nm wavelength selection range. A best-case

selection time of 3 ns is experimentally demonstrated.

3. Proposed a new universal VBW filter design based on the MZI-MRR architec-

ture. The center wavelength, bandwidth and filter order are all proved to be

tunable by simply varying the resonant frequencies of the microrings without

incurring excess insertion loss. A 4th-order MZI-MRR VBW filter was exper-

imentally demonstrated, achieving a bandwidth tuning range from 20GHz to

80GHz with a maximum in-band ripple of only 3dB. To our knowledge, this

represents the widest bandwidth tuning range while maintaining the high-order

spectral response of the filter.

4. Demonstrated TPA-based silicon MR PDs with enhanced responsivity around

1.55 µm wavelength. Exploiting bistability effect and using optical biasing tech-

nique, we achieved small-signal responsivity close to 200 mA/W in pin MR PD,

which is 10 times higher than previously achieved in silicon MR PDs. We also
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demonstrated a p+pn+ MR APD for the SAM regime, which achieved respon-

sivities above 1 A/W for optical powers as low as 1 mW. This performance is

comparable to state-of-the-art Ge and SiGe PDs based on single photon ab-

sorption. In addition, a response time to the bistable switching photocurrent of

about 10 ns was obtained. These devices and techniques expand the range of ap-

plications of all-silicon photodetectors to the extent that they could potentially

become a key component of future integrated silicon photonics.

We have published parts of our research in the following journals:

1. Y. Ren, D. Perron, F. Aurangozeb, Z. Jiang, M. Hossain and V. Van, “A Con-

tinuously Tunable Silicon Double-Microring Filter With Precise Temperature

Tracking,” in IEEE Photonics Journal, vol. 10, no. 6, pp. 1-10, Dec. 2018. [89]

2. Y. Ren, D. Perron, F. Aurangozeb, Z. Jiang, M. Hossain and V. Van, “Silicon

Photonic Vernier Cascaded Microring Filter for Broadband Tunability,” in IEEE

Photonics Technology Letters, vol. 31, no. 18, pp. 1503-1506, 15 Sept.15, 2019.

[82]

3. Y. Ren and V. Van, “Enhanced Small-Signal Responsivity in Silicon Microring

Photodetector Based on Two-Photon Absorption,” in IEEE Journal of Selected

Topics in Quantum Electronics, vol. 26, no. 2, pp. 1-8, March-April 2020. [21]

4. Y. Ren and V. Van, “Silicon Microring Avalanche Photodetector with Linear

Response for Frequency Chirp Applications,” (In progress).

5. Y. Ren and V. Van, “Variable Bandwidth Tunable Filter for Elastic Optical

Networks,” (In progress).

We have also presented parts of our research in the following conferences:

6. Y. Ren, D. Perron, F. Aurangozeb, Z. Jiang, M. Hossain and V. Van, “A Contin-

uously Tunable SOI Microring Filter with Temperature Tracking,” 2018 IEEE
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Photonics Conference (IPC), Reston, VA, 2018, pp. 1-2. [88]

7. Y. Ren, D. Perron, F. Aurangozeb, Z. Jiang, M. Hossain, and V. Van, “Broadband-

Tunable Cascaded Vernier Silicon Photonic Microring Filter with Temperature

Tracking,” in Optical Fiber Communication Conference (OFC) 2019, OSA Tech-

nical Digest (Optical Society of America, 2019), paper Tu2J.4. [90]

8. Y. Ren and V. Van, “High-Responsivity Silicon Microring Photodetector Based

on Two-Photon Absorption,” 2019 24th OptoElectronics and Communications

Conference (OECC) and 2019 International Conference on Photonics in Switch-

ing and Computing (PSC), Fukuoka, Japan, 2019, pp. 1-3. [22]

9. Y. Ren, Z. Jiang, and V. Van, “A Fast Silicon Wavelength Selector for Optical

Transceiver,” in Asia Communications and Photonics Conference (ACPC) 2019,

OSA Technical Digest (Optical Society of America, 2019), paper T2D.5. [55]

In addition, a patent application is in progress for the invention of the new VB MZI-

MRR filter:

1. Y. Ren, and V. Van, and Z. Jiang, “Variable Bandwidth Microring Optical

Filters by Resonance Tuning,” 86711509US01, 2020 (In progress).

7.2 Recommendation for Future Research

7.2.1 Fast WS Circuit

An immediate future research goal is to reduce the reconfiguration time of fast WS,

which is a time interval during which no data transmission is allowed. Therefore, re-

ducing the dead time will be beneficial in terms of avoiding massive cache deployment,

which in turn will significantly reduce the cost of building optical networks. We have

proposed a fast wavelength selection architecture in Chapter 4 based on thermally
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tunable microring filters and pin MZ switch in carrier injection mode. However, the

circuit operation still relies on pretuning of the filters, which may not be desirable for

many applications.

Figure 7.1: (a) Schematic diagram of an ADMR with in-line heater design. The heater
is shown in red as the silicon slab on two sides of silicon waveguide. (b) Mask layout
of the 4th-order VMR filter with in-line heater designs. The heating part of silicon
slab is doped by phosphorus with an average concentration of n = 5× 1020cm−3. Air
trench is implemented to mitigate the thermal crosstalk.

Figure 7.2: Thermal simulations of the in-line heaters: (a) temperature distribution
along the length of the slab waveguide, (b) temperature distribution over the waveg-
uide cross section. (c) Plot of the temperature in the silicon waveguide vs. heater
power. (d) Rise time response of the in-line heater.

Thus future work could focus on reducing the thermal time constant of thermal

tuning. One possible approach is to replace the metal heaters above the silicon

waveguide by an in-line heater with doped silicon. As shown in Fig. 7.1(a), the in-
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line heater consists of doping two sides of a slab silicon while leaving the rib waveguide

core in the middle undoped. Electrodes are connected to the two terminals of the

doped region so that the heating current flows along the rib waveguide. The middle

undoped region prevents current from flowing across the rib waveguide so that there is

no excess loss due to FCA (which is a problem with previous in-line heater designs).

To achieve fast tuning, the in-line heaters need to be close to the rib waveguide

without interfering with the optical mode propagating in the rib waveguide core.

We have simulated the thermal distribution of the in-line heater, which is shown

in Fig. 7.2(a) as the temperature distribution along the heater length and in Fig.

7.2(b) as the distribution cross the waveguide. Figs. 7.2(c) and (d) show the thermal

tuning efficiency and thermal response time in the waveguide core. We note that both

the thermal tuning efficiency and tuning time are significantly improved over metal

heaters placed on top of the waveguide. We have also shown in Fig. 7.1(b) a mask

layout of a 4th-order Vernier microring add-drop optical filter based on the in-line

heater design shown in Fig. 7.1(a). Air trenches are designed between each microrings

to prevent thermal crosstalks. Future work will aim to measure and characterize the

tuning performance of the device. The new heater design is expected to address the

issues of slow tuning speed and high power dissipation of conventional metal heaters.

It is also worth noting that the in-line heaters do not need any modification to the

silicon photonics fabrication process.

7.2.2 MDM-WDM Hybrid Systems

An extension of the reconfigurable WDM system is to augment it with mode division

multiplexing (MDM) to further increase the data bandwidth. Mode-division mul-

tiplexing (MDM) offers a new degree of freedom to expand waveguide bandwidth

by utilizing the spatial modes of waveguides to carry multiple optical signals simul-

taneously. In recent years, several promising approaches have been proposed and

experimentally demonstrated in mode (de)multiplexing using asymmetric directional
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coupling (ADCs) [129], asymmetric Y-junctions [130], and microring based couplers

[131], and AWG based WDM-MDM optical filters [132]. However, most of the works

so far have only been demonstrated with low-order filters. Therefore, the future work

could focus on developing high-order WDM-MDM optical filters with sharp roll-offs

and low channel crosstalks which could meet the specifications of practical optical

networks.
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Appendix A: Appendix

Figure A.1: (a) Schematic diagram of the filter optimization and tuning measurement
setup.(b) The close look of the wire-bonded chip. (c) The image of the settled chip
and lensed fibers.

The general filter optimization and tuning measurement set up is shown in Fig.
A.1(a). The direction of arrows represents the direction of the output of the devices.
The MATLAB algorithm is developed to automate the optimization and tuning pro-
cess. A 90/10 power splitting direction coupler is deployed to monitor the optical
power stability. In order to build the measurement setup that is scalable for multi-
channel chip performance assessment, we wire-bonded the device as shown in Fig.
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A.1(b). To couple the light onto the chip, lensed fibers are placed on two sides of the
wire-bonded chip. Each fiber is clipped by a 3-axis controller for fiber-chip alignment.
The snap of the lensed fibers and chip is shown in Fig. A.1(c).

In order to make the measurement setup scalable for multi-channel and chip-level
performance testing, we developed the 8-channel programmable power supply based
on Arduino Due board which are all accessible from MATLAB algorithm. The Ar-
duino based microcontroller unit is shown in Fig.A.2. The Arduino board is connected
to a PC running MATLAB script, which establishes a serial connection to the board.
The PC sends the 12-bit input and clock sequence from the Arduino to a 1-to-8 I2C
MUX. The TCA9548A 1-to-8 I2C MUX is used to expand the control output from
single to 8. In every clock cycle, the MUX will update the value to each digital-analog
converter (DAC) om sequence. The DAC, which has a 12-bit resolution, will output a
voltage at the pin with a resolution of 5.5V/4096 = 1.3 mV for the 5.5V external volt-
age supply, which is enough for the filter spectral optimization within ± 10 pm. The
12-bit input is received via an I2C connection from the Arduino microcontroller. This

Figure A.2: A Arduino based current control until for optimization and tuning in
filters and wavelength selectors.

design offers excellent potential for scalability to accommodate an arbitrarily large
number of heaters. We can select between two different addresses for each MCP4725
using the A0 pin. This means that two DACs can be connected to one I2C bus on the
MUX, for a total of 16 DACs per I2C bus on the Arduino board; in particular, the
Arduino Due has two I2C buses, and could therefore support as many as 32 heaters.

Below in Fig. A.3 - A.7, we demonstrate the thermal tuning process in details. For
a 4th order CMR filter, we sweep the heater’s current from within a specific range.
The algorithm will record the current value and apply the optimized current to the
heater after the sweep is finished. Then we repeat the process for the rest of the
heaters. Again, each heater’s current will be recorded and set before the algorithm
move to the next heater.

Fig. A.7 shows the summary of the optical power at the drop port of the filter after
each optimization iteration. The total time is recorded as 296 seconds for a 4th-order
CMR filter with a 5-iteration spectral optimization algorithm.
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Figure A.3: The current sweep of each heater in the spectral optimization process to
search the peak optical power output, in optimization iteration #1.

Figure A.4: The current sweep of each heater in the spectral optimization process to
search the peak optical power output, in optimization iteration #2.
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Figure A.5: The current sweep of each heater in the spectral optimization process to
search the peak optical power output, in optimization iteration #3.

Figure A.6: The current sweep of each heater in the spectral optimization process to
search the peak optical power output, in optimization iteration #4.
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Figure A.7: The current sweep of each heater in the spectral optimization process to
search the peak optical power output, in optimization iteration #5.

Figure A.8: The summary of a 5-iteration optimization. The optical power at output
port gradually increases and gets to the peak at the 5th iteration.
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